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Abstract

The research described in the present thesis mainly concerns the thermochemical
treatment of titanium and titanium alloys primarily by the use of the gas systems CO
and CO2. Titanium and its alloys suffer from the disadvantages of poor tribological
properties, which can be overcome by introducing interstitial elements such as oxygen
(oxidizing), carbon (carburizing) and nitrogen (nitriding) into the α-Ti lattice to
enhance the strength/hardness. The adherent compound layer(s) such as oxides,
carbides and nitrides lower the friction coefficient and increase the wear resistance of
titanium; moreover, the hardened case formed through thermal diffusion of
interstitials extends the service life of titanium components. Compared to the more
recently developed techniques such as plasma, laser and PVD (Physical Vapor
Deposition) coating for surface hardening of titanium, the old-fashioned gaseous
methods have been developed more than 70 years ago, but are still of great interest to
researchers, largely due to the low-cost devices and the absence of restrictions to the
component size and shape. The study on “oxidation” of titanium has been conducted
since 1950, while oxidizing of titanium for the purpose of surface hardening mainly
received attention at the end of last century; similarly for the other interstitial species
nitrogen and carbon. Most of the investigations focused on binary system, i.e. Ti-O,
Ti-C and Ti-N. The present doctoral thesis investigates the ternary system, i.e. Ti-C-O,
and also the quarternary system (Ti-C-O-N) using a duplex treatment.

Several aspects concerning the thermochemical treatment of titanium and titanium
alloys within this Ph.D. work were addressed:

 The effect of temperature, medium and method on surface hardening
of Ti-6Al-4V.

 The hardening response and carbo-oxidizing behavior of Ti-6Al-
4Vwith different initial microstructures.

 The influence of oxygen partial pressure and carbon activity on the
surface hardening and evolution of surface compound layers of Ti-6Al-4V.

 The role of post nitriding on surface hardening of Ti-6Al-4V subjected
to various prior carbo-oxidizing treatments.

 The hardening response and carbo-oxidizing behavior of pure titanium
and various titanium alloys subjected to carbo-oxidizing in different media.

In order to investigate these points, the thermochemical treatments were followed by
X-ray diffraction (XRD) to determine the surface phase composition of compound
layers. In some cases, successive layer removal combined with XRD was applied to
examine the phase distribution in depth. After sample preparation, metallography and
electron microscopy investigations were performed on cross-sections. The chemical
composition was determined by energy dispersive spectrometer (EDS), and electron
probe microanalyzer (EPMA) was used for qualitative and quantitative analysis of
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light elements. Vickers hardness measurements were performed to examine the in-
depth hardness profile.

The main results of this Ph.D. work showcase the widely different types of treatments
and the diversity of gaseous thermochemical methods that can be applied for surface
engineering of titanium alloys. Selection of appropriate temperatures and media
should be reconsidered for surface hardening of titanium alloys, because different
alloys have different responses to surface treatment. The lamellar structure was
revealed to be oxidation resistant, which is consistent with the observation by other
researchers. Moreover, in the present work it is reported that the interlamellar β phase
yields an effective barrier to penetration of rutile into the diffusion zone. A post
nitriding treatment prior to the carbo-oxidizing treatment was found to enhance the
hardening effect through dissolution of the firstly formed compound layer(s),
formation of a nitride layer and by enhancing the interstitial diffusion in the hardened
case. The advantage of post nitriding treatment largely depends on the prior condition
of carbo-oxidizing. For example, a low-temperature carbo-oxidized sample has a
better response in terms of surface hardening than a high-temperature treated sample.
The formation and evolution of TiCxO1-x are one of the primary topics throughout the
entire research.
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Resumé

Forskningen beskrevet i denne afhandling vedrører hovedsagelig termokemisk
behandling af titanium og titaniumlegeringer ved brug af gassystemerne CO og CO2.
Titanium og titaniumlegeringer lider af dårlige tribologiske egenskaber, som kan
forbedres ved at indføre interstitielle elementer såsom ilt (oxidering), kulstof
(karburering) og nitrogen (nitrering) i α-Ti gitteret for at give høj styrke/hårdhed. De
dannede forbindelseslag, såsom oxider, carbider og nitrider, nedsætter
friktionskoefficienten og øger slidstyrken for titan; desuden giver den hærdede
overflade, der dannes ved termisk diffusion af indskudsatomer, en forlængelse af
titankomponenternes levetid. Sammenlignet med de nyudviklede teknikker som
plasma-, laser- og PVD-belægning (Physical Vapor Deposition) til overfladehærdning
af titanium, er den gammeldags gas-baserede metode, som er mere end 70 år gammel,
stadig yderst relevant. Dette skyldes i vid udstrækning at den er billig og ikke har
begrænsninger på komponentstørrelse. Undersøgelsen af oxidation af titanium er
udført siden omkring 1950, mens oxidering af titanium med henblik på
overfladehærdning har tiltrukket mere opmærksomhed i slutningen af   det sidste
århundrede. De fleste af undersøgelserne har fokuseret på de binære systemer, dvs.
Ti-C og Ti-N. Herværende PhD afhandling undersøger det ternære system, dvs. Ti-C-
O, samt det kvaternære system (Ti-C-O-N) ved anvendelse af en duplexbehandling.

Flere aspekter vedrørende termokemisk behandling af titanium og titanlegeringer
undersøges i denne Ph.D. afhandling:

 Virkningen af temperatur, medium og metode til overfladehærdning af
Ti-6Al-4V.

 Hærdningsresponset ved carbo-oxidering af Ti-6Al-4V og udviklingen
af mikrostrukturen.

 Indflydelsen af iltpartialtryk og kulstofaktivitet på overfladehærdning
og dannelse af overfladeforbindelseslag på Ti-6Al-4V.

 Indflydelse af post-nitrering på overfladehærdning af Ti-6Al-4V udsat
for forskellige carbooxiderende behandlinger.

 Hærdningsresponset ved carbooxidering af rent titanium og forskellige
titaniumlegeringer udsat for carbooxidering i forskellige medier.

De vigtigste resultater af dette ph.d. arbejde viser mangfoldigheden af   forskellige
gasbaserede termokemiske metoder, der kan anvendes til overfladebehandling af
titaniumlegeringer. Valg af passende temperatur og medium bør overvejes for
overfladehærdning af titaniumlegeringer, fordi forskellige legeringselementer fører til
forskelligt hærdningsrespons. Lamelstruktur har vist sig at være oxidationsresistent,
hvilket er i overensstemmelse med observationer gjort af andre forskere. Ydermere
rapporteres det, at den interlamellære β-fase giver en effektiv barriere for vækst af
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rutil i diffusionszonen. En post-nitreringsbehandling efter den carbooxiderende
behandling har vist sig at forøge hærdningseffekten via opløsning af tidligere
forbindelseslag, dannelse af et nitridlag og forøgelse af den interstitielle diffusion i
diffusionszonen. Fordelen ved post-nitrering afhænger i vid udstrækning af den
tidligere carbo-oxidering, fx giver en lavtemperatur carbo-oxideret prøve flere fordele
end en højtemperaturbehandlet prøve. Dannelsen og udviklingen af TiCxO1-x har et
primært fokus denne afhandling.
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1 Introduction

1.1. Background

Since the 1950s where the titanium industry rose and was developed in the US,
the strengthening effect of interstitial elements like carbon, nitrogen and oxygen in
titanium has received attention [1, 2]. Thermochemical treatment can modify the
surface chemistry of the material, yielding a hardened surface region (see Fig. 1.1). In
the binary systems, these processes include oxidizing [3, 4], nitriding [5, 6] and
carburizing [7, 8]. The interstitial elements dissolved in the h.c.p. α-Ti can provide
significant solid solution strengthening and can form compounds as TiO2, TiN and
TiC. In comparison among three treatments, oxidizing can provide a more significant
hardening response than others, and carburizing yields the shallowest diffusion zone
due to the lowest solubility in α-Ti [9]. These outmost compound layers improve the
wear resistance, corrosion resistance and biocompatibility of the titanium components.
Hence, thermochemical treatment of titanium has received considerable attention in
aerospace [10], automotive [11, 12] and biomedical [13, 14] applications. In the
ternary or quarternary systems, more than one interstitial element is introduced into
the titanium, forming ternary or quarternary compounds/phases yielding a hard
surface layer with a NaCl rock salt structure [15, 16]. Introducing multiple interstitials
and forming ternary compounds have attracted interest among researchers because a
higher hardness can be obtained and the wear and corrosion resistance are further
improved as compared to the binary compounds [16]. Moreover, it has been
confirmed that the nitrogen and oxygen monotonically increase the solubility of
carbon in α-Ti at relatively low temperatures, with oxygen as the more effective one
[17, 18].

Various conventional thermochemical treatments reported in the literature are
shown in Fig. 1.2. Oxidizing has been the most widely used method for surface
hardening of titanium not only because of the low cost, but also because titanium is
more susceptible to oxidation, indicating a more effective surface hardening response
can be achieved at relatively low temperature. Moreover, an adherent passivating
oxide layer on titanium can slow down the release of metal ions into the human body,
which is a relevant factor for biomedical applications, improve the corrosion
resistance and decrease the friction coefficient [19]. Air and O2 are two of the most
extensive oxidants, which are readily accessible in our daily life. Jenkins [20]
proposed that the scale formed at intermediate temperatures of oxidation can be
absorbed by the substrate after vacuum treatment at elevated temperature, which was
also reported by Kofstad et al. [21]. This concept did not receive much attention until
it was used for surface hardening applications by Dong et al. [22]. The oxygen
diffusion is “boosted” through subsequent vacuum treatment yielding a deep hardened
case. Stratton et al. [23] studied oxidizing of titanium in a rarefied oxygen-containing
media, i.e. Ar/O2 mixture, which significantly suppresses the formation of rutile, but
enhances the oxygen diffusion into the substrate. The oxidation behavior of Ti-6Al-
4V in water vapor was investigated by Du et al. [24]. Due to the relatively lower
oxygen partial pressure (pO2) in H2/H2O or CO/CO2, compared to O2 or air, the oxide
formed on Al-containing alloys is likely to be a TiO2/α-Al2O3/TiO2 sandwich-like
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structure instead of alternate layers of α-Al2O3/TiO2. In general, the oxidation effect is
reduced in air compared to in O2 due to the presence of N2 in air [25, 26]. For most of
the titanium alloys the nitrogen uptake for thermal treatment in air is negligible
because titanium preferentially reacts with oxygen. Whereas, for the TiAl
intermetallic [27] and alloys that contain oxidation resistant elements like Si and Nb
[28], a nitride layer is formed at the compound/substrate interface after air exposure.

Hydrocarbon gases and graphite powder are commonly used for gaseous and
pack carburizing, respectively, resulting in formation of a porous and hard δ-TiC layer
on titanium. In order to accelerate the processing efficiency of pack carburizing, air
gap and energizers are used [29, 30]. The intensified thermochemical process is
attributed to the presence of oxygen reacting with graphite, and transporting carbon to
the surface of titanium. Therefore, all the reported pack carburizing of titanium is in
fact carbo-oxidizing instead of carburizing. Zhao et al. [31] proposed a new strategy
of solid carburizing of titanium, i.e. contacting high-carbon steel and Ti-6Al-4V under
hot pressing at high temperature.

Nitrogen and ammonia are widely applied for gaseous nitriding of titanium,
which yields particularly thin golden-colored δ-TiN or/and ε-Ti2N layers with
hardness over 2000 Hv [6]. Titanium can be nitrided in NH3 at much lower
temperatures than in N2 [32, 33]. Surface plastic deformation as a pre-treatment
process facilitates the nitrogen diffusion into the substrate [32, 34]. Since the
ingression of nitrogen is remarkably suppressed by the formation of nitride layers,
vacuum treatment [35, 36], rarefied nitrogen-containing media [37, 38] and reduced
pressure [33, 39] can boost the diffusion of nitrogen into the material. In addition to
the gaseous method, Cr2N powder has been used for pack nitriding [40].

Carbo-oxidizing, oxy-nitriding and carbo-nitriding are feasible in use of a
medium or media containing two interstitials. Carbo-oxidizing in CO is mainly
carburizing [41, 42], and oxidizing is predominant in CO2 [43, 44]. For CO/CO2

mixtures [45, 46], the fraction of δ-TiCxO1-x is increased and TiO2 is decreased with
increasing CO/CO2 ratio. One-step treatment in N2/O2 mixture [47, 48] and nitriding +
oxidizing duplex treatment [47, 49] were applied for oxy-nitriding of titanium. The
results indicated that rutile develops on the nitride layer, and titanium alloys has
identical surface hardening response to both methods. Oxy-nitriding can be also
performed via salt bath methods, i.e. KNO3 and NaNO3 [50]. Salt bath carbo-nitriding
has been carried out in molten alkaline cyanide like KCN [51] and NaCN [7, 52].
However, due to the usage of toxic chemicals, salt bath carbo-nitriding is not
attractive nowadays. The reaction process of carbo-nitriding in graphite/N2 is retarded
at low temperatures [53, 54], and the formed compound layer is closer to TiN rather
than TiC [55]. Therefore, oxygen represents an important component, which favors
the formation of δ-TiCxOyN1-x-y (cf. pack carburizing above) [15]. A mixture of
NH3/C2H2 [56] and N2/CH4 [57] were used for gaseous carbo-nitriding of titanium. It
was confirmed that δ-TiCxN1-x possesses superior wear resistance to that of TiN.
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Fig. 1.1. Schematic representation of compound layers and interstitial diffusion zones of titanium
subjected to thermochemical treatment.

For the quarternary system Ti-C-O-N, one-step treatment by use of
graphite/N2/O2 and CO/N2 were studied by Pohrelyuk et al. [15] and Stratton et al.
[38], respectively; and Valente et al. [46] investigated the duplex treatment by use of
CO/CO2 mixture + N2.

In summary, binary systems have been well explored and ternary system
received more and more attention over the last 20 years. More details regarding
conventional thermochemical treatment of titanium can be found in Manuscript 1. To
the author’s knowledge, little work on tailored interstitial composition of ternary
compound in a controlled process has been undertaken. More studies on
thermochemical treatment using the gas systems CO, and CO2 and their mixture are
needed from a surface engineering point of point. By adjusting the CO/CO2 ratio, the
pO2 and carbon activity (aC) can be controlled (and varied dependently); this is
conducive for understanding the evolution of δ-TiCxO1-x on titanium during carbo-
oxidizing, which has received practically no attention yet. Therefore, in the present
Ph.D. project, the synergetic incorporation of the dissolved carbon and oxygen in
surface of titanium and titanium alloys is investigated.



4

Fig. 1.2. Brief network of conventional (gas, pack and salt bath) thermochemical treatment of titanium
in binary, ternary and quarternary systems and the corresponding medium (media) applied.
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1.2. Motivation and research objectives

The proposed Ph.D. project seeks to explore the carbo-oxidizing behavior of the
titanium by the use of the gas systems CO and CO2, and to determine the surface
hardening response of various titanium alloys as well as the thermal impact on the
core microstructure. The present studies fill the gap in the field regarding how carbo-
oxidizing in the atmospheres with different pO2 and aC influences the development of
compound layer(s) on titanium alloys. Emphasis is put on the connection between
carbo-oxidizing conditions, compound layer formation, and the phase evolution in the
hardened case and in the core. For the quaternary system, it is of interest to
understand how a duplex treatment comprising a post-nitriding process further
influences the structure and properties of titanium alloys.
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1.3. Outline of the manuscripts

This section illustrates the structure of the thesis and the connections between the
manuscripts. The present doctoral thesis is structured in 7 individual manuscripts from
Chapter 2 to 8 (see Fig. 1.3), which can be further divided into 3 parts.

Part 1: Manuscript Nr. 1 is a review paper, which covers more than 400
publications in literature published between 1950 and 2020. The present author paid
attention mostly on conventional thermochemical treatment of titanium and titanium
alloys including oxidizing and carburizing, as well as the ternary systems both from
the high-temperature corrosion and surface engineering points of view; while the
synthesis of ternary compounds received less attention in this manuscript.

Part 2: surface engineering is the main topic in this part. Manuscript Nr. 2 offers
the overview of thermochemical treatments of Ti-6Al-4V. The widely different types
of treatments applied in this manuscript represent the diversity of gaseous and plasma-
based thermochemical methods that can be applied for surface engineering of titanium
alloys for use in various applications. Manuscript Nr. 3 goes deeper into gaseous
carbo-oxidizing using a CO/CO2 mixture with ratio 1:1, which was also applied in
Manuscript Nr. 2. The influence of four types of initial microstructures, i.e. equiaxial,
lamellar, bimodal and martensitic, on carbo-oxidizing behavior of Ti-6Al-4V is
studied. The microstructural evolution of the bulk and the hardened case for the
different samples is also investigated. A comparison between pure titanium and Ti-
6Al-4V regarding carbo-oxidizing behavior in CO and CO2 can be found in
Manuscript Nr. 4. Here, the surface hardening response of different materials in
different gas systems accompanied by the carbon and oxygen diffusion is investigated.
A study of post-nitriding on carbo-oxidizing Ti-6Al-4V is also conducted.

Part 3: High-temperature corrosion is the focus in this last part (surface
engineering is after all “controlled” high temperature corrosion). Manuscript Nr. 5
shows the evolution of compound layer(s) with variation of CO/CO2 ratio at high
temperatures. The thermal impact and influence of pO2 on the hardening response of
Ti-6Al-4V are studied. Manuscripts Nr. 6 & 7 display the carbo-oxidizing behavior of
16 different types of titanium and titanium alloys in CO and CO/CO2 with an
emphasis on the alloying elements effect.
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Fig. 1.3. Flowchart on the structure of the manuscripts in the Ph.D. thesis.
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2 Manuscript Ⅰ

A history of conventional (gas, solid and salt bath)
thermochemical oxidizing and carburizing of titanium and

titanium alloys: a brief review

Yichen Meng, Matteo Villa, Kristian V. Dahl, Marcel A.J. Somers, Thomas L.
Christiansen

Technical University of Denmark, Department of Mechanical Engineering, 2800, Kgs.
Lyngby, Denmark

Keywords: titanium, thermochemical treatment, oxidizing, carburizing, carbo-
oxidizing

2.1. Introduction

Titanium was commercially produced by a number of U.S. companies with
strong involvement from the government in the early 1950s, and titanium alloys were
developed in the following decades up until now [1, 2]. Compared to other alloys,
titanium alloys are far superior in terms of strength-to-weight ratio, corrosion
resistance and high-temperature stability, which makes them highly interesting for the
aerospace industry. As a widely used material in aircrafts and missiles, especially for
compressor components in various engines, titanium alloys (mostly near-α and α + β
type) suffer from oxidation at elevated temperatures. Surface stability and resistance
to embrittlement by oxygen uptake are key points. Since Ti-6Al-4V was introduced in
1950s, the maximum application temperature of titanium alloys has been significantly
raised from 300 to 600 ℃ by introducing TIMETAL 834 & 1100 in the 1980s. Also,
TiAl based intermetallics can be used at temperatures above 700 ℃. On the other
hand, by introducing interstitial elements (carbon, nitrogen and oxygen) on purpose in
a controlled process, titanium can be hardened to a large extent due to the severe
octahedral distortion of h.c.p. α lattice [3]. Not only the wear resistance, but also
corrosion resistance and biocompatibility are improved, which receives attention in
biomedical applications [4] and automotive industry [5]. Compared to Ti-C [6] and
Ti-N [7] systems, the phase equilibrium system for Ti-O [8] exhibits the greatest solid
solubility for oxygen in titanium, because oxygen possesses a smallest atomic radius
than carbon and nitrogen (14.3 wt.% for oxygen, 7.8 wt.% for nitrogen and 0.4 wt.%
for carbon in α-Ti). Therefore, oxidizing titanium yields the strongest hardening effect
and has been most widely studied, covering more than 50% of the published literature.
Focus has mainly been on pure titanium and Ti-6Al-4V (TC4) as shown in Fig. 2.1.
Moreover, carburizing has been used for formation of hard carbide compound layers
(2500-3000 Hv) atop a shallow carbon diffusion zone on titanium components such as
femoral head [9] and engine valves [10].
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Fig. 2.1. Pie diagram showing the fraction of various conventional surface treatments
for titanium and the applied materials in the literature collected in the present review
article. The total number of publications in the literature accrues to more than 500.
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Fig. 2.2. Timeline of conventional oxidizing (black) and carburizing (red) of titanium.
See the full name of organizations in Table 2.1 (Appendix A).

The thermal impact at elevated temperature deteriorates the bulk properties,
hence, carburizing seems to be the least favorable method for surface hardening of
titanium and has received much less attention than oxidizing, because high
temperature is required and a shallow hardened case results by conventional
carburizing. At the beginning, American research groups spearheaded the
development within thermochemical treatment of titanium in 1950s as the titanium
industry rapidly developed in US at the same period. Fundamental research on the
binary systems (Ti-O, Ti-C, Ti-N), and the alloying effect on oxidation behavior of
binary titanium alloys were of special concern, particularly by CSIR (Central Institute
for Industrial Research, Norway) and BMI (Battelle Memorial Institute, US). The
oxidation kinetics of pure titanium and Ti-6Al-4V was the focus attention in the
following decades, and UTC (University of Technology of Compiègne, France) made
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a remarkable contribution to that during mid-1970 to 1990. As many new near-α high-
temperature titanium alloys such as Ti-6Al-2Sn-4Zr-2Mo and Ti-5.8Al-4Sn-3.5Zr-
0.7Nb-0.5Mo-0.35Si were introduced for aerospace applications during 1960-1980s,
their oxidation behavior have drawn the most attention from organizations like GE
(General Electric Company, US) and NASA (National Aeronautics and Space
Administration, US). At the end of 20th century, the published work had a growth
spurt. As Ti-Al intermetallics (Ti3Al- and TiAl-based intermetallics) were widely
used in aeroengine, investigations of these materials were conducted mainly by some
Japanese and German groups since the 1990s; mainly the influence of alloying
elements on oxidation behavior of intermetallics were studied. In the same period,
surface alloying and coating technologies were developed to further improve the
oxidation resistance of titanium alloys. Meanwhile, researchers also payed attention to
the detrimental effect of oxygen contamination caused by air exposure at elevated
temperatures on the fatigue properties of titanium alloys. Over the last decade, the
oxidation behavior of reinforced titanium composites were studied by several groups
from China and Japan. The publications concerning oxidizing and carburizing of
titanium over the last 20 years occupy more than 50% of the total number, and most
of them are contributions from China. Around the change of the millennium, surface
hardening by thermal oxygen diffusion and carburizing received significant attention,
mostly by UOB (University of Birmingham, UK) and the BOC company (UK); albeit
this concept was proposed 50 years earlier. In 2000s, carburizing of titanium mainly
focused on gaseous methods by the use of CO gas by the BOC company (UK) and
Tohokudai (Tohoku University, Japan); and over the last decade, pack and gaseous
carburizing by use of various carbon-containing gases like alkane gases attracted
interest from academia. In addition to pure titanium, studies on oxidation of Ti-6Al-
4V and Ti-6Al-2Sn-4Zr-2Mo still receive significant attention, but are mostly focused
on their mechanical properties and protective coatings. The fundamental study of
ternary systems (Ti-C-O, Ti-C-N and Ti-N-O) began from early 1950s; and in the 21st

century, several studies on carbo-nitriding, carbo-oxidizing and oxy-nitriding for
surface hardening were performed by NASU (National Academy of Sciences of
Ukraine, Ukraine) and most recently by DTU (Technical University of Denmark,
Denmark). Research spanning over the last 70 years on oxidation of titanium and
titanium alloys, as well as conventional (gas, pack and salt bath) oxidizing and
carburizing for surface hardening are reviewed herein. Surface hardening by laser [11,
12] or plasma [13, 14] techniques will not be covered in the present literature survey.
The flow in the present overview mainly follows the timeline.

2.2. Oxidizing (oxidation) and oxy-nitriding

1950s

Gulbransen et al. [15] studied kinetics of the reaction of titanium with O2, N2 and
H2 as a function of time, and pressure in the temperature range 250-600 ℃ for
oxidation. The oxygen reaction followed a parabolic rate law, and was found to be
insensitive to pressure.

The effects of interstitials on the tensile strength and hardness were determined
on pure titanium in comparison with Fe addition by Finlay et al. [16]. The interstitial
element with the lowest solubility of the three studied (carbon) was found to have the
lowest strengthening effect. Finlay et al. [17] patented a Ti-Sn alloy and studied its
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oxidation behavior in O2 and air, indicating that Sn exhibits excellent oxidation
resistance in O2, whilst weight gain in air and N2 increases more rapidly with
increasing Sn to a maximum at about 7% Sn and thence drops off quite rapidly for
higher tin contents.

The Ti-O, Ti-C and Ti-N systems were systematically investigated by Jaffee et al.
[18, 19] thermodynamically, and the mechanical properties determined on the binary
systems indicated that the strengthening effect of nitrogen is greatest and that of
carbon is lowest. The ternary systems Ti-C-O and Ti-C-N appeared to exhibit an
additive hardening effect compared to the respective binary alloys. Ogden and Jaffee
studied the effects of a small addition, i.e. less than 1wt.%, of carbon, oxygen and
nitrogen on mechanical properties of titanium and its alloys [20]. They announced
strengthening titanium by introducing interstitials caused several disadvantages, such
as ingot inhomogeneity, sacrifice of toughness, poor ductility and formability, no
strengthening effect at elevated temperatures, etc. The above disadvantages were
overcome by adding Al and Sn as substitutes for the interstitials. Reynolds and Jaffee
investigated the diffusion of interstitials in titanium [21]. It was found that the
diffusivity of interstitials in β-Ti is much faster than that in α-Ti, and diffusivity
increases in the following order nitrogen, oxygen, carbon. A study on the role of
alloying elements in titanium during oxidation in air was performed by Maykuth et al.
[22, 23]. Si, Nb, Ta, W, Mo and Al as binary additions have been found to improve
the scaling resistance of titanium in air at 649-982 ℃, listed in approximate order of
decreasing effectiveness. Whereas, the addition of Co, Ni, Mn, V, Fe and Cr increases
the weight gain of titanium in the order listed; and the addition of Sn, Sb and Zr
results in thick scale formation.

A study by Rostoker [24] examined the lattice parameters of α-Ti solid solution
in the Ti-O system. The result showed that oxygen produces a more pronounced
distortion of the c parameter of α-Ti. His colleague, Delazaro [25], investigated the
impact of oxygen content up to 0.55 wt.% on transformation in Ti-11Mo. It was
observed that time-temperature-transformation (TTT) curves were shifted to the left
with increasing oxygen contents due to the α stabilizing effect of oxygen addition. α-
Ti precipitation was apparent upon slow cooling within β grains and at β boundaries.

Oxidation of titanium in the temperature range of 600-925 ℃ for 72h in O2 was
studied by Jenkins [26]. It was revealed that spallation of rutile scale occurred above
750 ℃, and the scale formed below 800 ℃ can be absorbed by the substrate after
vacuum treatment at 1000 ℃ for 18h. His further study on oxidation of titanium was
mainly focused on metallography and kinetics [27, 28]. The results suggested that the
scaling behavior is controlled by the diffusion of oxygen in the substrate. The
influence of alloying elements on oxidation of titanium was first studied, showing that
5 at.% addition of Sn, Zr, Fe was always detrimental; however, Al and W were
beneficial to oxidation (reduction) only at 900 ℃.

A study by Maynor et al. [29], on a wide selection of binary and ternary titanium
alloys examined the effect of alloying elements on scaling rates on a weight-grain
basis. Al, W, Si and Ta showed better scaling rates than pure titanium; and Cr, Mn, Fe
and V exhibited consistently poor scaling resistance at all temperatures in the range of
649-982 ℃.
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TiOx phases in the Ti-O system were studied by Andersson et al. by the means of
X-ray diffraction (XRD) [30], and TiO0-0.5 with disordered and ordered structures was
investigated by Holmberg [31].

An investigation on the oxidation mechanism of titanium by Kofstad et al. [32]
illustrated that rate laws varied in the temperature region 300-1000 ℃: logarithmic (<
300 ℃), cubic (300-600 ℃), parabolic (600-850 ℃), and parabolic + linear (>
850 ℃). The results indicated that oxidation is oxygen pressure dependent under the
condition of linear rate laws, while it is oxygen pressure independent at lower
temperatures. The dissolution of rutile film was observed in high vacuum at high
temperatures (> 700 ℃). His research on oxidation of titanium in the temperature
range 800-1200 ℃ [33] revealed that initial approximate parabolic oxidation rate is
primarily associated with oxygen dissolution in the substrate. As the oxidation is
governed by oxide formation, it follows a linear oxidation rate, and the porous rutile
scale formed at high temperature with poor adherence offers no barrier to oxygen
permeation. Even higher temperature region (1000-1500 ℃) at reduced oxygen
pressures was applied in Kofstad’s further study [34]. The diffusivity of oxygen in α-
Ti was calculated and sub-oxides were observed. Hurlen conducted the team after
Kofstad, and a subsequent systematic work on oxidation of titanium was carried out,
which mainly focused on kinetics and characterization of oxides [35, 36]. His results
were largely in agreement with those obtained by Kofstad.

A study by Morinaga et al. [37], on oxidation of Ti-xFe (x=1-8 wt.%) in the
temperature range 600-900 ℃ evaluated varying Fe additions and temperatures on
oxidation kinetics. XRD results showed only strong reflections of rutile for all cases.
The addition of Fe exceeding 4 wt.% obviously accelerates the oxidation rate in terms
of weight gain and depth of diffusion zone.

1960s

Stringer et al. [38] performed a study on oxidation of Ti-3Fe illustrated that Fe
was expelled from α case accompanied with oxygen inward diffusion, accumulated at
an α/β interface up to 6 wt.%, which results in stabilizing β and lowering the
martensite start temperature below room temperature. His study on oxidation
mechanism of titanium in O2 in the temperature range 850-1000 ℃ [39] indicated that
the oxidation rate is initially parabolic; the scale detaches at long periods of time by
blistering away from the surface; eventually a repeating porous scale forms, which is
associated with the linear rate law. The addition of 4 wt.% Fe and increasing oxygen
pressure both increases the oxidation rate [40]. Stringer et al. also studied the
oxidation of Ti-15Mo in O2 in the temperature range 650-1000 ℃ [41]. The results
revealed that a small amount of MoO3 is formed which evaporates from the specimen
at higher temperatures. α precipitation takes place at β grain boundaries forming an
intergranular α network rather than forming an α case. Below 700 ℃, the parabolic
rate is faster than that for titanium, whereas at high temperatures the reaction rate is
irregular.

Two oxidizing methods at 850 ℃ for surface hardening of titanium without
serious scaling were applied by Takamura [42]: a) oxidizing in O2 followed by
diffusion treatment in Ar or/and N2, and b) heat treatment in a SiO2 based molten
glass bath with an appropriate viscosity. Both achieved the surface hardness ~1000
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Hv, and depth ~300 μm, which is 3-fold deeper than that of titanium nitrided at the
same temperature for the same period of time.

Oxidation of Ti-Sn-Zr was studied by Glazova et al. [43]. Zr tends to be
beneficial to oxidation resistance, whereas, small amounts of Sn addition seems to be
detrimental at lower temperatures.

The embrittlement caused by inward diffusion of oxygen during high-
temperature air exposure was determined by Shamblen et al. [44] for Ti-6Al-2Sn-4Zr-
2Mo. After room temperature tensile test, cracking perpendicular to the surface was
observed in the near-surface area, and the increasing depth of air contamination
increases the degree of embrittlement. Compared with other Al-containing titanium
alloys and unalloyed titanium, it was found that the depth of contamination is in
general not as deep for the materials with lower substitutional alloying content, i.e.
contamination depth is the shallowest for unalloyed titanium.

The interstitial superlattice structure Ti6O was studied by Yamaguchi et al. [45]
and the ordered structure of Ti3O was investigated by Jostsons et al. [46].

A literature survey was performed by Ferguson [47] concerning the alloying
effects on oxidation in binary titanium alloys. He announced for commercial usage,
scale must contain a protective oxide such as Al2O3 or SiO2. Whereas the barrier layer
becomes inefficient at temperatures approaching 1000 ℃ due to the spallation. The
embrittlement of the alloy as a result of oxygen dissolution in titanium is another
factor that inhibits its use for high-temperature components.

1970s

The diffusivity of oxygen in α-Ti and β-Ti was determined by Rosa [48], which
was evaluated based on the rates of movements of the α/β interface and microhardness
measurement of β-Ti, respectively. Since the octahedral holes in h.c.p. α-Ti are about
40% larger than those in the b.c.c. β-Ti structure, it does not come as a surprise that
the activation energy for oxygen diffusion in β-Ti is significantly higher than that in
α-Ti.

Okazaki et al. [49] studied the grain size dependence of the hardness expressed
by the Hall-Petch type equation where the constants vary lineally with the square root
of the interstitial concentration. The relative effectiveness of nitrogen, oxygen and
carbon on the hardness is 1.4:1.0:0.73.

A study on the oxidation kinetics of Ti-6Al-4V in the temperature range 700-
1000 ℃ at several pressures of O2 was carried out by Sarrazin and Coddet [50]. The
results showed the kinetic law has numerous stages corresponding to successive
accelerations and reductions in oxidation rate, which is attributed to formation of
rutile/Al2O3 alternating scale structure. The lower temperature and/or higher oxygen
pressure leads to a more distinctive stratified scale. Following their previous work,
Coddet et al. [51] confirmed the distinctive scale and reported that the formation of
Al2O3 is largely affected by the pressure of oxygen and Al concentration in the alloy,
and compared to pure titanium, Ti-6Al-4V is more oxidation resistant. On the study of
the initial stage of the oxidation reaction of pure titanium and Ti-6Al-4V [52], it was
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found that oxide does not nucleate on some grains, suggesting a strong influence of
the crystal orientation on the nucleation process of oxidation. Chaze et al. [53, 54]
reported that Al tends to be concentrated near the external interface. This effect is
most pronounced for the alloy containing the greatest Al content, i.e. Ti-10Al, and for
the higher temperatures when the scale consists of two rutile layers separated by an
Al2O3 layer. Chaze et al. [55] also studied the influence of Cr addition on oxidation
behavior, indicating at low fraction (< 10 wt.%) Cr has a negative effect on the
oxidation resistance of titanium, in particular a considerable increase in the oxidation
rate for concentrations of around 4 wt.%; but at higher Cr contents, this effect can be
favorable, especially at low temperatures, which is mainly ascribed to the formation
of Cr2O3 in scale reducing the oxidation rate. The influence of silicon also results in a
significant decrease in the depth of penetration of oxygen into the substrate for Ti-xSi
(x=0.25-1 wt.%) [56]. Si addition reduces the porosity of scale; and Si ions are
partially dissolved in the rutile slowing down the oxidation diffusion process, and part
of the Si is precipitated as SiO2; moreover, Si as β stabilizer and the presence of Ti5Si3

both can reduce the oxidation dissolution in the substrate [57]. Comparing the
oxidation in air and O2, the results showed a marked effect of N2 in reducing the
oxidation rate of titanium and its alloys [58]. The reduction of oxygen partial pressure
(pO2) and accumulation of nitrogen at the internal interface result in formation TiN
and Cr2N on Ti-Si and Ti-Cr, respectively, underneath the rutile layer. A study on the
adherence of scale to the substrate illustrated that adhesion of scale always decreases
considerably when the oxide thickness increases [59]. In that case, long exposure time
and high temperature decrease the adherence. The influence of the alloying elements
is complex, and it has been established that Cr additions result in improved adherence,
while Al and Si additions with low content slightly decrease the adherence due to the
absence of Al- and Si-oxide. The influence of V and Nb on oxidation of titanium
alloys was investigated by Ramoul et al. [60, 61]. A small amount of V addition, i.e. 2
wt.%, has negligible impact on oxidation, while 15 wt.% V addition greatly increases
the oxidation rate and results in V2O5 formation within rutile. The influence of Nb is
more complex, on one hand, the dissolved Nb in rutile curtails the inward diffusion of
oxygen; on the other hand, a significant Nb addition, i.e. 20 wt.%, introduces
significant tensile stress in rutile and eventually leads to cracking.

Quesne et al. [62] confirmed that when comparing Ti-6Al-5Zr-0.5Mo-0.25Si and
Ti-6Al-2Sn-4Zr-2Mo (containing no Si) oxidized in air, Si plays a beneficial role on
the high temperature strength, hence Ti-6Al-5Zr-0.5Mo-0.25Si possesses better creep
resistance at elevated temperatures. The superficial embrittlement of the alloys is
caused by oxygen permeation, and a preferential penetration of oxygen along the prior
β grain boundaries is likely to occur especially if the exposure is accompanied by
applied stress (stress corrosion).

1980s

A study by Chen et al. [63] reported on the oxidation of Ti-4.4Ta in air and
oxygen in the temperature range 985-1200 ℃ at various pressures. Rutile is
predominantly formed and accompanied by TiN at the scale/substrate interface after
oxidation in air. The inward growth of rutile results in the formation of a porous
structure with higher concentration of Ta, whereas outward diffusion of titanium
results in the formation of dense rutile with low Ta concentration corresponding to the
recrystallized and sintered part of the oxide. This duplex scale structure is analogous
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to that observed by Menzies et al. [64] on other titanium alloys. Ta addition is
beneficial to oxidation resistance, and the influence of oxygen pressure is complex.

Cornad systematically investigated the effect of interstitials on mechanical
properties of titanium at various temperatures [65]. Emphasis was put on the effects of
very dilute solid solutions of oxygen, nitrogen, carbon in the hcp crystal structure of
unalloyed titanium. It was found that the cross slip of screw dislocation became more
difficult when the total interstitial content of the specimen was increased. Moreover,
the frequency of twinning decreased with increasing interstitial content.

David et al. [66] investigated the oxygen diffusivity in α-Ti by means of nuclear
microanalysis from oxygen isotope. The result provides a value of the diffusion
coefficient which is consistent with a bulk diffusion process over the temperature
range 200-950 ℃, which is identical to the result by Rosa [48] at higher temperatures.

The mechanical properties of Ti-6Al-4V were investigated by Bendersky et al.
[67] after air exposure at 900 °C. It was found that the yield strength remains
unaffected, while the alloy suffers a marked decrease in ductility and ultimate tensile
strength due to the surface embrittlement, i.e. cracking occurs at surface in the early
stage of tensile test even for short exposure.

A review paper concerning high-temperature titanium alloys by Eylon et al. [68]
reported that commercially available high-temperature titanium alloys are of the near-
α class with minor additions of Si. The limitation of maximum service temperature of
titanium alloys is associated with the gradual decrease in creep resistance and
reduction in ductility mainly due to the oxygen contamination (surface layer). Using
Ti-Al intermetallics or β type alloys, and in some cases, W and/or Pt coatings are
found to reduce the titanium combustion in turbine engines.

Raynaud et al. [69] studied the oxidation behavior of titanium foils in water
vapour at temperatures 815-950 °C. Suboxides with variable composition form
underneath the rutile layer.

Research by Boriskina et al. [70] revealed the adverse impact of oxygen
contamination and grain growth on the fatigue strength of titanium and Ti-Al alloys.
The sensitivity of materials to air exposure is lower in low-cycle fatigue tests than in
high-cycle tests.

Oxidation studies were performed by Unnam et al. [71] on commercial titanium
and its alloys, i.e. Ti-6Al-4V and Ti-6Al-2Sn-4Zr-2Mo, exposed at 704 ℃ for 24h in
different air pressures and humidity. Lower pressure and dry air result in lower
oxidation rate, whilst the microstructures have no measurable influence on oxidation
rate. The same diffusion depth of around 40 μm was observed, regardless of the alloy
types. Oxidation of Al-coated titanium and Ti-6Al-2Sn-4Zr-2Mo was studied [72],
and it indicated that Al coating significantly reduces the air contamination of titanium
at 704 ℃. In their study on oxidation of titanium [73], the results showed the initial
oxygen content in the range 1-10 at.% in titanium has negligible impact on oxygen
diffusivity in α-Ti. The oxygen diffusivity in rutile is found to be about 50 times the
value in α-Ti. A study on oxidation of Ti-6Al-2Sn-4Zr-2Mo by Shenoy et al. [74]
indicated that the diffusivities for oxygen in rutile in the temperature range 593-
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760 °C is 1.4-7.6 times that in α-Ti. The rate laws have a two-stage parabolic behavior,
which is analogous to the results by Menzies et al. [75] at a similar temperature range.
The fast diffusion rate in the second stage is attributed to the formation of porosity in
the scale. Air contamination after exposure at 740 ℃ significantly reduces the tensile
elongation from 13% to only 1%. Wiedemann et al. [76] studied the microhardness
and lattice parameters of the oxygen solid solutions of titanium and Ti-6Al-2Sn-4Zr-
2Mo. The result suggested that the abrupt change in the variation of the lattice
parameters with dissolved oxygen at 25 at.% is attributed to a change in crystal
symmetry, i.e. trigonal Ti2O and Ti3O with ordered structures developing at higher
oxygen concentrations.

Ti-6Al-2V and Ti-2Al-16V with oxygen concentrations of 0.07-0.65 wt.%,
simulating the α-Ti and β-Ti phases of Ti-6Al-4V, were studied by Liu et. al [77].
Oxygen hardens both alloys to the same degree, and its hardening potential is
negligible compared to the precipitation hardening after long-time ageing treatment.
For Ti-6Al-2V, oxygen enhances Ti3Al precipitation during ageing. For Ti-2Al-16V,
oxygen suppresses the formation of orthorhombic a′′ martensite. A literature survey
on diffusivities of O and Al in α-Ti, O, Al and V in β-Ti, and O in rutile was
performed by Liu et. al [78]. Lee et al. [79] from same group investigated the effect of
oxygen concentration in Ti-6Al-4V on Young’s modulus and damping capacity. It
was found oxygen increases Young's modulus with a linear concentration dependence,
while the room temperature damping capacity is not significantly affected by oxygen
in the concentration range up to 0.30 wt.%.

1990s

Luthra [80] investigated the protective oxide films, i.e. alumina and silica, on
titanium alloys thermodynamically. Compared to Ni system, much higher Al (≥ 50
at.%) and Si (≥ 40 at.%) levels are needed to stabilize Al2O3 and SiO2 for protection
in the Ti system. The Ti-Si-O and Ti-Al-O systems were also investigated by Rahmel
et al. [81] demonstrating that the much greater decrease in Ti activity in the Ti-Si
system contributes to the stability of SiO2 compared to its decrease in Ti-Al system.

Physical Vapor Deposition (PVD) nitriding was compared to oxygen diffusion
for surface hardening of Ti-6Al-7Nb by Streicher et al. [82] for medical use, and the
later significantly improves the depth of hardened case up to 50 μm and maximum
hardness to 900 Hv.

A study by Taniguchi et al. [83], on oxidation behavior of TiAl in O2 in the
temperature range 827-1127 °C, revealed the evolution of scale that simultaneous
nucleation of rutile and α-Al2O3 occurs at the early stage of oxidation, and then
preferential growth of rutile took place. Eventually, the scale consists of an outer
rutile layer and porous inner layer of rutile + α-Al2O3 mixture. A different model was
proposed in their further study [84]: an α-Al2O3 layer was observed to form
preferentially at surface and then - due to the large volume increase by the formation
of rutile - subsequently broke the α-Al2O3 layer, resulting in the formation of an
outmost rutile layer. The influence of additional alloying elements on the oxidation
behavior of TiAl is complex, and a small amount of Hf and Zr addition (0.2 wt.%)
tends to improve the oxidation resistance significantly. Whereas, the beneficial effect
diminishes as the alloying concentrations increase.
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Wallace et al. [85] investigated the oxidation of Ti-33Al-6Nb-1.4Ta in air and
oxygen. The weight gain was much higher after air exposure due to the formation of
nitrides, i.e. TiN and Ti2AlN. A continuous protective layer of α-Al2O3 was present in
O2, and an outmost α-Al2O3 barrier formed at 700 °C, while α-Al2O3 mostly
segregated at the scale/substrate interface at higher temperatures in air exposure,
which implies that the presence of nitrogen suppresses the formation of α-Al2O3,
accelerating the oxidation rate. The Nb and Ta additions seem to lower the critical
concentration of Al for α-Al2O3 formation. Oxidation kinetics of Ti-25Al-10Nb-3V-
1Mo subjected to air exposure showed two-stage rate behavior [86]. An outmost α-
Al2O3 forms in the first stage, and the second stage is associated with the formation of
a TiAl layer in scale/substrate interface and porosity formed in rutile. The addition of
V and Mo has a negligible impact on oxidation. The oxidation of Ti-14A1-21Nb [87]
exhibited weight gains in O2 that were up to four times higher than in air due to the
formation of TiN and TiAl at scale/substrate interface. Rutile is the predominant
surface oxide, and it was found to be thicker in O2.

The mechanism of scale development on TiAl after air and O2 exposure was
reported by Becker et al. [88] that the weight gain is much lower after air exposure,
which is not in agreement with the results by Wallace et al. [85]. The scale formed in
the temperature range of 700-900 °C is identical to that observed by Taniguchi et al.
[83], i.e. an outer layer of rutile growing by outward diffusion of Ti ions and an inner
layer of a rutile + α-Al2O3 mixture growing by inward oxygen diffusion. The α-Al2O3

particles formed between the inner and outer oxide is unstable, being dissolved after
long time exposure. The addition of V was found to prevent the formation of α-Al2O3

barrier, and addition of Nb displays a beneficial effect for the formation of a α-Al2O3

barrier at scale/substrate interface. This α-Al2O3 enriched intermediate layer was
observed in air oxidized TiAl-2Cr by Herold-Schmidt et al. [89]. It was reported that,
a small addition of Cr and V (1-2 at.%) to TiAl has no significant effect on the
oxidation mechanisms, but additions of Cr seem to improve the bonding of scale to
the substrate, but with an adverse effect on the oxidation resistance. The oxidation
resistance of Ti3Al based alloys is superior to that of TiAl.

An investigation by Gil et al. [90] reported the effect of microstructure on the
oxidation behavior of TiAl that, after O2 exposure at 900 °C, a fine lamellar structure
formed in the as-cast condition of TiAl-Cr has a favourable effect on the alloy’s
oxidation behavior compared to the equi-axed structure formed after heat treatment.
Higher additions of Cr result in lower oxidation rates. A further study showed that
oxidation of TiAl largely depends on the composition and distribution of the γ-TiAl
and α2-Ti3Al phases determined by the cooling rate during casting [91]. Rapid cooling
rate leads to a lamellar structure, which has a beneficial effect on oxidation behaviour;
whereas, slow cooling rate results in bi-modal structure containing α2-Ti3Al phases
with low Al content, on which α-Al2O3 is not formed, leading to high oxidation rate.

Quadakkers et al. [92] have indicated that the presence of N2 in the atmosphere is
in some cases beneficial, in others detrimental to the oxidation resistance of TiAl-
based intermetallics. In the early stage of air oxidation, the presence of N2 suppresses
the formation of a α-Al2O3 barrier; as long as a stable and continuous nitride layer is
present beneath the scale, hence N2 plays a beneficial role to protect against oxidation.
It was found that the addition of Nb to TiAl stabilizes the formation of a nitride layer,
hence the oxide growth rate is reduced.
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The effect of a wide selection of alloying elements with addition of 1-2 wt.% on
oxidation of TiAl in air has been studied by Shida et al. [93]. In general, V, Fe, Mn,
Sn, Zr are detrimental; Ni and Cu are neutral; Si, Al, W, Mo and Cr are beneficial. For
the group of beneficial elements, the improving mechanism of each is different [94].
A SiO2 barrier is formed along the scale/substrate interface; and the other elements
reduce the oxygen solubility in the substrate, stabilizing the formation of α-Al2O3 in
the inner scale. Five types of scale formation on TiAl-X were proposed in a later
study [95].

The effect of 5 wt.% addition of Cr, V Si, Mo and Nb to TiAl on air oxidation
was investigated by Kim et al. [96]. It was found that the addition of Mo, Si and Nb
improves the oxidation resistance, in particular, Nb in TiAl enhances the adherence of
the scale. A SiO2 barrier develops in the scale of TiAl-Si, and Nb enhances the
formation of a α-Al2O3 barrier in TiAl-Nb. In agreement with the result of the
oxidation of TiCr alloys [55], increasing the Cr concentration to 10 wt.% can alleviate
the detrimental effect.

The effect of Nb addition on oxidation behavior of Ti-Nb and TiAl-Nb was
studied by Yoshihara et al. [97]. For Ti-Nb, the mass gain as well as the thickness of
scale are reduced by Nb addition less than 10 at.%, whilst as the Nb content exceeds
the solubility in rutile, TiNb2O7 is formed, resulting in increasing oxidation rate. The
oxidation rate of TiAl-Nb is also significantly decreased with increasing Nb content
until 10 at.%, and a further increase in Nb leads to negative effect.

The oxidation behavior of Nb-containing Ti3Al, i.e. Ti-25Al-11Nb and Ti-24Al-
15Nb, was studied in O2 by Roy et al. [98]. The scales were found to be thinner,
compact, and adherent for Ti3Al-Nb due to the doping effect of Nb in the inner scale
in reducing the defect concentration of rutile.

Parris et al. [99] patented a new β type alloy, i.e. Ti-15Mo-3Nb-3Al-0.2Si,
possessing an excellent combination of oxidation resistance at elevated temperature of
at least 816 °C with cold rollability sufficient to enable the production of foil by
conventional methods. The oxidation behavior of this new alloy was examined by
Wallace et al. [100, 101] in the temperature range of 600-800 °C in air. A compact
rutile layer is formed at elevated temperature. It was found that the degree of
embrittlement is dependent on weight gain and temperature. The weight gain
produces a much greater change in ductility and strength at 600 °C than at 800 °C,
because oxygen solubility in β-Ti is much lower at exposures at 800 °C.

A new near-β alloy, i.e. Ti-13Nb-13Zr, was introduced by Mishra [102] for
orthopedic implants, possessing low modulus, high strength and corrosion resistance.
Davidson et al. [103] and Poggie et al. [104] reported that dramatic improvement in
abrasive wear resistance can be achieved by oxygen diffusion hardening at 400-
600 °C. The oxide scale consists of rutile, Nb2O5 and ZrO2, and the maximum
hardness reaches 930 Hv. It suggested that Zr plays a key role when the Zr content
exceeds 6 wt.% for effective surface hardening by accelerating the oxygen diffusion
in the alloy. The corrosion test on Ti-13Nb-13Zr by Yu et al. [105] indicated that the
spontaneous passivity and reduced passive current density of diffusion-hardened Ti-
13Nb-13Zr is attributable to its oxide film and hardened case.
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Air oxidizing was applied to protect valve spring retainers made of Ti-22V-4Al
[106], and Mushiake et al. reported that oxidizing offers superior wear resistance to
gas carburizing or ion nitriding. The oxide scale should be removed before use and
shot peening was found to improve the fatigue strength.

A review article by Bloyce et al. [10] concerning the surface treatments of
titanium and its alloys mentioned that the process temperature of diffusion treatment
including oxidizing, nitriding and carburizing is desirable to be as low as possible to
minimize the thermal impact on the bulk properties. Due to that reason, carburizing
seems to be the least favorable method for surface hardening of titanium, because
high temperature is required and shallow hardened case is afforded. Bloyce [107] and
Bell et al. [108] suggested to apply duplex treatments, such as the combination of
(Diamond-like Carbon) DLC or PVD coating process and thermochemical process, to
achieve even better performance for a load-bearing wear-resistant titanium component,
which is attributed to the hard surface layer by DLC or PVD process and deep
hardened case by diffusion process. Bloyce et al. [109] reported that Pd-treated
titanium has a beneficial effect on increasing the oxygen concentration in the
diffusion zone and improving the oxide adhesion after a subsequent oxidizing. Air
oxidation at temperatures ranging from 600 to 800 °C was carried out by Dong et al.
[110] on Ti-6Al-4V. Wear and corrosion resistance can be improved by proper
treatment, whereas prolonged time at elevated temperature results in a porous oxide
with poor adhesion, which losses protection. The compact rutile oxide layer formed at
600 °C can eliminate adhesive action and enhance boundary lubrication, resulting in
low wear rate [111]. They patented the method of air oxidizing for improving
triboligical behavior of titanium and its alloys performed in the temperature range of
500-725 °C for up to 100 h under a reduced or normal atmospheric pressure [112]. In
addition to Ti-6Al-4V, this technique was also successfully applied to another α + β
type alloy, i.e. Ti-4Al-4Mo-2Sn, by Boettcher et al. [113, 114], providing a hardened
case (~40 μm) and a thin rutile layer (~0.5 μm) after long time air exposure in the
temperature range of 600-650 °C. The study by Komotori et al. [115] showed
oxidizing in N2/O2 at 600 °C producing a stable oxide layer, for Ti–4.5Al–3V–2Fe–
2Mo and Ti-6Al-4V, displaying a superior repassivation rate and adhesive strength
compared to nitrided alloys. Oxidizing treatment offers the best resistance to the
sequential actions of abrasion and corrosion. Combined with a subsequent vacuum
treatment after oxygen diffusion process at the identical temperature, i.e. 850 °C, the
depth of hardened case of Ti-6Al-4V is significantly increased from ~50 μm (only
oxygen diffusion) to ~300 μm (with boost diffusion), and the abrasive wear resistance
can be increased by more than 100% [116]. A model for simulating the boost oxygen
diffusion developed by Luo et al. [117] agrees with the experimental results. The
oxidizing-vacuum treatment has also been successfully applied on surface hardening
of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si by Ma et al. [118] using the same procedures as
mentioned above. Moreover, Zabler [119] applied oxidizing-vacuum treatment at a
lower oxidizing temperature (700 °C) on pure titanium and Ti-6Al-4V. It was found
that the oxygen concentration follows a linear relation with hardness for both
materials, and Ti-6Al-4V possesses better hardening response. Additionally, Zhou et
al. [120] applied oxidizing-vacuum treatment at a higher oxidizing temperature
(900 °C) on Ti-6Al-4V but for shorter duration. Eventually, a 250 μm hardened case
with maximum hardness of 830 Hv is achieved. It should be noted that the post
vacuum treatment by Dong et al. [116], Zabler [119] and Zhou et al. [120] are all at
850 °C.
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A study on air oxidation behavior of Ti-6Al-4V between 650 to 850 °C by Du et
al. [121], demonstrated that, at an early stage of oxidation, the α-Al2O3 nuclei grow
laterally with increasing exposure time and completely cover the rutile layer.
Increasing exposure time and temperature eventually result in an alternating α-
Al2O3/TiO2 scale structure, which is attributed to the repeating cracking occurs at the
rutile/substrate interface. This phenomenon becomes more pronounced above 750 °C
accompanied by altered kinetics. A study on the air oxidation behavior of Ti-6Al-4V
between 600 to 700 °C by Frangini et al. [122] showed consistent results to those by
Du et al. [121] under analogous oxidation conditions. Du et al. [123] claimed that the
scale structure is atmosphere-dependent: α-Al2O3/TiO2 and its alternating structure are
attained when Ti-6Al-4V is exposed in H2/H2O/H2S and air at 750 ℃, while TiO2/α-
Al2O3/TiO2 sandwich-like structure is formed in H2/H2O with lower pO2 at identical
temperature. In addition to Ti-6Al-4V, Du et al. [124] also investigated the initial
stages of oxidation of Ti-46.7Al-1.9W-0.5Si under different pressures. The results
showed nucleation of nano-sized Ti2O3 islands occurs in a low-pressure environment,
whilst a rutile layer is formed in an atmospheric environment. The study on the
influence of atmosphere on oxidation behavior of Ti-46.7Al-1.9W-0.5Si indicated that
the oxidation rate is much lower in Ar/O2 than in air due to the formation of two α-
Al2O3 layers separated by a rutile layer in the scale [125]. Whereas, for air exposure,
TiN is formed at the scale/substrate interface, and only one layer of α-Al2O3 is formed
underneath a rutile layer providing less effective protection of the substrate against
high-temperature corrosion.

D'yachkov [126] studied the oxidation behavior of Ti-V alloys in air in the
temperature range of 700-1200 ℃. The addition of V in the range of 0.5-3 wt.%
slightly decreases the oxidation resistance of the alloys, mainly at the expense of
increasing rate of scale growth.

The study by Leyens et al. [127] illustrated that the microstructure can influence
the oxidation behavior of near-α titanium alloys. Both Ti-5.8Al-4Sn-3.5Zr-0.7Nb-
0.5Mo-0.35Si and Ti-6Al-2.7Sn-4Zr-0.4Mo-0.45Si were found to be most oxidation
resistant with a lamellar structure, and least with a globular structure at 750 °C in air.
Compared to the differences in their chemical compositions, the microstructure of the
respective alloys plays a more critical role on oxidation. The authors claimed it is
mainly attributed to the faster mass transport in the fine grained globular structure for
which the grain boundary / grain ratio is higher. In further research by Leyens et al.
[128, 129], oxidation barrier coatings received attention. Intermetallic Ti-Al coatings
were deposited onto Ti-6Al-2.7Sn-4Zr-0.4Mo-0.45Si for oxidation protection [130,
131]. The coatings are highly ductile after long-term air exposure at 600 °C, and
nearly have no detrimental influence on the fatigue properties of the substrate alloy.
The Cr-containing modified intermetallic TiAl coating showed considerably oxidation
resistance, and the beneficial effect tends to be improved with increasing Cr content in
the range of 4-22 at.% [132]. The addition of 7 at.% Cr to TiAl coating yields the best
oxidation resistance. Compared to the Cr-containing coating, Nb-containing TiAl
coatings exhibit poor protection due to the spallation during cooling. It was indicated
that the microstructure of TiAl-Cr coatings changes from fine columnar to a nearly
structureless morphology by increasing the substrate bias voltage, and the oxidation
resistance of the coating is decreased by applying negative substrate bias voltage
[133].
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Pototzky et al. [134] studied the thermomechanical fatigue property of Ti-5.8Al-
4Sn-3.5Zr-0.7Nb-0.5Mo-0.35Si in the temperature range of 350-650 °C. It was
confirmed that fatigue cracks form and propagate readily in the embrittled sublayer
caused by oxygen uptake, resulting in reduced fatigue life. Fukai et al. [135]
investigated the fatigue strength of Ti-4.5Al-3V-2Mo-2Fe influenced by the α case. α
case of 5 μm and 20 μm in thickness reduces the fatigue strength by 10 % and 30 %,
respectively. Once the α case has been removed, the O-rich layer underneath alone
results in a marginal reduction in fatigue strength.

A study by Majumdar et al. [136] concerned laser surface alloying of Si and Al
to enhance the oxidation resistance of titanium. It was found that surface alloying with
Si yield a superior resistance to oxidation than that provided by Al. For Ti(Si),
Ti(3Si+Al) and Ti(Si+3Al), a barrier layer of SiO2 is formed at the scale/substrate
interface during oxidation [137]; moreover, Ti5Si3 particles uniformly disperse in the
alloyed zone imparting an indirect diffusion barrier. The maximum Si content in the
alloyed zone is about 15 at.%, which is much lower than the required Si content for
the formation of Ti5Si3 under equilibrium condition; Ti5Si3 is retained due to the fast
cooling rate during layer alloying. For Ti(Al), the formation of Al2O3 is inadequate to
maintain a higher oxidation resistance at 750 °C. Detailed laser surface alloying
studies were published in their book chapter [138].

The oxidation behavior of B-containing titanium alloys, i.e. Ti-8.5Al-1B-1Si and
Ti-6Al-1.2B, were studied by Velasco et al. [139] and Zhang et al. [140], respectively.
For Ti-8.5Al-1B-1Si, low-temperature oxidation yields a strengthening effect due to
both oxygen diffusion and the precipitation of α2-Ti3Al; on the other hand, the core
hardness drops at higher temperatures which is attributed to both the dissolution of α2-
Ti3Al and the coarsening of TiSi2 and TiB reinforcements. For Ti-6Al-1.2B, it was
revealed that TiB reinforcement reduces the oxidation resistance by formation and
evaporation of B2O3 above 750 °C. More studies regarding the influence of B
additions on oxidation of Ti-6Al-4V have mostly been carried out in 21st century, and
will be presented below.

2000s

The effect of Nb on the oxidation behavior of titanium and TiAl in dry and
humidified Ar/O2 at 800 °C was studied by Pérez et al. [141]. The results showed the
presence of Nb2O5 acts as a “glue” between rutile and Al2O3, enabling the formation
of a more coherent scale. The addition of 4 at.% Nb significantly reduces the mass
gain and the oxide thickness. The water effect in the atmosphere increases the mass
gain of pure titanium, which is almost eliminated in the case of Ti-4Nb. On the other
hand, the penetration depth of oxygen in the substrate is increased by adding Nb. The
diffusivity of oxygen in α-Ti and β-Ti was determined by microhardness
measurements of titanium and Ti-4Nb [142]. Göbel et al. confirmed that the
diffusivity of oxygen in α-Ti is about two orders of magnitude lower than that in β-Ti.
In N2/O2, Ti2N has been detected in Ti-4Nb, and the total amount of oxygen dissolved
in the substrate is significantly reduced compared to that in the atmosphere of Ar/O2.
It is in agreement with the result by Pérez et al. [141] that although Ti-4Nb is more
oxidation resistant than pure titanium, oxygen diffuses faster, resulting in deeper
hardened zone in Ti-4Nb in Ar/O2.



26

The effect of Nb on air oxidation of Ti, Ti3Al and TiAl was studied by Jiang et al.
[143]. The doping effect of Nb impedes the mass transfer in the scale, however, when
the Nb content exceeds 10 at.% in Ti-Nb, 15 at.% in Ti3Al and 20 at.% in TiAl, the
oxidation resistance of titanium alloys is reduced due to the formation of Nb-oxides,
i.e. TiNb2O7 or AlNbO4. In addition to Nb, the effect of Si with concentration up to 20
at.% on high-temperature air oxidation of TiAl was also investigated by them [144]. It
was revealed that Si significantly increases the Al activity. When the Si addition
reaches 10 at.%, a continuous and compact Al2O3 film is preferentially formed on the
surface of TiAl-Si, while SiO2 can not be examined by XRD. The synergetic effect of
Nb and Si was presented in a later study [145]. The increasing Nb content in TiAl-Nb-
Si suppresses the growth of scale and Ti5O3 phase in the substrate.

The study by Zhou et al. [146] on the effect of Cr on oxidation behavior of TiAl
demonstrated that the addition of 8 and 15 at.% Cr to TiAl increases the Al activity
and facilitates the formation of Al2O3, reducing the weight gain after air exposure.

Air oxidation behavior of Ti-44Al-(9, 11)Nb-2(Ta, Zr) has been studied by Woo
et al. [147, 148]. It was revealed that 2 at.% Ta addition significantly improves the
oxidation resistance of TiAl-Nb and the same amount of Zr addition has an adverse
effect. The precipitation of “spotty” α2-Ti3Al in the γ-TiAl grain during the oxidation
is responsible for poor oxidation resistance, which can be largely suppressed by
adding Ta.

The oxidation behavior of Y-containing TiAl was studied by Wu et al. [149].
The result revealed that 0.1-1 at.% Y addition effectively improves the adhesion of
scale, and oxygen uptake is strongly impeded by the formation of nano-sized Y2O3

particles in the scale. The optimum Y addition is 0.3 at.%, which increases Al activity
and thus stabilizes the Al2O3-rich layer underneath the outmost rutile layer [83].

In the fully lamellar Ti-46Al-8Nb, Godlewska et al. [150] found the oxidation
front is not uniform. The scale differing in thickness is mainly attributed to the local
phase composition and different orientation of the lamellar colonies. In association
with Godlewska, Mitoraj et al. [151] using oxygen isotopes to study the oxidation
mechanism of Ti-46Al-8Nb. Short-term air exposure results in formation of
amorphous Al2O3 and fine-grained rutile in the outmost layer of scale. After long
exposure, Nb is present as a dopant in rutile but mostly segregates underneath the
continuous layer of TiN. Mitoraj and Godlewska [152] also studied the oxidation of
Ti-46Al-8Ta under identical conditions. The scale structure of oxidized Ti-46Al-8Ta
consists of the following consecutive layers starting from the surface: Al2O3 + (Ti,
Ta)O2 + TiN/Ti2AlN + Al2O3/TaAlTi. Marker studies reveal that inward diffusion of
oxygen and nitrogen are the predominant transport processes in the scale growth. The
scale adhesion of Ti-46Al-8Ta is better than that of Ti-46Al-8Nb. Their study on
oxidation resistance of silicide-coating Ti-6Al-1Mn [153] illustrated that the oxidation
rate of coated alloy is three orders of magnitude lower than that of uncoated one at
700 °C; while the oxidation resistant effect of a coating is significantly reduced at
800 °C. The coating consists mainly of TiSi2, and the scale is mainly composed of
rutile after oxidation.

Qian et al. [154] studied the oxidation behavior of Ti3Al-based intermetallic, i.e.
Ti-24Al-14Nb-3V-0.5Mo-0.3Si, in the temperature range of 700-1000 °C. It was
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indicated that the outer scale consisting mainly of Al2O3 + rutile mixture is prone to
spall off at 1000 °C; and the inner scale dissolves a large amount of Nb and is
adherent to the substrate. The oxidation kinetics obeys a parabolic growth law, which
suggests that oxidation process is diffusion controlled.

Donchev et al. [155, 156] and Pflumm et al. [157] found out the beneficial effect
of halogens like Cl and F on the oxidation resistance of TiAl-based intermetallics,
which is based on a selective transport of volatile aluminium halides and their
subsequent oxidation at scale/substrate interface, boosting the formation of a Al2O3

barrier [158]. Along with Mo, the addition Nb improves the oxidation resistance of
TiAl-based intermetallics [157]. Interestingly, it was found the Al2O3 layer formed on
the β-Ti phase is thinner than that grows on the adjacent TiAl phase of F-treated TiAl-
based intermetallics, but a more uniform scale is formed on untreated TiAl-based
intermetallics consisting more rutile.

The oxidation behavior and mechanical properties of Ti-(0-4)Fe-(0-4)Si have
been investigated by Lee et al. [159]. The ductility of alloy is dramatically lowered
with increasing Si content. Ti-4Fe-(0.5-2)Si was found to be an optimum composition
to yield the best combination of strength and ductility. The oxidation results revealed
that Ti-4Fe-(0.5-2)Si imparts better oxidation resistance than TiAl. The thin and
compact scale consists primarily of rutile and a tiny amount of amorphous SiO2. Lee
et al. also studied the effects of Cr and Nb on the high-temperature air oxidation of
TiAl [160]. TiAl-2Cr-2Nb and TiAl-4Cr were found to have better and worse
oxidation resistance than TiAl at 1000 ℃, respectively. The solution of Cr and Nb in
scale is slightly enriched in the inner oxide layer, and segregation of Cr and Nb is
significant in the scale/substrate interface. An Al2O3-rich intermediate layer is formed
between the inner and outer scale, which is attributed to the outward diffusion of Al.
Their further study examined the effects of Mn, V, Si and W on air oxidation of TiAl
[161]. Compared to previous studied TiAl-based intermetallics, TiAl-1.9W displays
the best oxidation resistance, whereas TiAl-10V alloy exhibits the worst. V and Mn
are mostly dissolved throughout the scale. The oxidation resistance of magnetron
sputtered TiN and TiCxN1-x coatings on titanium were studied by Lee et al. [162].
Both coatings display poor oxidation resistance, and they are remarkably oxidized at
500 ℃. The compound layer formed in air consists of TiO2/retained coating/Ti2O,
ranging from the surface to the substrate. The carbon and nitrogen in the prior coating
mostly tend to escape into the air instead of diffusing into the substrate. The gaseous
nitrided Ti-6Al-4V also showed poor oxidation resistance above 700 ℃, and the
compound layer suffered from tensile stress at transition of nitrides (TiN and Ti2N) to
rutile, accompanied by microcracking in the scale [163, 164]. The surface hardening
of oxy-nitriding on Ti-6Al-4V was determined in a more recent study [165]. More
recently, oxidation of titanium matrix composites reinforced with (TiB + TiC)
particles was studied at 800-1000 ℃ [166]. More dispersed (TiB + TiC) particles
yields higher oxidation resistance due to the strong Ti-B and Ti-C bonding.
Ti/20%(TiB + TiC) composite reduces the weigh gain by 50% compared to the pure
titanium.

Oxy-nitriding was carried out by delivering a controlled oxygen-containing
medium into the system in the final stage of nitriding on titanium and its alloys (in the
process of cooling). Pohrelyuk et al. [167] studied the influence of experimental
parameters, i.e. the degree of rarefaction of the oxygen-containing medium (10-3-10
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Pa) and temperature (650-950 ℃), on the composition of TiNxO1-x and its properties.
Decreasing the pressure of the oxygen-containing gas and temperature, the formed
compound phase on the surface evolves towards the direction of TiNxO1-x, which
contains more nitrogen; and hardness and corrosion resistance are increased with
nitrogen content in TiNxO1-x. For pure titanium, the composition of TiN0.44-0.48O0.56-0.52

is eventually formed after oxy-nitriding. For this two-step oxy-nitriding, the influence
of nitrogen partial pressure (pN2) (10 and 105 Pa) and temperature (850 and 950 ℃)
during nitriding has been determined in by the same authors in another study [168].
The results indicated that increasing pN2 and temperature during nitriding leads to
higher nitrogen content of TiNxO1-x at the end. The two-step oxy-nitriding method has
been compared with one-step treatment (N2 and O2 mixture) [169]. Both methods
yield identical maximum microhardness (~18 GPa) but at different temperatures, i.e.
the hardening effect of oxy-nitriding is more effective at 950 ℃ for the one-step
treatment and 850 ℃ for the two-step treatment, corresponding to a near-equiatomic
composition of nitrogen and oxygen in TiNxO1-x. The results of two-step oxy-nitriding
has been integrated and republished in Ref. [170, 171]. More recently, the influence
of temperature of nitriding on two-step oxy-nitriding treatment of Ti-6Al-4V has been
studied [172]. The surface microhardness of Ti-6Al-4V increases from 10 to 17 GPa
by increasing nitriding temperature from 750 to 950 °С, and the thickness of the
diffusion layer varies from 40 to 70 μm. The higher the temperature the more porosity
TiNxO1-x carries. The resulting compound layers consist of TiO2/TiNxO1-x/Ti2N,
ranging from the surface to the substrate. The one-step oxy-nitriding of Ti-5Al-5Mo-
5V-1Cr-1Fe has been combined with ageing process at lower temperatures, i.e. 630-
645 °С, and the gas-dynamic parameters are optimized [173]. The wear resistance of
oxy-nitrided Ti-6Al-4V by two-step treatment was studied under the conditions of dry
friction and friction in Ringer’s solution against stainless steel [174]. The results
showed that the advantage of the oxy-nitrided sample over nitrided is progressively
enhanced with increasing load from 0.016 to 0.103 MPa. As the pO2 alters from 10-3-1
Pa during cooling/oxidizing process, the composition of TiNxO1-x on Ti-6Al-4V varies
from TiN0.46O0.54 to TiN0.36O0.64 [175]. The TiN0.36O0.64 + TiO2 coating exhibits 1.2-
fold higher cytocompatibility compared to an untreated sample.

Multiple gaseous thermochemical treatments have been applied for surface
hardening of titanium by Stratton et al. [176]. Firstly, Stratton et al. [177] studied
oxidizing of titanium at 850-900 °С in Ar/O2 mixture with different pO2. The rarefied
oxygen-containing medium significantly suppresses the formation of rutile, but boosts
the oxygen diffusion into the substrate, resulting in the development of a 125 μm
hardened case at 850 °С. The advantage of this technique compared to Dong et al.
[116] is not relying on expensive vacuum technology. The rarefied O2, N2/O2, N2/CO,
CO2, CO and NH3 gas systems were used for surface hardening of Ti-6Al-4V at
850 °С in the following years [178, 179]. The results indicated that Ti-6Al-4V
subjected to CO treatment yields a superior hardness (922 Hv) and case depth (72 μm)
to other treatments. But it is also clear that pure titanium has better hardening
response under identical condition (c.f. above). Wear test of diffusion hardened Ti-
6Al-4V sliding against tool steel showed carbo-oxidizing in CO results in a dry wear
rate half that of an oxidized sample in O2 [179]. Surface hardening of titanium and
titanium alloys was also performed in rarefied oxygen-containing medium with pO2

of 6.6-66 mPa by Fedirko et al. [180]. Due to the low solubility of oxygen in β-Ti, the
surface hardening response decreases with increasing β phase fraction of alloy, i.e. in
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all cases, pure titanium is the most sensitive to oxidizing, while Ti-3Al-5Mo-4.5V is
the least.

Lee et al. [181] compared Ti-10Ta-10Nb and Ti-6Al-4V in terms of oxidation
resistance and corrosion resistance. It was indicated that the oxide layer formed on Ti-
10Ta-10Nb at 650 ℃ in dry air is 10 times thinner than that on Ti-6Al-4V under the
same conditions, and the corrosion resistance of both alloys in 1% lactic acid has been
improved by oxidation. Cytotoxicity test on both alloys by Ann et al. [182] indicated
that moderate oxidation treatment lowers cell toxicity with Ti–10Ta–10Nb showing a
more promising result compared to Ti-6Al-4V.

Since rutile generally has blood compatibility better than that of clinically
biomaterials, the application of oxidized titanium in biomedical industry has been
reported in a review paper by Liu et al. [183]. Saldaña et al. [184] reported that
oxidizing sand blasted Ti-6Al-4V at 500 ℃ in air improves osseointegration and
decreases ion release in the human body. MacDonald et al. [185] reported that the
post treatment with butanol after oxidation of Ti-6Al-4V can reduce the V content in
oxide layer and make the surface less hydrophilic. Modifying the Al/V ratio in oxide
layer regulates the biological activity of a cell-adhesive protein.

Ma et al. [186] studied the oxidation behavior of different types of titanium and
titanium alloys, i.e. pure titanium, α+β type Ti-6.5Al-3.5Mo-1.5Zr-0.3Si and β type
Ti-15V-3Al-3Cr-3Sn, at 810 ℃ in air. Due to the high V content, a much thicker
scale (80 μm) is formed on Ti-15V-3Al-3Cr-3Sn than that on Ti-6.5Al-3.5Mo-1.5Zr-
0.3Si (7 μm) and pure titanium (15 μm). Whereas, the hardening response of Ti-15V-
3Al-3Cr-3Sn and Ti-6.5Al-3.5Mo-1.5Zr-0.3Si are comparable, i.e. both possess a
hardened case with ~60 μm in depth and the maximum hardness value is ~600 and
~700 Hv, respectively, after 10 h exposure.

For oxidizing of Ti-6Al-4V with different grain sizes (1 and 8 μm), considerably
enhanced oxygen diffusion in terms of weight gain and case depth with decreasing
grain size was reported by Pitt et al. [187]. It suggested that the influence of grain size
on mechanical and fatigue properties of superplastic forming titanium needs more
attention. The influence of oxidation on the superplastic ability of Ti-6A1-4V alloy
was investigated by Cui et al. [188]. The high-temperature (800-900 ℃) oxidation in
air deteriorates the ductility of the alloy and induces cracks on the surface during
superplastic forming, but has negligible impact on the tensile strength and yield
strength. The study by Wen et al. agreed with [187] that titanium with ultra-fine-
grained (30-250 nm) surface regime produced by surface mechanical attrition
treatment is more vulnerable to oxidation compared to the coarse-grained titanium.
The numerous grain boundaries and dislocations on the ultra-fine-grained surface is
responsible for enhancing the oxidation rate. The study by Yang et al. [189] agreed
with other previous studies that, for oxidation of pure titanium, the weight gain is
larger in the titanium with small grain size (118 μm) than in the titanium with large
grain size (219 μm), which is attributed to the grain-boundary diffusion of oxygen. A
steep increase of oxygen concentration was observed at the grain boundary.

In agreement with Leyens et al. [127], for the same investigated alloy, i.e. Ti-
5.8Al-4Sn-3.5Zr-0.7Nb-0.5Mo-0.35Si, Srinadh et al. [190] reported that oxygen
diffusion is much slower in the lamellar structure than in the bimodal microstructure
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after air exposure at 600-800 ℃. The oxidation activation energy for the lamellar and
bimodal structure is 223 and 184 kJ·mol-1, respectively. Ti3AlN has been detected in
the scale/substrate interface at elevated temperatures. A comparison between equi-
axed and Widmanstätten microstructure of Ti-6Al-4V on oxidation was made by
Sugahara et al. [191]. Analogous results showed that a Widmanstätten microstructure
yields both higher oxidation resistance and creep resistance due to the lower grain
boundary density, reducing the grain boundary sliding, dislocations sources and the
oxygen diffusion along the grain boundaries. For oxidized Ti-7Al-6Zr-1Nb-1M-0.2Si-
(Ga, Sn) alloys with bimodal and lamellar structures, the same conclusion was drawn
by Yang et al. [192].

Cold working creates crystalline defects, and its influence on subsequent
oxidation of titanium has been studied by Güçlü et al. [193]. It was found that the
surface hardness of oxidized titanium is slightly increased with increasing cold
working ratio (23-50%), whilst the bulk hardness is significantly decreased because of
recrystallization. Kikuchi et al. [194] indicated that shot peening introduces defects
and reduces the grain size in the surface area of Ti-6Al-4V, which leads to the
formation of a thicker oxide layer after oxidation at 600-800 ℃.

The hardening response and lattice expansion of α-Ti associated with oxygen
concentration in pure titanium after oxidizing in the temperature range of 700-900 ℃
in air was studied by Yan et al. [195]. 18 and 22 at.% oxygen dissolution in α-Ti
correspond to 800 and 1700 Hv at 700 and 900 ℃ for 1 h, respectively.

Güleryüz et al. [196, 197] put effort into air oxidation behavior of Ti-6Al-4V.
The corrosion resistance, corrosion-wear resistance [198] and dry sliding wear
resistance [199] of Ti-6Al-4V oxidized at 600-650 ℃ were examined. Oxidizing at
650 ℃ results in a more rough oxide surface with poor adherence, while oxidation at
600 ℃ for 60 h produces the most corrosion resistant surface on Ti-6Al-4V and
increases wear resistance by a factor of 25 compared to the untreated. Under the
optimum oxidation condition for wear and corrosion resistance of Ti-6Al-4V, the
surface hardness and yield strength are improved by 85% and 36%, respectively,
without sacrificing the tensile ductility; whereas, the high cycle rotating bending
fatigue strength is reduced by 34% [200]. Güleryüz et al. [201] and Gurrappa [202]
proposed an oxidation model with respect to temperature-compensated time
parameter for prediction of the extent of oxidation of Ti-6Al-4V and Ti-5.8Al-4Sn-
3.5Zr-0.7Nb-0.5Mo-0.35Si. The oxidation behavior of Ti-6Al-4V in O2 has been
investigated in the temperature range 777-1067 ℃ by Mungole et al. [203].
Catastrophic oxidation takes place at 1067 ℃; columnar α grains and spallation of
scale are observed.

Schuman et al. [204] proposed a model based on activation energy and
diffusivity to predict the thickness of the oxide layer and diffusion zone for pure
titanium and Ti-3Al-2.5V.

The fretting wear test carried out by Vadiraj et al. [205] indicated that the fretting
failure of oxidized Ti-6Al-4V and Ti-6Al-7Nb is inferior to that of plasma and PVD
nitrided alloys due to un-uniform case depth, which can cause premature failures for
higher load.
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Rotary bending fatigue test was performed by Ebrahimi et al. [206] to examine
the fatigue property of Ti-4Al-2V subjected to oxidation at 600-750 ℃. After 2 h air
exposure, the fatigue limit sharply decreases by 25% for the alloy oxidized at 750 ℃.
Combining a vacuum treatment following low-temperature oxidation, the fatigue limit
is increased by 85% due to the high residual compressive stress in the deep diffusion
zone [207].

The presence of V in titanium alloy like Ti-6Al-4V is toxic for human tissue,
degrading its biocompatibility. Morant et al. [208] and Gutiérrez et al. [209] studied
oxidation of V-free alloys, i.e. Ti-6Al-7Nb, Ti-13Nb-13Zr, and Ti-15Zr-4Nb, used as
biomaterials. After air oxidation at 750 ℃, Ti-7Nb-6Al exhibits the thinnest scale due
to the formation of an Al2O3 barrier. A small amount of Nb and Zr can be detected to
be dissolved in the rutile formed on Ti-Nb-Zr alloys. Higher Zr content enhances the
oxygen uptake in the Ti-Nb-Zr alloys, while Nb improves the oxidation resistance.
The most significant coarsening of lath α takes place in Ti-15Zr-4Nb after oxidation,
which possesses the roughest oxide surface.

Lattice expansion of Ti-6Al-4V powder in a rarefied oxygen-nitrogen-containing
medium at increasing temperature up to 600 ℃ was examined by Montanari et al.
[210]. The lattice parameters a and c show linear trends with different slopes as the
temperature increases. The powder with high surface-volume ratio has stronger
absorption of gas than bulk material; hence, the values of the expansion coefficients
determined in powder are much greater.

Biswas et al. [211] claimed that anatase- and rutile-TiO2 are formed on Ti-6Al-
4V subjected to air oxidation at 400-600 ℃. The anatase/rutile ratio determined by
XRD decreases with increasing temperature and time.

Yamamoto et al. [212] indicated that the anatase-TiO2 formed on pure titanium
by thermal treatment performed at 700 ℃ for 1 h in ultra-pure Ar possesses in vitro
apatite formation ability after being soaked into simulated body fluid solution. This
bone-like apatite layer on the material surface enhances the bioactivity of orthopedic
or dental titanium implants.

The feasibility of using oxidized titanium as a brake rotor material candidate has
been demonstrated by Qu et al. [213]. Ti-6Al-4V subjected to air oxidation at 850 ℃
for 2 h yields the best braking performance among a wide selection of tested Ti-based
materials. Compared to the untreated Ti-6Al-4V, oxidizing significantly improves the
wear-resistance by ~40 times. Bansal e al. also made a comparison regarding
tribological properties among different types of Ti-6Al-4V surface treated by
thermochemical, coating, mechanical and duplex treatments. Thermochemical
nitriding and oxidizing yield the lowest friction coefficient, and their wear is slightly
worse than those of CrN and DLC coatings [214]. Oxidizing and nitriding increases
microstrain, but not as much as that introduced by mechanical treatment. The duplex
treatment (combination of nitriding and shot peening) yields the lowest wear of Ti-
6Al-4V [215].

2010s
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The air oxidation wear mechanism of Ti-46Al-7Nb-0.7Cr-0.1Si-0.2Ni has been
determined at 900-975 ℃. It was found by Małecka et al. [216] that the increase of
the surface roughness can improve the wear resistance against oxidation by restricting
the chipping and spallation of scale. The structure of scale is outer rutile/intermediate
Al2O3/inner rutile + Al2O3 for oxidized intermetallics with different surface roughness,
and the Nb-rich layer at the nitride layer/substrate interface was confirmed as β-Ti.
Małecka [217] also studied the effect of a Al2O3 coating on oxidation of Ti-46Al-
7Nb-0.7Cr-0.1Si-0.2Ni. The oxidation rate is slightly reduced by the Al2O3 coating,
and rutile seems to form along the grain boundary of the Al2O3 coating at surface due
to the outward diffusion of titanium. A few years later, Małecka [218] investigated the
oxidation of Ti-25Al-12.5Nb-3Mo-0.5V at 700-800 ℃. The scale structure of this
oxidized Ti3Al-based intermetallic is identical to that of TiAl-based intermetallic
studied above.

The evolution of scale on TiAl-8Nb subjected to air oxidation at 700 ℃ for 50
and 1000 h was studied by Ngnekou et al. [219]. After a short oxidation period (50 h),
Al-oxide is formed - amorphous in the outer layer, and it becomes γ-Al2O3 after long-
term exposure. The scale consists of Al2O3/Al2O3 + rutile/rutile, ranging from the
surface to the substrate. TiN develops at scale/substrate interface even after short time,
while Al depletion zone is not observed without formation of an α2-Ti3Al zone.

Surface alloying of Cr, Ni-Cr and Cr-W on Ti-22Al-25Nb was performed by
double glow plasma surface treatment. Wu et al. [220] demonstrated that both Ni-Cr
and Cr-W alloyed layers exhibits superior scale spallation resistance and oxidation
resistance.

Kim et al. [221] studied the oxidation of TiAl-2Nb-2Mo subjected to air
exposure at 800-900 ℃. The scale possesses a structure of rutile/Al2O3/Al2O3 + rutile.
Nb- and Mo-rich β-Ti precipitates from γ-TiAl matrix during the oxidation. The
oxidation kinetics obeys a parabolic growth law, which suggests that the oxidation is
controlled by a diffusion process.

A comparison regarding oxidation behavior was made between intermetallics
with high Al content (Ti-26Al-11Nb-3V) and high Nb content (Ti-11Al-42Nb-2Mo-
1Zr) by Banu et al. [222]. It was revealed that formation of Al2O3 plays a critical role
for protection against oxidation, hence, the scale formed on Ti-11Al-42Nb-2Mo-1Zr
is heterogeneous and exfoliated. In addition to the dominant rutile phase, Nb2O5 and
AlNbO4 can be detected in the scale of Ti-11Al-42Nb-2Mo-1Zr formed at 850 ℃.

A study by Pilone et al. [223] on oxidation of TiAl-2Cr-(1.5-6)Nb-0.04B
illustrated that increasing Nb content increases the amount of Nb-oxide and decreases
the rutile in the scale, with a consequent overall improvement of the oxidation
resistance. Their study on oxidation of TiAl-Cr-Nb-Mo-Y intermetallics [224]
demonstrated that the concentration of Al in TiAl-based intermetallic is the most
important key to influence the oxidation behavior; the variation of Cr, Nb and Mo in a
few at.% does not markedly affect the oxidation behavior; while 0.4 at.% Y addition
has a detrimental effect by increasing the amount of rutile. The synergistic effect of Y
and Nb addition on oxidation behavior of TiAl-(6-9)Nb-(0.1-0.4)Y was also studied
by Xiang et al. [225]. It was found that the optimum Y content has a decreasing
tendency as Nb content increases, i.e. to achieve the best performance of oxidation
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resistance, the addition of Y decreases from 0.4 to 0.2 at.% as Nb increases from 6 to
9 at.%.

The Y effect on oxidation is different in titanium alloys as compared to
intermetallic. The beneficial effect of Y addition on cyclic thermal oxidation of Ti-
6Al-2.5Sn-4Zr-0.7Mo-0.3Si at 650-750 ℃ was studied by Zhang et al. [226]. The
addition of Y up to 0.7 wt.% reduces the weight gain of the oxidized alloy by over
50% due to the refinement of oxides and improvement of scale adhesion.

Popela et al. [227] prepared siliconized TiAl-7(Nb, Ta) possessing an alloyed
surface layer consisting of TiSi2, TiSi and a Ti-depleted sublayer formed at 900-
1000 ℃; Ti5Si3 and an outmost Al2O3 layer are formed at 1100 ℃. The silicide layers
yield not only high hardness (1700 Hv), but also high oxidation resistance at 1000 ℃
in air. It was also confirmed that the addition of the same amount of Nb and Ta offers
a comparable beneficial effect.

Ouyang et al. [228] compared the oxidation resistance among TiAl-2Cr, TiAl-
2Nb and TiAl-7Nb intermetallics at 950 ℃ in air. It was found the weight gain of
intermetallics decreases by 80% when Cr was replaced by Nb, and increasing the Nb
content from 2 to 7 at.% halves the weight gain. Nb is mainly dissolved in the inner
scale, decreasing the oxygen vacancies.

However, Tegner et al. [229] disputed the explanation, that Nb5+ ions trap
oxygen vacancies. The results of oxidation of Ti-(0.1-2 wt.%)Nb and Ti-(1-2 wt.%)V
showed Nb is insoluble in rutile; while Nb is segregated below a shallow Nb-depleted
zone in the substrate due to its low diffusivity in α-Ti compared to V.

Synergetic effect of Nb and Zr on the oxidation behavior of Ti3Al-27(Nb, Zr)
was studied by Dang et al. [230]. The 1 at.% addition of Zr to Ti3Al-Nb exhibits
superior oxidation resistance at 650-800 ℃ due to the refinement of oxides; whereas,
the 6 at.% addition of Zr accelerates the oxidation rate of Ti3Al-Nb.

The effect of Nb, Mo and V on cyclic thermal oxidation behavior of TiAl-based
alloys at 600-900 ℃ was studied by Naveed et al. [231]. In general, it was found that
Nb-containing alloys are more oxidation resistant than V-containing alloys. The
deleterious effect of V addition is attributed to the formation of V2O5 which has low
meting point. Along with Nb, the addition of Mo can further improve the oxidation
resistance of intermetallics.

Brotzu et al. [232] indicated that a good compromise between high temperature
oxidation resistance and fracture toughness can be obtained in a chemical composition
range of TiAl-based intermetallics, i.e. the ratio Al/(Al + Ti) of intermetallic is at least
50% and the quantity of β-stabilizing elements is ~5 at.%. In another study [233] the
same authors reported that both anodic coating and Ce conversion coating are
detrimental to oxidation resistance of TiAl-2.6Cr-3.3Nb on basis of weight gain.

Sreedhar et al. [234] reported that a superficial CeO2 coating on Ti-6Al-4V cut
the weight gain by half after air exposure at 650-850 ℃. Alternate Al2O3/TiO2 layers
developed on both coated and uncoated alloys with an Al2O3 outmost layer, and the
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formation mechanism of alternating structure has been reported by Du et al. [121] due
to the repeating formation and spallation of rutile.

A study by Wang et al. [235] indicated that TiO2 + ZrO2 composite coatings
prepared by microarc (or plasma electrolytic) oxidation on Ti-6Al-4V improve the
oxidation resistance of the alloy at 500-800 ℃. A multi-layer scale is formed after
long time exposure: coating/Al2O3 + TiO2 + ZrO2/TiO2/TiN, going from the surface to
the substrate. Zhong et al. [236] applied the same technique to deposit Al2TiO5 + TiO2

+ ZrO2 composite coatings on Ti-6Al-4V as oxidation barriers at 1000 ℃.

Al2O3/TiAl3 composite coating fabricated by two-step in situ synthesis yields
superior oxidation resistance of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si to that by one-step
microarc oxidation coating technique [237].

Huang et al. [238] indicated that TiVCrAlSi coatings composed of (Ti,V)5Si3 and
β-Ti, effectively improves the oxidation resistance of Ti-6Al-4V at 800 ℃ in air. The
formation of a dense and adherent scale consisting of Si-, Cr-, Al-oxides is
responsible for the improvement of oxidation resistance.

The oxidation of SiO2-Al2O3-glass-coated Ti-6Al-4V was studied by Li et al.
[239]. The interfacial reactions between coating and substrate takes place during
oxidation, forming a Ti5Si3 + Ti3Al mixture sublayer. The composite coating exhibits
excellent thermal cycle resistance at 800-900 ℃. Ti-6Al-4V with similar coating, i.e.
barium-silicate enamel, was oxidized at 1200 ℃ in air, and an
enamel/Al2O3/Ti5Si3/alloy structure is developed [240]. It was found that the addition
of SiO2 and Al2O3 particles in enamel composite coating plays the most effective role
in prohibiting the inward diffusion of oxygen. The influence of MoO3 introduction to
this enamel coating on the oxidation resistance of pure titanium has been investigated
by Yu et al. [241]. It was found that 20 wt.% addition of MoO3 in the coating is
optimum, yielding the least weight gain and reduction of surface tension.

Yao et al. [242] reported that ZrO2/(Al2O3-Y2O3) coating produced by sol–gel
spin-coating technique on Ti-6.5Al-3.5Mo-15Zr-0.3Si reduces the oxidation rate over
90% at 700 ℃.

Al2O3 coating fabricated by metalorganic chemical vapor deposition on Ti-
6.5Al-3.5Mo-1.5Zr-0.3Si against oxidation at 600 ℃ has been studied by Samélor et
al. [243]. A Ti3(Al0.5Sn0.5) interfacial layer is formed after oxidation.

Ti-Al coating consisting of TiAl and Ti3Al on Ti-6Al-4V was produced by high
vacuum arc ion plating using TiAl target. Zhang et al. [244] indicated that the Al
content in the coating slightly decreases and the coating porosity dramatically
decreases with the variation of the substrate bias ranging from 0 to -350V. Higher
substrate bias is more favorable for improving the oxidation resistance of the alloy by
eliminating the internal oxides at 700 ℃. The oxidation resistance of Ti-Al-Nb
intermetallic coatings fabricated by laser on Ti-6Al-2.5Mo-1.5Cr-0.5Fe-0.3Si was
studied by Liu et al. [245]. The addition of Nb in TiAl coatings further improves the
oxidation resistance of the alloys. The oxidation behavior of Ti-Al-Si intermetallic
coating produced by pack cementation method on TiAl-5Nb was studied by Swadźba
et al. [246]. Nano-scaled Ti5Si3 was observed within TiAl3 and TiAl2 phases in the
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coating. Chaia et al. [247] indicated that the oxidation rate of TiAl3 coating by pack
cementation for Ti-15Mo-3Nb-3Al-0.2Si is three orders of magnitude lower that of
bare alloy at 750-850 ℃. Khoshhal et al. [248] investigated the oxidation behavior of
TiAl3 coating produced by immersion of titanium sheets in molten aluminum. It was
found that the weight gain of titanium is increased as the immersion time increases,
suggesting the morphology of TiAl3 is the key factor to determine the oxidation
process instead of the thickness of coating. A dense and uniform TiAl3 layer formed
after less than 5 min immersion is beneficial; however, a porous Al + TiAl3 layer
formed at long duration of immersion is detrimental. Al coatings by hot dipping and
plasma spraying for improving oxidation resistance of Ti-6Al-4V was studied by
Wang et al. [249]. It was found that the main cause of coating degradation for hot-dip
sample is crack initiation and propagation perpendicular to the surface; and for the
plasma-spray sample, the cracks are parallel to the surface. An Al + TiO2 composite
coating fabricated by electron beam cladding on Ti-6.5Al-3.5Mo-1.5Zr-0.3Si
decreases the oxidation rate of substrate 10 times at 700 ℃ and 4 times at 800 ℃
[250]. Compared to pure a Al coating using the same technique, the composite
coating has a better bonding performance.

The cyclic oxidation resistance behavior of duplex Al/NiCrAlY coatings on pure
titanium by air plasma spraying method was studied by Gong et al. [251]. Compared
to one-layer Al coating, crack propagation in the coating is suppressed by adding
NiCrAlY layer because of decreasing the mismatch coefficient of thermal expansion
between coating and substrate. Outward diffusion of titanium is significantly
prohibited by the coatings, resulting in no presence of rutile in the scale after air
oxidation at 800 ℃ for 100 h [252].

A study by Bobzin et al. [253] on (Cr,Al)ON coatings fabricated by high-speed
PVD technology on TiAl-2Cr-2Nb showed that the coatings exhibit high thermal
stability up to 950 ℃. Among several coatings with different compositions, a
(Cr32Al30)O35N3 coating was found to be the most promising diffusion barrier.

The mechanism of Si coating in improving oxidation resistance of titanium has
been revealed by Chou et al. [254]. Two-layer structure is formed at the early stage:
outward diffusion of Ti to form rutile wedge-like crystals on the surface, and inward
diffusion of oxygen to form a mixed nanocrystalline rutile and SiO2. Ti5Si3 layer
formed at the scale/substrate interface retards the oxygen penetration into the
substrate.

The improvement of oxidation resistance of titanium by laser-shock peening
[255] and ultrasonic shot-peening [256], and a comparative study was investigated by
Kanjer et al. [257]. Titanium nitrides are formed underneath the scale of both surface
modified samples after air oxidation. It was found that laser-shock-peening and shot-
peening have different advantages to against oxidation in pure oxygen and nitrogen,
respectively. The beneficial effect of laser-shock peening and shot-peening on
oxidation resistance of Ti-15Mo-3Nb-3Al-0.2Si were reported by Lavisse et al. [258,
259]. However, it was found by Liu et al. [260] that ultrasonic mechanical surface
treatment boosts the oxidation rate of Ti-6Al-4V at 500-600 ℃ in air due to the nano-
scaled grain boundaries created by the surface modification acting as efficient
diffusivity paths for oxygen; while, dislocations are eliminated and grain coarsening
takes place at 700 ℃, thus the oxidation rate of surface modified alloy is identical to



36

that of untreated one. Moreover, Zhang et al. [261] indicated that the external strains
accelerate the formation of oxide at the initial stage of oxidation of Ti-6Al-4V and
pure titanium. During the oxidation at 600 ℃ in air under the external bending strain,
dislocation accumulation caused by creep deformation is responsible for the
acceleration of oxygen diffusion. Whereas, for Ti-6Al-4V, the compressive strain
would retard the development of oxygen diffusion zone. Unal et al. [262] also
confirmed that shot-penning boosts the oxidation of titanium at 500-700 ℃, resulting
in forming a thicker oxide layer compared to the reference sample without surface
modification. The improvement of abrasion durability of titanium by shot peening is
more remarkable for the sample oxidized at higher temperature. Zhang et al. [263]
revealed that equal-channel angular pressing treatment promoted the oxygen diffusion
in titanium at 650-900 ℃ grain refinement and increasing density of dislocations,
which enhances the wear resistance of alloy compared to untreated sample.

Surface alloying of Mo through plasma surface metallurgy technique was
performed on Ti-46.5Al-2.5V-1Cr by Liu et al. [264]. The Mo-alloyed surface layer is
composed of Ti2MoAl, TiAl and Mo phases with thickness of 40 μm, which yields a
better cyclic oxidation resistance at 850 ℃ in air. The formed scale on TiAl surface
consists mainly of Al2O3.

The oxidation behavior of Ti60 Ti-5.8Al-4Sn-3.5Zr-0.4Nb-0.4Mo-1.0Ta-0.4Si (a
variant of IMI834 Ti-5.8Al-4Sn-3.5Zr-0.7Nb-0.5Mo-0.35Si) was studied by Jia et al.
[265]. The scale formed at 600 ℃ consists primary of rutile, and α-Al2O3 develops
after long time exposure. Due to the addition of Ta and slightly increased amount of
Si, this new near-α alloy exhibits better oxidation resistance than IMI 834. Oxidation
kinetics of another variant of IMI 834, i.e. Ti600 Ti-6Al-2.8Sn-4Zr-0.5Mo-0.4Si-0.1Y,
was studied by Zhou et al. [266]. The oxidation activation energy of Ti600 (224
kJ·mol-1) is analogous to that of IMI834 (223 kJ·mol-1) [190], and lower than that of
Ti60 (256 kJ·mol-1) [265], but higher than that of Ti-6Al-4V (191 kJ·mol-1) [201]
above 700 ℃.

The influence of air exposure on mechanical properties of Ti60 Ti-5.8Al-4Sn-
3.5Zr-0.4Nb-0.4Mo-1.0Ta-0.4Si was studied by Jia et al. [267]. The bi-modal
microstructure exhibits higher ductility than that of the lamellar microstructure in all
cases before and after oxidation. The loss of ductility is attributed to the precipitation
of α2-Ti3Al and silicides in the core, and the formation of α case at surface. Both
strength and ductility can be enhanced by removing the α case. The tensile properties
of Ti-5Al-5Mo-5V-1Cr-1Fe after oxidation at 100-1000 ℃ was studied by Peng et al.
[268, 269]. It was revealed that the color of scale changes with the temperature: silver
white (100-250 ℃), yellow (300-500 ℃), blue (550 ℃), light green (600-700 ℃) and
dark gray (750-1000 ℃), which is attributed to the variation of scale thickness and the
composition of scale. The tensile strength and elongation of oxidized alloys is not
obviously affected by oxidation below 750 ℃; while since the scale tends to spall off
above 750 ℃, oxidation significantly degrades the tensile properties not only due to
the permeation of oxygen, but also as the result of β grain coarsening. Analogous
study by Jia et al. [270] on the influence of oxidation on tensile properties of Ti-6A1-
2Mo-1.5 Cr-2Zr-2Sn-2Nb indicated that below 800 ℃ the tensile properties are
mainly determined by the thermal impact on microstructures; while above 800 ℃, the
thick scale deteriorates both strength and plasticity.



37

In agreement with the results by Zhang et al. [140] (c.f. above), Hu et al. [271]
found that TiB-reinforced Ti60 Ti-5.8Al-4Sn-3.5Zr-0.4Nb-0.4Mo-1.0Ta-0.4Si suffers
severe oxidation at 600-900 ℃ than unreinforced Ti60. The weight gain of the
oxidized composite increases with increasing fraction of TiB from 1.7 to 5.7 vol.%.
The inferior oxidation resistance of the Ti60/TiB composite is mainly attributed to
more boundaries introduced by adding TiB whiskers. The synergetic effect of Y and
B on the properties of Ti-6Al-4V was studied by Luan et al. [272]. The oxidation
resistance of Ti-6Al-4V is slightly increased by microalloying 0.02 wt.% B at 400 ℃,
and it is significantly improved by additionally adding 0.02 wt.% Y. The tiny amount
of B addition mainly contributes to enhancing strength and ductility by grain
refinement and enhancement of the grain-boundary cohesion. Sweeney [273] reported
in his master thesis that the addition of 0.1 wt.% B to Ti-6Al-4V does not affect the
oxidation resistance over the temperature range 550-850 ℃.

In contrast, Wei et al. [274, 275] reported that the oxidation resistance of hybrid
TiB + TiC reinforced Ti-6Al-4V composites fabricated via reaction hot pressing
techniques is superior to that of the monolithic Ti-6Al-4V and TiB (or TiC) reinforced
Ti-6Al-4V at 600-800 ℃ in air, which is ascribed to the reduction of thermal stress by
introducing TiC and TiB. Because the thermal-stress induced spallation of oxide
scales is the key factor to influence the oxidation kinetics [276]. High-temperature
tensile testing results at 500-650 ℃ suggested that 5%(TiB + TiC)/Ti-6Al-4V with
the smallest network size possesses the most outstanding strength-ductility
combination [275]. This result is consistent with that by Kim et al. [166] and Wang et
al. [277], but contradicts the results by Zhang et al. [140] and Hu et al. [271]. The
discrepancy is likely to be caused by the differences in morphology of reinforcements
and the fabrication methods of composites. It was revealed that the volume fraction of
reinforcements are of greater importance to enhance the oxidation resistance of
composites. Moreover, Cui et al. [278] pointed out that, collective evaporation of
B2O3 generated by larger TiB precipitates is responsible for the detachment, loosing
the protective effect of scale during oxidation; and refined TiB reinforcements
significantly enhance the oxidation resistance of Ti-6Al-2Sn-4Zr-2Mo-0.1Si-1.0B
alloy fabricated by electron beam powder bed fusion. Huang et al. [279] reported that
for Ti5Si3 + TiC reinforced Ti-6Al-4V composites, Ti5Si3 reinforcements play a key
role on oxidation resistance; while TiC reinforcements can barely influence the
oxidation behavior of the composites.

The study by Brice et al. [280] demonstrated that the addition of 1 wt.% B to Ti-
6Al-4V causes a remarkable increase in oxidation resistance of the alloy at 650-
950 ℃. More Ti3Al precipitations are formed in the diffusion zone of Ti-6Al-4V than
in Ti-6Al-4V-1B subjected to air oxidation, suggesting more significant oxidation
occurs in Ti-6Al-4V without B addition. The oxidation behavior of Ti-(0-12 wt.%)Mo
[281], Ti-(0-40 wt.%)Cr [282] and Ti-(0-30 wt.%)W [283] at 650 ℃ was studied by
Samimi et al. For Ti-Mo alloys, the scale thickness is independent of the Mo content,
and the scale tends to spall off with increasing Mo content by forming a TiO
transition layer between rutile and substrate. The oxygen uptake significantly
influence the Mo partitioning which causes homogeneous and discontinuous
precipitation of β-Ti from α-Ti for different Mo contents. For Ti-Cr alloys, the scale
thickness consistently decreases with increasing Cr content and when the composition
of Cr is above ~20 wt.%, the oxidation resistance is significantly enhanced. In the
alloys with high Cr content, TiCr2 particles are trapped in the rutile instead of



38

immediately transforming to oxides, which is the main factor that improves the
overall oxidation resistance. For Ti-W alloys, the scale thickness of oxidized alloys
becomes thinner as the W content increases and appears to be independent of the
oxidation exposure times. Whereas, thinner scale does not imply less oxygen uptake
and internal oxidation was observed in Ti-25W, i.e. isolated oxide crystals are
enveloped in the alloy substrate, however this does not take place in the alloy with
low W contents and thicker scales.

A study by Somsanith et al. [284] on the corrosion tests of oxidized Ti-15Mo in
Ringer’s solution illustrated that alloy subjected to oxidation at 650 ℃ offers the best
corrosion resistance than those treated at 600 or 800 ℃.

Tane et al. [285] studied the oxygen effect on the Young’s modulus in Ti-36Nb-
2Ta-3Zr-(0.09, 0.36, 0.51)O. The results demonstrated that increasing the oxygen
concentration suppresses the increase in Young’s modulus because oxygen addition
decreases the amount α′′ martensite and ω phases, while retains the β-Ti phase.

The air oxidation behavior of the fireproof alloy Ti-35.5V-14.6Cr-0.32Si at 600-
800 ℃ was studied by Mi et al. [286]. Due to the abundant addition of V, a much
thicker oxide layer consisting of rutile and V2O5 formed on the Ti-V alloy compared
to Ti-6Al-4V. In fact, this poor oxidation resistance is regarded as a positive factor to
improve the burn resistance. The oxidation rate of th Ti-V alloy at 800 ℃ follows
linear rate law, indicating the oxidation process is largely controlled by the oxidation
reaction at the scale/substrate interface.

Kitashima et al. [287] investigated the mechanism of the beneficial effect of Ge
and Si addition to Ti-5Al-2Sn-4Zr-2Mo on its oxidation resistance. The addition of Si
improves the oxidation resistance of the alloy which is ascribed to the formation of
SiO2 in the scale; and Ge is accumulated at the scale/substrate interface, enhancing the
synergetic effect of Sn segregation. Kitashima et al. [288] also made a numerical
analysis of oxygen diffusion in α-Ti during oxidation. Prediction of oxidation
behavior of near-α titanium alloys at 700 ℃ was made by Kitashima and Kawamura
[289], and the influence of Al, Ga, Sn, Zr, Mo, Nb, Ta, W, Si, and Ge on oxidation
resistance of titanium alloys was investigated. It was found that Sn and Ge are
detrimental; 2.3 wt.% Al and 5.7 wt.% Ga addition to titanium is neutral; and W, Nb,
Si and Zr are beneficial [290]. Moreover, Sn and Ge segregate at the scale/substrate
interface; Nb, Mo, and W tends to dissolve in the inner scale layer; and Ga2O3 forms
as outmost layer [290, 291]. In oxidized near-α Ti-5Al-4Zr-1Mo and Ti-7Al-6Zr-
1Nb-1Mo-0.2Si based alloys, (Al, Ga)2O3 and (GaAl)2TiO5 are detected [192, 291].
The recrystallization taking place at the scale/substrate interface of Ga-containing
alloys during oxidation improves the adhesion of the scale. It was further studied by
Kitashima et al. [292], and it was revealed that the recrystallization is induced by
nitrogen during air exposure and the recrystallized grains comprising Ti2N and
Ti3AlN hinder the inward diffusion of oxygen. An oxidation kinetics study on Ga-
containing alloys by Yang et al. [293] indicated that the recrystallization does not
occur at low temperature (650 ℃).

The effect of Si addition to Ti-6Al-4V on its air oxidation behavior was studied
by Maeda et al. [294]. It was revealed that Si in rutile is in the form of both Si4+ ions
and SiO2. The solution of Si ions suppresses oxygen migration through rutile by
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decreasing the number of oxygen vacancies. Moreover, in 1 wt.% Si alloy, Si addition
facilitates the formation of Ti3Al at the scale/substrate interface, which prohibits the
inward diffusion of oxygen in the substrate.

Air oxidation of Ti-5Al-2.5Sn and Ti-6Al-4V produced by hot isostatic pressing
was studied by Liu et al. [295]. The oxidation resistance of alloys produced by
powder metallurgy is inferior to that of cast alloys because of the greater density of
grain boundary and more defects. Two alloys have similar weight gain after oxidation
at 650-850 ℃. A comparative study by Casadebaigt et al. [296, 297] on oxidation
behavior of Ti-6Al-4V fabricated by different methods, indicated that the oxidation
rate of hot-isostatic-pressed, laser-beam-melted, electron-beam-melted and cast Ti-
6Al-4V are more or less the same at 600 ℃, yielding identical in-depth oxygen
concentration profiles. At lower temperatures, hot-isostatic-pressed alloy exhibits a
slightly lower weight gain than others. It was found that the oxides preferentially
grow along the β lamellae adjacent to the scale. Liang et al. [298] compared the
selective laser sintering with other manufacturing methods by Casadebaigt et al. [296]
and Zhou et al. [299]. It was found the former yields the lowest oxidation rate of the
titanium alloy. Guo et al. [300] reported that laser shock processing on laser additive
manufactured Ti-6Al-4V has a positive effect on improving the oxidation resistance
of alloy by forming multiple Al2O3 oxide barriers in the scale during oxidation at 400-
800 ℃. The cyclic oxidation behavior of titanium prepared by inductive sintering-
assisted powder metallurgy was studied by Latief et al. [301]. Lavisse et al. [258] also
confirmed that laser-shock peening treatment on Ti-15Mo-3Nb-3Al-0.2Si increases
its oxidation resistance at 700 ℃, resulting in a total 60% reduction in weight gain
after 3000 h air exposure compared to untreated alloy. The scale formed on laser
treated sample is more compact, and the nitrogen concentration at scale/substrate
interface is higher. Partial transformation of the β-Ti into the martensitic α″-Ti occurs
on the surface of laser treated alloy, therefore, the transformation of α″-Ti into α-Ti at
high temperature in the grain core hinders the formation of α-Ti at the grain
boundaries.

The effect of Nb, Zr addition and their synergetic effect on oxidation of Ti-(10,
15 at.%)Al alloys were reported by Matsunaga et al. [302]. 2 at.% Zr addition
improves the oxidation resistance of alloys more effectively than the effect of same
amount Nb. The addition of Nb improved the adhesion of the oxide layer, and Ti-
15Al-2Nb-2Zr yields the best oxidation resistance.

The oxidation behavior of low-cost Ti-7Fe-(Al, Cr) alloys were studied by
Reverte et al. [303]. The addition of Al and Cr to Ti-7Fe is found to be slightly
beneficial to oxidation resistance at 500 ℃. However, due to the large amount of Fe
addition, all Ti-7Fe-based alloys exhibit inferior oxidation resistance to that of pure
titanium at 600 ℃.

TiC reinforced Ti-6Al-4V produced by metal injection moulding was oxidized at
600-800 ℃ in air. Dalili et al. [304] indicated that Ti-6Al-4V/TiC composite suffers
more severe abrasion at higher loading conditions (> 5 N) compared to Ti-6Al-4V,
which shows poor wear resistance under lower applied loading. This contribution of
TiC particles to the abrasive wear phenomenon is significantly hindered by the
adherent oxide layer atop the hardened case after oxidizing, improving the load-
bearing capacity.
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A comparative study by Tkachenko et al. [305], on oxidation behavior of a
number of Ti-6Al-Si-based alloys, demonstrated that Ti-6Al-1.4Si-3Zr exhibits the
lowest oxidation rate compared to other alloys during air oxidation at 700 ℃; while
alloying with Sn causes slight thickening of the scale and slightly increases oxygen
penetration depth into the substrates.

The depth of α case in Ti-6Al-2Sn-4Zr-2Mo after air exposure at 538-649 ℃ for
up to 500 h was investigated by Kevin et al. [306]. The α case depth follows a
parabolic growth law, and 10 µm and 80 μm form at 538 ℃ and 649 ℃, respectively.
Analogous research by Gaddam et al. [307, 308] indicated that the α case depth of Ti-
6Al-2Sn-4Zr-2Mo and Ti-6Al-4V follows a parabolic growth law at 500-700 ℃ in air.
At 593 ℃, the α case formed on Ti-6Al-2Sn-4Zr-2Mo and Ti-6Al-4V possesses an
identical thickness, while a thicker oxide layer is formed on Ti-6Al-4V than on Ti-
6Al-2Sn-4Zr-2Mo. This α case caused by oxygen permeation tremendously
deteriorates the low-cycle fatigue life of the Ti-6Al-2Sn-4Zr-2Mo [309], and the
degrading effect increases with increasing the thickness of α case, which is attributed
to the presence of early crack initiation in the hard and brittle α case. The results of
high-temperature tensile tests of Ti-6Al-4V at temperatures of 830-950 ℃ also
showed that the presence of α case leads to the easier surface crack initiation and
propagation under a tensile stress state [310]. In the PhD thesis by Sefer [311], the
oxidation kinetics and α case of Ti-6Al-4V and Ti-6Al-2Sn-4Zr-2Mo were also
studied. In addition to the isothermal oxidation in the previously studies, more
recently, Fargas et al. [312] investigated the oxidation behavior of Ti-6Al-2Sn-4Zr-
2Mo under cyclic thermal conditions at 500-700 ℃. Compared to the isothermal
treatment, the alloy subjected to the cyclic thermal oxidation has a much higher
weight gain but shallower α case; moreover, different oxidation kinetics and oxide
compositions were observed. The cyclic oxidation behavior of Ti-6Al-4V was studied
by Zeng et al. [313]. Similar to the oxidation kinetics of Ti-6Al-2Sn-4Zr-2Mo in
[312], the oxidation of Ti-6Al-4V follows a parabolic rate law, becoming linear after
long cycles, which is mainly due to the scale spallation.

Dupressoire et al. [314, 315] studied the role of nitrogen on the air oxidation
behavior of Ti-6Al-2Sn-4Zr-2Mo-0.1Si, revealing the presence of nitrogen in air
significantly decreases the oxidation kinetics by reducing the scale growth rate and
limiting the oxygen dissolution in the substrate.

The oxygen dissolution in the Ti-6Al-2Sn-4Zr-2Mo-0.1Si was studied by
Berthaud et al. [316]. The dissolution of oxygen and nitrogen, and the formation of
oxides and nitrides contribute to the total weight gain during the oxidation of Ti-6Al-
2Sn-4Zr-2Mo-0.1Si in air. After oxidation at 560 ℃ up to 1000 h, oxygen dissolution
was found to account for 80-90 wt.% of the total weight gain. The oxide layers
formed on surface are mainly composed of rutile and anatase with an alumina layer in
the outmost part of the scale. A thin nitride layer is formed at the scale/substrate
interface.

Xu et al. [317] indicated that the minor addition (0.5 wt.%) of Nb and Si to
titanium was found to facilitate the formation of a compact scale during oxidation in
air, resulting in lowering the partial pressure of oxygen at the scale/substrate interface;
hence, a interfacial Ti2N layer is prone to develop thus hindering oxygen ingression.
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A study by Hornberger et al. [318] on the influence of oxidation on the fatigue
properties of titanium revealed that even though vacuum treatment was applied to
dissolve most of the oxide layer, the retained oxide cluster on the surface are the main
impact acting as localized stress concentration, which induces crack initiation. Hence,
they claimed that analysis of the fatigue failure is necessary as a base for the
development of the oxidizing surface hardening.

The corrosion protective ability of air oxidized pure titanium [319] and Ti-6Al-
4V [320] were examined by Kumar et al., indicating that better corrosion resistance is
achieved at higher temperature due to the increasing thickness of oxide layer.
Whereas, the oxide formed on Ti-6Al-4V tends to spall off at 800 ℃ for more than 8
h.

A review paper by Sarma and Chandran [321] gave a brief introduction to
oxidizing and nitriding for surface hardening application of titanium alloys. Their
conclusion is that gas nitriding seems to be the most effective process for the creation
of deeper and harder surface layers.

The Fe effect on oxidation of titanium alloys was studied by Yoon et al. [322].
The results showed oxidation resistance of Ti-6Al-(1, 4)Fe is superior to that of Ti-
6Al-4V. At 700 ℃, the addition of Fe to Ti-6Al has negligible impact on oxidation
behavior; while, at 800 ℃, the formation of Al2O3 is hindered by the increasing
amount of Fe, resulting in a remarkable degradation.

The corrosion behavior of oxidized pure titanium was studied by Jamesh et al.
[323]. The oxide layer (~20 μm) and diffusion zone (~680 Hv) developed on titanium
subjected to air exposure at 650 ℃ for 48 h offers a superior corrosion resistance in
both HCl and HNO3 acid solution. The analogous corrosion tests performed on Ti-
6Al-4V subjected to the identical oxidizing treatment [324] revealed even better
corrosion resistance and higher hardness is achieved in oxidized Ti-6Al-4V.
Moreover, it was found that the compact and adherent oxide layer formed at 650 ℃ is
not influenced by cooling rate during oxidation; whilst the thick oxide formed at
850 ℃ tends to spall off during fast cooling, losing the protection in corrosion tests
[325].

The first principles calculations by Wu [326] illustrated that the addition of Zr, V,
Cr, Mn and Fe can accelerate the oxygen diffusion in α-Ti; while the addition of Nb,
Mo, Al, Sn and Si has an adverse effect. The mechanism of Si segregation in titanium
for suppressing oxygen inward diffusion using first-principles molecular dynamics
was studied by Bhattacharya et al. [327].

For biomedical applications, an adherent passivating oxide layer on titanium
implants is of high interest because it can slow down the release of metal ions into
human body, improve the corrosion resistance and decrease the friction coefficient
[328]. The Ti-6Al-4V oxidized at 600-800 ℃ for the application of artificial joints
was studied by Wang et al. [329]. The best wear resistance was achieved on the alloy
oxidized at 700 ℃ with an oxide layer of 7.5 μm in thickness. The friction coefficient
and wear volume were reduced by 70% and 80%, respectively. A thickness of 5-12
μm rutile formed on Ti-6Al-4V at 700 ℃ for 2-8 h alters the fretting failure mode
from mainly abrasive and adhesive wear for untreated alloy, to a mix of 3-body
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abrasion for the oxidized alloy [330]. A study by Prayoga et al. [331] on the wear
behavior of titanium oxidized at 700 ℃ sliding against UHMWPE illustrated that
titanium oxidized for 36 h yields higher hardness but a smaller reduction of the
UHMWPE wear factor than the sample treated at 12 h. The tribological behavior of
pure titanium oxidized at 600-800 ℃ was investigated by Aniołek et al. [332, 333].
An identical conclusion was drawn - that the oxide layer formed at 800 ℃ is too
brittle, has poor adhesion and optimal wear resistance is achieved at 700 ℃. The
oxidizing at 700 ℃ yields a 5-fold increase in hardness and 60% reduction in wear
volume of pure titanium; whereas, the friction coefficient of titanium is not reduced
by the oxide layer [334, 335]. Aniołek et al. were also studying oxidation of Ti-6Al-
7Nb [336, 337] in the temperature range of 500-800 ℃. Due to the higher oxidation
resistance for Ti-6Al-7Nb compared to Ti-6Al-4V and pure titanium, a thin and
compact oxide layer was formed on Ti-6Al-7Nb at 800 ℃, which offers the best wear
resistance and highest hardness. Anatase and Nb-oxide are identified in the oxide
layer but being predominantly rutile at 600 ℃ [338]. Scratch tests indicated that the
total delamination of the oxide layer was found at a critical load of 65.9 N. The
influence oxidation parameters (time and temperature) on the process of growth, the
thickness, microhardness and roughness of oxide layers obtained on titanium was
determined [339]. It was revealed that increasing oxidation temperature of the Ti-6Al-
7Nb alloy is accompanied by a progressive decrease in its strength and plasticity
[340].

The results of oxidation of pure titanium at 200-900 ℃ demonstrated that the
best corrosion resistance is achieved for the sample oxidized at 500 ℃ due to the
formation of an compact oxide layer consisting of anatase, rutile and Ti2O3 [341]. The
tribocorrosion and corrosion properties of Ti-6Al-4V oxidized at 700 ℃ in air was
studied by Cao et al. in 0.9 wt.% NaCl [342]. The corrosion potential of the oxidized
alloy has a more than 500 mV anodic shift, and the corrosion current density
decreases ~80%.

The in vitro and in vivo bioactivity of oxidized titanium was studied by Wang et
al. [343]. It was found that osseointegration in vivo is improved by oxidation of
titanium in air at 450 ℃.

Partially oxidized TiN coated titanium was found to be promising for the dental
implant application. Shi et al. [344] reported that partial oxidation improves the
hydrophilicity and surface decontamination of TiN coatings, and osteoconductivity is
consequently improved.

A study by Rodionov et al. [345] proposed an innovative method, i.e.
consecutive application of ion beam implanting and gaseous oxidation to the surface
of titanium, to achieve heterogeneous oxide coatings with a high level of open pores.
It was considered to improve the osteointegration of implants.

In the review paper regarding the effect of oxygen content on the ductility of
titanium alloys, Yan et al. [346] indicated that α type alloy shows the dramatic
decrease in ductility with increasing oxygen content while β type alloys can tolerate a
certain amount of oxygen without showing a noticeable decrease in ductility which is
attributed to the suppression of ω formation by oxygen.
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A review paper by Dai et al. [347] focused on the alloying and surface
modifications of titanium alloys and intermetallics improving their oxidation
resistance. The former can also influence the mechanical properties, and the later
consists of surface alloying and coating techniques. In further studies by the same
authors, Ti-Al-Si [348], Ti-Al-Nb [349] and Ti-Al-Nb-Si [350] coatings fabricated by
laser surface alloying on Ti-6Al-4V were investigated. The blended metal powders
were melted by laser and alloyed with the substrate, offering high-temperature
oxidation resistance. The synergetic effect of Nb and Si on hot corrosion behaviors of
TiAl coatings was reported in [351].

Kang et al. [352] found out that oxygen addition in titanium causes transition of
the primary deformation mode from twin deformation to dislocation slip, resulting in
an enhanced work hardening rate.

A study by Niu et al. [353] indicated that thermal oxidation at 578-728 ℃
increases both the dynamic compressive strength of Ti-6Al-4V and the strain
hardening rate. A sample oxidized at 728 ℃ for 40 h yielded the largest plastic strain.

Below the scale of Ti-6Al-4V oxidized at 800 ℃ in air, Bagot et al. [354] found
the presence of nanoscale α2-Ti3Al precipitates in the form either as bands or as
spherical particles. Nitrogen from the air was found to be dissolved in the substrate. V
partitions preferentially to α2-Ti3Al which is consistent with the observation by Brice
et al. [280] that oxygen permeation enhances the precipitation of α2-Ti3Al
intermetallic from α-Ti(O) of Ti-6Al-4V, resulting in the formation a mixture of O-
rich α-Ti and V-rich α2-Ti3Al in the outmost part of the diffusion zone.

Oxy-nitriding of Ti-6A1-2Mo-1.5Cr-2Zr-2Sn-2Nb was carried out in a CeO2-
containing KNO3 and NaNO3 salt bath at 590-650 ℃ by Zhu et al. [355]. It was found
that the addition of rare earth salt facilitates the formation of nitride, and eventually
enhance the surface hardening.

The high-temperature wear behavior of Ti-6Al-4V oxidized at 600 ℃ for engine
valve applications was studied by Lou et al. [5]. The rutile layer spalls off during
tribological test at elevated temperatures, but the diffusion zone still acts as a barrier
to reduce wear damage. It was found that increasing the test temperature was
beneficial for maintaining surface layers with high ductility and high resistance to
crack growth.

2.3. Carburizing, carbo-nitriding and carbo-oxidizing

1950s

Dean [356] patented a salt bath carbo-nitriding method on titanium in molten
potassium cyanide for use as abrasion- or/and impact-resisting surface.

Investigations of the Ti-C-O, Ti-C-N and Ti-N-O ternary systems were
performed by Stone et al. [357], indicating that the nitrogen and oxygen
monotonically increase the solubility of carbon in α-Ti at relatively low temperatures,
with oxygen as the more effective one.
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Various carburizing processes comprising gaseous, pack and salt bath methods
were applied to several commercial titanium alloys by Griest et al. [358, 359]. Salt
bath carbo-nitriding performed in molten sodium cyanide required much lower
temperature for forming TiC at ~850 ℃.

Nishimura et al. [360] reported the δ phase with cubic lattice structure is a
continuous solid solution varying the wide range of composition between δ-TiC and
δ-TiO phases. The C/O weight ratio in the synthesized TiCxO1-x phase varies from
7.2:1 to 1:11.25 with melting point in the range of 3150-1950 ℃.

1960s

A study by Menzies et al. [361] on carbo-oxidation of Ti-xCr (x=5, 15 wt.%) in
CO2 at 1000 ℃ indicated that a duplex rutile forms consisting of an inner porous layer
and an outer dense layer, containing different amounts of Cr. The Cr-containing
titanium oxidize more readily than pure titanium, which is consistent with previous
studies [23, 29]. His study on carbo-oxidized Ti-5(Al, Cu, Co) under the same
condition [64] demonstrated that a scale with same duplex structure develops as that
on Ti-Cr, and only Al takes part in scale formation, forming an Al-rich band (α-Al2O3)
at the center of the scale. The total oxygen uptake in under similar exposure durations
increases in the following order Ti, Ti-5Co, Ti-5Cu, Ti-5Al whereas, interestingly, the
materials with the highest weight gains exhibit the lowest scaling rates. This
observation partially contradicts those of the majority of other authors, especially for
the role of Al [27, 29]. The morphology of titanium carbo-oxidized in CO2 at 1000 ℃
showed localized internal oxidation takes place, forming finger-like scale along the
grain boundaries of the α case [362]. Their systematic works on CO2 treatment of
titanium within the temperature range 675-1000 ℃ were published several years later
[75, 363]. The overall growth kinetics is parabolic at 900 °C and paralinear at 1000°C,
and the scaling rate is approximately linear at high temperatures, suggesting that
diffusion of oxygen through the scale is not the rate-controlling process. At lower
temperatures, overall linear kinetics is prevailing. The varying distribution of the total
oxygen uptake between the scale and the metal during carbo-oxidation results in two
consecutive linear stages below 750 °C.

1970s

An investigation by Tikhomirov et al. on kinetics of titanium carbo-oxidation in
temperature range 850-1150 ℃ in CO2 and CO2/CO mixture with 9:1 molar ratio
[364]. Compared to air exposure, air oxidation achieves the greatest weight gain, and
weight gain is lowest in the gas mixture. For carbo-oxidation in gas mixture, a single-
layered scale forms below 900 °C; while a duplex scale develops at higher
temperatures, which is in agreement with the observation by Menzies et al. [361] in
use of CO2.

Vicens studied the Ti-C-O system [365].The δ-TiCxO1-x phase was synthesized
via sintering Ti, TiC and TiO2 powder in vacuum at 1500 ℃. As the oxygen fraction
in δ-TiCxO1-x phase increases, the lattice parameter of δ-TiCxO1-x decreases almost
linearly; while the hardness of δ-TiCxO1-x is significantly improved as with increasing
carbon fraction.
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1980s

To the best of the authors’ knowledge based from the available literature, there
are no publications concerning conventional carburizing of titanium published in this
period.

1990s

NaCN based salt bath carburizing was carried out at 860 ℃ by Lai et al. [366].
Ti-6Al-4V was in fact carbo-nitrided, i.e. Ti2N is identified after surface treatment.

Kusabiraki et al. [367, 368] studied carbo-oxidizing behavior of pure titanium in
CO2 and Ar/CO2 in the temperature range of 727-1027 ℃. A duplex rutile layer
develops, which is associated with the outward diffusion of titanium and inward
diffusion of oxygen through scale. This scale structure was also observed in previous
studies by other authors [361, 364] by use of CO2. TiC is detected in addition to rutile
in the inner scale.

Pack carburizing on Ti-6Al-4V and Ti-3Al-2.5V was studied by Haseeb et al.
[369]. The results revealed that carburizing carried out below 850 ℃ is ineffective for
surface hardening, and Ti-6Al-4V showed a higher hardening response. Increasing the
temperature results in identical hardness profile for both alloys.

Gas carburizing using C3H8 in the temperature range of 760-1000 ℃ on titanium
was performed by Nikonorova et al. [370]. Medical and biological tests have shown
that the TiC possesses an enhanced biological compatibility and thromboresistance.
Allergic reactions, carcinogenic or histotoxic effects are not observed on the
carburized titanium components.

2000s

Carbo-nitriding was carried out by Matsuura et al. [371, 372] at a temperature
between 1115 and 1300 ℃ in a graphite cup in N2. The results showed titanium was
mainly nitrided rather than carburized, and a layer of nitrogen-rich hardened case
(~1500 Hv) developed underneath the porous TiCxN1-x (~2000 Hv) layer. This surface
treatment improves both wear and corrosion resistance of titanium.

For pack carburizing of titanium and Ti-4Al-1.5Mn, Pohrelyuk et al. [373]
indicated that the compound layer formed at 900-1000 ℃ for long-holding time
consists of rutile, sub-oxides, TiC and TiCxO1-x due to the oxygen impurity in
protective Ar gas during carburizing. A comparative study various gas media (CO2,
Ar and vacuum) during pack carburizing of titanium, Ti-4Al-1.5Mn and Ti-4.5Al-
3Mo-1V at 1000 ℃ was done by Huryn et al. [374]. In the case of CO2, oxide layers
form; but carburizing in vacuum or Ar results in the formation of TiCxO1-x layers of
different compositions (TiC0.64-0.67O0.33-0.36 and TiC0.45-0.47O0.53-0.55). Pure titanium
yields the best surface hardening response both in vacuum and Ar, and the
microhardness is enhanced by 5-6 times. The hardness and depth of the hardened case
are greatest in vacuum pack carburizing. The formation of ternary compounds
(TiCxO1-x, TiCxN1-x and TiNxO1-x) on titanium via thermochemical treatment was been
studied by Fedirko et al. [375]. It was indicated that both hardness and corrosion
resistance can be improved to some extent by formation ternary compounds compared
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to the binary compounds. The presence of oxygen in the gas medium of pack
carburizing can in fact reduce the required temperature from 1100 ℃ to 850 ℃,
which is attributed to effectively transporting carbon to the sample surface and
participating in the formation of ternary interstitial compounds. The evolution of
compound layer on titanium with the variation of pO2 was illustrated by Yaskiv et al.
[376]. Within the pO2 range of 10-4-104 Pa, TiCxO1-x was only formed in the range of
10-2-103 Pa. For lower pO2, TiCx formed; and for higher pO2 exceeding 103 Pa, only
rutile formed. TiCxO1-x preferentially grows along the grain boundary of α resulting in
formation of a finger-like structure underneath a TiCxO1-x layer. TiCxO1-x coatings are
more efficient for corrosion protection of titanium in acid as compared with nitride or
oxide coatings, and TiCxO1-x of equiatomic composition, i.e. TiC0.5O0.5 demonstrates
the best corrosion properties. By decreasing the particle size of graphite powder from
250-300 to 45-140 μm, the carburizing effect was boosted during carbo-oxidizing,
resulting in higher carbon content in TiCxO1-x [377] accompanied by improved
corrosion resistance. Pohrelyuk et al. [378] and Shlyakhetka et al. [379] most recently
investigated oxidizing for anticorrosion protection of titanium. For untreated samples,
the corrosion rate of titanium by powder metallurgy is two orders of magnitude higher
than that of titanium by deformation process due to the higher porosity in sintered
sample. This drawback can be overcame by oxidizing, and eventually the difference
of corrosion resistance between titanium obtained by different manufacturing
processes is eliminated.

Ti-4.5Al-3Mo-1V was carbo-nitrided using graphite in N2 [380]. Titanium
nitrides were formed at temperatures below 1100 ℃; whilst TiCxN1-x was observed at
1100 ℃. The hardness and corrosion resistance were improved with treatment
temperature. As compared with binary compound coatings, i.e. titanium nitrides and
oxides, TiCxN1-x coatings obtained by noncontact methods provide a higher wear
resistance [381]. By annealing graphite in an oxygen-containing medium beforehand,
carbo-oxy-nitride is formed at 850 ℃ [382], achieving much higher hardness and
deeper hardened case than those obtained by nitriding in N2 under the identical
conditions. The evolution of the composition of TiCxN1-x formed on pure titanium
subjected to carbo-nitriding in N2/graphite was investigated by Yas’kiv [383, 384]. As
pN2 at 850 ℃ increases from 1 to 105 Pa, the nitrogen content in TiCxN1-x grows from
TiC0.52N0.48 to TiC0.25N0.75 accompanied by increasing hardness. More recently,
Luk’yanenko et al. [385] reported that carbo-oxy-nitriding was performed based on
one-step oxy-nitriding (in N2/O2 mixture) [169] followed by ion spraying carbon,
which further reduces the friction coefficient of the coatings on Ti-6Al-4V in the
process of dry sliding friction against stainless steel.

Carbo-oxidizing was performed on pure titanium, Ti-4.5Al-3V-2Fe-2Mo and Ti-
15V-3Al-3Cr-3Sn using Ar/CO [386] and Ar/CO2 [387], respectively, by Kim et al.
In the temperature range of 700-850 ℃. Oxidation by the use of CO is much reduced
compared with CO2 and O2, while the hardness response is still at the same level. A
carbide layer formed beneath an oxide layer after CO treatment. All three materials
have different hardening response in CO and CO2: the maximum hardness is achieved
in pure titanium and the lowest in Ti-15V-3Al-3Cr-3Sn; the hardened case is the
deepest in Ti-15V-3Al-3Cr-3Sn and the shallowest in pure titanium. It is mainly
attributed to the low solubility but high diffusivity of interstitials in β-Ti. A post
vacuum treatment extends the depth of the hardened case for all materials, and the
maximum surface hardness is further improved for pure titanium [388, 389].
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An Ar/NH3/C2H2 mixture was used to conduct carbo-nitriding on TiAl based
intermetallics by Boonruang et al. [390]. It has been found that the hardness is
increased with increasing temperature and C2H2 potential, and the wear rate was
reduced by one or two orders of magnitude in comparison with the untreated samples.

Bruce et al. [391] patented gas carburizing titanium by use of carbon-containing
medium like CH4, C3H8, C2H4, C2H2 or CO to minimize the fretting wear between
compressor disk and blade.

High-temperature carburizing of Ti-6Al-4V was performed in C2H2 at 1100-
1400 ℃ followed by 2 h vacuum treatment to remove the dissolved hydrogen [392].
Wei et al. indicated that carburizing at 1400 ℃ yields the best wear resistance.

Ti-6Al-4V used as implant cermet femoral head was carburized at 1050 ℃ in
C2H2, and intermediate vacuum treatment was also applied. Luo et al. [9] indicated
that the porous TiC surface has an advantage of deposition lubricant and debris during
the wear test. The results showed the carburized cermet femoral head can not only
improve the wear resistance of artificial femoral head, but also decrease the wear of
UHMWPE joint cup. In additional research from the same authors, the
nanoindentation [393, 394] and fretting wear test [395] were performed.

2010s

Gong et al. [396] gave a brief introduction of the synthesis process and the
application of TiCxN1-x.

Pack carburizing was performed on TiAl to improve its corrosion resistance by
Liao et al. [397]. A continuous Ti2AlC layer formed by carburizing TiAl at 930 ℃,
offering a nobler corrosion potential, a more positive pitting potential and a higher
polarization resistance. In contrast, pitting and crevice corrosion occurred on the
surface of the untreated TiAl. Moreover, carburizing improves the oxidation
resistance of TiAl-7Nb-0.3W at 950 ℃, decreasing the weight gain by 50% compared
to the uncarburized sample [398]. Yao et al. indicated that the carbide layer is
composed of nano-sized Ti2AlC and Ti3AlC phases, which enhance the formation of
Al2O3 and suppress the formation of rutile during oxidation exposure.

The optimized parameters for pack carburizing of pure titanium given by Bailey
et al. [399] were that of 6 part carbon, 3 part BaCO3, 2 part Na2CO3 and 1 part CaCO3

at 925 ℃. The porous carbide layer (7.6 μm) atop a deep diffusion zone (200 μm)
formed at the optimal temperature yields enhanced hardness (2100 Hv) and low
friction coefficient (μ ≈ 0.2) under dry sliding against alumina. This optimized
carburized titanium was compared to the sample oxidized at 625 ℃ regarding wear
and corrosion resistance [400, 401]. It was found that the oxidized titanium offers a
superior corrosion resistance in a 0.9% NaCl solution due to the thick oxide layer; but
under the tribo-electrochemical conditions, especially at a high contact loads,
carburized titanium performs better and have a much lower wear rate. Bailey et al.
[402] confirmed that the air gap left intentionally can boost the efficiency of
carburizing (carbo-oxidizing), which has been explained in the work by Fedirko et al.
[375].
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Pack carburizing was carried out on Ti-6Al-4V alloy and TiB + La2O3 reinforced
Ti composite at 954 ℃ for 24 h [403]. Both materials have similar surface hardening
response (~750 Hk), and a deep hardened case with ~300 μm in thickness is
developed.

Pack carburized Ti-6Al-4V as a solid lubricant on hip implants was studied by
Cheng et al. [404]. The results showed that the presence of nanocrystalline graphite in
the carbo-oxide layer dramatically decreases the friction coefficient of the alloy; the
resistance of the alloy to erosion and tribocorrosion is improved; whereas, carburizing
was not found to be significantly beneficial to biocompatibility, and it deteriorates the
resistance of the alloy to corrosion in static conditions.

Huang et al. [405] combined the solid carburizing process with hot isostatic
pressing process for the fabrication of carburized Ti-6Al-4V, which boosts the
production efficiency and lowers the processing costs. A graphite paper with
thickness of 200 μm was placed outside of the Ti-6Al-4V powder during hot isostatic
pressing at 920 °C, 120 MPa for 3 h. A TiC layer with ~1 μm was formed, and the
carbon inward diffusion increases the hardness from 340 to 480 Hv.

Pack carburizing of Ti-13Zr-13Nb was performed at 1100-1300 ℃ by Luo et al.
[406]. Carbide cavity underneath a thin TiC layer formed at elevated temperatures,
accompanied by a 4-fold increase in hardness of the diffusion zone extending 120 μm.
The wear rate of the carburized alloy decreases by 63.9% under serum lubrication
condition.

A study by Chen et al. [407] on influence of temperature (750-950 ℃) on
carburizing of titanium using carbon sheet demonstrated that the highest hardness and
best wear resistance are achieved at 850 ℃.

Zhao et al. [408] proposed a new strategy for carburizing of titanium, i.e.
contacting cast iron and Ti-6Al-4V under hot pressing at 1100 °C (below the melting
point of cast iron). Eventually, a TiC coating with 23 μm in thickness was formed,
yielding high hardness (2400 Hv). Due to the slow interdiffusion of metallic atoms
compared to carbon, the cast iron can be easily removed. It was demonstrated that
timing of starting the pressing is a critical parameter affecting the distribution of TiC
grain size which affects the hardness [409].

CO and CO2 gas were used for surface hardening of titanium and Ti-6Al-4V by
Gammeltoft-Hansen et al. [410]. A thin and porous TiCxO1-x hard layer forms on Ti-
6Al-4V at 1000 ℃, while a network-like TiCxO1-x (~1 mm) forms on pure titanium at
1050 ℃. The hardness of TiCxO1-x reaches more than 2000 Hv and the hardness value
of interstitial-rich α-Ti surrounded by TiCxO1-x in the network-like structure is ~1500
Hv. Gaseous carbo-oxidizing and carbo-oxy-nitriding was performed on selective
laser melted Ti-6Al-4V by Valente et al. [411]. Carbo-oxidizing was carried out at
1000-1050 ℃ in CO and at 850-1050 ℃ in CO/CO2 (64.4/1) mixture; two-step carbo-
oxy-nitriding comprises a first nitriding at 1050 ℃ in N2 followed by a post carbo-
oxidizing at 820 ℃ in CO/CO2. The resulting compound layer of CO treatment is
composed mainly of δ-TiCxO1-x, and sub-oxides can be detected both after CO/CO2

and duplex treatments. A thick rutile layer can be observed atop a porous TiCxO1-x

layer after CO/CO2 treatment. Ti-6Al-4V subjected to CO and CO/CO2 treatment at
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high temperature yields the highest hardness above 2000 Hv, accompanied by the best
wear resistance. Christiansen et al. [412, 413] proposed multiple possibilities for
surface hardening of titanium by introducing two or three interstitials (C, O and N) in
one-step and duplex gaseous methods. Kværndrup et al. [414] investigated the lattice
expansion of α-Ti in pure titanium foil subjected to CO treatment at 800 ℃ up to 100
h. The corresponding hardness value of α-Ti, phase fraction and interstitials content
are determined as well at different times.

The C3H8 carburizing of electron beam melted pure titanium was studied by Kim
et al. [415]. Carburizing at 920 ℃ increases the hardness of titanium from 222 to 432
Hv, and decreases the friction coefficient from 0.59 to 0.41.

The corrosion behavior of CH4 carburized Ti-6Al-4V in 0.2% HF acid solution
was studied by Li et al. [416]. The corrosion rate of carburized alloy drops with
increasing carburizing temperature from 850 to 910 ℃.

A brief review paper by Ji et al. [417] introduced the research status of pack and
plasma carburizing of titanium, and their applications in China.

2.4. Conclusions

A lot of research has been done on the oxidation behavior of titanium and its
alloys because on one hand oxidation causes brittleness and significantly deteriorates
the fatigue life, which specifically received attention in aerospace industry; on the
other hand, oxidizing yields remarkable improvement in wear, corrosion resistance
and biocompatibility, and, in particular, attracted attention for automotive and
biomedical applications.

For the former, the addition of alloying elements and surface modification were
investigated to improve the high-temperature oxidation resistance of titanium alloys
and intermetallics. The addition of Al and Si are the most effectively elements for
enhancing the oxidation resistance, however excessive addition of alloying elements
is detrimental to the mechanical properties of the base alloys. Therefore, the
synergetic effect of alloying additions on the oxidation resistance-mechanical
properties combination should be further studied. Al2O3 and SiO2 are excellent
oxygen barriers, thus Al and Si are also widely used for surface alloying/coating of
titanium alloys and intermetallics. Whereas, there is a lack of systematic study on
long-term stability of the coatings for practical applications so far.

For the later, oxidizing of titanium in air at low temperatures remains to be
promising because of the low cost. Combined with a subsequent vacuum treatment or
using a rarefied oxygen-containing medium can largely suppress the formation of
rutile concomitantly with development of a deep hardened case. Due to the superior
corrosion and wear resistance of ternary titanium compound, i.e. TiCxO1-x, TiCxN1-x

and TiNxO1-x, a study on their preparation and the effect of the ratio of interstitial
elements on their properties is of great interest. Apart from conventional methods, it
should be noted that plasma and laser techniques are receiving more and more
attention for surface hardening of titanium; these have less thermal impact on the core
microstructure. A prior surface plastic deformation such as rolling, ultrasonic impact,
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mechanical attrition or shot peening can be applied to boost the diffusion of
interstitials into the substrate.

Appendix A.

Table 2.1 The abbreviation and the corresponding full name of the organizations (in
order of appearance) which appear in Fig. 2.2.
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Abstract

The present work addresses the surface hardening and heat treatment response of Ti-
6Al-4V grades G5 and G23 on thermochemical surface treatment in different
temperature regimes in different gaseous and plasma based media. Grades G5 and
G23 were subjected to gaseous surface hardening using different gas compositions
and temperature regimes. Two different series of gaseous surface treatments were
carried out: 1) carbo-oxidizing of G5 in mill-annealed condition was performed in CO
gas at (high) temperatures ranging from 777 to 1027 °C. Treatment at 1027 °C
resulted in the thickest case with the formation of a thin surface layer consisting of
titanium sub-oxides supported by a thick TiCxO1-x layer as the dominant phase. Post-
nitriding of the carbo-oxidized specimen raised the hardness of the TiCxO1-x phase by
the incorporation of nitrogen, yielding values up to ~2900 HV and multi-layered
structures. 2) Carbo-oxidizing of G5 with a bi-modal microstructure in CO/CO2 gas
mixture at (intermediate) temperatures ranging from 677 to 777 °C. Treatment at
777 °C resulted in a surface hardness of ~1900 HV and a ~60 μm-thick diffusion zone.
In addition to gaseous surface hardening, also plasma-assisted methods were applied
and compared to their gaseous counterparts. Intermediate- and low-temperature
plasma treatments were carried out on G23: 3) plasma (carbo-nitro)oxidizing was
performed in a CO2 and N2 gas mixture at 750 °C and (carbo-)oxidizing in CO2 gas at
650 °C. 4) Plasma nitriding was conducted in a N2/H2 gas mixture at 750 °C and
850 °C. The widely different types of treatments applied in this work represent the
diversity of the gaseous and plasma-based thermochemical methods that can be
applied for surface engineering of titanium alloys for use in various applications.

3.1. Introduction

Titanium and its alloys possess an excellent strength-to-weight ratio, but suffer
from poor tribological properties [1]. Various surface modification techniques can be
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applied to overcome this limitation, for example various coating methods [2] and
processes that modify the surface chemistry of the material yielding a hardened
surface region [3, 4]. These processes entail, among others, oxidizing [5, 6], nitriding
[7, 8] and carburizing [9, 10]. The interstitially dissolved elements oxygen, nitrogen
and carbon can provide significant solid solution strengthening of the hexagonal
crystal structure of titanium and its alloys [11, 12] and can form hard compounds as
TiN and TiC [2].

Surface-hardening of titanium with interstitials was introduced in the late 1940s
[13], and was further developed in the 1950s [9, 14]. The conventional techniques as
gaseous [15, 16], solid-pack [17, 18] and salt-bath [19, 20] methods are still popular
in the 21st century, and are considered competitive to the recently developed
techniques as plasma [21, 22] and laser surface hardening [23, 24]. The relatively long
history of surface-hardening processes for the improvement of the tribological
properties of titanium has led to well-established information on these systems. For
example, thermochemical surface treatment of titanium has been widely investigated
applying single [7, 25] or binary interstitial systems [26, 27], e.g. carbo-nitriding [28,
29] and carbo-oxidizing [30, 31]. The co-dissolution of all three elements O, N and C
was also reported and it was shown that multi-component compounds, such as TiCxNy,
offer wear and corrosion resistance that exceed those of the single interstitial
compounds [32]. However, systematic investigations on the effect of treatment
temperature on the hardening response are difficult to find. Generally, information is
available from oxidation experiments. For example, the reactions that take place
between Ti and CO2 were studied in the wide temperature range from 675 to 1000 °C
by Menzies et al. [33, 34], and 727-1027 °C by Kusabiraki et al. [35], but the focus
was mainly on high-temperature corrosion behavior rather than surface hardening.
The surface hardness was found to be strongly affected by temperature. While it took
20 h to exceed 10 GPa by treatment at 700 °C, only 2 h at 800 °C was necessary to
reach hardness values of approximately 14 GPa [33]. The surface hardness reached a
maximum value of around 16 GPa for 2 h treatment at 1000 °C; essentially hardness
was maintained, but the diffusion zone grew with treatment time [34]. Intermediate
treatment temperatures were proven beneficial for the formation of a thin, adherent
and robust rutile layer supported by a relatively thick, hardened case [36]; on the other
hand, long-time exposure at high temperature leads to formation of a rutile layer with
poor adhesion [25]. Spallation of oxide scales was observed to occur for higher
treatment temperatures [34, 35].

The influence of thermochemical treatment temperatures in the range 700-
850 °C on the hardness of pure titanium, α+β type Ti-4.5Al-3V-2Mo-2Fe and β type
Ti-15V-3Al-3Cr-3Sn by use of Ar-5%CO gas was investigated by Kim et al. [37]. It
was found that the oxidation was significantly reduced using CO gas instead of CO2

or O2 gas, but the hardening effects in terms of hardness and the depth of hardened
case are on the same level [38]. The surface hardness was highest in pure titanium and
lowest in Ti-15V-3Al-3Cr-3Sn, while the case was deepest for the latter and
shallowest for the former. Surface hardness and case depth increased almost linearly
with temperature for the three materials, albeit at different rates.

Ti-6Al-4V is an α/β alloy; its chemical composition is tailored such that a duplex
microstructure can be obtained during processing. Ti-6Al-4V is the most applied
titanium alloy for structural applications, owing to its superior mechanical properties,
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which are significantly better than commercially pure Titanium. Ti-6Al-4V is
available in two commercial grades: G5 with a (moderately) low interstitial content
and G23 with and absolute minimum content of interstitials. By increasing the content
of interstitials in solid solution, it is possible to enhance the tensile strength and
hardness of Ti alloys at the cost of ductility [11]. Thermochemical surface treatment
of Ti-6Al-4V is an effective way to yield high surface hardness in this alloy [39, 40].
However, the fatigue performance can be affected by the formation of scales [41].
Moreover, the formation of an “α case” is considered detrimental to the fatigue
strength [42, 43], because conversion of β into α is associated with a volume
reduction and thus tensile residual stresses in the α case. Fatigue resistance is a key
property for this material together with, more generally, its mechanical properties.
The mechanical properties are determined by the heat treatment that sets the
material’s microstructure [44, 45]. Typically, heat treatment procedures involve the
temperature range 500-900 °C and aim at obtaining a fine distribution of “features” or
precipitates in the microstructure. Hence, surface hardening of Ti-6Al-4V is a more
complex case than the treatment of pure titanium. This increased level of complexity
for the case of Ti-6Al-4V vs. pure Ti is only scarcely addressed in the literature.

High-temperature gaseous nitriding is well developed and investigated. It can
raise the hardness to 1000-2000 HV, but the high temperature affects (resets) the
microstructure, resulting in unsatisfactory mechanical properties [21, 43]. Replacing
nitrogen with ammonia can reduce the nitriding temperature effectively [46], but
additionally leads to hydrogen dissolution. Plasma-assisted treatment is also an option
for surface hardening of titanium at intermediate- to low- temperature, and studies
have so far mainly focused on plasma nitriding [2, 8]. This technique was developed
in 1970s [47, 48], and nitrogen or nitrogen-hydrogen is commonly used as treatment
gas. Compared with conventional nitriding, the advantage of using plasma is the
possibility of forming a technologically useful surface, i.e. TiN and/or Ti2N, below
800 °C, which is normally considered too low for gaseous nitriding in N2 [2]. In the
case of nitrogen-hydrogen gas, the formation of nitrogen/hydrogen ionized molecules
is the key factor in accelerating the nitriding rate [48]. A small amount of hydrogen is
likely to be absorbed into the nitrided titanium and causes embrittlement, but through
the combination of plasma nitriding and post-vacuum treatment [21], hydrogen can be
retracted and the fatigue properties can be improved.

The present manuscript addresses the influences of various surface-hardening
treatments of Ti-6Al-4V on the development of the hard case as well as on the core
evolution of the microstructure of the treated part. In particular, the
microstructure/morphology and hardness of the case and on the changes of the core
microstructure are addressed. The diverse microstructural “features” that can be
obtained by thermochemical surface engineering can address various applications
with different requirements to wear resistance and mechanical properties, which rely
on the hardness of the surface and the core microstructure, respectively. Treatments
include gaseous carbo-oxidizing, and its combination with gaseous nitriding, plasma
carbo-oxidizing and nitriding. The treatments are classified according to treatment
temperature and method: gaseous high temperature treatments at T≥777 °C; gaseous
intermediate temperature treatment at 677 °C≤T≤777 °C; plasma treatments at
650 °C≤T≤850 °C.
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3.2. Experimental

3.2.1. Materials and thermochemical surface treatments

Two Ti-6Al-4V grades were used in the present study: Ti-6Al-4V ELI (Grade 23)
and Ti-6Al-4V (Grade 5). Both materials were in mill-annealed condition. Coin-
shaped samples Ø 15 mm x 2 mm were machined from the G23 rod, and were used
for high-temperature (≥777 °C) gaseous surface hardening and plasma treatments.
Cubes 15 x 15 x 15 mm3 were machined from G5 and were used for investigation of
the effect of gaseous surface hardening at intermediate temperature after initial heat
treatment at 957 °C for 10 min in open air followed by water quenching. The oxygen
contaminated surface zone built up during heat treatment was subsequently removed,
and this heat treatment results in a bi-modal microstructure. All specimens were
ground with a final step #4000 SiC paper, cleaned in ethanol and dried in hot air
before any surface treatment.

3.2.1.1. Gaseous treatments at high temperature: T≥777 °C

High temperature carbo-oxidizing treatments were performed applying a
continuous flow of CO gas for 16 h in a horizontal quartz-tube furnace maintained at
777 °C, 927 °C and 1027 °C. Carbo-oxidizing was followed by furnace cooling to
room temperature at an average cooling rate of approximately 10 °C.min-1. In addition,
one of the specimens was carbo-oxidized at 1027 °C and subsequently nitrided in
99.999% N2 in a horizontal Kanthal-tube at 1077 °C for 2 h and finally gas quenched
to room temperature in N2 at a pressure of 4 bar. The average cooling rate was
approximately 250 °C.min-1 in the range 1027 °C - 500 °C.

3.2.1.2. Gaseous treatments at intermediate temperature:677 °C≤T≤777 °C

A series of gaseous carbo-oxidizing treatments was performed in a flowing
mixture of 50 vol.%CO and 50 vol.%CO2 [4] for a duration of 16 h at 677 °C, 727 °C
and 777 °C followed by furnace cooling to room temperature at an average cooling
rate of approximately 10 °C.min-1. The applied CO/CO2 gas mixture provides a well-
defined and low oxygen partial pressure (pO2) and a well-defined carbon activity (aC)
with an excellent buffer capacity as shown in Table 3.1; moreover, it is robust with
respect to impurities in the gas system, so the system is maintained at the pO2 and aC

determined by the CO/CO2 ratio and temperature [49].

Table 3.1 Treatment conditions for the chemically controlled carbo-oxidizing treatments in CO/CO2

with O2 and graphite at 1 bar as reference states.

Temperature, ℃ 677 727 777

Oxygen partial pressure
(pO2), atm

1.07*10-22 1.80*10-21 9.63*10-20

Carbon activity (aC) 0.94 0.32 0.12
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3.2.1.3. Plasma treatments at 650 °C≤T≤850 °C

The investigated plasma treatments were (carbo-nitro)oxidizing, (carbo-
)oxidizing and two nitriding experiments. (Carbo-nitro)oxidizing was carried out at
750 °C for 24 h using CO2:N2 = 1:1. (Carbo-)oxidizing was carried out at 650°C for
16 h in CO2. Nitriding was performed at 750 °C and 850 °C for 24 h in N2:H2 = 6:4. A
custom built hot-wall, low-pressure reactor was used for plasma-assisted treatments.
Firstly, the chamber was pumped to a pressure below 10-7 mbar. Reaction gas(es)
were injected into the system at a working pressure of 5*10-2 mbar, whereafter 700 W
RF power was applied to generate the plasma. After igniting the plasma a specimen
was transferred to the working temperature zone. After treatment for the above
mentioned durations, the specimen was transferred to a cold zone in the reactor and
cooled to room temperature at a rate of approximately 50 °C.min-1.

3.2.2. Microstructure characterization

Metallography and electron microscopy investigations were performed on cross-
sections. For metallography, samples from the treated specimens were hot mounted
(approx. 180 ℃, 5 min) in Durofast resin in a Struers Prontopress 20. The embedded
samples were ground with abrasive paper in the sequence 500, 1000 and 4000 mesh,
followed by mechanical polishing with 3 micron diamonds and Struers’ colloidal
silicon OP-S. Etching was performed using Keller’s reagent (185 mL H2O + 5 mL
HNO3 (65%) + 3 mL HCl (32%) + 4 mL HF (10%)) for 20 s. The microstructure of
the etched as-received material was examined using a Zeiss Vert. A1 light optical
microscope (LOM) equipped with an Axiocam 305 color camera. Microstructural
investigation of surface-hardened samples was performed using a Zeiss Supra 35
scanning electron microscope (SEM) equipped with a ThermoTM energy dispersive
spectrometer (EDS) and backscattered electron (BSE) detector. The software for EDS
mapping analysis was a Noran System SIX. To study the growth mechanism of the
compound layers, the chemical composition was determined qualitatively with
wavelength dispersive spectroscopy (WDS) in a SHIMADZU model 8050G electron
probe microanalyzer (EPMA), applying an acceleration voltage of 15 keV and a
current of 50 nA. Vickers hardness measurements were performed with a Future Tech
model FM-700 micro-hardness tester applying 10 s dwelling time and 5 g force.
Hardness indentation, SEM and EPMA, were applied on unetched polished cross
sections. Investigation of phase composition after thermochemical surface treatment
was performed with a Bruker D8 Advance X-ray diffractometer (XRD) using Cu Kα
radiation in the scattering angle range of 15-100° 2θ with a step size of 0.03° 2θ and a
measurement time of 5 s per step.

3.3. Results and interpretations

3.3.1. Materials in as-received and initial heat treatment conditions

The microstructures of the materials in the as-received mill-annealed condition
are presented in Fig. 3.1, G23 in (a) and G5 in (b), and after heat treatment at 957°C
for 10 min followed by water quenching for G5 in (c). The micrographs in (a) and (b)
show small β-phase regions dispersed in a matrix of α-phase. The microstructure in
the G23 samples (a) is finer than in the G5 samples (b). Fig. 3.1 (c) shows the bi-
modal microstructure for heat-treated G5 that is composed of equi-axed primary α
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grains (dark) and α′ martensite regions (bright). The martensite was obtained upon
water quenching from prior β-phase. Considering the different contrasts given by
LOM (Figs. 3.1a and 1b) and BSE (Fig. 3.1c), the β-phase distributed along α-grain
boundary is susceptible to etching; these regions appear dark in LOM. In BSE
imaging the prior β-phase, that is transformed into martensite during quenching,
appears bright because it contains a higher content of the heavier alloying elements
like vanadium and a lower content of the light alloying elements (aluminium and
interstitials).

Fig. 3.1. Light optical micrographs (LOM) of as-received a) G23 and b) G5. c) Back-scattered electron
(BSE) image of the bi-modal structure obtained after annealing at 957°C followed by water quenching
of G5.

Consistent with LOM observations, XRD investigation performed for G5 (Fig.
3.2) indicates that mill-annealed material contains α-Ti as the majority phase and a
small fraction of β-Ti, while XRD reveals no β phase in the as-quenched condition
(bi-modal microstructure).

Fig. 3.2. X-ray diffractograms of mill-annealed and heat treated (bi-modal) G5 samples.
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3.3.2. Gaseous treatments at high-temperatures

Fig. 3.3 reports representative X-ray diffractograms of the specimens carbo-
oxidized in CO; Figs. 3.4 and 3.5 show the corresponding microstructures (LOM) and
elemental distributions (EDS mapping) obtained from the cross sections.

The X-ray diffractogram in Fig. 3.3 of G23 carbo-oxidized at 777 °C shows the
presence of the TiCxO1-x (0<x<1) phase with an NaCl-type cubic crystal structure and
expanded α-Ti (h.c.p.) with a relatively high peak intensity. As compared to the
diffractograms for high temperature treatments in Fig. 3.3, the intensities of the α
reflections are significantly stronger in the specimen treated at intermediate
temperatures, indicating that the surface compound layer is thinner. In fact, the
compound layer of the 777 °C sample is barely visible in Fig. 3.4 (a), while it is
clearly observable in cross sections of specimens treated at higher temperatures (Fig.
3.4 (b-d)). Fig. 3.4 (a) also reveals that the bulk microstructure is significantly finer
than in Fig. 3.4 (b-d), but coarser than the microstructure of the sample prior to
treatment (cf. Fig. 3.1).

The diffractogram in Fig. 3.3 also reveals that G23 treated in CO at 927 °C
contains TiCxO1-x (0<x<1) and expanded α-Ti with a relatively low peak intensity.
The lattice parameter of TiCxO1-x is closer to that for stoichiometric TiC (32-1383)
than for TiO (77-2170), which suggests that TiCxO1-x contains much more C than O.
Moreover, XRD reveals the presence of Magnéli phases, the titanium sub-oxides
Ti3O5 and Ti4O7. At the highest treatment temperature, 1027 °C, the Magnéli phases
become more prominent in the diffractogram and the reflections of TiCxO1-x show
peak asymmetry towards higher diffraction angles, which suggests a higher uptake of
oxygen in TiCxO1-x resulting in a concentration gradient (or stress gradient). Moreover,
the α phase is (practically) no longer detected. Since the information depth of the X-
rays for Cu Kα radiation in titanium varies from 0.7 to 4.1 μm in the 2θ range 15° -
100°, XRD indicates that α is no longer present in the surface region of the material
after treatment at 1027 °C. On the other hand, α is detected for the specimen treated at
777 and 927 °C.
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Fig. 3.3. X-ray diffractograms of Ti-6Al-4V (G23) after carbo-oxidizing in CO at various temperatures.

The LOM cross section in Fig. 3.4 (b) indicates the presence of a surface-
adjacent compound layer of a few μm thickness atop a typical equi-axed α/β
microstructure in the bulk. This bulk microstructure is significantly coarser than the
one reported for the material prior to treatment (Fig. 3.1), which indicates thermal
impact of the high temperature treatment on the microstructure and suggests that the
treatment negatively affects the mechanical properties of the material. The surface
compound layer is the uneven dark grey region at the sample surface and, based on
the XRD results, is a multi-layer structure of TiCxO1-x and Magnéli phases. The
diffusion zone underneath the compound layer consists of α-Ti stabilized by the
dissolution of oxygen and carbon. After treatment at 1027 °C the compound layer
becomes significantly thicker. Moreover, above the β-transus temperature for Ti-6Al-
4V, it results in a complete “reset” of the core microstructure, which becomes very
coarse. Elongated primary α grains, appearing as white plates, grow from the
compound layer towards the core of the sample. Similarly, large blocky α regions are
observed in the core (i.e. at 1 mm depth), the rest has a typical lamellar microstructure.
The presence of blocky α in the core demonstrates that diffusion of the α-stabilizing
elements C and O has occurred over the entire specimen thickness during the
treatment. Moreover, SEM investigation (Fig. 3.5) reveals the presence of porosity in
the TiCxO1-x layer and indicates that such a layer lies atop a region enriched in
vanadium, most likely a β layer, parallel to the specimen surface. Note that a feature
resembling a discontinuous β layer lying underneath an uneven layer of carbo-oxide is
present in the sample treated at 927 °C in Fig. 3.4 (b). EDS mapping in Fig. 3.5 (a)
reveals that the areas between the network of TiCxO1-x, identified as expanded α-Ti in
the diffractograms, are rich in Al when compared to the expanded α-Ti zone beneath
the V-rich layer (diffusion zone). The Al-rich α case appears depleted in vanadium in
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comparison with the Al-depleted region underneath, suggesting that vanadium
diffuses inwardly during carbo-oxidizing, thereby forming the vanadium-enriched
region described above.

Fig. 3.4. LOM of G23 carbo-oxidized in flowing CO at: a) 777 °C, b) 927 °C, c) 1027 °C and d)
1027 °C followed by nitriding at 1077 °C. Note that different scale bars are applied in a)/b) and c)/d).

Fig. 3.6 shows the Vickers hardness profiles of specimens treated in CO at high-
temperatures. Data reveals that the maximum hardness of the TiCxO1-x layer is approx.
2500 HV. In the sample treated at 1027 °C significant data scattering is recorded for
the outermost ~70 μm region, and the hardness varies from ~1100 to ~1900 HV,
which is attributed to the mixture of TiCxO1-x and expanded Al-rich α-Ti. In addition
to oxygen and carbon, Al also has a strong strengthening effect in Ti alloys [50], thus
explaining why expanded Al-rich α possesses a relatively high hardness. Nevertheless,
this hardness is lower than the hardness measured in TiCxO1-x. The hardness in the Al-
lean expanded α-Ti in the diffusion zone below the V-rich interlayer (cf. Fig. 3.5 (a))
is considerably lower, ~800 HV. The hardness of expanded Al-lean α appears
independent of the treatment temperature, while the thickness of the diffusion zone
depends strongly on the temperature. The thickness is ~300 μm and >1 mm at the
treatment temperatures of 927 °C and 1027 °C, respectively. Finally, it is observed
that the core hardness of the specimen treated at 1027 °C is higher than the core
hardness of the specimens treated at 927 °C and the as-received condition. This is an
additional indication (see above) that oxygen and/or carbon have diffused to the
center of the sample during treatment at 1027 °C. As compared to the high
temperature regime, treatment at 777 °C appears less effective. The hard surface layer
is too thin to be revealed by hardness measurements in cross section and only the
diffusion zone is discernable. Closest to the surface the hardness is approximately 800
HV and the hardening effect extends for approximately 100 μm for the applied
treatment condition. Evidently, CO is not effective for extreme hardening at 777 °C,
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because the formation of a hard compound layer is suppressed. Nevertheless, it does
lead to a hardened diffusion zone with a smooth transition to the core hardness, which
can be desirable for particular applications.

The microstructures in the 1027 °C CO-treated specimens with and without
additional nitriding do not differ in α-phase diffusion zone thickness, cf. Figs. 3.4 (c)
and (d). Neither was a deeper α-phase diffusion zone observed by hardness
measurement after additional nitriding, cf. Fig. 3.6. This was not expected because the
high nitriding temperature would imply fast diffusion of interstitials, which would
bring about a deeper α-case.

EDS yields additional information about the compound layer (Fig. 3.5)1. Firstly,
EDS indicates that C supersedes Al from the locations where TiCxO1-x is present,
leading to Al accumulation in the surrounding α-phase. Secondly, more pronounced
accumulation of vanadium is observed in the β-phase in-between the expanded Al-
rich α and the Al-lean α after nitriding and has almost formed a continuous layer
(compare Figs. 3.5 a and b). Evidently, the higher temperature during nitriding
enables more partitioning of vanadium and growth of the accommodating β-phase,
which appears light in the BSE image in Fig. 3.5b. Thirdly, EDS mapping reveals that
nitrogen accumulates in α-phase adjacent to the TiCxO1-x phase (Note that the
enhanced intensity of N at these locations is not accompanied by enhanced intensity
in the Ti map; cf. footnote 1).

1 It is remarked that qualitative determination of N and O distributions is compromised by the presence
of Lα radiation of Ti and V, respectively. Care should therefore be taken on interpreting the elemental
distribution maps for these light elements in the present article. The distribution of N in Fig. 5 a is
therefore ascribed to the intensity distribution of Ti Lα radiation.
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Fig. 3.5. BSE images and corresponding EDS element maps of surface-hardened G23: a) Carbo-
oxidizing in CO at 1027 °C. b) Carbo-oxidizing in CO at 1027 °C followed by nitriding at 1077 °C.

Fig. 3.6. Vickers hardness depth profiles of surface-hardened G23. The horizontal dashed line gives the
hardness of the as-received mill-annealed material.

The X-ray diffractogram recorded for the carbo-oxidized and post nitrided
sample is shown in Fig. 3.3 (a). Upon nitriding, the Ti4O7 reflections that were
observed after carbo-oxidizing have nearly vanished, while the Ti3O5 reflections are
still present. The cubic phase TiCxO1-x, or, most likely, TiCxOyN1-x-y, is the dominant
phase in the diffractogram. Since TiN (87-0629) peaks are located in-between those
for TiC (32-1383) and TiO (77-2170), substitution of carbon and oxygen with
nitrogen in the layer is difficult to reveal with XRD. In the present case, within
experimental accuracy, the lattice parameter of the cubic phase remains unaffected
upon nitriding. Neither were changes in the peak shape observed.

The hardness profile for the carbo-oxy-nitrided sample is given in Fig. 3.6. As
follows from the generally higher hardness maxima and higher hardness minima in
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the compound zone, the dissolution of nitrogen yields an important increase in
hardness of the surface compound and reaches almost 3000 HV compared to 2500
HV after only carbo-oxidizing. This increase may reflect a change in chemical
composition of the TiCxO1-x cubic phase into TiCxOyN1-x-y compound upon nitriding
as well as an increased fraction of cubic phase (i.e. TiCxOyN1-x-y) at the expense of the
Magnéli phases, which are softer than TiCxOyN1-x-y. The higher “low” HV values in
the compound zone along with the dissolution of nitrogen in α-phase indicate that also
α-phase is further hardened by nitrogen. Evidently, no significant difference in
hardness is observed in the Al-lean expanded α-phase below the V-rich β layer. This
could imply that the β-phase is a diffusion barrier against ingress of nitrogen, which
was also suggested by the accumulation of nitrogen above the V-rich β-phase (cf. Fig.
3.5b).

3.3.3. Gaseous treatment at intermediate-temperatures

Carbo-oxidizing at intermediate temperatures was performed in gas by applying
a buffered CO/CO2 system (ratio 1:1). Fig. 3.7 presents the X-ray diffractograms for
G5 with a bi-modal microstructure after (carbo-)oxidizing in a CO2 /CO gas mixture
that imposes a low pO2 and aC. The microstructures and EDS maps of the near surface
region are presented in Fig. 3.8 and Fig. 3.9, respectively. Rutile and α are identified
in all samples (carbo-)oxidized in CO-CO2. The rutile layer is (relatively) thin, ~200
nm for the specimen treated at the lowest applied temperature, 677 °C, and is located
at the surface; it appears light grey in Fig. 3.8 (a). For higher oxidation temperature,
sub-oxide peaks with low intensity are observed, while the intensity of the α
reflections is reduced significantly, because of a thicker oxide layer at the surface (cf.
Figs. 3.8 (c) and (e)). In the bulk of the alloy, primary α grains appear dark grey,
while the striped regions contain tempered martensite, most likely with a mixture of α
(dark grey) and lamellae β (white). During the oxidation treatment, the martensite
structure, coarsens and is consumed by the growing (primary) α grains. For higher
temperature the microstructure coarsens and the fraction of α/β regions, i.e.
transformed martensite, is reduced (Fig. 3.8 b, d and f). Evidently, the oxidation
treatment has an effect of the bulk microstructure, which has to be considered in
selecting optimal treatment conditions.
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Fig. 3.7. X-ray diffractograms of surface-hardened Ti-6Al-4V (G5) at intermediate temperatures.

Fig. 3.8. BSE images of G5 (carbo-)oxidized in CO2 : CO = 1:1 at intermediate temperatures: a&b)
677 °C; c&d) 727 °C; e&f) 777 °C. a), c) and e) are images of the case. b), d) and f) are images of the
core. Arrows in c&e) point at the Ti3Al precipitates at compound/diffusion zone interface shown in the
red boxes with higher magnification. Dashed lines in e) separate various oxide layers.
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Fig. 3.9. BSE image and corresponding EDS elemental distribution maps of surface-hardened Ti-6Al-
4V after CO/CO2 treatment at 777 °C.

In all specimens, α-Al2O3 is identified (Fig. 3.7). The location of this phase is
clearly revealed by BSE images for the specimens that underwent (carbo-)oxidizing at
727 °C and 777 °C: α-Al2O3 is located underneath the outer rutile layer, and it is
observed as the dark phase dispersed in rutile in the BSE image. Additional evidence
for the presence of a zone enriched in alumina at the bottom of the outer rutile layer
follows from EDS elemental distribution maps for the specimen (carbo-)oxidized at
777 °C (Fig. 3.9): a high concentration of Al and O is detected at this location, while
Ti and V contents are reduced. The location of the crack adjacent to alumina most
likely coincides with the original surface of the alloy, and subdivides the oxide scale
in an inward and an outward growing part. Interestingly, the outer and inner oxide
zones, referred to as OOZ and IOZ respectively, have distinct features (Fig. 3.8e): the
OOZ, appears dense and consists of basaltic crystals; the IOZ contains carbon and
shows alternating light and dark contrast as wavy fringes parallel to the surface. The
strong change in contrast over the different layers implies a change in chemical
composition, which was further investigated with EPMA.
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Fig. 3.10. The element distribution in cross section of the sample CO/CO2-777 by EPMA line scan.

The results of EPMA are shown in Fig. 10 for the sample treated at 777 °C. In the
near surface region, the high intensity of the Al and O signals originate from the resin
used for sample mounting. At the surface of the sample, enrichment in carbon is
observed, which may originate from the soot. Soot is likely to be developed at surface
of the sample during cooling due to the increasing aC. The solubility of carbon in
titanium is much lower than the solubility of oxygen. During the interaction of Ti with
a CO-CO2 gas mixture, a CO2 molecule adsorbed to the surface can transfer an O
atom to the solid and thereafter desorb as CO, leaving no C. Conversely, if a CO
molecule decomposes at the surface, both an O and a C atom are transferred to the
solid. Since, the activity of carbon is lower than 1 (cf. Table 3.1), carbon cannot
accumulate and form soot at applied temperatures, implying that C diffuses into the
solid, as there is no other means to disappear from the surface. In the OOZ, rutile and
alumina contain little carbon while the IOZ appears to contain an appreciable amount
of carbon. The identity of carbon in the IOZ was not further investigated. The
formation of carbides is unlikely because oxides are generally much more
thermodynamically stable than carbides.

All zones containing rutile contain vanadium, but different contents as compared
to the bulk composition (Figs. 3.9 and 3.10 ). As reported for the high temperature
treatments, vanadium accumulates at the interface of the compound layer/diffusion
zone. In comparison to treatments performed at higher temperature (cf. section 3.2),
vanadium enrichment appears less pronounced in the CO-CO2 treatments at 677-
777 °C. Moreover, it appears that treatment at intermediate temperature does not
result in the formation of a layer of β-Ti, as was observed for the high temperature
regime. This is related to the low solubility of vanadium in the cubic oxide phase,
whereas vanadium solubility is relatively high in rutile at the applied temperatures [51,
52]. This difference in solubility of vanadium becomes decisive for the growth of a
separate β layer. The carbon activity (ac) and partial pressure of oxygen (pO2) are
expected to play a critical role in this respect.
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An additional feature that can be observed in Figs. 3.8 c and e is a partial
decomposition of the expanded α phase in the diffusion zone near the interface to the
oxide compound layer. This phenomenon was reported by Brice et al. [53] in air
oxidation of Ti-6Al-4V at high temperature, i.e. 950 °C. Here it is speculated that the
decomposition consists in the formation of Ti3Al. Ti3Al is prone to precipitate from
O-rich α-Ti. So far, this phenomenon has not been widely reported for oxidation of
Ti-6Al-4V.

Hardness data is presented in Fig. 3.11. The highest hardness is obtained for the
specimen treated at the highest temperature, i.e. 777 °C, for which a thick diffusion
zone (~60 μm) with a hardness value of ~1900 HV close to the rutile/diffusion zone
interface is obtained. Compared to the initial as-quenched bi-modal condition, the
coarsening of the core structure does not lead to a loss in hardness under 5 g load
measurement. The hardness of the oxide compound layer (or scales) was not
measured.
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Fig. 3.11. Vickers hardness depth profiles of samples surface-hardened at intermediate temperatures.
The horizontal dashed line gives the hardness of G5 with bi-modal microstructure. Note that the
horizontal axis represents the distance from the compound/substrate interface.

3.3.4. Plasma treatment - (carbo-)oxidizing, (carbo-nitro)oxidizing
and nitriding

(Carbo-nitro)oxidizing at the intermediate temperature of 750 °C was performed
with plasma using a mixture of CO2 and N2 gases (ratio 1:1), and (carbo-)oxidizing in
CO2 gas at an even lower temperature, 650 °C. Results of the investigation are
reported in Figs. 3.12-3.14.

After plasma (carbo-)oxidizing G23 at a low temperature in CO2, a light blue
interference color was observed, implying that an oxide film of approximately
hundred nanometers had formed at the surface. This thin oxide film is observed at the
surface in Fig. 3.12a. The treatment yields a very shallow case-depth when compared
with the gaseous (carbo-)oxidizing at a slightly higher temperature, i.e. 677 °C, for the
same duration (cf. section 3.3). XRD indicates that the oxide film consists of rutile
and Ti3O5 and is very thin, as evidenced by the low intensities of the oxide reflections
compared to those of expanded α (Fig. 3.13). Finally, the low oxygen uptake at
650 °C leads to limited surface hardening and a shallow case depth (Fig. 3.14). As a
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result, the bulk microstructure (Fig. 3.12a) and bulk hardness (Fig. 3.14) are barely
affected by the surface hardening treatment. The mill-annealed structure of G23
remains, and the growth of α grains is negligible (compared with Fig. 3.1a).

For the specimen treated at 750 °C in CO2/N2 the maximum hardness reaches
1660 Hv (Fig. 3.14) and the thickness of the compound layer is ~7 μm (Fig. 3.12b),
which is in-between the values obtained for gaseous treatment at 727 and 777 °C (cf.
section 3.3). Evidently, the overall surface hardening effect of the plasma treatment in
CO2 and N2 is comparable with the response from gaseous oxidizing in CO/CO2 at
intermediate temperature. Moreover, the phase composition of the compound layer
resulting from plasma (carbo-)oxidizing is identical to that of gaseous CO-CO2

treatment, i.e. formation of alumina and rutile (Fig. 3.13). Addition of N2 to CO2 to
the gas mixture does not lead to formation of nitride as a consequence of the high pO2

[54] and the higher thermodynamic stability of Ti-oxides as compared to Ti-nitrides.
Conversely, a high pO2 limits the formation of sub-oxides, which are detected after
gaseous CO-CO2 treatment and low-temperature plasma CO2 treatment. Blistering
and spallation occurs on the outer rutile layer (Fig. 3.12b).

Fig. 3.12. BSE images of the G23 microstructure after a ) plasma (carbo-)oxidizing at 650 °C and b)
plasma (carbo-nitro)oxidizing at 750 °C.
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Fig. 3.13. X-ray diffractograms of surface-hardened Ti-6Al-4V with plasma treatment.
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Fig. 3.14. Vickers hardness depth profiles of samples surface-hardened samples with plasma. The
horizontal dashed line gives the hardness of G23 in as-received mill-annealed condition. Note that the
horizontal axis represents the distance from the compound/substrate interface.

Plasma nitriding was conducted in a mixture of N2 and H2 gas (ratio 6:4) at 750
and 850 °C. After plasma nitriding, Ti2N is the predominant phase identified in the X-
ray diffractograms (Fig. 3.13). The BSE micrographs show that the microstructure
exhibits columnar grains [55] nearly parallel to the surface normal (Fig. 3.15). As the
temperature increases, the thickness of the Ti2N layer increases, and the 002 reflection
becomes particularly strong, indicating that a specific crystallographic texture
emerges. The identity of this texture was not further investigated. According to the Ti-
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N binary phase diagram [56], TiN is expected to develop at the surface. This phase is
indeed identified in the X-ray diffractogram, but, judging from the weak intensity, is
probably too thin to observe with cross-sectional SEM. The intermetallic Ti3Al or Al-
rich α phase, was also identified with XRD and is observed as a separate layer
underneath the Ti2N layer. The amount of Ti3Al or Al-rich α-Ti increases with
temperature. The hardness data in Fig. 3.14 reveals that plasma nitriding at 850 °C
yields a harder and deeper case than nitriding at 750 °C, with the hardness of the case
that reaches 1800 HV. As for the case of the conventional gaseous nitriding treatment
at high temperatures, which is well documented in the literature [7], the surface
hardness is likely to be much higher, since the hardness of TiN can exceed over 2000
HV [8]. Nevertheless, the outer-most TiN layer is too thin to be probed in a cross
section.

Fig. 3.15. BSE images of plasma nitriding of G23 treated at a) 750 °C and b) 850 °C. Arrows point at
the Al-rich region at compound/diffusion zone interface.

3.4. Discussion

3.4.1. High-temperature surface hardening of titanium

A significant hardening effect and a large case depth can be achieved by high
temperature oxidation with a high partial pressure of oxygen, e.g. in air or oxygen, but
it provides little protection from wear and corrosion owing to the formation of a
porous and rough surface oxide with poor adhesion [57, 58]. However, carbo-
oxidizing of titanium in CO gas at high temperature can result in a thick compound
layer of hard rock-salt type δ-TiC(O) by introducing two interstitials simultaneously
rather than forming a thick scale [30, 31]. This is expected to be beneficial for
realizing low friction in wear sensitive applications. Carbo-oxidizing in CO gas at
high temperatures is superior to other gas systems for surface hardening, and in order
to develop the technically useful hard TiCxO1-x, the applied temperature is expected to
be higher than 927 °C. Unfortunately, it works only at high temperatures, which could
affect the mechanical properties adversely.

In the present study, carbo-oxidizing in CO gas atmospheres was performed at
temperatures higher than those in Ref. [16, 37], but slightly lower than those in Ref.
[30, 31]. For the investigated α+β alloy, i.e. Ti-6Al-4V the outmost layer consists of
sub-oxides, i.e. Ti3O5 and Ti4O7, which was also reported by Valente et al. [31]. It
implies that the low partial pressure of oxygen in the CO system (kinetically)
suppresses the formation of rutile and promotes the formation of sub-oxides. This is
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consistent with an observed increase in oxygen content in TiCxO1-x as a function of
temperature, which leads to the appearance of distinct high-angle shoulders to the TiC
reflections in Fig. 3.3. TiCxO1-x forms as a sublayer structure, underneath the layer(s)
of sub-oxide(s) and contains a high level of porosity. Such porous structure have
previously been observed in carbo-nitriding [28, 32] and carbo-oxidizing [30, 31] of
titanium and its alloys at high temperatures. However, the mechanism for porosity
formation remains unknown. It should be noted that this micro-porous structure in
TiC is considered advantageous to considerably enhance the wear resistance. It also
functions as a “reservoir” for lubricants and debris during the wear testing [59], which
is considered beneficial in bio-tribological applications, e.g. titanium cermet femoral
heads. Owing to a claimed fast diffusion rate of interstitials along grain boundaries
[60, 61], TiCxO1-x grows thick and “branches” out via the grain boundaries and
penetrates via grain boundaries deep into the diffusion zone at temperatures above the
β-transus, i.e. 1027 °C (Fig. 3.5a), which was also observed in Ref. [30, 62] in
commercially pure titanium. On oxidation of Ti-6Al-4V above the β-transus
temperature and the formation of a continuous expanded α phase a volume
contraction occurs in the h.c.p. α phase. Consequently, the α phase experiences tensile
stresses. Increasing the amount of dissolved oxygen leads to low ductility and can
eventually cause crack formation perpendicular to the surface, for example
intergranularly. Accordingly, upon ingress of the gas mixture in these cracks the
oxygen containing α phase is locally converted into the compound TiCxO1-x along the
cracks, leading to the finger-like appearance. The reason for high C uptake at internal
surfaces is a local reduction of the CO2 content (notice the system CO can contain
unavoidable impurities, viz. oxygen, that leads to CO2), to provide O and limited
refreshment of the gas atmosphere in the cracks. Accordingly, aC is enhanced and C is
transferred by CO dissociation (cf. Fig. 3.16). This mechanism of preferred C uptake
at internal surface from CO decomposition is similar to the development of iron
carbo-nitride (and cementite) along interconnected porosities in an iron nitride layer
during gaseous nitro-carburizing [63]. The TiCxO1-x phase developing in Ti-6Al-4V at
1027 °C is as hard as the one that forms in CP titanium [30] at slightly higher
temperature, 1050 °C, albeit with a the strongly reduced case depth. This difference is
thought to be related to the presence of substitutional alloying elements. Carbo-
oxidizing of Ti-6Al-4V forms a β layer, which separates Al-rich expanded α from Al-
lean expanded α (Figs. 3.4 and 3.5). It suggests that vanadium has a relatively low
solid solubility in TiCxO1-x as compared to rutile. Instead, vanadium accumulates at
locations where the oxygen content is too low to stabilize the α phase, i.e. ahead of the
advancing TiCxO1-x layer/ and expanded α zone where it forms β phase. Evidently,
growth of the V-enriched β phase can lead to a more or less continuous β layer, which
acts as a hindrance for the diffusion of Al and other α-phase stabilizing elements (O
and N; see below) from the Al-rich region towards the Al-lean region. Diffusion of
elements through this V-enriched β phase controls the growth of the compound
zone/layer. Although the β layer or separated expanded α layers are not identified
with XRD in the present experiments, it was demonstrated by Valente et al. [31] using
of Mo radiation, which has a deeper information depth in Ti-based metal.

As discussed above, by introducing a second interstitial element and forming
ternary compounds, e.g. TiCxN1-x, a higher hardness can be obtained and the wear and
corrosion resistance is further improved as compared to the binary compounds TiC
and TiN [64]. Hitherto, limited research has appeared in the scientific literature on
applying three interstitials simultaneously. In the present study carbo-oxidizing in CO
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gas was followed by post-nitriding in N2 gas resulting in the incorporation of all three
interstitial elements. Compared to the carbo-nitrides with various C:N ratios [32],
there is no significant shift or broadening of TiCxO1-x reflections. Neither do new
reflections of nitrides appear (Fig. 3.3). Since the peak positions of TiN (87-0629) are
located between those of TiC (32-1383) and TiO (77-2170), it is difficult to detect a
shift of the cubic phase resulting from incorporation of nitrogen uptake. Instead of, or
in addition to, forming a TiCxNyO1-x-y compound the nitrogen introduced during the
post nitriding treatment resides in the compound/substrate interface (Fig. 3.5b). It is
anticipated that nitrogen enters the specimen through the porous structure in the
TiCxO1-x “fingers”. Interestingly, analogous phenomena were observed upon
oxidation of titanium aluminide with a high content of aluminium. Here nitrogen
promotes the development of a separate TiN phase underneath the oxide layer on Ti-
14Al-21Nb [65] and Ti-46Al-8Ta alloys [66, 67] heat treated in air.

3.4.2. Intermediate-temperature surface hardening of titanium

Compared to nitrogen and carbon, oxygen has a (much) higher solubility in
titanium, and titanium is known to have a stronger affinity for oxygen. Exposure of
titanium to elevated temperature in a medium with a relatively high partial pressure of
oxygen results in an oxide and an α case with high hardness [68, 69]. In the present
study, gaseous (carbo-)oxidizing in CO-CO2 can lead to effective surface hardening at
intermediate temperatures. However, it is not possible to fully avoid the “unwanted
by-product” of oxidizing - the formation of a scale. Moreover, the intermediate
temperatures can affect the core microstructure.

In Fig. 3.16 the chemically imposed pO2 and aC by a CO-CO2 gas mixture are
given as a function of fraction of CO gas at applied temperatures, showing that pO2

depends strongly on the CO-CO2 ratio. Moreover, pO2 increases and aC decreases
with increasing temperature. For carbo-oxidizing, it is observed that, increasing the
fraction of CO2 in the gas mixture from 0.1% to 1% leads to an increase of pO2 by
two orders of magnitude for all temperatures, so adding a small amount of CO2 can
significantly enhance the oxidizing effect (or reduce the carburizing effect) [26]. In
that case, increasing pO2 by increasing the content of CO2 relative to CO [4], or
increasing the amount of oxygen in graphite powder [62], promotes oxidizing over
carburizing. The present findings are consistent with Ref. [37] where it was observed
that oxidizing in the temperature range 700 - 850 °C in CO-Ar is reduced compared to
that in CO2-Ar or O2-Ar, i.e. much less weight gain is obtained by CO treatment.
However, the results reported by Stratton et al. [16, 70] and Kim et al. [37, 38]
demonstrated that CO-Ar treatment of Ti-6Al-4V resulted in a slightly higher
hardness and a larger case depth as compared to treatment in CO2-Ar or O2-Ar gas,
which is not in agreement with the hardness result presented here. Hence, this is not
explained from the higher pO2 in Ar-CO2 or O2-Ar as compared to Ar-CO providing a
higher solubility of O in α phase, offering higher hardness. Unfortunately, the
materials characterization results presented by Stratton and Kim do not allow to
analyze the origin of the discrepancy. From the micrographs in [16], it can be seen
that more Ti3Al precipitates [53] were formed in the diffusion zone of the specimen
subjected to CO exposure, suggesting that more significant oxidation occurred.
Furthermore, the early formation of a compound layer was suppressed in a rarefied
CO, which may boost the diffusion of interstitials into the substrate [71].
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Fig. 3.16. Treatment conditions for the chemically controlled carbo-oxidizing in CO-CO2 mixtures.
Note that the vertical axes are different for pO2 (solid line) and aC (dash line), and both are logarithmic.

Addressing the compound layers formed after CO-CO2 treatment, the distinctive
scale with a sandwich-like structure has also been observed in 3D printed Ti-6Al-4V
treated in air between 500 and 600 °C [72], i.e. a thick internal rutile and a thin
external rutile are separated by an alumina layer. Thermodynamically, pure
aluminium has a higher affinity for oxygen than titanium at all temperatures, which
would imply that aluminium should be preferentially oxidized in a titanium-
aluminium alloy [54, 73]. Experimentally, rutile is observed rather than α-Al2O3.
Alumina appears to form at the original surface and rutile develops in both the OOZ
and the IOZ. The first forms under the influence of an outward flux of Ti species,
while the latter develops under the influence of inward oxygen (and carbon) species.
The promotion of rutile is attributed to the influence of vanadium. It was confirmed
for both titanium alloys [74] and Ti-Al intermetallics [75], that the addition of
vanadium deteriorates the oxidation resistance. Vanadium has been observed to
prevent the formation of an alumina barrier layer, and accelerates the oxidation [76].
In contrast to the relatively low temperatures, 677 and 727 °C, where adherent surface
layer(s) form during CO-CO2 treatment, the outer oxide scales formed at 777 °C
exhibit poor adherence to the IOZ and tend to spall off during cooling or sample
preparation (Fig. 3.10a). This behaviour may be attributed to porosity developing
between the OOZ and the IOZ, as a consequence of the outward flux of metal species
(Kirkendall effect), and differences in thermal expansion coefficient between the
different layers, and thus differences in thermal shrink during cooling.

Regarding the metallic part, i.e. the diffusion zone and bulk, after CO-CO2

treatment, the original bi-modal microstructure is retained after treatment at
intermediate temperatures, albeit with decomposition of α' martensite and
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concomitant coarsening (Fig. 3.8). Martensite transforms into an α/β lamellar
structure, implying that partitioning of substitutional elements occurs. The average
grain size of the primary α in the bi-modal structure is unaffected after treatment at
677 °C, i.e. ~3 μm, while it gradually increases to ~7 μm after treatment at 777 °C.
Hence, a treatment temperature above 677 °C leads to coarsening of the
microstructure and to a reduction of the number of α/β regions. The bulk hardness
changes as compared to that of the as-quenched condition (Fig. 3.11). Due to the low
force applied during hardness indentation, i.e. 5 g, applied for hardness measurement,
the initial features in the microstructure are not sufficiently small to provide a
significant gain-size (Hall-Petch) contribution to strength and no precipitation can be
expected to occur in this temperature range [77]. Conversely, case depth and
maximum case hardness are appreciably higher after treatment at 777 °C. Overall the
surface hardening effect of the CO2/N2 plasma treatment at 750 °C is comparable with
the ones obtained using CO-CO2 gas treatment. In both systems the oxide/case
becomes thicker and harder with increasing treatment temperature. From a case
hardening perspective, plasma (carbo-)oxidizing has no obvious advantage over
gaseous treatment in CO2, because temperature is the key factor (see also below).

3.4.3. Plasma surface hardening of titanium

Technologically useful surfaces, i.e. TiN and/or Ti2N, can be produced by
gaseous nitriding in N2 only at high temperature [2]. Unfortunately, the surface
hardening effect of gaseous nitriding in N2 is not as good as for CO in terms of neither
surface hardness nor case depth [31]. The TiN layer is hard but extremely thin, and
since it forms, the inward diffusion rate of nitrogen drops dramatically. Plasma
nitriding in H2/N2 at intermediate temperatures has a superior surface hardening
response as compared to gaseous nitriding in N2 at high temperature [31]. The
intermediate temperature minimizes the thermal impact on the as-received
microstructure (mechanical properties), but also a thick Ti2N layer develops at
intermediate temperatures yielding a significantly thick case with high hardness. The
thickness of the Ti2N layer is comparable, and its hardness is superior to previous
work with gaseous nitriding above 1000 °C [31]. Additionally, the presence of H2 in
plasma nitriding accelerates the nitriding rate and lowers the required temperature for
nitriding [47]. Compared to literature data, plasma nitriding in H2/N2 at 850 °C yields
a much better surface hardening effect than gaseous nitriding in N2 at the same
temperature, despite the slightly reduced case depth after plasma nitriding [43]. The
higher hardness in plasma nitriding is mainly attributed to the formation of a hard
Ti2N layer and the Al-rich region that forms underneath. Ionized molecular nitrogen-
hydrogen species are most likely the key factor in accelerating the formation of Ti2N
[48]. The low solubility of aluminum in Ti2N (EDS mapping data is not shown) leads
to pushing ahead of aluminum, leading to the development of the Al-rich region [78].

An interesting phenomenon is observed both after (carbo-)oxidizing of G5 (Fig.
3.8) and plasma nitriding of G23 (Fig. 3.15) at intermediate temperatures is the
precipitation of Ti3Al (or Al-rich α phase) from expanded α at the
compound/diffusion zone interface. For (carbo-)oxidizing, precipitation of Ti3Al
occurs after treatment at 727 and 777 °C. It was indicated that the oxygen uptake
causes the decomposition of the expanded α phase into oxygen enriched α phase and
vanadium enriched Ti3Al in Ti-6Al-4V exposed in oxygen at 950 °C [53]. For plasma
nitriding, the mechanism of precipitation of Ti3Al is different, and it is observed after
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treatment at 750 and 850 °C. Aluminium is consumed by reaction with oxygen to
form alumina during (carbo-)oxidizing, but simultaneously inward diffusion of
aluminium takes place during nitriding. Due to a low solubility of aluminium in Ti2N,
its concentration increases at the compound/substrate interface. The high aluminium
content in titanium would contribute to the formation of intermetallic Ti3Al [79],
which is hard; and the presence of oxygen facilitates its formation [53, 80].

The application of lower temperatures would further minimize the thermal
impact of the surface treatment on the prior bulk microstructure. CO2 was used to
realize a high oxygen partial pressure as compared to CO and CO-CO2 gas mixture
(Fig. 3.16), so that a high oxygen uptake is realized at a relatively low temperature. It
can be expected that prolonged duration of the CO2 treatment at low temperature, in
the case of plasma (carbo-)oxidizing or (carbo-nitro)oxidizing, can further enhance
the achieved surface hardness (Fig. 3.14).

3.5. Conclusions

Gas-based and plasma-based thermochemical treatments for surface hardening of
Ti-6Al-4V (G5 and G23) were investigated for different initial heat treatment
conditions, i.e. mill-annealed and a bimodal structure. Hard rock salt phase (δ-TiCxO1-

x) requires a high aC to be formed at high temperatures in the case of high-temperature
CO treatment. To maintain a high hardness value in the expanded alpha (diffusion
zone) at lower temperature, the pO2 should be sufficiently high, which can be realized
by adding CO2 to CO. Compared with gaseous treatment, especially for nitriding,
plasma is able to significantly reduce the required temperature for the formation of
hard nitrides. Nevertheless, for plasma treatment using CO2, temperature is still the
key factor for surface hardening. The individual conclusions for each “class” of
treatment are listed below.

1. High-temperature gaseous carbo-oxidizing followed by nitriding:
Hard and porous TiCxO1-x layers with thickness ~1 μm, ~9 μm and ~90 μm

develop by carbo-oxidizing of mill-annealed G23 in CO gas at 777, 927 and 1027 ℃,
respectively. The hardness of the developing cubic phase reaches ~2500 Hv. Sub-
oxide Magnéli phases, i.e. Ti3O5 and Ti4O7, form at the outermost surface layers at
high temperatures, while rutile is absent. The compound layer consists of Al-rich
expanded α in TiCxO1-x which is separated from a deeper lying Al-lean diffusion zone
by a V-rich β interlayer.

Nitriding after carbo-oxidizing does not lead to a conversion of TiCxO1-x into
TiN, but rather results in formation of a separate TiN layer at the compound/diffusion
zone interface. A very high surface hardness, ~2900 Hv, is obtained after the post
nitriding treatment.

2. Intermediate-temperature gaseous (carbo-)oxidizing treatment:
(Carbo-)oxidizing in CO-CO2 gas mixture leads to the formation of multiple

oxide layers with distinctive features, i.e. a dense outer rutile layer, an α-Al2O3

interlayer and porous inner rutile layer(s) underneath with chemical gradient in
vanadium. Grain growth of primary α grain and lamellae occurs in the core with
increasing temperature. The solid solution of interstitials contributes to a significant
hardening improvement in the diffusion zone of G5 especially at 777 ℃. A thick
diffusion zone (~60 μm) with a maximum hardness value of ~1900 Hv is obtained.
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3. Plasma nitriding:
TiN and Ti2N are formed after plasma nitriding using H2-N2. Ti2N yields a

higher hardness than expanded α. The maximum hardness achieved through plasma
nitriding at 850 ℃ is above 1800 HV, which is much higher than that of conventional
gaseous high-temperature nitriding; meanwhile, an identical case depth is attained,
~35 μm. Accumulation of Al occurs at the compound layer/diffusion zone interface,
forming an Al-rich region.

4. Plasma (carbo-)oxidizing and (carbo-nitro)oxidizing:
Plasma (carbo-)oxidizing in CO2 at 650 ℃ successfully hardens the surface of

G23, and the hardness is above 1000 HV. The core microstructure is largely
unaffected (mechanical properties) owing to the low temperature applied.

Plasma (carbo-nitro)oxidizing in CO2-N2 mixture at 750 ℃ exhibits an overall
surface hardening effect which is comparable to the one obtained using CO-CO2 in
gas. The maximum hardness reaches ~1660 Hv and thickness of the compound layer
is ~7 μm.

Supplementary information

Fig. 3.17 & 3.18 show the microstructure of Ti-6Al-4V (G5) subjected to (carbo-
)oxidizing in CO/CO2 mixture at 777 ℃, in the outermost part of the diffusion zone
adjacent to the compound zone, which has been shown in the inset of Fig. 3.8e. The
circled nano-scale features in Fig. 3.17 display high concentration of V, and the nano
particle in 3.18 is also rich in V, which are most likely to imply the presence of b.c.c.
β-Ti and/or b.c.c. β-V. These V-rich phases near Ti3Al can also be clearly observed in
the BSE image (cf. Fig. 3.8e). The α2-Ti3Al phase is observed in low-loss energy-
filtering transmission electron microscopy (EFTEM) imaging (Fig. 3.18), exhibiting
relatively higher V and O contents compared to the α-Ti(O) matrix. Selected area
diffraction (SAD) should be performed in further research to confirm the phases
above and to examine their crystallographic orientation relationships with the matrix.

The 3-D structure of TiCxO1-x has been reconstructed through three BSE images
taken from 3 directions of a carbo-oxidized G23 (CO-1027). The thin sub-oxide
surface layers and partial TiCxO1-x layer have been removed ~40 μm in depth. It is
conducive for a “visualized” understanding of this porous network structure
“embedded” in Al-rich α-Ti(C, O).



100

Fig. 3.17. a&b) Bright-field transmission electron microscopy (BF-TEM) images of the sample
CO/CO2-777 shown in Fig. 3.8e. c) Corresponding EDS data for the spots in a&b) showing the
chemical composition of Al, Ti and V. Note that the circled spots in a&b) are highlighted in red in c).

Fig. 3.18. BF image and the corresponding low-loss energy-filtering transmission electron microscopy
(EFTEM) imaging of the sample CO/CO2-777 shown in Fig. 3.8e.
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Fig. 3.19. 3-D structure of carbo-oxidized G23 shown in Fig. 3.5a (CO-1027) with ~40 μm removal in
depth.
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Abstract

Four different microstructures, equiaxed, lamellar, bimodal and martensitic, were
realized in Ti-6Al-4V by different heat treatment procedures. The heat treated
specimens were carbo-oxidized in 50%CO-50%CO2 at ambient pressure in the
temperature range 900-1050 K at 50 K intervals. The microstructural evolution of the
bulk and the hardened case for the different samples was investigated. Hardness
profiles were recorded on cross-sections of the samples and the microstructure was
investigated with light optical microscopy (LOM) and scanning electron microscopy
(SEM). X-ray diffraction (XRD) depth profiling for in-depth phase determination was
carried out by successive sublayer removal. Data shows the presence of a diffusion
zone with interstitials in solid solution in α-Ti located underneath three oxide layers.
Layers of rutile TiO2 were detected in the outermost surface as well as an inner layer.
The outer/inner rutile layers were separated by a thin layer of α-Al2O3. The lamellar
microstructure showed a characteristics response, i.e. by developing a case
significantly thinner than for the other 3 conditions, which is interpreted in terms of a
lower effective oxygen diffusion in coarse microstructures and morphology of β
structure. For all initial conditions, thermochemical treatment was observed to affect
the bulk microstructure and hardness. The present investigation suggests that surface
hardening is not just an add-on in the process chain of titanium, but has to be designed
/ tailored in relation to the microstructure determined by previous steps in the chain.

4.1. Introduction

Ti-6Al-4V is the classical α/β titanium alloy, which can be heat treated to obtain
targeted combinations of mechanical properties, such as high strength, high fracture
toughness etc. [1, 2]. Different microstructures can be achieved in Ti-6Al-4V through
controlled cooling from above the β transus or from the α+β region; These
microstructures entail: fully martensitic, fully lamellar, bi-modal (equi-axed and
lamellar/martensitic) and fully equi-axed [3, 4]. The mechanical properties of Ti-6Al-
4V are dictated by the governing microstructure in the alloy, which implies that they
can be tailored by heat treatment [5, 6]. For instance, in a fully lamellar structure, the



108

α colony and lamella sizes decrease for faster cooling, resulting in a higher yield
stress [5, 6]. A dramatic increase in yield stress is observed in a fully martensitic
microstructure, which is obtained applying cooling conditions faster than for a
lamellar microstructure. In a bi-modal microstructure, the high cycle fatigue (HCF)
strength is generally lowered for a higher fraction of primary α [6]. Sandip et al. [7]
indicated that an increase in primary α reduces hardness and strength of Ti-6Al-4V.
Lütjering et al. [2] indicated that the dependence of mechanical properties on the
fraction of primary α is a combination of colony size and element partitioning. For the
fully equi-axed microstructure a large fraction of primary α with a small amount of β
at boundaries is obtained. The mechanical properties are largely determined by the α
grain size where a small grain size implies higher strength [2]. Compared to the other
types of structures, the fully equi-axed structure shows relatively low strength [2, 8].

Introducing interstitial elements nitrogen, oxygen and/or carbon through
thermochemical surface treatment can improve the wear resistance of titanium alloys
[9, 10]. Surface hardening of titanium can be achieved by nitriding [11, 12], oxidizing
[13, 14], carburizing [15, 16] or carbo-oxidizing [17, 18]. Different phases can be
present in a titanium alloy, depending on its overall composition. Generally, these
phases and their distribution have an influence on the evolution of the composition-
depth profile of the interstitials [19, 20], because the diffusion coefficients of
interstitials in α-Ti and β-Ti differ widely [21]. It has been shown that with the
addition of aluminum [22, 23] or silicon [24], the oxidation resistance of Ti-alloys can
be improved. Conversely, alloying titanium with chromium and iron shows
consistently poor scaling resistance [25]. Moreover, vanadium was found to be
detrimental for the oxidation resistance as it prevents the formation of an alumina
barrier layer [26]. In fact, compared to pure titanium and α+β titanium, β type
titanium Ti-15V-3Cr-3Sn-3Al forms a deeper diffusion zone and a thicker oxide layer
upon thermochemical treatment in CO [19], CO2 [27] and air [20].

Some information is available on the influence of the initial microstructure on the
response of titanium alloys to thermochemical treatments. Severe surface deformation,
e.g. introduced by shot peening or blasting, was applied to achieve an ultrafine grain
size in the surface-adjacent region, which was claimed to enhance the effectivity of a
nitriding treatment [28, 29]. This effect was attributed to faster diffusion enabled by
the higher density of grain boundaries and crystal defects [28]. For oxidizing of pure
titanium [30] and Ti-6Al-4V [31] with different grain sizes, faster oxygen uptake in
terms of weight gain and realized case depth was reported for smaller grains.
Evidently, oxygen diffusion occurred, at least partly, along grain boundaries. A
comparison of lamellar and bimodal microstructures on the response during
thermochemical treatment was reported in Refs. [32, 33]; lamellar and equi-axed
microstructures in near-α titanium alloys were compared in Ref. [34]. The lamellar
structure with the lowest density of grain boundaries was shown to exhibit the highest
oxidation resistance [34]. The effect of different fractions of primary α in a bi-modal
structure on oxidizing was investigated for an α+β titanium alloy [35]. It was found
that a reduction of the fraction of lamellae and, consequently, a higher fraction of
primary α, lead to a thicker α case during oxidation. The present contribution
investigates the effect of widely different microstructures, as obtained by different
heat treatments, on the hardening response during low temperature thermochemical
surface treatment of Ti-6Al-4V, applying a newly developed carbo-oxidizing process
[36].
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4.2. Experimental

The starting material was mill annealed Ti-6Al-4V. In order to obtain different
microstructures the following heat treatment procedures were performed. Initially,
specimens, 5 mm thick Ø 40 mm discs, were annealed in a horizontal Kanthal-tube
furnace with continuous Ar flow for 1.8 ks (i.e. 0.5 hour); the annealing temperature
was either 1200 K (i.e. below β transus) or 1300 K (i.e. above β transus). Annealing
was followed by furnace cooling (FC) to room temperature at an average cooling rate
of 10 K.min-1. Thereafter, two of the four samples were heated again to either 1200 K
or 1300 K for 0.3 ks (i.e. 5 min) and water quenched. These heat treatments result in
four different microstructures: a) fully lamellar, b) fully equi-axed, c) fully martensitic
and d) bi-modal (equi-axed and martensitic) (cf. Fig. 4.1). For the carbo-oxidizing
treatments, 0.5 mm thick plate samples , were cut from the heat treated 5 mm discs
using a Struers Accutom precision cutting machine. The plates were ground and
polished, finishing with 1 µm diamond. Carbo-oxidizing was conducted in a tube
furnace in a flowing gas mixture of 50%CO-50%CO2 [36, 37]. The treatments were
conducted for 57.6 ks (i.e. 16 hours) in the temperature range 900-1050 K at intervals
of 50 K. After carbo-oxidizing the samples were furnace cooled to room temperature
in the process gas at an average cooling rate of 10 K.min-1. The overall thermal
history is schematically presented in Fig. 4.1.

Fig. 4.1. Schematic illustration of the applied thermal cycles / carbo-oxidizing.

The microstructure and hardness of the samples were investigated on cross-
sections. All investigations was conducted after hot mounting, grinding and polishing.
Vickers hardness measurements were performed with a FutureTech model FM-700
micro-hardness tester applying 10 s dwelling time and a load of either 500 g (bulk
measurements) or 5 g (case profile). Light optical microscopy (LOM) was performed
with a Zeiss Vert. A1 light optical microscope equipped with an Axiocam 305 color
camera after etching in Keller’s reagent for non-carbo-oxidized specimens, and
hydrofluoric oxalic acid for carbo-oxidized specimens for 20 s and 3 s, respectively.
Scanning electron microscopy (SEM) investigation was performed using a Zeiss
Supra 35 scanning electron microscope equipped with a ThermoTM energy dispersive
spectrometer (EDS). The software used for EDS mapping analysis was Noran System
SIX. To study the growth mechanism of the compound layers, the chemical
composition was determined qualitatively via wavelength dispersive spectroscopy
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(WDS) in a SHIMADZU model 8050G electron probe microanalyzer (EPMA)
applying an acceleration voltage of 15 keV and a current of 50 nA. Finally, phase
identification over the case depth was performed by applying sectional X-Ray
Diffraction (XRD), i.e. depth profiling. This consisted in successive removal of 5 μm-
thick sublayers from the carbo-oxidized surface where XRD was applied after each
removal. Investigation was performed with a Bruker D8 Advance X-ray
diffractometer using Cu Kα radiation with a step size of 0.03° 2θ and a measuring
time of 5 s per step.

4.3. Results and interpretations

4.3.1. Initial microstructure and its influence on carbo-oxidizing

The microstructures of Ti-6Al-4V after the 4 applied heat treatments are presented
in Fig. 4.2. Furnace cooling from 1300 K yields a Widmannstätten structure
consisting of α lamellae grown from the prior β grain boundaries (Fig. 4.2a). After FC
from 1200 K, coarse α lamellae in prior β grains coexist with primary α grains and
result in an equi-axed structure (Fig. 4.2b). During water quenching (WQ), β phase
obtained at high temperature transforms into α′ martensite. When WQ is performed
from a temperature where only β is present, i.e. 1300 K, martensite is the only
component in the microstructure at room temperature (Fig. 4.2c). After WQ from
1200 K, where β and α coexist, a bi-modal microstructure is obtained where
martensite, appearing dark, coexists with primary α, appearing white in Fig. 4.2d.

Fig. 4.2. Light optical micrographs (LOM) showing the microstructure of Ti-6Al-4V obtained by
different heat treatments (prior to carbo-oxidation): (a) lamellar, (b) equi-axed, (c) martensitic, and (d)
bi-modal microstructure.
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Fig. 4.3. Back scattered electron (BSE) images presenting elemental partitioning in the specimen with
a&b) lamellar and c&d) equi-axed microstructure: a&c) overview of the microstructure; elemental
distribution at b) interlamellar and d) intragranular positions showing the partitioning of V and Al over
α and β phases.

For the equi-axed and lamellar conditions, strong partitioning of elements is
expected during slow cooling, where β stabilizers (i.e. V) are rejected from the
growing α regions and accumulate in interlamellar / intragranular locations, while the
α regions get enriched in α stabilizing elements (i.e. Al). EDS results in Fig 4.3
confirm this partitioning of Al and V. It is observed that the interlamellar /
intragranular positions are rich in V and poor in Al. The compositions of α and β
phases appear independent the temperature from which they were cooled (cf. Fig. 4.3
b and d). Moreover, within the V rich regions nano-size units of a second phase are
observed for less than approximately 16 wt.% V. Such nano-size units are not
observed if the V content exceeds this threshold level. Following [38, 39], these units
are interpreted as secondary α precipitates. Evidently, at the applied cooling rate, the β
structure is retained at room temperature when the V content exceeds 16%. This is
further corroborated by XRD analysis, which confirms that the microstructure
consists of α/α′, while no retained β could be detected (see Fig. 4.4). This indicates
that the fraction of β, if present, is very low.

XRD was also applied to identify the phase evolution of the case after carbo-
oxidizing of the different initial microstructure conditions. Seemingly, the initial
microstructure has a negligible influence on the phase evolution. As an illustration,
the diffractograms for the carbo-oxidized bi-modal microstructure are presented, and
the diffractograms of other conditions are largely similar. Fig. 4.4a shows that rutile is
detected upon carbo-oxidizing at 900 K, while XRD of samples treated at 950-1050 K
additionally shows the presence of alumina. Moreover, the intensity of the rutile peaks
is observed to increase with temperature, which indicates the formation of more oxide
with increasing treatment temperature. The sample subjected to carbo-oxidizing at the
highest temperature, i.e. 1050K, contains alumina and rutile within the first 10 μm
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from the surface, rutile being the dominant oxide phase (Fig. 4.4b). At a depth of 15
μm, oxides are no longer present and only α-Ti phase can be detected. As compared to
the α-Ti phase in the initial condition, after carbo-oxidation the α-Ti is significantly
expanded, as indicated by a shift of Bragg peaks to lower scattering angles, as caused
by the dissolution of interstitials in the h.c.p. lattice resulting; in particular, the c
lattice parameter is more significantly affected by this interstitial dissolution of
oxygen [37].

Fig. 4.4. a) X-Ray diffractograms (XRD) for the as-annealed and carbo-oxidized bi-modal samples. b)
Successive XRD for the respective sample carbo-oxidized at 1050 K.
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Fig. 4.5 presents the case as revealed by LOM on the samples’ cross sections.
SEM with higher magnification of the samples carbo-oxidized at 1050 K is given in
Fig. 4.6, showing the compound/oxide layers in higher detail. Fig. 4.5 reveals that the
carbo-oxidizing treatment results in the formation of a series of oxide layers at the
surface, located on top of a diffusion zone, characterized by a change in etching
response and a higher fraction of oxygen/carbon stabilized h.c.p. α as compared to the
bulk. The overall thickness of the compound layer increases with the treatment
temperature and is approx. 2-3 μm at 1000 K, and 8-12 μm at 1050 K, respectively.
The compound layer that formed at 950 K (~0.2 μm) and 900 K (~0.05 μm) is too thin
to be readily observed by LOM. The diffusion zone underneath, which consists of
oxygen in solid solution in (expanded, as indicated by XRD) h.c.p. α-Ti also grows
with increasing treatment temperature. Interstitials as oxygen and nitrogen are strong
α stabilizers [2]. Hence, their presence reduces the fraction of β phase at the treatment
temperature in the oxygen containing region as compared to the bulk of the material.
Moreover, Fig. 4.5 indicates that the diffusion zone is more resistant against the
etchant than the bulk, suggesting that the presence of oxygen in solid solution renders
the h.c.p. structure of titanium more resistant to corrosion.

Fig. 4.5. Light optical micrographs (LOM) of Ti-6Al-4V after carbo-oxidizing of various initial
microstructures at different temperatures.

SEM analysis of the 1050 K carbo-oxidized Ti-6Al-4V is shown in Fig. 4.6 (see
corresponding LOM in Fig. 4.5m-p). Atomic number contrast indicates the presence
of a layer containing a higher content of light elements (O and Al). The bright lines in
the diffusion zone underneath the oxide scale imply that heavy, β stabilizing, elements
(V and Fe) are accumulated here. Energy dispersive X-ray spectroscopy (EDS) maps
are shown in Fig. 4.7a&b, where samples with lamellar and bi-modal microstructure,
respectively, are taken as examples. Evidently, the scale consists of three layers: the
top and bottom layers contain a high fraction of oxygen and are depleted in Al, while
the layer in-between is rich in Al and O and depleted in Ti and V. In the light of the
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XRD results, the “sandwiched” layer is alumina, α-Al2O3, while the outer and inner
layers are identified as rutile. The two rutile layers are in the remainder of the text
referred to as outer rutile layer, ORL, and inner rutile layer, IRL. Comparing the LOM
and SEM-BSE images, a horizontal gap can be observed beneath the alumina layer,
suggesting poor adhesion of alumina to the inner rutile layer. In some of the carbo-
oxidized specimens, the outer scale layer had actually spalled off (see Fig. 4.5m&o).
The difference in backscatter contrast between the outer and inner rutile layers in the
scale may indicate that the outer layer contains heavier elements than the inner oxide
layer, but could also be a consequence of the stratified appearance of the inner layer.
Interestingly, the scale for the lamellar structure is thinner than that of all the other
initial conditions: ~8 μm as compared to ~12 μm for the other conditions. Moreover,
for the lamellar microstructure, it appears that inward growth of rutile takes place
along lamellae, i.e. along the boundaries (see Fig. 4.6a). This observations suggests
that the lamella boundary has a strong effect on the inward diffusion of oxygen,
eventually limiting it.

Fig. 4.6. Back scattered electron (BSE) image of a) lamellar, b) bi-modal, c) martensitic and d) equi-
axed samples thermochemically treated at 1050 K.

Fig. 4.7. The corresponding energy dispersive spectroscopy (EDS) mapping images of elements O, Al,
Ti and V for a) and b) in Fig. 4.6.

In Fig. 4.8, qualitative EPMA (electron probe micro-analysis) results show the
in-depth distribution of interstitials vs the temperature of treatment. The specimen
with equi-axed microstructure, showing comparable (carbo-)oxidizing behavior to
that of bi-modal and martensitic specimens, cf. Figs. 4.5 and 4.6, is taken as example.
A higher carbo-oxidizing temperature causes a deeper penetration of the oxygen
profiles. Interestingly, the carbon content remains at an extremely low level in the
diffusion zone, DZ. This is consistent with the appreciably lower solubility of carbon
in titanium as compared to that of oxygen [21]. The presence of an oxide scale atop
the surface can be detected only for the samples treated at 1000 and 1050 K. Data
indicates the simultaneous presence of both carbon and oxygen close to the surface
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and in proximity of the DZ. In-between, a thin, essentially carbon-free, oxygen-rich
layer is identified as an intermediate alumina layer. The high carbon signal in the IRL
is interpreted in terms of the presence of amorphous graphite that is, ostensibly,
trapped in the porous structure of the rutile, while the extremely high carbon signal at
the surface is likely to originate from the resin used for hot mounting. A comparison
of the different microstructures is presented in Fig. 4.9 for the highest treatment
temperature applied (1050 K). In agreement with the data in Fig. 4.6, the composition
profiles indicate that the lamellar microstructure is less prone to oxygen uptake than
all the other samples.
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Fig. 4.8. In-depth O and C profiles determined by electron probe micro-analysis (EPMA) for the equi-
axed sample after (carbo-)oxidizing at different temperatures. The dashed lines separate different
regions in the outmost part of the samples. Data is normalized to the maximum signal for C and O
independently.
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Fig. 4.9. In-depth O and C profiles by electron probe micro-analysis (EPMA) in the samples with
different initial microstructures after (carbo-)oxidizing at 1050 K. The dashed lines separate different
regions in the outmost part of the samples. Data is normalized to the maximum signal for C and O
independently.

Hardness depth profiles of the carbo-oxidized case are collected in Fig. 4.10. The
highest hardness achieved in the diffusion zone is 1460±90 HV. From the profiles, the
case depth of the diffusion zone is in the range 20-100 μm. For the specimens treated
at 1050 K (Fig. 4.10d), the first indent measured is in the α-Al2O3 layer, which is
harder than the inner rutile layer, but softer than the hardest part of the diffusion zone,
while the scales obtained at 900-1000 K are too thin to be probed. Hardness
measurements indicate that the hardening response is largely unaffected by the initial
microstructure except for the specimen with a lamellar microstructure, which shows a
consistently lower hardness in the diffusion zone when compared to the other three
conditions. This behaviour is observed independently of the treatment temperature.
For treatment at 1050 K, the diffusion zone is estimated to extend to ~75 μm for the
“lamellar” sample and to ~100 μm for all the other samples, which corroborates the
peculiar response of the lamellar microstructure to the treatment.
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Fig. 4.10. Vickers hardness profiles of Ti-6Al-4V with different initial conditions on the cross section
for the various heat treatment conditions measured applying 0.005 Kg load: (carbo-)oxidizing treatment
at a) 900 K, b) 950 K, c) 1000 K and d) 1050 K. Error bars refer to the standard deviation of 3
measurements performed over the place having the same distance from the surface. In (d), compound
layer (ORL, α-Al2O3 and IRL) and diffusion zone are separated by dash lines. Noted that, the hardness
of oxide layers for the samples treated at temperatures below 1050 K was not possible to measure on
account of a too thin a layer.

4.3.2. Thermal impact of the carbo-oxidizing treatment on the core
microstructure

The carbo-oxidizing treatment affects the (core) microstructure (and vice versa;
see above). The influence on the core microstructure is presented in Fig. 4.11. The
microstructures resulting from the thermal impact of surface hardening at 1050 K
differs noticeably from the initial condition (cf. Fig. 4.2). The lamellar, equi-axed and
bi-modal structures coarsen, while martensite transforms into fine α/β plates. For the
lamellar specimen, the width of α lamellae grows remarkably. For primary α in equi-
axed and bi-modal specimens, the average grain size increases from 7.7 μm to 10.3
μm, and from 5.5 μm to 9.7 μm, respectively. For the bi-modal specimen, martensite
in the prior β grain transforms into α/β. The microstructure of the equi-axed specimen
appears at first glance similar to the bi-modal specimen, in that it possesses primary α
grains with similar average grain size, as mentioned above.
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Along with modifications in the microstructure the bulk hardness is also
influenced by heat treatment, as follows from the hardness values presented in Fig.4.
12. Even the heat treatment at low temperature, i.e. 900 and 950 K, has a significant
impact on hardness for most of the specimens. The fast-cooled specimens, i.e.
martensitic and bi-modal structures, had relatively high hardness initially, and are
clearly influenced by the subsequent heat treatment. As the temperature increases, the
bulk hardness of martensitic and bi-modal structures decreases gradually, which is
mainly due to martensite reversion. The bulk hardness of the equi-axed specimen
remains largely constant with temperature, implying that the influence of heat
treatment is negligible. Significant grain growth takes place in the equi-axed specimen
after heat treatment, but without any measurable contribution to the hardness (cf.
Hall-Petch relation). Furthermore, similar microstructures are achieved for the bi-
modal and equi-axed specimens after heat treatment at 1050 K, as is also reflected by
the similar hardness values. Due to the coarsening of the lamellar structure, the bulk
hardness of the lamellar specimen significantly decreases after heat treatment, and it
maintains at the lowest level compared to that of other microstructures.

Fig. 4.11. Light optical micrographs (LOM) matrix showing the core microstructure of Ti-6Al-4V after
carbo-oxidizing at various.
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Fig. 4.12. Hardness in the core after thermal exposure during carbo-oxidation at different temperatures
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indentation.

4.4. Discussion

Based on the formation of oxide layers with the distinctive features given in Figs.
4.5 & 4.6 and the in-depth interstitial distribution in Figs. 4.8 & 4.9, it can be inferred
that the (carbo-)oxidizing treatment in the present study is essentially an oxidizing
treatment. In particular, EPMA shows a very low carbon signal in the diffusion zone.
Hence, the contribution of carbon to hardness in the diffusion zone should be
considered negligible. Moreover, it should be noticed that, compared to previously
published work [18], titanium carbo-oxides (i.e. TiCxO1-x) were not observed in the
surface region. This is a consequence of the relatively high oxygen partial pressure
and low carbon activity applied in the present study (see Fig. 4.13), underlining that
oxidizing is favoured over carbo-oxidizing, as compared to a high carbon activity in
[18].
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Fig. 4.13. The oxygen partial pressure (pO2) and carbon activity (aC) of applied gas system (i.e.
50%CO-50%CO2) as a function of temperature.

The oxidizing response appears influenced by the initial microstructure, as
follows most clearly from comparing the specimen with coarse lamellae with the
specimens containing finer lamellae/structures. On slow cooling from an annealing
temperature higher than 950 K, significant redistribution of the alloying elements can
take place [40]. In the lamellar structure, partitioning is significant, as the heat
treatment coarsens the structure driven by a reduction of the total interfacial area
between α and β when compared to the other (finer) structures. During (carbo-
)oxidizing at 1000-1050 K, the composition of the (prior) β regions slightly changes,
as does the fraction of material which is identified as β phase (at room temperature).
Nevertheless, β remains present as large discrete (plate) regions. This is not the case
for the other types of microstructures, where redistribution of constituents during the
oxidizing treatment starts from a much smaller length-scale, with β remaining
uniformly distributed in the microstructure as distinct, albeit tiny, regions. Evidently,
the presence of the large β plates in the lamellar microstructure offers higher
resistance against oxygen uptake/ingress. This is further corroborated by a lower
hardness in the diffusion zone and the shallower case depth for the lamellar condition
in comparison with the other investigated conditions. Our results appear consistent
with literature data, which report that the flux of oxygen in a lamellar microstructure
is lower than in bi-modal or equi-axed microstructures [31-34]. In particular, Leyens
et al. [34] indicated that for Ti-5.8Al-4Sn-3.5Zr-0.7Nb-0.5Mo-0·35Si (IMI 834) and
Ti-6Al-2.7Sn-4Zr-0.4Mo-0.45Si (TIMET 1100), the microstructure plays a more
decisive role on the oxidizing behavior than differences in chemical composition.

Compared to volume diffusion, at low temperatures the diffusion along grain or
phase boundaries is expected to contribute to the inward transport of oxygen. Upon
heat treatment, the coarsening of lamellae is significant as compared to the grain
growth of globular grains and coarsening of the fine structure in the martensitic
specimens (section 3.3). Thus, the microstructure in the lamellar specimen has
considerably smaller boundary-to-volume ratio. Consequently, the net oxygen flux is
relatively small in a coarse-grained microstructure. The oxide layer forming in the
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lamellar specimen is significantly thinner than that of the other structures (Fig. 4.6),
indicating that also the growth rate of the oxide compound layer is affected. In this
respect, the characteristic straight interphase between IRL and diffusion zone
observed in Fig. 4.6a strongly suggests that the presence of interlamellar β phase
represents an effective barrier to penetration of rutile into the diffusion zone. The β-Ti
phase has limited oxygen solubility and conversion of β to α would require a
redistribution the β-stabilizing vanadium atoms prior to conversion of α to rutile. On
the other hand, oxygen atoms diffuse fastest in β-Ti phase, suggesting oxygen
penetrates deeper along the boundary with β-Ti. The inward diffusion of vanadium
concentrates underneath the oxides, increasing the vanadium content of β-Ti phase
when the rutile growing from the surface into the α-Ti is hindered by β lamellae. In
Ti-6Al-4V, since aluminium is a stronger oxide former than titanium according to the
Ellingham diagram [22], the penetration of oxygen through β lamellae into α lamellae
underneath would lead to the formation of a thin Al-oxide along the β lamellae. Such
a sheath of Al-oxide prevents the oxygen ingress as well as the inward diffusion of
vanadium, that eventually retards the growth of rutile. This hypothesis needs to be
tested in further study. Overall, this mechanism seems to limit rutile growth and
retards oxidizing / oxidation of Ti-6Al-4V alloy with lamellar microstructure.

In addition to be influenced by the initial microstructure, the oxidizing treatment
is reported to influence the microstructure itself. The hardness of the material
significantly varies in the initial condition, while at the end of the treatment at 1050 K,
the bulk hardness converges for the various microstructures. This is a direct
consequence of the thermal impact of the treatment, that leads to coarsening and re-
partitioning. For lower oxidizing temperatures this effect is less pronounced.
Obviously, different microstructures in Ti-6Al-4V result in different mechanical
properties [8]. For example, the bi-modal microstructure is superior in terms of tensile
stress, ductility and fatigue stress, which can be highly influenced by the fraction of α
[7], while the fully lamellar structure has the advantage of high fatigue crack
propagation resistance and high fracture toughness. By affecting the microstructure, a
thermo-chemical treatment influences the mechanical properties, e.g. hardness in the
present work. Exposure at elevated temperatures coarsens the equi-axed and lamellar
microstructure, and transforms martensite into α/β lamellae. Furthermore, it
significantly softens the lamellar and martensitic microstructure. After heat treatment,
the variant bi-modal structure is considered as a combination of lamellar and equi-
axed microstructure. It can be expected that increasing the volume fraction of the
equi-axed α phase during heat treatment leads to a fracture toughness reduction [5];
and the coarsening of equi-axed α grains results in a decrease in low cycle fatigue
strength [6]. Although there is no measurable contribution to the hardness by α grain
growth for the equi-axed structure in the present study, the mechanical properties of
fully equi-axed structure of α/β alloy are largely influenced by the α grain size [2], for
instance, coarsening of equi-axed structure is detrimental to the high-cycle fatigue
strength. Similar microstructures are achieved for the bi-modal and equi-axed
specimens after heat treatment at 1050 K, obtaining similar hardness values, which
implies that there is no benefit of using a bi-modal structure over an equi-axed (mill
annealed) structure when it comes to surface hardening at this temperature. For the
specimens subjected to slow cooling, i.e. fully lamellar and equi-axed structures,
partitioning during cooling process leads to similar chemical compositions for α and β
(Fig. 4.3) with low β fraction [41]. It implies that (re)partitioning is not responsible
for the hardness difference between fully lamellar and equi-axed samples. In general,



122

it can be anticipated that thermochemical treatment would influence the mechanical
properties for all structures to a certain extent. We can predict the properties of the
core and choose the correct treatment for a given application.

4.5. Conclusions

In this work, different thermal cycles were applied in order to tailor the
microstructure of Ti-6Al-4V into fully lamellar, equi-axed, bi-modal, and fully
martensitic types. Thermo-chemical treatment consisting in carbo-oxidizing in a
controlled CO/CO2 atmosphere with 1:1 ratio was applied for 16 h at temperatures in
the range 900-1050 K. The following conclusions can be drawn:

 (Carbo-)oxidizing yields a relatively deep diffusion zone, up to ~100
μm, with a surface hardness of up to 1400 HV. Hardening in the diffusion zone is
mainly caused by oxygen uptake, while only minor carbon uptake is reported.

 The microstructure appears to have a minor influence on the carbo-
oxidizing response, with exception of the fully lamellar condition, which offers
relatively high resistance against oxidizing. This characteristic is attributed to a
combined effect of the relatively low grain boundary/grain volume ratio and of the
role of the β structure and oxygen transport.

 Specimens with (a partially) martensitic structure, i.e. fully martensitic
and bi-modal, possess a high hardness. After heat treatment, coarsening of the
lamellar structure and the transformation of martensite into α/β soften the bulk
microstructure. Grain growth of primary α in the equi-axed condition has a negligible
impact on the hardness.

Supplementary information

The (carbo-)oxidizing behavior of fully lamellar Ti-6Al-4V has been further
investigated in terms of the role of cooling rate (Figs. 4.14 & 4.15). Identical thermal
treatment was applied for preparation of lamellar samples, except for cooling rate (cf.
Fig. 4.1). The width of α lamellae as well as the colony size remarkably increase with
decreasing cooling rate; fine Widmanstätten microstructure can be observed at the
fastest cooling rate (Fig. 4.14). Due to the fast cooling rate, α precipitates not only
from the prior β grain boundary, but also within the β grain, resulting in short α/β
plates (Fig. 4.14c); long α plates accompanied with consecutive interlamellar β
develop upon slow cooling (Fig. 4.14a&b).

Fig. 4.15 shows the microstructure after (carbo-)oxidizing at 1050 K (cf. Fig.
4.6).The sample subjected to the slowest cooling yields the thinnest oxide layers (~8
μm) (Fig. 4.15a), which is identical to the lamellar sample in Fig. 4.6a. Interestingly,
the same sample studied in Fig. 4.6a displayed no advantage in terms of oxidation
resistance here (Fig. 4.15b) compared to the bi-modal, martensitic and equi-axed
samples (Fig. 4.6b-d), possessing a scale with thickness of ~12 μm, which is also
identical to that on fastest cooled sample (Fig. 4.15c). Apparently, grain
boundary/grain volume ratio is not likely to be the key factor that influences the
oxygen uptake in titanium alloys; while consecutive interlamellar β with a specific
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angle between the surface would largely affect the oxidation behavior of titanium
alloys. In particular, it can be expected that a parallel interlamellar β to the surface
offers the best oxidation resistance, whilst a perpendicular interlamellar β losses the
protection from oxidation (Fig. 4.15b).

The precipitation of α2-Ti3Al can be observed at the compound/substrate
interface of all three lamellar samples (Fig. 4.15d-f) as a consequence of oxygen
ingress, which has been reported and discussed in Manuscript 2.

Fig. 4.14. BSE images of Ti-6Al-4V subjected to heat treatment at 1300 K followed by cooling with
various cooling rates. Note that b) is the same sample investigated in the previous study (see Fig. 4.2a).

Fig. 4.15. BSE images showing the cross-section microstructure of Ti-6Al-4V cooled from 1300 K
with various cooling rates followed by carbo-oxidizing at 1050 K in CO/CO2 (1:1) (cf. Fig. 4.1). Note
that the microstructure at the compound/substrate interface is given at higher magnification.
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Abstract

Surface hardening of commercially pure titanium (grade 1) and Ti-6Al-4V (grade 5)
through carbo-oxidizing using the gas systems CO and CO2 was studied. Post
nitriding in N2 gas at 1050 °C was carried out on carbo-oxidized Ti-6Al-4V with the
purpose of introducing nitrogen as an extra interstitial element. Surface hardening by
use of CO at 750 ℃ of grade 5 resulted in a lower hardness and case depth compared
to CO2 gas. For grade 1 a thicker rutile layer and a shallow α case were attained in
CO2. Carbo-oxidizing of 1000 ℃ in CO resulted in the formation of a network-like
TiCxO(1-x) phase, which penetrated the entire 1 mm thick grade 1 plate and formed a
hard case with a thickness of ~45 μm in grade 5. A distinctive and atypical
microstructure was formed after such high-temperature treatment of grade 5, i.e. outer
Al-rich and inner Al-lean expanded α region separated by a β layer. The oxide layer
and thin TiCxO(1-x) layer formed after carbo-oxidizing at 750 ℃ were (partially)
dissolved after post-nitriding at 1050 °C, and in addition a nitride layer formed at
surface. Nitriding did not lead to dissolution of nitrogen in TiCxO(1-x), but only led to a
TiN nitride layer at the compound/substrate interface. The micro-hardness of TiCxO(1-

x) phase did not change after post nitriding. The major benefit of a duplex treatment is
a deeper diffusion zone, via inward diffusion, with a higher overall content of the
interstitials C, O, and N.

5.1. Introduction

Titanium and its alloys can be surface hardened by introducing interstitial
elements like carbon, nitrogen and oxygen, which contribute to improving the
tribological properties [1, 2]. Introduction of interstitials to the surface will lead to a
multi-layered structure comprising of hard carbide(s), nitride(s) or less hard oxide(s)
atop the diffusion zone with interstitials in solid solution in α-Ti (expanded α case).
This can be done by carburizing [3], nitriding [4] or oxidizing [5]. Surface-hardening
of titanium dates back to the late 1940s [6], and developed fast in the 1950s [7, 8].
Owing to the simple, reliable and low-cost facilities, conventional techniques such as
gaseous [9, 10], solid-pack [3, 11] and salt-bath [12, 13] surface-hardening are still
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popular in 21st century, and are competitive to the newly-developed techniques like
plasma [14, 15] and laser [16, 17] for surface-hardening for titanium.

Carbo-oxidizing of titanium can be carried out as a thermochemical treatment
with a medium containing carbon and oxygen. In powder pack carbo-oxidizing,
titanium parts are buried in graphite and activators (BaCO3, Na2CO3 and CaCO3),
which provide carbon and oxygen [7]. Decomposition of the active compounds takes
place above approximately 800 ℃ [18], releasing CO2 gas, which can react with
graphite to form CO. Therefore, the applied temperatures in this method generally
exceed 900 ℃ [19]. Graphite, CO and CO2 all together react with titanium to form a
TiCxO(1-x) layer on titanium. Due to the different decomposition behavior of activators,
the carbo-oxidizing process can be tailored by adjusting the temperature as well as the
ratio of the applied chemical compounds (energizers). The optimized parameters for
pack carbo-oxidizing of pure titanium given by Bailey et al. [18] were that of 6 parts
carbon, 3 parts BaCO3, 2 parts Na2CO3 and 1 part CaCO3 at 925 ℃. This resulted in
formation of porous carbide and offered excellent wear resistance under dry sliding
against alumina. It has been found that with the addition of a limited amount of air [18,
19] or oxygen [20] during pack carbo-oxidizing, the efficiency of the surface
hardening treatment could be boosted, hence allowing lowering of the applied process
temperature. The accelerated process can be attributed to the presence of oxygen
reacting with graphite, and playing the role as a transporter of C, in the form of
gaseous CO, to the surface of titanium.

Gaseous carbo-oxidizing via the use of CO [7], CO2 [21] or mixtures thereof [22]
were applied as early as the powder-pack method. Comparing the two different gas
systems, titanium is mainly carburized in CO, and predominantly oxidized in CO2.

Carbo-oxidizing of pure titanium in CO2 has been studied in a wide temperature
range, 675-1000 ℃, by Menzies et al. [23, 24], and from 727-1027 ℃ by Kusabiraki
et al. [25]. An overall linear growth law was observed at temperatures below 800 ℃
[23], and the growth kinetics was parabolic at 900 ℃ and para-linear at 1000 ℃ [24].
Slight cracking of rutile at edges occurred after treatment at 750 ℃. Interestingly, two
consecutive linear stages could be observed at such low temperatures, which were
ascribed to the partitioning of the total oxygen uptake over the scale and metal during
the treatment. Initially, the uptake of oxygen in the metal dominates; on prolonged
treatment the incorporation of oxygen in the scale dominates. Intermediate
temperatures favored the formation of a thin and robust rutile layer accompanied with
a sufficient hardening response [26]; on the other hand, long exposure at high
temperature led to formation of a rutile layer with poor adhesion [27]. Spallation of
oxide scales took place as the temperature increased [24, 25]. Compared with
oxidation in pure O2 at high temperature [27, 28], the behavior of titanium during
carbo-oxidizing in CO2 is generally similar in terms of the formation of multi-layered
scale by the repeated blistering of coherent layers. However, it was distinctly different
from the oxidizing behavior in O2 in the way that, during carbo-oxidizing in CO2, a
duplex scale with a porous inner layer and dense outer layer formed after treatment
above 900 ℃ [24]. At even higher temperatures, i.e. ≥ 1000 ℃, localized oxidizing
occurred, and rutile grew faster along the grain boundaries into the metal, forming a
finger-like scale [25, 29]. Carbon deposits were found on the outer surface of the
oxide; the amount of carbon is reduced at higher treatment temperature [23]. It
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remains unclear whether more carbon diffused into the oxide and/or metal or whether
less carbon was deposited at high temperature.

Similar to the unalloyed titanium in terms of the morphology of scale, titanium
alloyed with 5 wt.% aluminium, copper or cobalt also possessed a duplex rutile
structure after carbo-oxidizing in CO2 at 1000 ℃ [21]. Among these three alloying
elements, only Al was found to take part in scale formation, as an Al2O3 layer was
observed at the porous/dense rutile interface. The oxygen uptake increased in the
following order: Ti, Ti-5%Co, Ti-5%Cu, Ti-5%Al, while the scale growth obeyed
linear kinetics and is fastest for pure Ti and slowest for Ti-5%Al. In other words, Ti-
5%Al absorbed more oxygen but formed thinner scale. An observed discrepancy
during oxidizing in air was that oxidation resistance of titanium alloyed with Al was
superior to that of pure titanium, and a higher Al content resulted in less oxygen
uptake [30]. The investigation conducted by Kim et al. [31] also seems to support this
observation. The oxidizing of pure titanium, α+β type Ti-4.5Al-3V-2Mo-2Fe and β
type Ti-15V-3Al-3Cr-3Sn was studied in an Ar-20%CO2 gas atmosphere. The
oxidation rate was lowest in the α+β alloy due to the formation of protective Al2O3

layer, which hindered the diffusion of oxygen. The largest surface hardness and scale
thickness were obtained in pure titanium, while the thickest diffusion zone obtained in
a β alloy containing 15 wt.% V (Ti-15V-3Al-3Cr-3Sn). This is in agreement with the
oxidizing behavior of the same β alloy oxidized in air [32]. Conversely, the α+β type
Ti-6.5Al-3.5Mo-1.5Zr-0.3Si exhibited appreciable oxidation resistance [32]. The
addition of vanadium was found to be detrimental to oxidation resistance for titanium:
vanadium prevented the formation of barrier Al2O3 layer, and enhanced the oxidation
rate [33]. Several studies confirmed this type of behavior: both in titanium alloys [30]
and Ti-Al intermetallics [34].

Carbo-oxidizing of Ti-6Al-4V in CO gas has been undertaken from a surface
engineering point of view by Stratton et al. [10, 35]. Relatively low temperature, i.e.
850 ℃, was applied to avoid impairing the mechanical properties (of the bulk). It was
found that, comparing the gas systems Ar-CO2 and Ar-O2, that the lowest wear
volume was achieved in the sample carbo-oxidized in Ar-CO gas, which possessed
the highest surface-hardness (922 Hv) as well as the deepest diffusion zone (72 μm).
It somewhat agrees with the experimental observation by Kim et al. [36], where it was
reported that the hardening response of CP titanium and titanium alloys carbo-
oxidized in Ar-CO gas is comparable to that in Ar-CO2 but superior to that in Ar-O2.
The effect of alloying elements on the carbo-oxidizing behavior of titanium in Ar-CO
gas was identical to that in Ar-CO2 (cf. above). The highest surface hardness was
found for CP titanium and the lowest for Ti-15V-3Al-3Cr-3Sn, whereas the reverse
order was observed for the depths of the diffusion zones. Oxygen (and carbon) have
much lower solubility in β than in α, but diffusion in β precedes more than 2 orders of
magnitude faster than in α [1, 36]. Accordingly, it was not unexpected that a diffusion
zone with a decent thickness could be obtained in β type alloys after carbo-oxidizing
either in CO or CO2. The β type alloy Ti-15Mo-5Zr-3Al carbo-oxidized in Ar-CO gas
[36] exhibited a better oxidation resistance (oxide layer) whilst retaining a deep
diffusion zone; this could be ascribed to the presence of molybdenum instead of
vanadium [30, 37]. A boost diffusion process in the manner of vacuum treatment
following carbo-oxidizing yielded a deeper hardened case [38]. The presence of
carbo-oxides could barely be identified after low-temperature, i.e. ≤ 850 ℃,
thermochemical treatment in CO. For carbo-oxidizing at 1050 ℃ of pure titanium [39]
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and Ti-6Al-4V [40] a considerably thicker zone of TiCxO(1-x) (~1 mm in thickness)
“embedded” in expanded α was observed.

Chemically controlled oxygen partial pressure, pO2 , and carbon activity, aC, can
be realized in a redox system such as CO-CO2 [41]. The pO2 and aC can be adjusted
dependently by changing the ratio of CO-CO2. CO-CO2 ratios of 1:9 for pure titanium
[22], and 65:1 for Ti-6Al-4V [42] were applied in the temperature range from 850-
1150 ℃ and 850-1050 ℃, respectively. For the former, oxidizing was dominant in the
redox system, thus the carbo-oxidizing behavior was closer to that of (carbo-
)oxidizing in CO2, i.e. a duplex rutile structure was observed (cf. above). In Ti-6Al-
4V, a Al2O3 layer separated the outer and inner rutile, and spallation took place at the
interface of the Al2O3/inner rutile layer (see Manuscripts 2 & 3), which was consistent
with Ref. [21]. For the latter, where CO was the predominant component, the carbo-
oxidizing behavior was closer to that of carbo-oxidizing in CO, i.e. TiCxO(1-x) formed
atop of Ti-6Al-4V [42]. Outmost oxides and inner TiCxO(1-x) were formed
simultaneously in this system, specifically under elevated-temperature condition. The
model of phase structure with the variation of pO2 has been proposed by Fedirko et al.
[43].

When it comes to the other two binary interstitial systems, i.e. pack carbo-
nitriding and gaseous oxy-nitriding, these are generally performed in a mixture of
graphite-N2 [44], and O2-N2 [45], respectively. Pohrelyuk et al. indicated that multi-
component compounds, such as TiCxN(1-x) could be attained by powder pack graphite
with nitrogen gas; such compounds possessed high micro-hardness, and exhibited
wear and corrosion resistance that exceeded those of the single-interstitial compounds
[46]. The chemical composition of TiCxN(1-x) changed from TiC0.22N0.78 to TiC0.41N0.59

as the duration of treatment increased. Moreover, through a duplex oxy-nitriding, i.e.
nitriding followed by oxidizing during the cooling process, TiOxN(1-x) also yield as
good properties as TiCxN(1-x) [47, 48].

As compared to the binary interstitial system, very limited work has been
conducted on the ternary interstitial system [41]. A mixture of Ar-CO-N2 was used for
carbo-oxy-nitriding at 850 ℃ of Ti-6Al-4V [35]. However, the phase composition
after treatment was not characterized, and the maximum surface hardness of the
treated sample was not as high as that of the sample carbo-oxidized in Ar-CO gas.
Valente et al. [40] utilized a duplex treatment for carbo-oxy-nitriding, i.e. pre-
nitriding Ti-6Al-4V at 1050 ℃ for 2 hr in N2 followed by post-carbo-oxidizing in a
chemically controlled redox system (cf. above) at 820 ℃ for 48 hr. An uniform α case
with elongated α grain underneath was formed after treatment, atop a complex multi-
layered structure of compounds consisting of sub-oxide(s), Ti2N and TiCxNyO(1-x-y).
An additional solid-solution hardening effect was obtained after this duplex carbo-
oxy-nitriding. However, neither the surface hardness, nor the hardened case was
superior to that of the sample that underwent traditional nitriding. Another duplex
treatment of carbo-oxy-nitriding was performed by Meng et al. [see Manuscript 1]
using carbo-oxidizing in combination of nitriding, but in different order. Carbo-
oxidizing was conducted in CO at 1027 ℃ followed by a post-nitriding in N2 at
1077 ℃. Neither a marked peak shift, nor a significant peak broadening for the
TiCxO(1-x) reflections after treatment. Since the TiN peak position was located
between those of TiC and TiO peaks, it was not expected that nitrogen uptake would
yield a significant shift in the position of the TiCxO(1-x) phase. The slight improvement
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of hardness in TiCxNyO(1-x-y) seems to be attributed to the introduction of nitrogen. A
distinctive case structure has been firstly revealed in the following order sub-
oxides/porous-network-like TiCxNyO(1-x-y)/TiN/Al-rich α/β/Al-lean α, ranging from
the surface to the substrate.

Although, some studies exist on carbo-oxidizing using CO and CO2 for surface
hardening of titanium in the past half century, the actual carbo-oxidizing behavior did
not receive attention compared with other media, e.g. O2 and air, etc. Additionally, the
oxides or carbo-oxides after treatment as well as the role of carbon in combination
with oxygen during the treatment need to be further investigated. The newly-
developed duplex carbo-oxy-nitriding is also worth studying in order to understand
the additional surface hardening effect by introducing simultaneously all types of
interstitial elements. In the present study, the gaseous carbo-oxidizing behavior of
titanium grade 1 and grade 5 is addressed with special focus on the microstructural
evolution/features. In addition post nitriding was conducted on the Ti-6Al-4V carbo-
oxidized under various conditions.

5.2. Material and methods

5.2.1. Materials and thermochemical surface treatments

Commercially pure titanium (Grade 1) and Ti-6Al-4V (Grade 5) produced by
Goodfellow Cambridge Ltd. measuring 25×25×1 mm3 were applied in the present
study. Both Grades were received in mill-annealed conditions. After grinding using
SiC paper through 500, 1000 and 4000 grit paper, the as-received specimens were
cleaned in anhydrous ethanol, and then dried in hot air. Subsequently, they were
directly subjected to carbo-oxidizing in a horizontal quartz-tube furnace in an
atmosphere consisting of either CO or CO2 gas. Cooling to room temperature was
carried out at an average cooling rate of 10 ℃.min-1 in the reactive gas. Low
temperature carbo-oxidizing at 750 ℃ was carried out in both atmospheres, whereas,
high temperature carbo-oxidizing at 1000 ℃ was conducted only in CO gas to avoid
severe spallation of the oxide scale at elevated temperatures in CO2 [24, 29]. The
duration of all carbo-oxidizing treatments was 16 hr. Additionally, all the carbo-
oxidized Ti-6Al-4V specimens underwent post nitriding at 1050 ℃ for 18 hr in a
Kanthal-tube furnace with continuous N2 flow (99.999% purity). Cooling from the
nitriding temperature to room temperature was also conducted in N2 and took place at
the average cooling rate of 60 ℃.min-1. The overall experimental procedure is
schematically presented in Fig. 5.1.

5.2.2. Experimental

Metallography and electron microscopy investigations were performed on cut
sample cross-sections. For sample preparation, further details can be found in ref.[49].
A Zeiss Vert. A1 light optical microscope (LOM) equipped with an Axiocam 305
color camera was used to examine the microstructure of the carbo-oxidized samples
after etching. Microstructural investigation of the carbo-oxidized and carbo-oxy-
nitrided Ti-6Al-4V was performed using a Zeiss Supra 35 scanning electron
microscope (SEM) equipped with a ThermoTM energy dispersive spectrometer (EDS)
and backscattered electron (BSE) detector. The software for EDS analysis is by Noran
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System SIX. To study the compound layers resulting from carbo-oxidizing, chemical
quantitative in-depth profiling was performed by means of wavelength dispersive
spectroscopy (WDS), using a SHIMADZU model 1720H-4ch electron probe
microanalyzer (EPMA) applying an acceleration voltage of 15 kV and a current of 10
nA. Standard SiO2, C and Ti are used for quantitive calibration of oxygen, carbon and
titanium respectively. Moreover qualitative profiling was applied using a Horiba
Jobin Yvon model GD-Profiler 2 glow discharge optical emission spectroscopy
(GDOES) applying a power of 80 W and a pressure of 800 Pa. Vickers hardness
measurements were performed on a Future Tech model FM-700 micro-hardness tester,
applying 10 s dwell time and 5 g force. For hardness measurements, SEM and EPMA
analysis, no etching was performed after polishing.

Phase analysis after thermochemical surface treatment was performed on a
Bruker D8 Advance X-ray diffractometer (XRD) using Cu Kα radiation in parallel
beam, probing with a scattering angle range of 15-100° 2θ at a step size of 0.03° and a
measuring time of 5 s per step. Successive XRD was conducted both on Ti-6Al-4V
subjected to carbo-oxidizing at 1000 ℃ and post nitriding at 1050 ℃. These two
samples were ground layer-by-layer in the range 0-60 μm with intervals of 10 μm.

The 3D microstructure of the surface-hardened materials were characterized
using a Zeiss Xradia 510 Versa X-ray micro-CT system. For the tomography
measurements, an accelerating voltage of 60 kV, an X-ray tube power of 5 W and a
low energy filter of grade 5 were used. The resulting spatial resolution was 1.58 µm.
In total 4501 absorption contrast images were collected with an exposure time of 5 s
for each projection and during a 360° sample rotation.

Fig. 5.1. Schematic illustration of applied thermal cycles.

5.3. Results and interpretations

5.3.1. Thermochemical treatments in CO and CO2 gas

The X-ray diffractograms for the as-received and the carbo-oxidized G1 and G5
samples are shown in Fig. 5.2. For the sample (carbo-)oxidized in CO2, rutile can be
detected at the surface of G1 and G5 (Fig. 5.2a&b), and α-Al2O3 is present in G5. A
sub-oxide phase, i.e. Ti3O5, as well as the metallic substrate were present in G5 only
(Fig. 5.2b), which implies reduced oxidizing took place in grade 5, resulting in
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formation of a thinner oxide layer. TiCxOy is formed in both materials carbo-oxidized
in CO (low and high temperature). Sub-oxides are only formed at the high
temperature, i.e. 1000 ℃. The lattice parameter of TiCxOy is closer to that of
stoichiometric TiC (32-1383) than TiO (77-2170), which implies that TiCxOy is
predominantly TiC; the asymmetry observed to the high angle side indicates that only
a small fraction contains oxygen. The expanded α-Ti(C,O) can be detected in both
materials after carbo-oxidizing in CO at 750 ℃, but not at 1000 ℃. This indicates
that the TiCxOy layer is relatively thick at 1000°C, i.e. thicker than the information
depth of the X-rays. The introduction of oxygen in CO system gives rise to a shoulder
at the high-angle side of the “TiC” peak, suggesting the occurrence of residual stress
or oxygen concentration gradient in a shallow surface region.

Fig. 5.2c shows the in-depth phase distribution after successive layer removals
and XRD analysis for G5 carbo-oxidized at 1000 ℃ in CO. Sub-oxides Ti3O5 and
Ti4O7 disappear after the outermost surface is ground away. TiCxOy is detected as the
only phase in sub-surface area at a depth of ~10 μm. Deeper in the material, expanded
α-Ti(C, O) accompanied with Ti-Al intermetallic appear, and the reflection intensity
of TiCxO(1-x) gradually drops. Regarding the intermetallic, the peak positions indicate
Ti3Al rather than TiAl or TiAl3. As the β-Ti(C, O) phase is detected in the region at a
depth of ~40 μm, the expanded α is separated into two, i.e. low and high expansion.
TiCxO(1-x), Ti-Al intermetallic and expanded α (low expansion) vanish at a depth of
~60 μm, indicating the presence of a metallic substrate only, thus consisting of highly
expanded α and β-Ti(C, O).



134

Fig. 5.2. X-ray diffractograms of as-received and surface-hardened grade 1 a) and grade 5 b) after
carbo-oxidizing in CO and CO2 gas at various temperatures. c) X-ray diffractograms for successive
layer removal for grade 5 carbo-oxidized at 1000 ℃ in CO gas.

The microstructure of cross-sections of carbo-oxidized G1 and G5 are shown in
Fig. 5.3. For G1, a dense and uniform rutile layer with a thickness of ~59 μm is
observed after treatment at 750 ℃ in CO2. A thinner rutile layer on G5 (~12 μm) has
developed under the same treatment conditions. Interestingly, a shallow diffusion
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zone is observed in G1, whereas the diffusion zone in G5 is much thicker; this is
especially clear after etching. The TiCxO(1-x) phase detected by XRD can be barely
observed by LOM in Fig. 5.3b&e after carbo-oxidizing in CO at 750°C. Treatment at
1000°C has resulted in formation of a porous and network-like TiCxO(1-x) structure in
both materials. As it can be seen that, this rock-salt type TiCxO(1-x) phase extends very
deep in G1 and is surrounded by expanded α. In G5 TiCxO(1-x) grows as a well-defined
layer, which is significantly thinner than the depth observed for G1. For G5 carbo-
oxidized at 1000°C, the β-transus is exceeded [50] leading to the formation of full β,
which subsequently transforms into fine α/β lamellae on cooling. Elongated α grain
have grown into the β towards the core of sample during the treatment, which is
attributed to the oxygen (and carbon) uptake, stabilizing the α phase at such a high
temperature (Fig. 5.3f). It should be noted that G1 is the softest metal in the titanium
family [51]. In that case, deformation twinning is readily introduced by mechanical
grinding during metallographic preparation [52, 53]; such twins no longer exist in the
hardened case (Fig. 5.3a&b). It should also be noted that G1 becomes highly brittle
after high-temperature treatment in CO gas, resulting in cracking during mounting and
cutting during sample preparation (Fig. 5.3c).

Fig. 5.3. LOM of grade 1 a-c) and grade 5 d-f) carbo-oxidized in CO2 gas a&d) at 750 ℃, and in CO
gas at 750 ℃ b&e) and 1000 ℃ c&f), respectively.

The microstructure of G1 and G5 treated in CO at 1000 ℃ (see corresponding
LOM in Fig. 5.3c&f) were characterized by various microscopic methods (LOM, BSE
and tomography), as shown in Fig. 5.4 and Fig. 5.5, to illustrate the morphology of
the TiCxO(1-x) phase. For G1, the TiCxO(1-x) “network” penetrates through the entire
cross section area, whilst the TiCxO(1-x) zone/layer in G5 is relatively thin. The
isolated TiCxO(1-x) regions within G1 are directly connected to the surface as indicated
by corresponding colours in the sequence of X-ray tomography slices in Fig. 5.4a.
Evidently, tongues or fingers of the carbo-oxide phase have grown from the surface
towards the interior of the specimen. This strongly suggests that carbon necessary for
growth of the tongues/fingers into oxygen containing Ti is supplied through the
TiCxO(1-x) phase itself. Iron impurities in G1 are expelled inwardly by the advancing
oxygen (and carbon), and the accumulation of iron in the center facilitates the
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formation of Fe-rich β or/and TiFe particles (see red arrows in Fig. 5.4a). The
TiCxO(1-x) formed on G1 and G5 are both porous, but with different cavity sizes; the
pores appear much finer for G1 than for G5. The location of the porosities is at some
distance from the transition from oxygen-containing α Ti, such that solid TiCxO(1-x)

separates α Ti from the porous region (see Figs. 5.4c and 5.5c). These results are
interpreted such that the porous part contains mainly TiC, while the solid part is
TiCxO(1-x), consistent with the asymmetry of the TiC(O) reflections in Fig. 5.2 for G1
and G5 carbo-oxidized in CO at 1000 °C. The pores work as “short circuits” or
passageways for gas. This leads to deep penetration of C and O into the material.

Fig. 5.4. a) Slices of X-ray tomography and b) 2-D overview LOM of G1 carbo-oxidized at 1000 ℃ in
CO gas. Note that in a), four different areas of TiCxO1-x phase were tracked as highlighted by different
colors to illustrate the 3D distribution of the network-like structure. The arrows in a) point at the Fe-
rich phases in the center of G1. c) BSE micrograph with higher magnification shows the detail of
TiCxO1-x phase on carbo-oxidized G1.

Fig. 5.5. a) 3-D tomography, b) 2-D overview LOM of G5 carbo-oxidized at 1000 ℃ in CO gas. c)
BSE micrograph with higher magnification shows the detail of the TiCxO1-x phase on carbo-oxidized
G5.
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Fig. 5.6. BSE images and corresponding element mappings of surface-hardened grade 5: a) (Carbo-
)oxidizing in CO2 at 750 ℃. b) Carbo-oxidizing in CO at 1000 ℃.

The elemental distribution of Ti, Al, V, O1 and C in G5 after carbo-oxidizing is
investigated with EDS in relation to BSE in Fig. 5.6. After treatment at 750 ℃ in CO2

a duplex rutile layer has formed, with a total thickness of ~12 μm, comprising an
outer and inner oxide zone (Fig. 5.6a) as a consequence of outward diffusion of
titanium and inward diffusion of oxygen, respectively. EDS mapping shows the
presence of a certain amount of vanadium in rutile, albeit with a lower concentration
than in the substrate. α-Al2O3 appears present along a line parallel to the specimen
surface, below the outer rutile layer. This is interpreted as the initial formation of
Al2O3 at the original surface, whereafter rutile developed above and below this Al2O3

film. Further, Al is present in the outer rutile scale, while it is depleted in the inner
rutile scale.

A delaminated sub-oxide layer is observed on G5 carbo-oxidized at 1000 ℃ in
CO (Fig. 5.6b), which was also detected by XRD (Fig. 5.2b). The porous TiCxO(1-x)

contains a high carbon content as compared to its surroundings and is intermixed with
expanded α enriched in aluminium. Analogous to the inner rutile scale, aluminium
appears to be depleted from the TiCxO(1-x) phase, while vanadium is not. This is

1 Note that characteristic O Kα radiation overlaps with V Lα radiation, so interpretation of the O
distribution should be done with caution.
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thought to be a consequence of the abundance of C in TiCxO(1-x); Al does not form
carbides, while V does, actually with the same crystal structure as TiCxO(1-x), albeit
with a smaller lattice parameter. The Al-enrichment, and associated further
stabilization, of oxygen α Ti enveloping the TiCxO(1-x) fingers/tongues leads to a
driving force for diffusion of vanadium away from this region. Evidently, this has led
to the formation of a V-rich β layer, separating the Al-rich and Al-lean expanded α.

Fig. 5.7. GDOES chemical concentration profiles of grade 1 (a&b) and grade 5 c-e) carbo-oxidized in
CO2 at 750 ℃ (a&c), in CO at 750 ℃ (b&d) and in CO at 1000 ℃ (e). Note that Grade 1 carbo-
oxidized in CO at 1000 ℃ was too brittle to be measured on GDOES. The dashed lines separate the
compound region and metallic part (diffusion zone & bulk).

Fig. 5.8. EPMA chemical concentration profiles of grade 1 a-c) and grade 5 d-f) carbo-oxidized in CO2

at 750 ℃ a&d), in CO at 750 ℃ b&e) and in CO at 1000 ℃ c&f). Note that the concentration of
titanium is in balance and its profiles are not presented. The dashed lines separate compound region
and metallic part (diffusion zone & bulk). Note that the horizontal axis in e) has a different scale.
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Combining qualitative GDOES analysis (Fig. 5.7) and quantitative EPMA
analysis (Fig. 5.8), the in-depth chemical distribution in carbo-oxidized G1 and G5
was investigated. For the treatment in CO2, deposition of amorphous carbon is
detected at the surface (Fig. 5.7a&c) and Fig. 5.8a&d). Rutile of both materials
contained ~2 wt.% carbon, and carbon was not present in the outer layer of rutile in
G5 (cf. Manuscript 2 Fig. 3.10). Due to the low solubility of carbon in titanium [1],
the concentration of carbon drops faster than that of oxygen in the diffusion zone. The
rutile of G1 is much thicker than that of G5, which is consistent with the observation
in LOM (Fig. 5.3), while the O-rich diffusion zone is significantly thicker in G5.

For the treatment in CO, the carbon peaks indicate the formation of TiCxO(1-x)

with a certain amount of oxygen (Fig. 5.8c&f). After treatment at 750 ℃, the oxygen
concentration is high in the compound region of grade 1 (Fig. 5.7b) and Fig. 5.8b) due
to the formation of rutile. The oxidizing reaction is significantly curtailed when using
CO gas, compared to the treatment in CO2: the thickness of the compound layer is
reduced and the oxygen concentration decreases sharply in the shallow diffusion zone.
After treatment at 1000 ℃, TiCxO(1-x) grows much thicker, and EPMA reveals that
carbon and oxygen is “scattered” in the compound layer, which consists of a mixture
of carbon-rich TiCxO(1-x) and carbon-lean Al-rich α (Fig. 5.8c&f). In GDOES (Fig.
5.7e), the elemental variation in different phases is not possible to discern (cf. the
nature of the technique), but it gives a trend showing the gradual decline of carbon
implying the fraction of TiCxO(1-x) decreases in the area adjacent to the
compound/substrate interface. A vanadium “hump” at the interface indicates the
formation of β layer. According to the quantitative analysis (Fig. 5.8c), the rock-salt
type TiC(O) phase in G1 can be written as TiC0.8O0.2 in atomic percent. Moreover, Al-
rich α in G5 contains ~12 wt.% of Al. Evidently, Ti-Al intermetallic phase, especially
Ti3Al, is likely to form within this area [54] and it is also confirmed by successive
layer removal XRD analysis (Fig. 5.2c).

Fig. 5.9. Vickers hardness depth profiles of surface-hardened grade 1 a) and grade 5 b) after carbo-
oxidizing at various temperatures in CO and CO2.

In-depth hardness profiles of carbo-oxidized samples are given in Fig. 5.9. After
carbo-oxidizing at 1000 ℃ in CO, the average hardness of the compound region in
G5, consisting of TiCxO(1-x) and Al-rich α, is more than 2000 Hv. A high standard
deviation clearly reflects the inhomogeneity in the microstructure consisting of hard
TiCxO(1-x) and less hard Al-rich α. In fact, the hardness of TiCxO(1-x) (~2500 Hv) is
much higher than that of Al-rich α (~1500 Hv) (see Manuscript 2). The hardness
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drops dramatically in the Al-lean α region to ~800 Hv, and the value in the β layer is
even lower. Similarly, the scattered hardness in G1 is attributed to the mixture of
TiCxO(1-x) and expanded α.

For the samples carbo-oxidized at 750 ℃ in CO2, the thick rutile layer (~920 Hv)
formed on G1 is much harder than the thin rutile layer (~500 Hv) of G5. In that case,
the vanadium dissolved in rutile of G5 may be detrimental to the hardness. The
diffusion zone of G1 is thinner than that of G5, which is in line with LOM of the
etched samples (Fig. 5.3a&d) and EPMA results (Fig. 5.8a&d). Additionally, the
maximum hardness value of the diffusion zone in G1 and G5 are 800 Hv and 913 Hv,
respectively. Carbo-oxidizing in CO at an identical temperature, i.e. 750 ℃, leads to a
different result in terms of surface-hardening response. In contrast to the treatment in
CO2, G1 possesses a deeper and harder α case in CO than that of G5. A short
conclusion that can be drawn here is that CO and CO2 behave differently when it
comes to the surface-hardening response of G1 and G5; hence, the thermochemical
surface hardening process for G1 and G5 need to be (re)considered.

5.3.2 Post nitriding of carbo-oxidized G5

Fig. 5.10 shows the change in visual appearance of G5 after duplex surface
treatment that includes an additional nitriding treatment. The grey oxide layer formed
after treatment in CO2 has partially spalled off, exposing a newly-formed golden sub-
surface. XRD in Fig. 5.11a reveals not surprisingly that the golden layer is TiN. The
outer oxide scale has poor adherence to the substrate and has totally delaminated
during sample preparation. Thus, rutile was not detected by XRD. The thin TiCxO(1-x)

layer has a feint blue appearance after treatment in CO, and it was completely
dissolved after post nitriding, resulting in the formation of a golden TiN layer at
surface. For both of the samples carbo-oxidized at 750 ℃, the phase composition after
post nitriding is identical in the surface area, i.e. TiN and expanded α.

Fig. 5.10. Photos of carbo-oxidized grade 5 under different conditions before a) and after b) post
nitriding treatment. Note that the thin oxide film of Sample CO2-750+N2-1050 in b) was partially
delaminated during furnace cooling, and it completely spalled off during cutting and mounting.
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Fig. 5.11. X-ray diffractograms of surface-hardened grade 5 a) after carbo-oxidizing and nitriding
treatments; the same nitriding treatment was applied for all carbo-oxidized samples. b) Comparison of
the rock-salt type TiC(O,N) before and after nitriding showing the positions of the pure compounds
TiC, TiN and TiO. c) X-ray diffractograms from successive layer removal of grade 5 Sample CO-
1000+N2-1050.

Fig. 5.12. BSE images of surface-hardened grade 5 after two-step carbo-oxy-nitriding treatments with
the identical post nitriding condition. The insets in a & b show more details of surface regions. Note
that the outmost rutile layer in a) was spalled off during sample preparation procedure.

The oxide (12 μm) and carbo-oxide (0.6 μm) obtained in G5 after carbo-
oxidizing at 750 ℃ in CO2 and CO, respectively, prior to nitriding, do not have any
influence on the thickness of the formed TiN surface layer resulting from post
nitriding, i.e. ~4 μm (Fig. 5.12a&b). TiN is the only titanium nitride phase that can be
detected by XRD and observed by BSE. No (columnar) Ti2N is present, which is
preferentially formed at lower nitriding temperature [55, 56]. This observation is
consistent with Ref. [40], in which G5 was nitrided at the same temperature. The
microstructure beneath the TiN layer is also identical for both samples due to the
same thermal impact, and the applied temperature (1050 ℃). The nitriding
temperature is much higher than the carbo-oxidizing temperature (750 ℃). The mill-
annealed structure has disappeared at the nitriding temperature above the β transus.
The nitriding leads to a thick and uniform α case below the TiN(C, O) layer due to the
dissolution of rutile and TiCxO(1-x) as well as the inward diffusion of interstitial
elements, especially nitrogen. Fine α/β lamellae in (prior) β grains have formed during
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cooling, and some elongated expanded α grains grow preferentially from the α case
into the prior β matrix. Ti3Al can be observed at the TiN(C, O)/α interface (Fig.
5.12a&b), which is consistent with Ref. [57], but not detected by XRD in the present
study due to the small amount.

The visual appearance of the sample carbo-oxidized at 1000 ℃ in CO does not
change after nitriding, as it still appears dark grey. XRD shows an identical phase
composition compared to that prior to nitriding (Fig. 5.2b): no significant peak shift
can be observed for the rock-salt type TiC(O, N) phase (Fig. 5.11b), and TiCxNyO(1-x-y)

peaks are still closer to TiC, rather than TiO or TiN. However, peak broadening of
TiC(O, N) is observed after nitriding, and extra peaks appear on the right-hand side of
TiCxNyO(1-x-y) peaks at the depth range from 20 to 50 μm (Fig. 5.11c). These extra
peaks correspond to TiN. The intensity of the TiN peaks increases gradually going
deeper into the material and reaches a maximum at depth of -40 μm. Then TiN
decreases and vanishes in the deeper region. Identical to the in-depth phase
distribution of carbo-oxidized G5 (Fig. 5.2c), the two expanded α with different
aluminium contents is retained after nitriding. Similarly, the Ti3Al phase is
accompanied by the occurrence of Al-rich expanded α, mostly located at the depth of
-50 μm. Significant β grain growth occurs after nitriding at the Al-rich/Al-lean α
interface (Fig. 5.12c). At higher magnification (Fig. 5.13), element mappings show
that the outermost sub-oxide layer and porous TiCxO(1-x) are retained. TiCxO(1-x) may
contain a certain amount of nitrogen being TiCxNyO(1-x-y) as indicated by XRD.
Nitrogen is accumulating underneath the porous TiCxNyO(1-x-y), and according to the
XRD depth profiling result (Fig. 5.11c), nitrogen penetrates through TiCxNyO(1-x-y)

developing a pore-free TiN layer underneath. Concomitantly, with the inward
diffusion of nitrogen, also aluminium diffuses further inward. Comparing with the
dispersed Al-rich α before nitriding (Fig. 5.6b), more Al-rich α gathers below the
TiCxNyO(1-x-y) after nitriding, which leads to the occurrence of Ti3Al in the Al-rich
area. Al-rich and Al-lean region are still separated by β grains, even it is not a
continuous β layer anymore.

For G5 carbo-oxidized at 750 ℃ in CO and CO2, post nitriding not only resets
the prior microstructure, but also leads to identical hardness profiles (Fig. 5.14). In-
depth hardness profiles show a maximum value of ~1200 Hv adjacent to the surface,
which is much higher than that before nitriding (cf. Fig. 5.9b). Additionally, the
thickness of diffusion zone increases up to ~60 μm; the hardness decreases across the
α case monotonically. Conversely, the impact of introducing nitrogen into TiCxO(1-x)

via post nitriding on the hardness of TiCxNyO(1-x-y) is negligible. A “valley” in the
hardness profile can be seen at Al-rich/Al-lean α interface where β grains are located.
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Fig. 5.13. BSE image and corresponding element mappings of surface-hardened grade 5 after carbo-
oxidizing followed by post nitriding.

Fig. 5.14. Vickers hardness depth profiles of surface-hardened grade 5 subjected to two-step carbo-
oxidizing and nitriding treatments (similar post nitriding conditions).

5.4. Discussion

5.4.1. Carbo-oxidizing in CO and CO2 at low temperature

The formation of a compound layer accompanied with the solid solution of
carbon and oxygen in the α case is characteristic of carbo-oxidizing behavior. In the
last century, fundamental studies of oxidation mainly focused on high-temperature
corrosion for long exposure duration [58, 59]; more recently, oxidizing of
titanium/titanium alloys at low temperatures for shorter times are reconsidered for
wear protection applications [60, 61]. For G5 carbo-oxidized at 750 ℃, the carbo-
oxidizing behavior in CO leads to limited thickness of the compound layer and
diffusion zone (Fig. 5.15), as well as the maximum hardness value (Fig. 5.16) as
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compared to CO2. For G1 carbo-oxidized under the same conditions, the hardening
response is largely different from G5. Interestingly, after treatment in CO2 the
interstitial elements, especially oxygen, leads to a thicker compound layer and a
relatively shallow diffusion zone. Conversely, treatment in CO gives rise to inward
diffusion of interstitial elements which contribute to a much thicker diffusion zone.
The maximum hardness in G1 for both gas systems was identical, i.e. ~800Hv. As a
result of the alloying effect (G5) on carbo-oxidizing behavior, a remarkably reduction
in hardening response could be observed for G5 compared to G1 in CO system (Figs.
5.15 & 5.16). In the case of CO2 treatment, an alumina barrier prohibited the growth
of oxide scale [62], and vanadium may accelerate oxygen diffusion in titanium [63].
In general the influence of alloying elements on the carburizing behavior has received
little attention. From an engineering point of view, different treatments should be
considered for the surface hardening of G1 and G5. Without alloying element
hindering the diffusion of carbon and oxygen in titanium, carbo-oxidizing in the
environment with low partial pressure of oxygen and high carbon activity is ideal for
G1 as it develops a thick diffusion zone and leads to a high hardness value. On the
other hand, alloying element like aluminium plays a critical role in avoiding scale
growth in G5 under the conditions of high partial pressure of oxygen.

To understand the synergetic effect of carbon and oxygen for surface hardening
of G1 and G5 by use of CO and CO2, correlation plots relating Vickers hardness and
oxygen/carbon mass content are depicted in Fig 5.17. Comparing treatment in CO and
CO2, the concentration of oxygen is predominant in the diffusion zone of the samples
that were subjected to (carbo-)oxidizing in CO2 (Fig. 5.17a); carbon has a nearly two-
fold increase in concentration as compared with oxygen in the samples after treatment
in CO (Fig. 5.17b). Combining the micrographic results (Fig. 5.3), carbo-oxidizing in
CO is mainly carburizing, and oxidation is predominant for treatment in CO2. It
should be emphasized that the diffusion coefficient of carbon in α-Ti is approx. 2
orders of magnitude larger than that of oxygen [1, 36], indicating carbon in titanium
diffuses much deeper. Evidently, the measured carbon profiles still have a decreasing
profile/tendency, especially for those after treatment in CO. Oxygen possesses a
smaller atomic radius than carbon, and therefore has the highest solubility in titanium
(14.3 wt.% for oxygen, 0.4 wt.% for carbon in α-Ti) [1, 64]. It should be noted that
oxygen content at the scale/substrate interface does not equals the maximum
solubility, which is attributed to the co-solution of carbon occupying the octahedral
holes in the h.c.p. lattice of α-Ti. Cao et al. [65] studied the addition of oxygen which
significantly influences the solubility of carbon in α-Ti: 15 mol.% oxygen at 800 ℃
raises the solubility of carbon in α-Ti to 4 mol.%. However, the solubility of carbon in
α-Ti decreases if oxygen is present at high temperature (≥1500 ℃) or if α-Ti contains
too much oxygen (≥25 mol.%) [65]. In the case of CO treatment at 750 ℃, the
addition of 1-2 wt.% oxygen significantly increases the carbon content to 1.35 wt.%,
which is three-fold higher than the maximum solubility value according to the Ti-C
phase diagram. There is still 0.5-0.6 wt.% carbon dissolved in α-Ti as the oxygen
content increases to 9 wt.% in the case of CO2 treatment.

G1 treated in CO resulting in a deeper diffusion zone is particularly interesting at
low temperature (750 ℃). The oxygen content in the G5 sample treated in CO is at a
low level, whereas, it is twice as high in G1, even though carbon decreases much
faster in G1. According to the XRD results (cf. Fig. 5.2a&b), rutile co-exists with
carbo-oxide in the scale, suggesting oxygen permeation played a critical role during
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carbo-oxidizing of G1. Therefore, for carbo-oxidizing in CO, oxygen contributes to a
large extent to the hardness at the compound/substrate interface, which leads to the
higher maximum hardness in G1 compared to G5; its deep diffusion zone is attributed
to the high oxygen content. G1 gradually loose its advantage of hardening via solid
solution of interstitial elements; the solid solution of metallic alloying elements in G5
preponderates in the hardening effect at the intersection point of two hardness profiles
at a depth of 20 μm (Fig. 5.17c).

Fig. 5.15. Thickness of compound layer and diffusion zone in grade 1 and grade 5, respectively, under
various carbo-oxidizing (with post nitriding) conditions. The data of compound and diffusion zone is
based on the observation of SEM and hardness measurement, respectively.
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Fig. 5.16. Maximum hardness value in grade 1 and grade 5 after various treatments.

The hardening effect by incorporation of the dissolved carbon and oxygen is
illustrated in Fig. 5.17d&e. Oxygen plays a critical role on surface hardening in the
near surface region. The samples treated in CO and CO2 behave differently. In the
outmost part of the diffusion zone, the concentration-hardness relation does not follow
a linear regression fit; the oxygen content varies significantly in the near interface
region of the samples treated in CO2.

In the literature, reports on hardness-carbon relation or the combination of
carbon and oxygen relation on surface hardening are scarce, and only a few
publications have focused on the hardness-oxygen relation. It was reported that (Fig.
5.18), the hardness-oxygen concentration follows a linear relation as the oxygen
content is low [1, 66], which is consistent with the present study for the samples
treated in CO and G1 treated in CO2 when oxygen content is below 4 wt.%.
Considering the oxygen content over a wide range, the hardness-oxygen relation
seems to become parabolic [67, 68], which is consistent with G5 treated in CO2.
Although the solubility of carbon in α-Ti is much lower than that of oxygen [1],
carbon becomes more important on the hardening effect as the oxygen content
decreases, in particular, carbo-oxidizing in CO for G5. Further investigations of
hardness-carbon relation in titanium would be needed in order to fully understand the
combined hardening effect of carbon and oxygen.

In general, the combination of carbon and oxygen has a complex hardening
effect on G1 and G5 in various gas systems. This also applies for different regions of
one sample: the synergetic hardening effect on surface region, centre and the end of
the diffusion zone is different.
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Fig. 5.17. Exponential-decay fitting of a) oxygen, b) carbon concentration and c) hardness in-depth
profiles for grade 1 and grade 5 carbo-oxidized in CO2 and CO at 750 ℃. d) The profiles of hardness
versus concentration and oxygen/carbon ratio and e) an enlargement of the left part. The concentration
of oxygen and carbon originates from Fig. 5.8, and the hardness data is from Fig. 5.9.
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Fig. 5.18. Hardness-oxygen profiles from literature.

5.4.2. Carbo-oxidizing and duplex carbo-oxy-nitriding at high
temperature

High-temperature carbo-oxidizing in CO develops a network titanium carbo-
oxide phase at the surface, which was also observed by Meng et al. (see Manuscript 2),
Valente et al. [40] and Gammeltoft-Hansen et al. [39] using the same gaseous method.
This distinctive structure can be generated in diverse titanium alloys through various
techniques including for example gaseous carburizing of G5 in C2H2 [69], packed
carburizing of pure titanium [70] and Ti-13Nb-13Zr [71] in graphite, and pulse laser
carburizing of pure titanium in graphite [72]. Compared to the titanium carbide/carbo-
oxide formed through other techniques, it was found that TiCxO(1-x) formed in pure
titanium and G5 by using pure CO gas possesses a much higher hardness, i.e. in the
range 2000-3000 Hv. Mixing CO with CO2 [22, 40] would dramatically enhance the
oxygen partial pressure and suppress the carbon activity, resulting in formation of
rutile instead of carbo-oxide. Increasing the temperature can also increase the oxygen
partial pressure (Manuscript 2). In this case, sub-oxides were formed on G1 and G5
treated in CO at 1000 ℃, but not present at 750 ℃. The TiCxO(1-x) network offers not
only high hardness, it is also considered beneficial in appreciably enhancing wear
resistance in the manner of depositing lubricant and debris inside the pores during the
wear test, which is promising in biotribological application, e.g. titanium cermet
femoral head [69]. Nevertheless, the mechanism of the pores formation has not been
fully understood yet, and such investigations are outside the scope of this study.

TiCxO(1-x) has a low solubility of aluminium, and aluminium diffuses inwardly
during the treatment. The accumulation of aluminium underneath TiCxO(1-x) leads to
formation of a region composed of Al-rich α+Ti3Al, which further expels vanadium.
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The inward diffusion of vanadium forms a β layer, which may in turn hinder the
diffusion of aluminum. As a consequence of the low solubility of aluminum in β-Ti
phase [73], aluminum segregates in the region between TiCxO(1-x) and β. The satellite
peaks of α-Ti in the XRD of carbo-oxidized G5 was firstly reported by Valente et al.
[42], indicating two α-Ti phases with different chemical compositions; however, the
mechanism of formation of the two α-Ti phases was not given. Aluminium and
oxygen are both α stabilizers in titanium, while they effects on the lattice spacing are
antagonistic, i.e. solution of oxygen expands [74] and solution of aluminium contracts
the lattice of α [54]. In this study, the two α-Ti phases were investigated by successive
XRD depth profiling (Fig. 5.2c), EDS (Fig. 5.6b), EPMA (Fig. 5.8f) as well as
hardness test (Fig. 5.9b), to fully understand its formation. EDS combined with XRD
result indicate α-Ti with higher reflection angle corresponds to the phase with high
aluminium content, and α-Ti peaks of interstitial-free sample are located between
those of Al-rich and Al-lean α-Ti. This result was further verified by EPMA results,
that Al-rich α-Ti contains ~12 wt.% Al and ~2.4 wt.% O, whilst Al-lean α-Ti contains
~6 wt.% Al and ~1.7 wt.% O. In that case, the augmented aluminium in Al-rich α was
a result of aluminium being expelled from TiCxO(1-x) instead of outward diffusion
from Al-lean α. Oxygen [1] and aluminium [75] both have a significant solid solution
hardening effect on titanium, thus the hardness of Al-rich α-Ti (~1300 Hv) with high
aluminum and oxygen content is much higher than that of Al-lean α-Ti (~800 Hv)
with low aluminum and oxygen content. According to the Ti-Al phase diagram [76],
the Ti3Al phase would be expected to be formed in the Al-rich α-Ti region;
furthermore, according to the Ti-Al-O phase diagram [77] and experimental results
[78], the presence of oxygen would facilitate Ti3Al formation.

Fig. 5.19. Schematic drawing of compounds and diffusion zone developed in grade 5 carbo-oxidized in
CO and followed by nitriding in N2.

For the samples carbo-oxidized at 750 ℃, post nitriding at 1050 ℃ fully resets
their prior microstructure and enhances the hardness due to formation of a hard
compound layer (Fig. 5.16). The in-depth hardness profiles for these samples follow a
straight line instead of an exponential profile prior to nitriding. It was reported that
after high-temperature nitriding on pure titanium, the nitrogen concentration decreases
across the diffusion zone linearly, and the relation between lattice parameter and
nitrogen concentration also obey a linear fit [79]. It implies that besides carbon and
oxygen also nitrogen plays a critical role in contributing to hardness in the diffusion
zone after post nitriding. Compared with other titanium/titanium alloys nitrided at
high temperatures where maximum hardness values are within the range 900-1300 Hv
[80, 81], the maximum hardness is ~1200 Hv in the present study; this result is also
consistent with [42]. It should be noted that TiN produced on these samples was
particular thin, and the surface hardness was supposed to be much higher, since the
hardness of TiN can exceed over 2000 Hv [81]. Apparently, a low oxygen partial
pressure and high nitrogen partial pressure were realized via post nitriding whereby
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the oxide and carbo-oxide present were (partially) dissolved and carbon and oxygen
were redistributed into the material via inward diffusion. The high oxygen
concentration at the scale/substrate interface significantly slows down the diffusivity
of oxygen in titanium [82]. Hence to overcome that there are mainly two routes
widely used for surface hardening a) oxidizing followed by post vacuum treatment (so
called boost diffusion oxidation process) [61, 83]; b) mixing active gas with inert gas
to lower down the partial pressure of oxygen or nitrogen [84, 85]. Both techniques are
able to suppress the formation of a compound layer, and result in a deeper hardened
case (diffusion zone). For the former, the temperature for diffusion oxidation
treatment could be higher [86] or lower [66] than that of vacuum treatment, but the
duration should be wisely controlled (the higher temperature applied, the shorter the
duration). In the present study, carbo-oxidizing treatments (both CO and CO2)
followed by nitriding leads to a deeper diffusion zone with a thickness of ~65 μm
compared to that with thickness of ~45 μm for only nitriding under similar conditions
(not shown). This is attributed to the synergism on diffusion of nitrogen, carbon and
oxygen. Therefore, it could be considered as a new technique to reabsorb scale and
boost diffusion. Heat treatment and surface engineering could be combined, but
obviously, the drawback is that the bulk microstructure might suffer from exposure to
high temperature, which can be detrimental to the mechanical properties (see
Manuscript 3).

Post nitriding does not yield a significant peak shift for the TiCxO(1-x) reflections.
Since the TiN peak position is located between those of TiC and TiO peaks (Fig.
5.11b), it is not expected that nitrogen uptake would yield a significant shift in the
position of the cubic phase. Even though the hardness of diffusion zone was
significantly improved through nitriding for the sample carbo-oxidized at low
temperature, considering the large standard deviation, the introduction of nitrogen
does not significantly alters the surface hardness of the sample carbo-oxidized at high
temperature (Fig. 5.16). It may be attributed to a small amount of nitrogen that is
dissolved into TiCxO(1-x) offering a limited contribution to the hardness. The precise
chemical composition of TiCxNyO(1-x-y) needs to be determined by EPMA in order to
verify this. Fig. 5.19 illustrates the evolution of microstructure of G5 after duplex
carbo-oxy-nitriding applied in this study. Nitrogen seems to have low solubility in
TiCxO(1-x) phase, and it tends to form a nitride layer underneath. This phenomenon is
analogous the oxidation of Ti-Al intermetallics in air [33, 87] that, nitrogen is likely to
diffuse through other compound layers and reacts with titanium at the
compound/substrate interface, where the oxygen partial pressure is low and nitrogen
partial pressure is high enough to form nitrides, i.e. TiN and Ti2N. Aluminum and
vanadium have been further pushed inward concomitantly with the diffusion of
nitrogen, resulting in more Al-rich α aggregating at the compound/substrate interface
and grain growth of β. Two α-Ti(C, N, O) regions with different aluminum
concentrations are still separated after nitriding, and aluminum seems to cross the
grain boundary of a large Al-lean α-Ti grain as it can be seen in Fig. 5.12c. In the
duplex treatment carried out by Valente et al. [42], the carbo-oxidizing was performed
followed by nitriding, which was in a different order compared with the treatment in
present study. It is clear that for both duplex treatments, the resulting microstructure
and hardness properties inherit from those of the pre-treatment, and are affected less
by the post-treatment. Hence, the hard and network-like structure TiCxNyO(1-x-y) was
not attained in [42].
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5.5. Conclusions

Carbo-oxidizing was performed in CO and CO2 gas to improve the surface
hardening of G1 and G5 at different temperatures. The effect of post nitriding on the
carbo-oxidized G5 was also addressed. The microstructure as well as the chemical
composition of carbon and oxygen were characterized and their effects on hardness
were discussed. The main conclusions of the present study are as follows:

1) From an engineering point of view, different treatments should be considered
for the surface hardening of different titanium/titanium alloy: carbo-oxidizing in CO
is ideal for G1; on the other hand, high hardness can be obtained in G5 treated in CO2.

2) A distinctive structure was formed in G5 carbo-oxidized in CO at elevated
temperature consisting of sub-oxides/TiCxO(1-x)/Al-rich α+Ti3Al/β/Al-lean α.

3) The network-like TiCxO(1-x) phase penetrated the entire G1 plate, and the
isolated TiCxO(1-x) was confirmed to be connected to that at surface.

4) The chemical composition of TiCxO(1-x) phase was examined: TiCxO(1-x) after
treatment in CO at 1000 ℃ contains ~15 wt.% carbon and ~5 wt.% oxygen.

5) The combination effect of carbon and oxygen has a complex and different
hardening effect on G1 and G5 in various gas systems; in different regions of one
sample, the synergetic hardening effect on surface region, centre and the end of the
diffusion zone is different.

6) For G5 carbo-oxidized at low temperature, post nitriding significantly
enhanced the hardness and improved the thickness of the diffusion zone.

7) For G5 subjected to carbo-oxidizing at high temperature, a TiN layer was
formed at the compound/substrate interface after post nitriding, nevertheless, the
resulting microstructure and hardness were mostly inherited from those of pre-
treatment, and were not significantly affected by the post-treatment.

Supplementary information

Pure titanium (Grade 2) foil (100 μm in thickness) embedded in graphite powders
was carbo-oxidized in CO gas at 1000 ℃ for 24 h2. Identical characterization
parameters were applied for EPMA to those reported in Manuscript 1. A layer of
porous TiC(O) with a thickness of ~30 μm developed, and preferential growth of
TiC(O) was found along the grain boundary (Fig. 5.20). EPMA mapping analysis
reveals the TiCxO1-x phase contains oxygen with a lower concentration than that of the
substrate (cf. Fig. 5.8c), and a Fe-rich particle resides at the TiCxO1-x/substrate
interface. Fe is an impurity in G2, but formed Fe-rich β at grain boundaries is known
to be an effective barrier to grain coarsening/growth [88].

2 Note that the procedure of carbo-oxidizing applied here is different from what has been used in Fig.
5.1
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A post nitriding was performed on carbo-oxidized G2 at 1050 ℃ for 18 h in N2

(same procedure applied previously in Fig. 5.1). EPMA mapping analysis in Fig. 5.21
(cf. Fig. 5.13) reveals that the formation of a thin TiN layer underneath the porous
TiC(O, N). Fe-rich particles can be found either at the compound/substrate interface,
or in the core of G2, due to the fast diffusivity of Fe in Ti [89].

Quantification of elements (Table 5.1) indicated that TiCxO1-x contains a great
amount of O with a C/O ratio = 2:1, which is in agreement with the results in G1 and
G5 (cf. Fig. 5.8c&f). Nevertheless, TiCxOyN1-x-y possesses an extremely low N
content, and the concentration of N in the substrate is also lower than that of O and C.
Hence, it has been further confirmed that a TiN layer is prone to develop upon post
nitriding rather than introducing N into the cubic rock salt phase (cf. Fig. 5.11c),
which also explains the limited extra hardening effect on the rock salt phase by post
nitriding (cf. Fig. 5.16). The evolution of the rock salt phases (TiCxO1-x and TiCxOyN1-

x-y) on G2 is illustrated in Fig. 5.22.

Fig. 5.20. EPMA mapping analysis of carbo-oxidized G2 foil.

Fig. 5.21. EPMA mapping analysis of G2 foil subjected to carbo-oxidizing followed by nitriding.
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Fig. 5.22. Schematic drawing of compounds and diffusion zone developed in G2 carbo-oxidized in CO
+ C and followed by nitriding in N2.

Table 5.1 Chemical composition (wt.%) of different regions in carbo-oxidized G2 foil before and after
post nitriding examined by EPMA. Standard SiO2, C, BN, Ti and Fe are used for quantitative
calibration of oxygen, carbon, nitrogen, titanium and iron respectively. Note that the measurement of
composition of Fe-rich phase was interfered/affected by the α matrix due to the tiny size of the particle.
The composition of the diffusion zone was examined adjacent to the compound/substrate interface.

Carbo-oxidizing C N O Ti Fe
TiC(O) 16.8 / 8.0 75.2 0.0
Fe-rich phase 3.6 / 9.8 72.1 14.5
Diffusion zone 2.3 / 12.3 85.4 0.0
Carbo-oxy-nitriding C N O Ti Fe
TiC(O, N) 17.2 0.2 8.3 74.3 0.0
TiN 10.4 8.0 3.8 77.8 0.0
Diffusion zone 2.5 0.6 12.5 84.5 0.0
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Abstract

Carbo-oxidation of Ti-6Al-4V ELI (G23) was carried out at 900 (below the β-transus)
and 1000 ℃ (above the β-transus), using different mixtures of CO and CO2 gas. The
oxygen partial pressure (pO2) increases, and the carbon activity (aC) decreases as the
fraction of CO2 increases, which results in formation of more rutile and suppresses
carbo-oxide (TiCxO1-x) formation. A “finger-like” porous structure of TiCxO1-x forms
in the sample subjected to carbo-oxidation in pure CO gas at 1000 ℃. Increasing the
fraction of CO2 progressively reduces the amount of finger-like TiCxO1-x underneath
the outermost growing rutile layer. The occurrence of Al-rich α-Ti accompanied with
the presence of TiCxO1-x can be observed at high aC, and Al is depleted through
forming α-Al2O3 at high pO2. Eventually, multiple alumina/rutile layers form in the
middle of scale at the surface of sample that was carbo-oxidized in CO2 gas. The
influence of pO2 and aC on carbo-oxidation behavior as well as the evolution of
compound layer is presented in the present study using the techniques of microscopy,
X-ray diffraction (XRD) and energy dispersive spectrometer (EDS). The surface
hardening effect by introducing interstitials in the diffusion zone is also studied
through hardness profiles.

6.1. Introduction

Ti-6Al-4V, introduced in 1954 in the U.S., is one of the most widely used and
studied titanium alloys for aerospace industry and maritime application [1]. It is an α-
β type alloy offering high performance like high strength-to-weight ratio and excellent
corrosion resistance [2]. Its ELI (extra low interstitials) variant renders it useful for
biomedical, space and cryogenic application, because ductility and fracture toughness
are improved through controlling the interstitial elements [3].

Oxidation of titanium has been widely investigated in the latter part of last
century, firstly by Jenkins et al. [4, 5], Hurlen et al. [6, 7] and Stringer et al. [8, 9].
Most of the atmospheres applied for oxidation studies were air [10, 11] and oxygen [7,
12], in which the oxygen partial pressure (pO2) is high. The oxidation behavior was
exfoliated rutile layers on titanium as a result of repeated blistering of coherent layers
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[8], and alternating alumina/rutile scales on Ti-6Al-4V [13] for situations of long time
exposure at high temperatures.

Lowing the pO2, and meanwhile increasing the carbon activity (aC) in the active
medium by applying CO or graphite can successfully introduce carbon and oxygen
simultaneously into the cubic phase, forming TiCxO1-x. From a surface engineering
point of view, introducing binary interstitial elements leads to an increase in the wear
and corrosion resistance as compared to the single interstitial compounds [14].
Moreover, it was shown that solid solution of oxygen in titanium to some extent
increases the solubility of carbon in α-Ti [15], which can be expected to offer higher
hardness. Fedirko et al. [16] reported that TiC is formed when pO2 is lower than 10-4

Pa; within the range 10-2–10 Pa, TiCxO1-x is the only compound phase formed in the
surface film; a further increase in pO2 results in formation TiO2. The carbothermal
reduction process of TiO2 was thermodynamically analyzed by Cao et al. [17]; here
the sequence of phases being formed is: TiO2, TinO2n-1, Ti3O5, TiCxO1-x and TiC.

Carbo-oxidation in CO was applied already in 1950s [18], and later on also by
the use of CO2 [19] and CO/CO2 mixtures [20]. Titanium is mainly carburized in CO,
and oxidation is predominant in CO2, which result in formation of carbide and oxide,
respectively. By adjusting the ratio of CO/CO2, chemically controlled pO2 and aC are
realized in a redox system CO/CO2 [21]. A CO/CO2 ratio of 1:9 for pure titanium [20],
1:1 for Ti-6Al-4V (grade 5) (Manuscript 2) and 64:1 for 3-D printed Ti-6Al-4V
(grade 5) [22] were applied in the temperature range from 850-1150 ℃, 677-777 ℃
and 850-1050 ℃, respectively. As the CO-CO2 ratio increases, the cubic TiCxO1-x

phase is favored and gradually forms atop titanium with oxide(s) phases.

High-temperature carbo-oxidation in CO gas develops a finger-like TiCxO1-x

phase with a porous structure at surface, which was observed by Meng et al. in Ti-
6Al-4V ELI (grade 23) (Manuscript 2), Valente et al. in 3-D printed Ti-6Al-4V (grade
5) [23] and Gammeltoft-Hansen et al. in pure titanium (grade 2) and Ti-6Al-4V (grade
5) [24]. This distinctive structure can develop in very diverse titanium alloys through
use of various surface hardening techniques, e.g. gaseous carburizing of Ti-6Al-4V
(grade 5) in C2H2 [25], pack carburizing of pure titanium (grade 2) [26] and Ti-13Nb-
13Zr [27] in graphite powder with some additives, and pulse laser carburizing of pure
titanium (grade 2) in graphite [28]. In bio-tribological applications, this micro-porous
structure in TiCxO1-x is considered beneficial in considerably enhancing wear
resistance via functioning as a “reservoir” for lubricant and debris during the wear test
[25]; and a porous structure is beneficial to osteointegration via providing spaces for
bio-tissue ingrowth to form mechanical interlocking [29]. The formation of porous
structures is the most intriguing effect that needs explanation, nevertheless, reports on
that are scarce in the literature.

The present manuscript addresses the influence of pO2 and aC via adjusting the
ratio of CO/CO2 and temperature on the carbo-oxidation behavior of Ti-6Al-4V ELI
in terms of evolution of microstructure and phase composition of scale. The hardening
effect by introducing oxygen and carbon in the diffusion zone is also addressed
through hardness depth profiling.
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6.2. Experimental

The material investigated was Ti-6Al-4V ELI (grade 23) in the shape of coins
with thickness of 2 mm, and 15 mm in diameter. Carbo-oxidation was performed on
Ti-6Al-4V ELI by applying a continuous flow of CO/CO2 gas mixtures with different
ratios for 16 h in a horizontal quartz-tube furnace maintained at 900 and 1000 °C. The
treatment was followed by furnace cooling to room temperature at an average cooling
rate of approx. 10 °C.min-1 in the reactive gas. The mill-annealed microstructure of
the as-delivered sample contains small β-Ti phase regions dispersed along the grain
boundaries of a matrix of α-Ti phase (Manuscript 2).

X-ray diffraction (XRD) was used to characterize the phase composition at the
surface of carbo-oxidized material. The instrument used was a Bruker AXS D8 X-ray
diffractometer using Cu Kα radiation in a measuring range of 15-100° 2θ with a step
size of 0.03° and a measuring time of 5 s per step.

Electron microscopy investigations and hardness depth profiling were performed
on cut sample cross-sections. For metallography, samples were hot mounted (approx.
180 ℃, 5 min) in Durofast resin in a Struers Prontopress 20. Specimens were
mechanically ground and polished finishing with 3 micron diamonds and Struers’
colloidal silicon OP-S. Vickers hardness measurements were performed with a Future
Tech model FM-700 micro-hardness tester applying 10 s dwelling time and 5 g force.
Three indentation measurements performed over the place having the same distance
from the surface. Microstructural investigation of carbo-oxidized samples was
performed using a Zeiss Supra 35 scanning electron microscope (SEM) equipped with
a back-scattered electron (BSE) detector and ThermoTM energy dispersive
spectrometer (EDS). The software for EDS mapping analysis was a Noran System
SIX.

6.3. Results and interpretations

X-ray diffractograms of G23 carbo-oxidized in different CO/CO2 mixtures are
shown in Fig. 6.1. After carbo-oxidation at 900 °C in pure CO gas (CO2-0%) (Fig.
6.1a), the hexagonal close-packed (hcp) α phase is predominant on G23, and the
body-centered cubic (bcc) β phase is not detected, because carbon and oxygen are
both strong α stabilizers. The remaining reflections are indexed as corresponding to
cubic TiCxO1-x, which possess a lattice parameter closer to the one of stoichiometric
TiC (32-1383) rather than that of TiO (77-2170), suggesting TiCxO1-x contains more
carbon than oxygen.

The addition of a small amount of CO2 gas (0.5%) results in formation of rutile-
TiO2. As the proportion of CO2 gas increases in CO/CO2 mixture, the reflection
intensity of rutile increases and that of TiCxO1-x decreases, implying that rutile
develops at the expense of TiCxO1-x on G23. The carbo-oxidation behavior turns from
mainly carburizing into dominant oxidation. It also should be noted that increasing the
CO2 fraction results in a slight shift of the TiCxO1-x peaks to higher 2θ angles, i.e.
increasing the O content. The presence of double sets of α reflections can be attributed
to the presence of Al-rich and Al-depleted expanded α-Ti phase, which can be
distinguished since the lattice of α contracts with increasing Al contents in solid
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solution [30]. Reflections of α and TiCxO1-x disappear in pure CO2 gas, and a thick
scale consisting of rutile and alumina develops.

The tendency of phase evolution at 1000 °C (Fig. 6.1b) is analogous to that at
900 °C. Al-rich α is detected when CO2 fraction is low, whereas Al depleted α is
present when CO2 fraction is relatively high. V-oxide and α-Al2O3 form when the
fraction of CO2 fraction exceeds 50%. The reflected intensity of TiCxO1-x is low for
all treatment conditions, except for the treatment in pure CO gas, for which TiCxO1-x

is the dominant phase.

The carbo-oxidized G23 (Fig. 6.2) suffers catastrophic oxidation as the CO2

proportion exceeds 20% at 900 ℃; it becomes even more severe at 1000 ℃, and
spallation of scale can be observed on G23 carbo-oxidized in CO2-2%.

The microstructures of the cross-section obtained after carbo-oxidation are
collected in Fig. 6.2 and these contain a compound layer(s) and a diffusion zone. Figs.
6.3 & 6.4 show more details of the hardened case. The micrographs appear to be
consistent with the XRD results. A thin scale composed of TiCxO1-x and/or rutile with
a thickness of 1-2 μm is formed at 900 ℃ with a low fraction of CO2, whilst a ~20 μm
porous TiCxO1-x with finger-like structure develops in pure CO gas at 1000 ℃.
Interestingly, and consistent with the interpretation of the XRD data presented above
(Fig. 6.1), the presence of aluminium accumulation in α underneath the scale is
accompanied with the formation of TiCxO1-x, e.g. in 0-20% CO2 at 1000 ℃; whereas,
such Al-rich α is neither detected by XRD, nor observed by EDS in 0-1% CO2 at
900 ℃, for which TiCxO1-x is dominant in the scale. Moreover, vanadium segregates
beneath the Al-rich α region, most likely forming V-rich β phase. There do not appear
to be any distinct peaks attributable to β phase, due to the limitation of the X-ray
penetration depth in the scale (the calculated penetration depth of X-ray (CuKα1) in
TiC varies from 0.8-4.7 μm from 15o to 100o 2θ). Such TiCxO1-x phase is
progressively covered by a thicker rutile layer with increasing CO2 content, and the
finger-like structure transforms into a thin flat layer underneath. Eventually, formation
of TiCxO1-x is suppressed as the temperature and fraction of CO2 increase, and a scale
consisting of alumina particles at the interface of repeatedly blistered rutile layers is
observed. The alumina formed in CO2-50% and CO2-100% at both temperatures
gradually develops into a continuous alumina layer, forming an alternating
rutile/alumina scale structure. The occurrence of delamination may be attributed to the
different thermal expansion coefficient between the alumina layer and rutile layer,
resulting in poor adherence during cooling; moreover, cracks would form between the
oxide scale and substrate once the oxide scale exceeds a critical thickness during
exposure, resulting in multi-layered scale structure. In pure CO2 gas, the outer oxide
zone (OOZ) appears dense and consists of basaltic rutile crystals doped with alumina
particles; and the inner oxide zone (IOZ) displays a porous structure separated by
multiple alumina layers (Fig. 6.2b). It is obvious that temperature plays a critical role
on the development of either oxide scale, or TiCxO1-x phase. Increasing the
temperature by 100 ℃ significantly boosts the formation of TiCxO1-x; moreover, it
doubles the thickness of oxide scale.

Since carbon and oxygen are strong α stabilizers, an α case is formed in the
outermost part of the diffusion zone as presented in Figs. 6.3 & 6.4, which becomes
thicker with increasing temperature and fraction of CO2. Owing to the much greater
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solubility of oxygen compared to that of carbon in α [31], carbo-oxidation with a
stronger carburizing effect leads to thinner α case, indicating a lower uptake of
interstitials. On the other hand, a thicker α case implies pronounced interstitials
permeation/dissolution as a consequence of mainly oxidation. Identical microstructure
(mill-annealed condition) of carbo-oxidized G23 in the diffusion zone indicates that
solid solution of interstitials significantly increases the β-transus temperature of the
diffusion zone adjacent to the compound, resulting in the absence of lamellar structure
upon furnace cooling, even at 1000 ℃.
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Fig. 6.1. X-ray diffractograms of Ti-6Al-4V ELI (G23) after carbo-oxidation in CO/CO2 mixture at a)
900 ℃ and b) 1000 ℃.
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Fig. 6.2. Visual appearance and back scattered electron (BSE) images of G23 thermochemically treated
in CO/CO2 mixture at a) 900 ℃ and b) 1000 ℃. The corresponding energy dispersive spectroscopy
(EDS) mapping images of elements O, C, Al, Ti and V are also given. Note the different scale bars
applied for the treated sample with thick oxide layers.
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Fig. 6.3. Overview back scattered electron (BSE) images of G23 thermochemically treated in CO/CO2

mixture at 900 ℃.

Fig. 6.4. Overview back scattered electron (BSE) images of G23 thermochemically treated in CO/CO2

mixture at 1000 ℃.
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The in-depth hardness profiles of carbo-oxidized G23 are shown in Fig. 6.5, and
the maximum hardness value of the hardened case as well as the thickness of
compound zone and diffusion zone are collected in Figs. 6.6 & 6.7, respectively. For
as-delivered mill-annealed microstructure, there is a negligible thermal impact on the
bulk hardness after heat treatment at high temperatures. Compared to the bulk
hardness, all thermochemical treatments considerably raise the surface hardness to
varying degrees, achieving 2- to 5-fold increase in hardness. In general, increasing the
proportion of CO2 gas in the mixture yields higher hardness values (Fig. 6.6)
concomitantly with greater hardened case depth (Fig. 6.7). CO2 addition dramatically
enhances hardness over the range 0-10% CO2; and the hardness stays at a constant
high value beyond 20% CO2, yielding the highest value of 1588 ± 198 HV0.001 at
900 ℃, and 1663 ± 135 HV0.001 at 1000 ℃. Temperature plays an important role for
the inward diffusion of interstitials, resulting in twice the hardened case depth with an
increase of the temperature of 100 ℃. It should be noted that, a remarkable hardness
decrease occurs in 20% CO2 for carbo-oxidation both at 900 and 1000 ℃.
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Fig. 6.5. Vickers hardness profiles of G23 on the cross section for the thermochemical treatment in
CO/CO2 mixture at a-c) 900 ℃ and d-f) 1000 ℃, measured applying 0.005 Kg load. Error bars refer to
the standard deviation of 3 measurements performed over the place having the same distance from the
surface. Noted that, the hardness of scale is not present here. The horizontal dashed line gives the
hardness of as-delivered G23.
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Fig. 6.6. Maximum hardness of hardened layer for G23 thermochemically treated under various
conditions. The highest hardness value for each profile is attained in the diffusion zone adjacent to the
compound zone. Note that the horizontal axes is logarithmic.

Fig. 6.7. Thickness of compound layer and hardened case for G23 thermochemically treated under
various conditions.
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6.4. Discussion

6.4.1. On the role of CO/CO2 ratio during carbo-oxidation

In Fig. 6.8 the chemically imposed pO2 and aC by the CO/CO2 mixture are given
as a function of fraction of CO gas at the two applied temperatures, showing pO2

increases and aC decreases with increasing temperature for at a fixed ratio. For carbo-
oxidation, pO2 depends strongly on the CO/CO2 ratio, especially at both ends of the
profiles (high and low ratios), indicating that even mixing a trace amount of CO2 into
CO gas, pO2 is significantly raised3. It is confirmed in the case of 0.5% CO2 at
1000 ℃ (Fig. 6.2b) that the oxidation effect is appreciably enhanced and oppositely
the carburizing effect is suppressed, resulting in formation of a thick rutile layer on
top of TiCxO1-x. In carburizing of titanium using graphite powder, increasing pO2 can
be realized by increasing the oxygen level and this promotes oxidation over
carburizing, which not only affects the phase composition of the compounds, but also
change the chemical composition of TiCxO1-x [32].

The evolution of compound layers is illustrated in Fig. 6.9, and the details will be
presented and discussed in the following sections. Addressing the outmost part of the
hardened case, beneath the TiCxO1-x, Al-rich α develops due to the low solubility of
aluminium in TiCxO1-x. During carbo-oxidation at low pO2, aluminium tends to be
progressively expelled from the growing TiCxO1-x, resulting in the accumulation of
aluminium in the expanded α adjacent to the TiCxO1-x, which in turn has a direct
effect on blocking the vanadium diffusion outward, because vanadium has an
extremely low solubility in α phase [33]. Eventually, the segregation of vanadium
underneath the Al-rich α region facilitates the formation of a V-rich β layer. Another
aspect is that TiCxO1-x also hinders the outward diffusion of aluminium, slowing down
the development of alumina. In that case, Al-rich α is still present when a thick oxide
scale builds up with a thin TiCxO1-x underneath. It should be noted that according to
the Ti-Al binary phase diagram [34], the Ti3Al intermetallic is prone to precipitate
from Al-rich α at the applied temperatures. Moreover, the presence of oxygen
facilitates this process, and in the Ti-Al-O system [35], increasing the oxygen content
in α remarkably promotes the precipitation of Ti3Al, as has been confirmed by the
experimental results [36]. It is generally difficult to distinguish Al-rich α from Ti3Al
in X-ray diffractograms (Fig. 6.1) because of the same crystal structure, i.e. hexagonal,
and close similarity of the lattice parameters. To identify Ti3Al by TEM (transmission
electron microscope) is out of scope of the present study. When pO2 increases, an
aluminum-depleted zone can form beneath the oxide scale within the oxygen-enriched
zone as a consequence of scale-forming aluminum depletion, i.e. alumina formation.
The depletion of vanadium at the Al-rich/Al-lean α interface is attributed to the
dissolution of vanadium in rutile.

The inward diffusion of interstitials are highly affected by pO2 as mentioned
above (Figs. 6.6 & 6.7). It is consistent with literature observations, that
thermochemical treatment in the temperature range 700-850 °C in CO/Ar results in a
lower hardness than in CO2/Ar or O2/Ar [37, 38]. This is explained from the higher
pO2 in Ar-CO2 or O2-Ar as compared to Ar-CO leading to a higher oxygen content in

3 Note that for pure CO the system is “uncontrolled”.



175

the α phase. The addition of oxygen raises the solubility of carbon in the α phase [17,
39], implying that the hardness can be further enhanced by introducing oxygen and
carbon simultaneously. At low pO2, due to the low solubility of carbon in α [31], the
relatively low content of interstitials dissolved in the diffusion zone results in low
hardness value; moreover, either Al-rich α region or V-rich β layer acts as interstitial
barrier. With increasing pO2, the oxygen solution in α increases and significantly
raises the hardness. The hardness does not increase constantly, and a plateau is
reached at ~1600 HV0.005 at high pO2 since the interstitials are saturated in α phase.
The depth of the hardened case does not constantly increase with pO2 neither, and it
slightly drops at 20% CO2; the decreasing aC may suppress the oxygen diffusivity at
some point in the diffusion zone, which is worth to be further investigated.

Fig. 6.8. Treatment conditions for the chemically controlled carbo-oxidation in CO/CO2 mixture. Note
that the vertical axes are different for pO2 (solid line) and aC (dash line), and both are logarithmic.

Fig. 6.9. Schematic drawing of the development of compound layer structure and outmost part of the
hardened case in G23 thermochemically treated in CO/CO2 mixtures at high temperature.

6.4.2. Evolution of TiCxO1-x phase during carbo-oxidation

Nishimura et al. [39] reported that the δ phase with cubic lattice structure is a
continuous solid solution varying the wide range of composition between δ-TiC and
δ-TiO phases. The C/O weight ratio in the synthesized TiCxO1-x phase varies from
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7.2:1 to 1:11.25 with melting point in the range of 3150-1950 ℃. By tuning the initial
stoichiometric ratio of the reactants, the C/O ratio can be successfully tailored over a
broad compositional range after reaction of carbon/titanium isopropoxide mixture at
1400 ℃ [40]. Neumann et al. [41] investigated the Ti-C-O system within the
temperature range 1100-1500 ℃ and the continuous variation of lattice parameter for
the cubic phase indicated the occurrence of TiCxO1-x. TiCxO1-x was synthesized by
Cao et al. [17] and Dang et al. [42] through reduction process of titanium oxides in
CO and CH4 gas and was sintered in vacuum by Bogomolov et al. [43]. TiC0.5O0.5 was
prepared by Maitre et al. Using carbothermal method [44], and he studied the reaction
rate can be accelerated via decreasing the size of graphite powder, homogenizing the
carbon/oxide mixture and ventilation the product CO. In addition to the reduction
process, TiCxO1-x was also obtained via oxidation of TiC at 700-1200 ℃ by Lavrenko
et al. [45], and he found TiCxO1-x forms at the scale/TiC interface. During the
oxidation of TiC in CO gas at 1000-2100 ℃, Schuhmacher et al. [46] emphasized the
formation of TiCxO1-x is the foremost stage (first to form).

Figs. 6.10 a&b show (200) reflections of the TiCxO1-x phase in X-ray
diffractograms (Fig. 6.1) fitted by a Gaussian function. The advantage of analyzing
(200) reflections of TiCxO1-x is that it possesses the greatest intensity and is not
overlapping with other peaks. For G23 carbo-oxidized at both temperatures, the (200)
reflection of the TiCxO1-x phase exhibits a remarkable peak shift towards higher 2θ
values with increasing pO2 via increasing CO2 fraction in the gas mixture, suggesting
the chemical composition changes. Owing to the higher pO2 at 1000 ℃, resulting in a
scale where oxides are more dominant atop the TiCxO1-x layer, (200) reflections of
TiCxO1-x with much weaker intensity are obtained. The lattice parameter of TiCxO1-x

changes from 4.317 to 4.301 Å as pO2 increases from 10-24 to 10-15 atm (Fig. 6.10c).
The calculated enthalpies of formation of TiCxO1-x at 25 ℃ decreases with increasing
carbon content, implying that TiCxO1-x can be stabilized by substituting carbon with
oxygen [17]. Hence, increasing the pO2 in the gas mixture stabilizes TiCxO1-x. Yaskiv
et al. [32] reported that the variation of C/O in TiCxO1-x seems to be independent of
pO2; moreover, increasing the temperature slightly increases the C/O ratio. The
discrepancy is likely to be attributed to the increasing CO content in the active gas:
oxygen-containing medium reacts with graphite to generate CO gas; increasing
temperature or amount of oxygen-containing medium may accelerate the formation of
CO to a certain extent. In that case, the oxygen-containing medium acts as a carbon
transporter during carburizing in solid carbonaceous media [47, 48], resulting in
decreasing pO2 indeed.
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Fig. 6.10. Gauss fitting of (200) reflection for TiCxO1-x phase at a) 900 ℃ and b) 1000 ℃, respectively.
Note that The intensity of reflections is primarily a consequence of different thickness of the oxide
scale. c) calculated lattice parameter of TiCxO1-x and its corresponding chemical composition based on
the fitted peaks in a) and b). The reference phases, i.e. TiC and TiO, are given. Note that the vertical
axes for a) is linear, and for b) is logarithmic.

6.4.3. Evolution of oxide scale during carbo-oxidation

There are several factors determining type and extent of the oxide scale formed
under the thermochemical conditions. Chaze et al. [49] and Leyens et al. [50] reported
that the scale structure of Ti-Al based alloy is Al-dependent: alumina is prone to
develop at high Al content. Various alloying additions into TiAl results in different
types of scale [51]: for alloys containing detrimental elements, i.e. Cr and Mn, Al2O3

is dispersed as islands in rutile; and for other types, a continuous Al2O3 barrier layer is
formed beneath an outmost rutile layer. As the Al content is low in Ti-Al alloy, for
instance below 10 wt.%, it barely promotes the formation of a continuous alumina
layer initially [49]. Al possesses a greater affinity for oxygen at all temperatures than
does Ti, suggesting that formation of alumina is preferred over rutile [52]. Becker et
al. [53] reported that vanadium is likely to suppress alumina formation and prevent
formation of alumina in Ti-Al based alloys during oxidation. Conversely, niobium
addition favors an alumina barrier formation. Moreover, Wallace et al. [54] reported
that, for Ti-33Al-6Nb-1.4Ta, the scale structure is temperature-dependent: oxidation
is controlled by the presence of alumina at low temperature in air, and when the
temperature exceeds 800 ℃, the alloy does not form a protective alumina layer on top.
It is most likely linked to the subscale formation of the nitride phases TiN/Ti2AlN,
which hinder the external oxidation of aluminium in air. Additionally, Du et al. [55]
claimed that the scale structure is atmosphere-dependent: α-Al2O3/rutile and its
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alternating structure are attained when Ti-6Al-4V is exposed in H2/H2O/H2S and air at
750 ℃, and rutile/α-Al2O3/rutile sandwich structure is achieved in H2/H2O with lower
pO2 and at the same temperature. Wallace et al. compared the oxidation behavior of
Ti-14A1-21Nb [56] and Ti-33Al-6Nb-1.4Ta [54] in air and oxygen, respectively, and
they found nitrogen in air plays different roles on the oxidation of different alloys
through formation of nitrides: TiN acts as an oxygen barrier, slowing down inward
diffusion of oxygen in Ti-14A1-21Nb. However, as mentioned above, the oxidation
rate is increased as a consequence of suppressing the formation of alumina in Ti-
33Al-6Nb-1.4Ta. According to literature, so far the mechanism for the formation of
alumina+rutile oxide scale in Al-containing titanium alloy can be classified into four
types: 1) it was observed by Du et al. [13] that rutile firstly forms on Ti-6Al-4V at the
early stage of air oxidation, and then nodular alumina nuclei develop on rutile. The
experiments performed by Coddet et al. [57] in oxygen seem to be in agreement with
Du’s results. For long exposure time at elevated temperatures, e.g. hundreds hours
above 800 ℃, an alternating α-Al2O3/rutile scale tends to form with an outermost
alumina layer [13, 58]. The calculated Al activity for the formation of alumina in Ti-
6Al-4V is approx. three orders of magnitude smaller than the value of Ti for the
formation of rutile, which further explains the preferential formation of rutile [13].
Some new published observations under similar conditions seem to also support this
model [59, 60]. An α-Al2O3/rutile structure with initial formation of rutile is also
observed in a near-α alloy containing 7 wt.% Al subjected to air oxidation at 750 ℃
[61]. 2) A sandwich structure of rutile/α-Al2O3/rutile was observed by Coddet [62] on
Ti-xA (x=3.65-10 wt.%) subjected to oxidation in pure oxygen between 750 and
950 ℃. The same structure was observed on Ti-6Al-4V by Casadebaigt et al. [63],
Meng et al. (Manuscript 2) and Du et al. [55] by use of air at 500-600 ℃, CO/CO2

mixture at 677-777 ℃ and H2/H2O mixture at 750 ℃, respectively. The formation of
an outermost rutile layer is ascribed to the outward diffusion of Ti through the
alumina barrier, and the inward diffusion of oxygen which thickens the inner rutile
layer. It is most likely the sandwich-like scale which is prone to form in low-pO2

atmosphere. 3) Taniguchi et al. [64] put forward a model for the transition of scale
formation on TiAl intermetallics with minor addition of Zr, Hf and Nb exposed in
oxygen with three stages: an alumina layer is formed initially, and subsequent
formation of rutile is associated with a large volume increase, resulting in partially
alumina scale breakdown. Eventually, outward growth of rutile covers the initially
formed alumina. 4) Taniguchi et al. [65] also proposed a contradicting model against
his previous one for the oxidation of TiAl without addition of any other alloying
element, that nucleus of rutile and alumina crystals develop together on the surface,
and preferential growth of rutile and development of inner α-Al2O3+rutile mixture
layer are subsequently observed. For Ti-6Al-4V oxidized for a short duration in air,
Dong et al. [66] reported simultaneous nucleation of rutile and alumina at the
beginning of oxidation, but the resulting structure is α-Al2O3/rutile with alumina as
external layer, which is identical to the structure in Ref. [13]. An α-Al2O3+rutile
mixture scale was also observed on oxidized Ti-15Mo-3Nb-3Al-0.2Si [67] and Ti-
14A1-21Nb [56] by Wallace et al.

In the present study, both temperature and pO2 have a marked impact on the
evolution of the scale. At low pO2, e.g. 0.5-1% CO2, rutile is the sole oxide which can
be detected by XRD (Fig. 6.1); and a porous rutile layer is formed under the condition
of 10% CO2 at 900 ℃ and 0.5% CO2 at 1000 ℃, displaying alternating light and dark
contrast as wavy fringes parallel to the surface (Fig. 6.2). The strong change in



180

contrast over the rutile layer implies a change in chemical composition. At this stage,
porous rutile may contain nano Al2O3 particles, which are not detected by XRD or
observed by EDS mapping. At intermediate pO2, e.g. 20-50% CO2, a dense outer
rutile layer is formed accompanied with the formation of Al2O3 particles located
underneath. The dispersive Al2O3 particles tend to form a continuous barrier layer in
the interface of outer/inner rutile layers with increasing pO2. At high pO2, i.e. 100%
CO2, a complex scale structure is obtained: the thin outer rutile layer doped by Al2O3

particles contains large basaltic crystals; alternating Al2O3/rutile with continuous
or/and discontinuous Al2O3 layer results in the wavy feature in the outer part of the
inner rutile, and the inner part of the inner rutile contains Al2O3 particles. The various
scale structures during carbo-oxidation implies that the activity of aluminium is
affected by altering pO2 [13]. Raising pO2 facilitates formation of Al2O3, which is in
agreement with work of Du et al. on Ti-6Al-4V [13, 55] and authors’ previous work
(Manuscript 2). Al2O3/rutile and its alternating structure are prone to form under
conditions of high pO2, e.g. in air at high temperatures for long duration [13]; whilst
in atmospheres with low pO2, e.g. in CO/CO2 mixture at low temperatures
(Manuscript 2), it tends to develop rutile/Al2O3/rutile sandwich-like structures.

6.5. Conclusions

The carbo-oxidation behavior of G23 in a CO/CO2 system is addressed at high
temperatures. pO2 increases and aC decreases with increasing temperature, and they
depend strongly on the CO/CO2 ratio. The microstructural evolution in the near
surface area as well as the variation of hardness in the diffusion zone have been
investigated.

Carbo-oxidation in CO gas (low pO2) at 1000 ℃ gives rise to a fast build-up of a
rather thick, porous and adherent compound layer composed predominantly of the
TiCxO1-x phase with close similarity to the stoichiometric TiC. The expelled
aluminium accumulates in expanded α-Ti underneath the compound layer, separated
by a discontinuous V-rich β-Ti layer from the Al-depleted α-Ti region.

As the pO2 increases by increasing the CO2 fraction in the gas mixture, the
formation of porous oxide scale as an outermost layer is accompanied by the
development of a much thinner TiCxO1-x sublayer with a lower C/O ratio. An alumina
barrier layer is preferentially formed at the interface of OOZ/IOZ, concomitantly with
progressive attenuation of the aluminium content in expanded α, and with no
vanadium segregation due to its dissolution in rutile.

The lattice of TiCxO1-x shrinks at high pO2, i.e. TiCxO1-x comes closer in
composition to stoichiometric TiO. TiCxO1-x is not identified in 100% CO2 gas. A
complex scale structure is attained consisting of an outmost dense rutile containing
dispersed alumina particles and porous inner rutile with alternating continuous and/or
discontinuous alumina layers.

The maximum hardness in the area adjacent to compound/substrate interface is
significantly increased with increasing pO2, and it largely remains constant at ~1600
HV in intermediate to high pO2 regime. Also, the depth of the hardened case tends to
increase with pO2, but there is a drop at 20% CO2 for carbo-oxidation at both
temperatures, which implies that decreasing aC may suppress the diffusion of oxygen
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at some point. The maximum hardness value of the hardened case is somewhat
independent on the temperature; while the depth of hardened case is high affected by
the temperature.

Supplementary information

The carbo-oxidation behavior of G23 is compared to G2 (pure titanium) foil (100
μm in thickness) exposed in various CO/CO2 ratios in this section. The same CO/CO2

ratios were applied as those in previous study for G23. G2 was carbo-oxidized at
1000 ℃ for 24 h followed by furnace cooling to room temperature at an average
cooling rate of approx. 20 °C.min-1 in the reactive gas. Identical characterization
parameters were applied for XRD, LOM and EPMA as those reported in Manuscript 1.
The experimental method for synchrotron X-ray diffraction (S-XRD) is given in Ref.
[68].

A comparison between XRD and S-XRD results of carbo-oxidized G2 is
presented in Fig. 6.11. Due to the much deeper penetration depth of the X-rays by S-
XRD, especially at high energy values (see Fig. 6.12), the phase composition in
deeper regions of the carbo-oxidized samples is revealed. The cross-section
microstructure of carbo-oxidized G2 shown in Fig. 6.13 indicates the compound
layers formed on G2 are much thicker than those on G23 exposed at the same
temperature (cf. 6.4); thus TiCxO1-x beneath the thick rutile is only detected by S-XRD
but not observed for the XRD data. Moreover, the S-XRD results of G2 are highly in
agreement with the XRD results of G23 (cf. 6.1) that the intensity of reflections of
TiCxO1-x decreases and that of rutile increases with increasing CO2 fraction. G2
treated in CO + Graphite (lowest pO2 obtained) achieves similar morphology of
TiCxO1-x as that in CO and 0.5% CO2 without forming rutile (Fig. 6.13a-c). Increasing
pO2 gives rise to a fast built-up of an outmost rutile layer, accompanied by the
development of TiCxO1-x island underneath in 1% CO2 (Fig. 6.13d). Stratification of
rutile layers occurs in 5-10% CO2 (Fig. 6.13e&f), and a dense outer and a porous
inner rutile layer are observed for higher CO2 fractions (Fig. 6.13g&h). Rutile grows
throughout the entire G2 foil in CO2, which is consistent with the S-XRD result (cf.
6.11b).

G2 exposed in 10% CO2 is of particular interest because of the presence of
Magnéli phases (sub-oxides TinO2n−1) as detected in Fig. 6.11b. EPMA mapping
analysis reveals the structure of the scale (compound) layer formed on this sample
(Fig. 14a), which is schematically drawn in Fig. 14b. Network-like TiCxO1-x +
Magnéli phases developed beneath rutile layers, implying Magnéli phases are prone to
form at intermediate pO2. Interestingly, the carbon content is low in the outer rutile
and Magnéli phases, but high in the inner rutile, which agrees with the authors’
previous studies (cf. Figs. 3.10 & 4.9).
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Fig. 6.11. a) X-ray diffractograms (XRD) and b) synchrotron X-ray diffraction (S-XRD) spectrums as
acquired for the present investigation of G2 foil.
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Fig. 6.12. Calculated penetration depth of X-ray by XRD and S-XRD, respectively, in pure titanium.

Fig. 6.13. Light optical micrographs (LOM) of G2 foil after carbo-oxidation at 1000 ℃ in CO/CO2 gas
mixtures with different volume fractions of CO2. 0% represents pure CO gas, and 100% represents pure
CO2 gas. CO + Graphite is the sample embedded in graphite powders exposed in CO.
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Fig. 6.14. a) EMPA mapping analysis, and b) schematic drawing of the G2 foil carbo-oxidized in 10%
CO2 + 90% CO.
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Abstract

To understand the effect of alloying elements on high-temperature corrosion behavior
and surface hardening of titanium and its alloys, commercially pure titanium and a
wide range of commercial titanium alloys were subjected to (carbo-)oxidation at
800 ℃ for 16 hours in a CO/CO2 redox system with a fixed partial pressure of oxygen
and carbon activity. Oxide scales formed on that are mainly composed of rutile-TiO2;
additionally alumina-α-Al2O3 is present for the Al-containing alloys. The build-up of
the oxide scale is mainly affected by the Al content. Low Al content leads to the
formation of a duplex structure, and a sandwich-like structure is formed at high Al
content. The influence of other alloying elements, like β stabilizers (Cr, V, Fe, Mn, Si,
Nb, Mo) and neutral elements (Zr and Sn), on (carbo-)oxidation behavior are also
shown. It is found that pure titanium (TA2) suffers catastrophic oxidation and forms
the thickest rutile scale; however, near-α Ti-6.5Al-1Mo-1V-2Zr (TA15), α+β Ti-
6.5Al-3.5Mo-1.5Zr-0.3Si (TC11), metastable β Ti-15Mo-3Nb-3Al-0.2Si (TB8) and
Ti-3Al-8V-6Cr-4Mo-4Zr (TB9) display excellent resistance with low scale growth
rate due to the beneficial effects of Al, Mo, Nb and Si. The surface hardening of each
material has been investigated; the inward diffusion of interstitials expands the α
lattice significantly, which results in formation of a hardened case. It is found that all
materials that are not classified as β alloys are readily surface hardened via
thermochemical treatment in the CO/CO2 system. Near-β alloys exhibit outstanding
surface hardening response, which is ascribed to the fast diffusivity of interstitials in β
resulting in a deep diffusion zone. Moreover, the unstable β phase is prone to be
transformed into expanded α offering high hardness; however, most of the metastable
β alloys have a sluggish surface hardening response due to relatively stable β upon
(carbo-)oxidation. The present study provide information for alloy design in relation
to both the improvement of high-temperature corrosion/oxidation resistance and
surface hardening.
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7.1. Introduction

Titanium and titanium alloys are attractive especially for aviation industry due to
their combination of properties such as excellent strength-to-weight ratio and high
corrosion resistance [1]. The application of titanium alloys as structural material in
aircrafts sharply increased since mid of last century [2, 3]. Nowadays, lighter
materials such as Mg-based [4] and carbon fiber reinforced composites [5] frequently
replace titanium alloys for applications at low temperatures. For aircraft engines,
titanium alloys are, however, still the most frequently used materials for fan and
compressor blades applied at temperatures up to 600 °C [6, 7]. The oxidation of
titanium was first studied by Jenkins et al. [8, 9], Hurlen et al. [10, 11] and Stringer et
al. [12, 13] in the 1950s and early 60s, the introduction and development of titanium
followed the increasing requirements of the fast growing aerospace industry [14].
Titanium alloys can be classified into three groups, i.e. α, α+β and β types, based on
the additional chemical elements present: Al, C, N, O are α stabilizers; V, Mo, Nb , Fe,
Mn, Cr, Si are β stabilizers; and Zr, Sn are neutral/mild β stabilizers [2, 15]. The
effect of alloying elements on oxidation behavior of titanium alloys were investigated
in the following years [16, 17]. In general, the effect of various elements can be
classified into seven groups: 1) consistently detrimental-V and Mn; 2) consistently
beneficial-Si, Al and Nb; 3) detrimental at low content-Cr; 4) detrimental at high
content-Fe; 5) beneficial at low content-Zr; 6) detrimental for titanium alloys but
beneficial for titanium-aluminide-Mo; 7) detrimental for titanium alloys but neutral
for titanium-aluminide-Sn. According to first principle calculations, Wu reported that
compared to pure titanium, for the oxygen diffusion in α Ti-X alloys at 627 ℃, Nb,
Mo, Al, Sn and Si are barriers, whereas, Zr, V, Cr, Mn and Fe are accelerators [18]. In
the following, the influence of the various chemical elements that can be added to
titanium alloys are reviewed and discussed.

At all temperatures, Al possesses a greater affinity for oxygen than titanium,
which implies that Al tends to be preferentially oxidized in a Ti-Al alloy to form
alumina (Al2O3) rather than TiO2 [17, 19]. The formation of alumina can play a
critical role in hindering oxygen diffusion into titanium alloys, thereby significantly
increasing the high-temperature stability of the bulk microstructure, especially for
near-α class alloys used for aerospace applications [20]. As a light, solid solution
strengthening and α stabilizer element, Al is commonly added into α, near-α and α+β
alloys in contents up to 8 wt.% (e.g. Ti-8Al-1Mo-1V) and also into most of the
existing β alloys where the Al content is typically in the range of 2-4 wt.% [2]. The
titanium alloy most widely used for industrial purposes, i.e. Ti-6Al-4V has an
excellent combination of mechanical properties and corrosion resistance and contains,
as the name implies, 6 wt.% Al [1]. In general, the oxidation resistance of Ti-Al alloy
is increased with increased Al content even for cases, where no continuous alumina
layer is formed [17, 21]. This effect is ascribed to the presence of Al3+ cations in the
rutile, which leads to an overall expansion coefficient for the scale that is lower than
that of pure rutile [21]. Thus, the addition of Al improves the adherence of the rutile
scale to the substrate, attenuating cracking, blistering, porosity formation and
spallation of the scale. A minor addition of Al (~1 wt.%) is likely to have no impact
on oxidation rate [17], and a low level of Al (1.65 wt.%) addition was found to
slightly reduce the oxidation rate, but did not change the observed activation energy
for oxidation [21]. Kitashima et al. [22] reported that 2 wt.% Al addition has a limited
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effect on restraining mass gain. Increasing Al content above 8 wt.% facilitates the
formation of brittle intermetallic phases in titanium alloys, e.g. Ti3Al and TiAl, with
detrimental influence on mechanical properties [23], but the formation of Ti3Al has
been found to improve the oxidation resistance to a large extent [17].

Nb addition increases the oxidation resistance for titanium alloys, but is less
preferentially oxidized compared to Al (Al has higher affinity to oxygen) [17]. In Ti-
4Nb, the presence of Nb reduces mass gain and scale thickness, however, dissolution
of oxygen in the alloy and the permeation depth are promoted [24]. It is reported that,
slow diffusion of Nb leads to development of a Nb-rich layer underneath an oxide
layer as a barrier layer in the oxidized Ti-2Nb, which in turn inhibits further oxygen
migration [25]. Additionally, when dissolved in rutile, Nb improves the oxidation
resistance via constraining oxygen mass transfer within the rutile [26], and enhances
the adherence of the oxide scale to the substrate [27]. The substitution of V in Ti-6Al-
4V by Nb in Ti-6Al-7Nb has a significant positive effect on the oxidation properties,
thereby conferring adherent oxide layers for biomedical application [28, 29], and the
oxide layer of Ti-10Ta-10Nb is even denser and thinner [30]. Along with Al, addition
of Nb is found to improve the high temperature stability of titanium aluminides due to
lowering the critical Al content necessary for the formation of a uniform dense
alumina layer [31, 32]. Adding minor content (0.82 at.%) of Nb into Ti-50Al has been
beneficial in the temperature range of 750-1000 °C for long-time exposures in air [33].
When alloying titanium aluminide with Nb in contents of 1-10 at.%, Nb substitutes
for Ti in rutile as a cation with a higher valence resulting in a reduction of the amount
of oxygen vacancies in the rutile [34]. This reduces the diffusion velocity of oxygen
and metal ions in the oxide scale, and lowers its growth rate [26, 35]. Jiang et al. [36]
found that Nb was enriched up to approximately 18 wt.% in the scale/metal interface
of a TiAlNb alloy with an average composition of 5 wt.% Nb, which contributed to
the development of a long-lasting, protective alumina layer in the subsurface zone
[37]. Higher Nb content over 15 at.% is detrimental to oxidation resistance due to the
formation of TiNb2O7. The scale formed on Ti2NbAl at 850 °C is heterogeneous
consisting of rutile, Nb2O5, and AlNbO4 and exfoliated [38].

V is detrimental to oxidation resistance. The smaller, lighter vanadium ion
migrates more quickly away from the scale/metal interface, and it cannot build the
barrier layer which inhibits oxidation [25]. It is confirmed that, either for titanium
alloys [16, 39] or for titanium aluminide [26, 37], the addition of V prevents the
formation of an alumina layer, and increases the oxidation rate. Naveed et al. [26]
reported that the deleterious effect of V is attributed to the formation of polymorphic,
volatile V-oxides which melt at relatively low temperature. Thermodynamically, pure
aluminium has a higher affinity for oxygen than titanium at all temperatures, which
would imply that aluminium should be preferentially oxidized in a titanium-
aluminium alloy [17, 19]. Nevertheless, in case of Ti-6Al-4V, formation of rutile had
a priority compared with that of alumina [39, 40], which is most likely to be attributed
to the influence of V on the oxidizing behavior and low Al content. For Ti-42Al-8V-
(2-4)Mo, an uneven outermost Al2O3 layer was observed, for which formation was
hindered by the formation of V-oxides [26]. Herold-Schmidt et al. [41] reported that
addition of 1 at.% V to Ti-(40, 48)Al at 900 °C had no significant effect on the
oxidation behavior, whereas Maynor et al. [16] indicated that even adding 0.84 wt.%
V to titanium resulted in considerable weight increase in the temperature range 760-
982 °C. Yoshiaki et al. [33] also found that alloying 0.5-5 at.% V to Ti-50Al was
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detrimental to oxidation resistance in the temperature range of 750-1000 °C.
Additionally, the highest extent of scale spallation occurred for alloying 3.5 at.% to
Ti-53Al [27]. Oxidation is the most obvious sign of deterioration for Ti-44Al alloyed
with an appreciable amount of V (10 at.%) compared to any other titanium aluminides
containing less V. [42].

The addition of Si (1 and 3.7 wt.%) into titanium yields a slow scaling rate on
weight-gain basis due to the presence of Si ions in the interstitial positions in the rutile
lattice, slowing down oxygen diffusion in the scale [16, 43]. A porous scale with poor
adhesion is prone to be formed on titanium oxidized at elevated temperatures for a
prolonged time, which is attributed to rapid penetration of oxygen in rutile [40]. The
addition of Si can alleviate detachment of rutile [44]. The study conducted by Chaze
et al. [43, 44] reveals a reduction in the porosity of oxide layers with increasing
silicon content in the Ti-xSi (x = 0.25-1 wt.%) system. Si is a strong β stabilizer [45]
and it has very low solid solubility in titanium [46], therefore the β-forming nature of
Si and the presence of Ti5Si3 particles can reduce the oxygen dissolution and diffusion
rate in the alloy [44, 47]. For most of the commercially available high-temperature
titanium alloys, minor additions of silicon are within the content range of 0.1-0.5
wt.%, allowing use of these alloys up to 590°C [20]. For Ti-0.5Nb-0.5Si oxidized in
air, addition of Si creates an environment of low oxygen partial pressure at the
scale/metal interface beneficial to the formation of a Ti2N layer hindering further
oxygen diffusion into the alloy [34]. TiN phase is observed by Chaze et al. in Ti-Si
oxidized in air [43], and Si significantly decreases the penetration depth of oxygen
into the substrate. A titanium nitride layer was also formed in Ti6242S (Ti-6Al-2Sn-
4Zr-2Mo addition with 1 wt.% Si) subjected to air exposure at elevated temperatures
[48, 49]. For titanium aluminides, it is found that Si improves the diffusion rate of Al
throughout the scale to form alumina on the surface, and reduces the activity of Ti4+

ions, restraining the formation of rutile [50].

Titanium alloyed with Cr in the content range of 1-4 wt.% shows consistently
poor scaling resistance in air [16] due to the reaction between N and Cr, developing
Cr2N [51]. Similarly, in air or oxygen in the temperature range of 550-750 ℃, Chaze
et al. [43] reported on the deterioration of oxidation properties for Ti-Cr with low Cr
content (< 10 wt.%), especially for 4 wt.% Cr, the unfavorable effects lead to a
considerable increase in oxidation rate. Incorporation of the lower-valence cations,
Cr3+, in the rutile causes an increase in defect concentration - anionic vacancies [33,
44]. Nevertheless, a beneficial effect of Cr can be achieved with Cr concentration
greater than 19 wt.%, which reaches the solubility limit of Cr3+ in rutile, resulting in
formation of Cr2O3 and lowering of oxidation rate. This result is consistent with that
reported by Ferguson [17] regarding Ti-xCr alloys (x = 2.5-17.6 wt.%) oxidized in air
at 815 ℃: the highest oxidation rate is exhibited in the 4 wt.% Cr alloy, the lowest in
the 17.6 wt.% Cr, and pure titanium shows intermediate behavior. It also agrees with
the findings by Menzies et al. in exposures to CO2 at 1000 ℃ [52]: Ti-(5, 15)Cr
oxidized more readily than titanium according to the total weight gain and the kinetic
result revealing a significant detrimental influence of the Cr content with worst case at
5 wt.% Cr. On the other hand, the thickness of oxide layers declines as the Cr content
increases. The duplex rutile structure of Ti-15Cr formed in CO2 exhibits much lower
Cr content in the outer dense layer than that in the inner porous layer [52]. With
respect to titanium aluminides, the addition of 0.3-3.7 at.% (0.5-5 wt.%) Cr into Ti-
48Al has been shown to be detrimental in the temperature range of 750-1000 ℃ for
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oxidation in air, and it is confirmed that linear oxidation takes place at 900 ℃ without
formation of an alumina layer [33]. Additionally, TiAl-(3.3 & 7.2 at.%)Cr displays
the worst oxidation resistance in the temperature range of 900-1100 ℃ [27]. The
oxidation behavior observed for Ti-47Al alloyed with 3.6 at.% Cr elucidates that since
Cr is less infinity to oxygen than Ti and Al, it tends to be expelled from scales,
consequently accumulating at the scale/substrate interface [42, 53]. For TiAl-(2
at.%)Cr and TiAl-(5 at.%)Cr, the two materials initially behave similarly, but for the
low-Cr alloy exhibits higher oxidation rates after longer time exposure [54]. Moreover,
higher Cr addition (8 & 15 at.%) into TiAl decreases the titanium activity and thus
promotes the development of an alumina layer [55].

Mo is one of the most frequently used β isomorphous elements in titanium alloys
[2], for which the addition of 0.2 wt.% [22] and 1.2 wt.% [16] Mo addition is found to
be beneficial; 4 wt.% Mo had negligible impact on oxidation below 760 ℃, whereas
it is harmful above 871 ℃ [16]. The addition of Mo in Ti-5Mo is detrimental to
oxidation behavior at 700-900 ℃ and catastrophic oxidation was observed at 1000 ℃
[56]. Oxidation of Ti-xMo (x=0-12 wt.%) was conducted at 650 ℃ by Samimi et al.
[57]: the scale thickness is found to be independent of the composition and a parabolic
growth law is obeyed. Adhesion of the scale is degraded as the Mo content increases
owing to forming a TiO transition layer with no Mo-oxide detected. During oxidation
of Ti-15Mo [58], O-rich α develops both as fine laths in the β grains near the surface,
and as intergranular plates forming a network at grain boundaries. The oxidation rate
is faster than that of pure titanium below 700 ℃. The reaction rate of Ti-15Mo with
oxygen is observed to be extremely irregular at high temperatures above 800 ℃.
Somsanith et al. [59] finds that a dense rutile is formed on Ti-15Mo at 650 ℃, and the
rutile layer formed at 800 ℃ offers poor corrosion resistance due to the high porosity.
In Ti-xMo (x=5-20 wt.%), Grandini [60] reported that the diffusion coefficient of
oxygen increases upon increasing the Mo content. The melt and evaporation of the
reaction product - MoO3 in rutile appears to be responsible for the poor oxidation
resistance of Ti-Mo containing high Mo content at high temperature [17]. However,
alloying with Mo yields a positive effect for the oxidation behavior of Ti3Al and TiAl
based alloys. Minor additions of Mo (1 at.% or 2 wt.%) do not significantly alter the
oxidation characteristics of the Ti3Al based alloy over the temperature range of 650-
1000 ℃ [61]. Pilone et al. [62] also reported that an increase of Mo (2-7.2 at.%) (as
well as Cr, Nb) concentration in TiAl does not significantly affect the oxidation
behaviour. Along with Nb, Mo was beneficial for oxidation performance of TiAl [26,
63]. The addition of 1-6 wt.% Mo in TiAl facilitates the formation of an alumina inner
layer adjacent to the substrate that protects against further oxidation, and decreases
the solubility of oxygen in TiAl [27, 64]. It is ascribed to the Mo doping effect
reducing the defect concentration in rutile leading to the suppression of the growth of
rutile, and enhancing the tendency to a barrier (alumina) formation [33]. Shida et al.
[33] reported that Mo is beneficial to the protective-oxidation behavior of TiAl in the
temperature range of 750-1000 ℃, and that a minimum weight gain is found around 4
wt.% Mo addition.

Similar to Al, Zr thermodynamically has higher affinity to oxygen than Ti in all
temperature ranges, therefore it would be expected that ZrO2 is preferentially formed
during oxidation [17]. However, unlike alumina, which is readily formed as an
individual layer, ZrO2 is prone to be dissolved into rutile (same crystal structure
which is tetragonal) [65]. Therefore, Zr barely offers a protective oxidation behavior
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for Ti-Zr. In some old studies, Jenkins observed that Ti-8.6Zr absorbs more than twice
the amount of oxygen compared to pure titanium in the temperature range 750-900 ℃
[9]. Glazova et al. found that the critical Zr content for Zr being deleterious to
oxidation resistance decreases with increasing temperature in the whole composition
range of Ti-Zr for the temperature range 500-800 ℃ [66], which implies that a high
content of Zr is harmful at high temperature. Nevertheless, more recent studies
showed a neutral [67] or slightly positive [7, 68] effect of Zr addition in low amounts
on improving oxidation resistance. In accordance with the valence-control rule, the
addition of 2 at.% Zr into TiAl showed little influence on oxidation consistent with Zr
ions having the a same valence as Ti ions in rutile [69]. However, this mechanism
fails to address/interpret the beneficial effect of 0.2 at.% Zr addition, which is very
effective in decreasing the oxidation rate below 1027 ℃ [69]. It seems that the minor
addition of Zr could enhance the nucleation and growth of alumina, which is in
contradiction to reports regarding TiAl-(9 & 11)Nb-2Zr oxidized at 900-1000 ℃:
addition of Zr deteriorates the oxidation characteristics due to the formation of spotty
Ti3Al phase in TiAl grain, and consequently, Al-depleted zone is observed [70, 71].
For Ti3Al based alloys, it is found that 1-2 at.% Zr additions improve the oxidation
resistance of Ti-(10, 15)Al more effectively than Nb, and drastically decrease the
growth rate of rutile [72]. For another Ti3Al based alloy, Ti-22Al-(27-x)Nb-xZr (x=0,
1, 6 at.%) oxidized at temperatures of 650-800 ℃ [73], it is found that a beneficial
effect has been achieved at 1 at.% Zr addition, but 6 at.% addition is harmful. The
excessive Zr is prone to form ZrO2 incorporated in the scale, which provides sites for
rapid oxygen transport [73]. In the studies of Ti-6Al-2Sn-4Zr-2Mo as one of the most
widely used near-α alloys conducted by Gaddam et al. [74, 75], the addition of Zr
plays a role in improving creep resistance by strengthening the α phase, as well as
enhancing high temperature oxidation along with other alloying elements. For other
alloys, the addition of Zr in Ti-7.4Zr dramatically decreases the weight gain during
oxidation at 700 ℃ [22]. Additionally, the addition of Zr in Ti-6Al-1.4Si-3Zr strongly
reduces its oxidation rate [47]. Heavily Zr-alloyed titanium alloys, e.g. Ti-13Nb-13Zr
and Ti-4Nb-15Zr, show that higher Zr accompanied with lower Nb content increases
the observed scale thickness, and no presence of Zr is observed at the surface [76].

Sn is a neutral β-stabilizer alloying element in titanium, which is alloyed, along
with Al, Mo, Zr, etc., mostly in near-α alloy [2, 75]. Finlay’s results indicate a
consistent, but gradual decrease in oxidation rate over a Sn content range of 0-15
wt.% at 1050 ℃ in oxygen [77], which is in contrast to the results of Jenkins that Ti-
11.4Sn exhibits linear oxidation kinetics in oxygen at 850 and 900 ℃ [9]. However,
the addition of Sn seems to - in general - have a negative effect on oxidation in air
[17]. With a synergistic effect of nitrogen in air, a severe oxidation is observed in Ti-
7Sn [17]. Glazova et al. [66] also found that addition of Sn up to 15 wt.% has a
detrimental effect on oxidation resistance in air in the temperature range 700-800 ℃;
on the other hand, they observed the addition of Sn beyond 15 wt.% in Ti-Zr exhibits
strong oxidation resistance. Ti-9.4Sn exhibits extremely poor oxidation resistance at
700 ℃ in air [22]. Under the same test conditions a for Ti-Al-Si based alloy [47], Sn
addition appears to be slightly deleterious to oxidation resistance by reducing the
amount of silicide phase in the alloy. Practically no effect of Sn on rutile formation
has been observed because of the preferential oxidation of titanium, which has a much
greater affinity for oxygen than does Sn [17]. A Sn-enriched layer can be formed at
the scale/substrate interface of, e.g. Ti-9.4Sn [78] and Ti-7Al-6Zr-4.5Sn-1Nb-1Mo-
0.2Si [79], and as the proportion of Sn is increased, the occurrence of rapid oxidation
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reaction can be expected due to the melting of this region at elevated temperatures
[17]. Consequently, it leads to the promotion of scale spallation with metallic Sn
segregation at the interface. Conversely, for TiAl, Sn (2 wt.% addition) is a neutral
element with respect to oxidation resistance in air in the temperature range 800-
1000 ℃ [33, 67], which obeys the valence-control theory that the defect structure of
the rutile scale should not be significantly affected by the presence of Sn4+ cations
with the same valency as titanium ions.

Considering Fe is one of the most effective strong β stabilizing elements, the
addition of Fe into titanium are in the purpose of lowing the cost [80, 81] and
improving the room-temperature mechanical performance [82, 83] as well as the
forming capacity [2]. The addition of 1-4 wt.% Fe displays consistently poorer scaling
resistance in air in the temperature range 649-982 ℃ [16]. On the contrary, Stringer et
al. [84] and Morinaga et al. [85] reported that, except for Ti-8Fe (which is poor
oxidation resistant), the addition of small amounts of Fe (1-4 wt.%) to titanium did
not markedly affect the oxidation behavior at 600-900 ℃. Due to the relatively fast
diffusivity in titanium, Fe is found to be ejected from the surface of the oxidized Ti-
3Fe at 860 ℃, resulting in accumulation of Fe in the core, which reduces the
martensite start temperature of β phase below room temperature [84]. Rutile
contaminated with Fe-oxides and amorphous silica is observed in Ti-4Fe-(0.5-2)Si,
for which the oxidation resistance at 700-1000 ℃ is far superior to that of Ti-6Al-4V,
and even better than that of TiAl intermetallics [86]. Substitution of V in Ti-6Al-4V
by the same amount of Fe improves the oxidation resistance, and at 700 ℃ the
addition of Fe does not have a noticeable influence on oxidation behavior, but the
oxidation resistance of an alloy with 1 wt.% Fe addition is superior to that with 4
wt.% at 800 ℃ [87]. Jenkins et al. found that the addition of 6.6 wt.% Fe increases the
oxidation rate of titanium in oxygen by a factor of two in the temperature range 750-
900 ℃ [9]. Reverte et al. [88] found that the oxidation resistance of an alloy with 7
wt.% Fe is inferior to that of pure titanium at 500-600 ℃. A maximum and a
minimum in oxidation rate on the basis of weight gain are observed at ~30 wt.% and
~50 wt.% Fe addition, respectively, at 800-900 ℃ [17]. In this work, the decrease of
the oxidation rate at ~50 wt.% Fe is likely to be attributed to the formation of the
intermetallic compound TiFe. [89]. For TiAl, 2 wt.% Fe addition has a slight
beneficial effect to oxidation resistance [33].

Limited work on the effect of Mn addition on oxidation behavior of titanium was
undertaken compared to that for the other alloying elements. The presence of 10-20
wt.% of Mn in a rutile scale causes embrittlement, which can cause catastrophic
spallation upon cooling [17]. This unpleasant spallation of scale is also observed in
Ti-6Al-1Mn oxidized at 700-800 ℃ [90]. Maynor et al. reported that addition of 1-4
wt.% Mn slightly increases the weight gain of titanium upon oxidation [16]. Although
Mn has been known to improve the room temperature ductility, for TiAl, 1.5 wt.%
Mn addition is found to be detrimental to oxidation resistance at 900 ℃ [67]. A
contrary result was reported by Lee et al. [42] that the same amounts of Mn addition
in TiAl is beneficial at 800-900 ℃, but detrimental at 1000 ℃, which implies that the
harmful doping effect of Mn ions is dominant at high temperature. Mn-oxide layer is
vaguely detected, because Mn is mostly dissolved in the rutile scale (MnO2 is also
tetragonal).
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As the demands of high-temperature applications for titanium in an oxidizing
atmosphere is growing, understanding the effects of single element addition to
titanium on the oxidation behavior is not enough. Adding more alloying elements to
increase the maximum service temperature [7, 20], the alloying composition system
becomes more complicated with the higher alloying element contents. The synergistic
effects among the different alloying elements on oxidation behavior in different media
are very complex. In the present study, a whole type range of sixteen commercial
titanium alloys containing the different alloying elements discussed above are applied.
The present manuscript addresses the influence of various alloying elements in these
materials on the high-temperature corrosion/oxidation behavior at 800 ℃ in a CO-
CO2 redox system with fixed partial pressure of oxygen and carbon activity (see
Manuscript 2). The surface hardening as a side-effect of oxidation is also investigated.

7.2. Experimental

7.2.1. Materials and (carbo-)oxidation treatment

As-received commercially pure titanium and fifteen Ti-based alloys were
investigated. The chemical composition of all materials are presented in Table 7.1.
Their corresponding indices of GB/T and common tradename are also given,
respectively. Based on the nominal compositions (in wt.%), the materials can be
categorized into 6 groups: 1) pure titanium (TA2); 2) α type: Ti-1Al; 3) near-α type:
Ti-6.5Al-1Mo-1V-2Zr (TA15); 4) α+β type: Ti-6Al-4V (TC4) with two different
initial microstructures (mill-annealed and bi-modal), Ti-6Al-4V (TC4) ELI, Ti-6Al-
1.5Cr-2.5Mo-0.5Fe-0.3Si (TC6) and Ti-6.5Al-3.5Mo-1.5Zr-0.3Si (TC11); 5) near-β
type: Ti-13Nb-13Zr (TC26) and Ti-10V-2Fe-3Al (TB6); 6) metastable β type: Ti-
5Mo-5V-8Cr-3Al (TB2), Ti-15V-3Al-3Cr-3Sn (TB5), Ti-15Mo-3Nb-3Al-0.2Si (TB8),
Ti-3Al-8V-6Cr-4Mo-4Zr (TB9) and Ti-11.5Mo-6Zr-4.5Sn (Beta III).

The samples of pure titanium (TA2), Ti-6Al-4V (TC4) ELI and Ti-13Nb-13Zr
(TC21) were in the shape of coins, 15 mm in diameter, with thickness of 2 mm. The
Ti-15V-3Al-3Cr-3Sn (TB5) materials was a thin strip with thickness of approx. 0.7
mm. Ti-15Mo-3Nb-3Al-0.2Si (TB8) and Ti-11.5Mo-6Zr-4.5Sn (Beta III) provided by
GoodfellowTM were foils with thickness of approx. 0.5 and 0.35 mm, respectively.
The rest of the materials provided by Baoti Group Ltd. were received as cylindrical
rods, 25 mm in diameter, and were cut into discs, 2 mm in thickness by slicing the
cylindrical rod perpendicular to the rolling direction using a Struers Accutom
precision cutting machine.

Gaseous carbo-oxidizing treatments were performed in a horizontal quartz-tube
furnace filled with a flowing mixture of CO-CO2 (ratio 1:1) [91] for a duration of 16 h
at 800 °C, followed by furnace cooling to room temperature at an average cooling rate
of approximately 10 °C.min-1 in the reactive gas. As it has been reported in a previous
study (Manuscripts 2 & 3), this CO-CO2 system provides well-defined partial pressure
of oxygen and carbon activity determined by the CO:CO2 ratio and temperature with
an excellent buffer capacity [92] (pO2=3.847-19 atm) (aC=0.078).

The calculated molybdenum equivalence (Moeq) [45] as a function of
experiment-based β-transus temperature (Tβ) for each alloy is shown in Fig. 7.1. The
general tendency is that the β-transus temperature (Tβ) decreases gradually and
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consistently with increasing Moeq, except for Ti-13Nb-13Zr (TC26), which contains
large amounts of Nb and Zr. Moreover, the Tβ of all the α, near-α and α + β type
alloys is above the applied exposure temperature, i.e. 800 °C; Tβ of the near-β type
alloys are found around the temperature 800 °C, except for Ti-13Nb-13Zr (TC26);
and Tβ of all the metastable β is below 800 °C, except for Ti-15Mo-3Nb-3Al-0.2Si
(TB8).

Table 7.1 Applied materials and their nominal chemical compositions.

Type GB/T Tradename
Stoichiometric composition

(wt.%)
Supplier

C.P. TA2 Grade 2 Ti Unknown

α / / Ti-1Al Baoti

near-α TA15 / Ti-6.5Al-1Mo-1V-2Zr Baoti

α + β TC1 / Ti-2Al-1.5Mn Baoti

α + β TC4 Grade 5 Ti-6Al-4V (Mill-annealed) Baoti

α + β TC4 Grade 5 Ti-6Al-4V (Bi-modal) Baoti

α + β TC4 ELI Grade 23 Ti-6Al-4V ELI (Mill-annealed) Unknown

α + β TC6 / Ti-6Al-1.5Cr-2.5Mo-0.5Fe-0.3Si Baoti

α + β TC11 / Ti-6.5Al-3.5Mo-1.5Zr-0.3Si Baoti

near-β TC26 Ti-13-13 Ti-13Nb-13Zr Unknown

near-β TB6 Ti-10-2-3 Ti-10V-2Fe-3Al Baoti

metastable β TB2 / Ti-5Mo-5V-8Cr-3Al Baoti

metastable β TB5 Ti-15-3 Ti-15V-3Al-3Cr-3Sn Unknown

metastable β TB8 Beta 21S Ti-15Mo-3Nb-3Al-0.2Si Goodfellow

metastable β TB9 Beta C Ti-3Al-8V-6Cr-4Mo-4Zr Baoti

metastable β / Beta Ⅲ Ti-11.5Mo-6Zr-4.5Sn Goodfellow
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Fig. 7.1. Calculated Mo equivalent content [45] as a function of achieved β-transus temperature for
each alloy. The horizontal dashed line indicates the applied exposure temperature at 800 ℃.

7.2.2. Preparation of cross-sections and experimental
characterization

Carbo-oxidized samples as well as as-received samples were cut in half to
expose the cross-sections. Samples were hot mounted (approx. 180 ℃, 5 min) in
Struers DurofastTM resin using a Struers Prontopress 20, and then ground with
abrasive SiC paper in the sequence 500 mesh, 1000 mesh and 4000 mesh followed by
mechanical polishing with 3 micron diamonds and Struers’ colloidal silicon OP-S as a
final step. No further chemical etching was applied. In order to improve the
conductivity of the embedded cross-sections for scanning electron microscopy (SEM)
investigations, carbon coating was conducted to deposit a layer of amorphous graphite
with thickness around 5 nanometers using Quorum Q150T Plus. SEM investigation
was performed using a Zeiss Supra 35 equipped with a ThermoTM energy dispersive
spectrometer (EDS) and backscattered electron (BSE) detector. The software used for
EDS mapping analysis was Noran System SIX. To study the surface hardening effect
caused by the penetration of the interstitials, in-depth hardness measurements were
performed on the embedded cross-sections with a Future Tech model FM-700 micro-
hardness tester applying 10 s dwelling time and 5 g force. Investigation of phase
composition after thermochemical treatment, as well as before exposure, was
performed on the surface of samples before cutting with a Bruker D8 Advance X-ray
diffractometer (XRD) using Cu Kα radiation in a measuring range of 15-100° 2θ with
a step size of 0.03° and a measuring time of 5 s per step.
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7.3. Results and interpretations

7.3.1. As-received samples

X-ray diffraction (XRD) was applied to identify the phases present in the
different materials before high-temperature exposure. The results in Fig. 7.2 indicate
that commercially pure titanium (TA2) and Ti-1Al exhibit only h.c.p. α-Ti with
identical peak positions, suggesting that the minor addition of Al has negligible
contribution to the lattice parameter. The presence of b.c.c. β-Ti phase, as well as α-Ti,
is found in all the near-α, α+β and near-β alloys. As the β stabilizer concentration
increases in the metastable β alloys, he β peaks become stronger, especially for Ti-
15V-3Al-3Cr-3Sn (TB5), Ti-15Mo-3Nb-3Al-0.2Si (TB8) and Ti-11.5Mo-6Zr-4.5Sn
(Beta Ⅲ), in which the presence of α-Ti is not detected due to the heavy alloying with
strong β stabilizing elements, i.e. Mo and V [45]. The peak shifts show the impact of
the presence of alloying elements on the lattice parameters of α-Ti and β-Ti, e.g.
showing significant higher-2θ-angle shifts of α-Ti in Ti-6.5Al-1Mo-1V-2Zr (TA15)
compared to those in commercially pure titanium (TA2), which can be mainly
attributed to the shrinkage of the α-Ti lattice caused by the addition of Al [93]. The α-
Ti peaks of Ti-13Nb-13Zr (TC26) are shifted towards lower 2θ values, indicating that
solid solution of an appreciable amount of the neutral element Zr expands the lattice
of α-Ti dramatically. Additionally, owing to the synergetic effect of Nb and Zr
substituting for Ti atoms in β-Ti, the largest lattice expansion of β-Ti is observed in
Ti-13Nb-13Zr (TC26).

Fig. 7.2. XRD diffractograms of the as-received specimens.
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The microstructure of the as-received specimens imaged by SEM-BSE is shown
in Fig. 7.3. Bright TiFe or most likely β particles enriched in Fe can be found
distributed along α grain boundaries of the commercially pure titanium (TA2), Fig.
7.3a. Similarly, intragranular parallel β laths are identified in Ti-1Al (Fig. 7.3b), and
for both TA2 and Ti-1Al, the formation of network-like structures may also be
attributed to the Fe impurity. According to the Ti-Fe binary phase diagram, Fe has
extremely low solubility in α phase (0.047 wt.% at ~600 ℃) [94], and the
transformation β-Ti→α-Ti+TiFe may have occured upon cooling during the
manufacturing process of the as-received specimens, although the processing history
is unknown. Neither TiFe intermetallic, nor β phase was detected by XRD (see Fig.
7.2) due to their low proportion. Therefore, it is assumed that the network-like
structure is most likely still α phase. Ti-6.5Al-1Mo-1V-2Zr (TA15) (c), Ti-6Al-4V
(TC4-Bi) (f), Ti-6.5Al-3.5Mo-1.5Zr-0.3Si (TC11) (i) and Ti-10V-2Fe-3Al (TB6) (i)
have a bi-modal microstructure with elongated primary α grains and fine α/β lamellae.
A typical duplex microstructure with fine β particles dispersed in the α matrix is
present in Ti-2Al-1.5Mn (d), Ti-6Al-4V (TC4-Mil) (e), Ti-6Al-4V ELI (TC4 ELI) (g)
and Ti-6Al-1.5Cr-2.5Mo-0.5Fe-0.3Si (TC6) (h), which are all in mill annealed
condition. The necklace-like β particles aligned along the deformation axis of the
specimens. Acicular α phase, which is normally hard to distinguish from α' martensite,
is observed in the β matrix (identified by XRD) of Ti-13Nb-13Zr (TC26) (j) and Ti-
3Al-8V-6Cr-4Mo-4Zr (TB9) (o). Moreover, (l) shows much finer acicular α in Ti-
5Mo-5V-8Cr-3Al (TB2). As more β stabilizers are added into the alloys, single β
phase with a decreasing grain size is attained in the following order Ti-15V-3Al-3Cr-
3Sn (TB5) (m), Ti-15Mo-3Nb-3Al-0.2Si (TB8) (n) and Ti-11.5Mo-6Zr-4.5Sn (Beta
Ⅲ) (p). In general, the results of the electron microscopy investigation is highly
consistent with the corresponding XRD results shown in Fig. 7.2.
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Fig. 7.3. BSE images of the as-received specimens.

7.3.2. (Carbo-)oxidized samples

The visual appearance of the (carbo-)oxidized samples is shown in Fig. 7.4. The
visual appearance differs for the scales formed on the different samples treated at the
same condition. The scale formed on pure titanium (TA2) is offwhite and porous.
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Relatively denser scales with strong adherence are formed on α, near-α and α+β alloys,
with the color varying from yellowish (Ti-6Al-1.5Cr-2.5Mo-0.5Fe-0.3Si TC6) to light
grey (Ti-2Al-1.5Mn TC1 and Ti-6.5Al-3.5Mo-1.5Zr-0.3Si TC11) and to dark grey
(Ti-6.5Al-1Mo-1V-2Zr TA15 and Ti-6Al-4V TC4). Soot is observed at the surface of
some of the β alloys with a scale underneath; soot is most likely to form during
furnace cooling (with slow cooling rate) due to the increasing carbon activity with
lowering of the temperature. Spallation of the scale occurs for Ti-15Mo-3Nb-3Al-
0.2Si (TB8) and Ti-11.5Mo-6Zr-4.5Sn (Beta III), suggesting that catastrophic
oxidation takes place due to the oxygen penetration throughout the thin foils.

Fig. 7.4. Photos with top-down view of (carbo-)oxidized samples.

X-ray diffraction (XRD) was applied to detect the phase constitution of the oxide
scales formed on the materials after (carbo-)oxidizing and the results are shown in Fig.
7.5. After thermochemical treatment, rutile is the predominant phase in all cases and
the only identified oxide on pure titanium (TA2). For all the alloys containing Al, α-
Al2O3 is present in the scales of (carbo-)oxidized samples. The scale of Ti-13Nb-13Zr
(TC26) consists of ZrO2 and Nb2O5 besides rutile, due to, not only the large amounts
of alloying elements addition, but also the large thermodynamic driving force for
reaction of Zr with oxygen [73, 76]. Although Cr is more noble than titanium [17, 42],
Cr2O3 can still be detected on two (carbo-)oxidized metastable β alloys, i.e. Ti-5Mo-
5V-8Cr-3Al (TB2) and Ti-3Al-8V-6Cr-4Mo-4Zr (TB9), while no Cr-oxide is
identified on the other two alloys containing less Cr, i.e. Ti-6Al-1.5Cr-2.5Mo-0.5Fe-
0.3Si (TC6) and Ti-15V-3Al-3Cr-3Sn (TB5). The formation of V2O5 on Ti-15V-3Al-
3Cr-3Sn (TB5), Ti-10V-2Fe-3Al (TB6) and Ti-3Al-8V-6Cr-4Mo-4Zr (TB9)
containing high content of V significantly broadens the peak at 27.4° due to the
overlapping of α-Al2O3 and rutile peaks with multiple V2O5 peaks. Fe2O3 is formed on
Ti-10V-2Fe-3Al (TB6), nevertheless no detectable Fe-oxide is observed on Ti-6Al-
1.5Cr-2.5Mo-0.5Fe-0.3Si (TC6). It should be noted, that the α-Ti substrate (expanded
α) is detected on Ti-6.5Al-1Mo-1V-2Zr (TA15), Ti-6.5Al-3.5Mo-1.5Zr-0.3Si (TC11),
Ti-5Mo-5V-8Cr-3Al (TB2), Ti-15Mo-3Nb-3Al-0.2Si (TB8) and Ti-3Al-8V-6Cr-
4Mo-4Zr (TB9), inferring that a relatively thin scale has formed allowing the
penetration of X-rays through the scale. A calculated penetration depth of X-ray
(CuKα1) in rutile scale varies from 1.2-7.0 μm from low to high 2θ angles, which
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offers limited information on the thickness of the scales formed, depending on
whether the α/β substrate can be detected or not.

Fig. 7.5. XRD diffractograms of the (carbo-)oxidized specimens.

The microstructure and the corresponding elemental maps of alloying elements
for the cross section of (carbo-)oxidized specimens at the near surface area are
presented in Fig. 7.6. The β/TiFe particles containing Fe impurity are observed in the
α case of pure titanium (TA2) (a) and Ti-1Al (b), for which a relatively thick and
partially stratified rutile layer is formed. Fe in titanium alloys behaves similarly to V
since they can both substitute for the Ti ion in rutile, and mostly stay within the β-Ti
phase in the substrate, as shown in Ti-6Al-1.5Cr-2.5Mo-0.5Fe-0.3Si (TC6) (h) and Ti-
10V-2Fe-3Al (TB6) (k). The Fe-oxides and V-oxides detected by XRD are not
possible to identify in the EDS mappings and may therefore be dispersed
homogeneously in the rutile as fine particles.

Interestingly, the occurrence of α-Al2O3 is in three different morphologies in the
(carbo-)oxidized alloys: 1) in α alloy containing minor Al content, i.e. Ti-1Al (b), the
α-Al2O3 is dispersed homogeneously within a single rutile layer, in which a certain
amount of Al may also dissolve into the rutile; 2) as the Al content increases up to 2
wt.% in Ti-2Al-1.5Mn (TC1) (d) and 3 wt.% in β alloys, i.e. Ti-10V-2Fe-3Al (TB6),
Ti-5Mo-5V-8Cr-3Al (TB2), Ti-15V-3Al-3Cr-3Sn (TB5), Ti-15Mo-3Nb-3Al-0.2Si
(TB8) and Ti-3Al-8V-6Cr-4Mo-4Zr (TB9) (k-o), respectively, a scale with a duplex
structure develops, comprising an outer thin rutile layer containing dispersed α-Al2O3

and an Al depleted inner thick rutile layer. The former is dense and exhibits columnar
growth, consisting of large basaltic crystals. 3) the near-α and α+β alloys containing 6
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and 6.5 wt.% Al, i.e. Ti-6.5Al-1Mo-1V-2Zr (TA15), Ti-6Al-4V (TC4), Ti-6Al-1.5Cr-
2.5Mo-0.5Fe-0.3Si (TC6) and Ti-6.5Al-3.5Mo-1.5Zr-0.3Si (TC11) (c, e-i), possess a
scale with sandwich-like structure. An outer dense rutile layer and an inner porous
rutile layer are separated by an intermediate α-Al2O3 layer. An Al-rich zone is formed
at the compound/substrate interface of β alloys containing 3 wt.% Al, except for Ti-
10V-2Fe-3Al (TB6) (k). Whereas, an Al depletion zone is observed in the substrate of
alloys forming the intermediate α-Al2O3 layer.

Zr and Mo are present at locations of the prior β phase within the inner rutile
layer of Ti-6.5Al-1Mo-1V-2Zr (TA15) (c), Ti-6.5Al-3.5Mo-1.5Zr-0.3Si (TC11) (i)
and Ti-3Al-8V-6Cr-4Mo-4Zr (TB9) (o), their concentration is in agreement with that
found in the β phase within the substrate. The rutile layer with Mo segregation is also
observed in Ti-6Al-1.5Cr-2.5Mo-0.5Fe-0.3Si (TC6) (h), while Mo and Nb are
accumulated at the scale/substrate interface of Ti-15Mo-3Nb-3Al-0.2Si (TB8) (n).
Similarly, Nb segregation is present within the rutile of Ti-13Nb-13Zr (TC26) (j). Mo
and Zr are concentrated at the interface of detached rutile layers of Ti-11.5Mo-6Zr-
4.5Sn (Beta III) (p), forming alternating rutile and (Mo, Nb)-rich rutile layers. A
noticeable accumulation of Sn is observed in Ti-15V-3Al-3Cr-3Sn (TB5) (m) and Ti-
11.5Mo-6Zr-4.5Sn (Beta III) (p), forming a continuous and uniform barrier layer
against further oxidation. Cr tends to react with oxygen forming a Cr2O3 intermediate
layer in Ti-6Al-1.5Cr-2.5Mo-0.5Fe-0.3Si (TC6) (h), Ti-5Mo-5V-8Cr-3Al (TB2) (l)
and Ti-3Al-8V-6Cr-4Mo-4Zr (TB9) (o), while a (Al, V, Cr)-rich zone is formed
underneath the Sn-rich layer of Ti-15V-3Al-3Cr-3Sn (TB5) (m). Scattered Ti-Si
particles, most likely Ti5Si3 [44, 47], are distributed in the substrate of Ti-6Al-1.5Cr-
2.5Mo-0.5Fe-0.3Si (TC6) (h) and adjacent to the α layer at the prior β boundary of Ti-
15Mo-3Nb-3Al-0.2Si (TB8) (n). In fact, the Si-rich particles observed in the outer
rutile layer of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si (TC11) (i) are embedded in resin
introduced during the sample preparation process. As a strong β stabilizer, Mn is
expelled from growing oxide scale of Ti-2Al-1.5Mn (TC1) (d), and the inward
diffusion of oxygen pushed Mn further into the substrate, resulting in the formation of
Mn-lean α case layer.

More details of the (carbo-)oxidized TB5 is revealed in Fig. 7.7. Alumina resides
within the outer rutile layer with larger pore size compared to the inner thicker rutile.
The Sn-rich layer atop V, Cr-rich zone observed in Fig. 7.6m has been confirmed by
EDS quantitative analysis. The Al-rich plates “embedded” in the V, Cr-rich zone
indicates the potential presence of Ti3Al intermetallic phase, but the characterization
of Ti3Al is out of scope in the present study.
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Fig. 7.6. BSE images and corresponding element mappings of the (carbo-)oxidized specimens.
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The corresponding chemical compositions (in wt.%) for each phase marked in the figure above. Ti is in
balance. Note that the elements in high concentration are highlighted in red; and those in low
concentration are in green.

Spectrum Al Sn Cr V

#1 4.6 20.6 3.5 13.6

Sn-rich layer #2 3.3 22 6 18.1

#3 4.3 19 5.1 16.7

#4 7 6.9 1.9 6.7

Ti3Al #5 6.5 7.3 1.3 4.1

#6 7.1 8.6 2.2 7.5

#7 3 2.7 6 22

V, Cr-rich β #8 2.9 2.7 6.6 23.9

#9 4.1 3 6.9 25

#10 2.8 3.6 0.2 1.1

α #11 2.8 3.5 0.1 1.3

#12 3.1 3.6 0.2 1.2

#13 2.6 4.1 3.5 15.4

β matrix #14 2.7 2.4 4.5 20.5

#15 2.6 3 4.3 20.4

Fig. 7.7. BSE image of (carbo-)oxidized Ti-15V-3Al-3Cr-3Sn (TB5) at the near-surface region (cf. Fig.
7.6m) and the chemical composition of different phases examined by EDS spot scan in the region
adjacent to the scale /substrate interface.

The microhardness values measured on the cross section of the (carbo-)oxidized
samples are shown in Fig. 7.8 with a corresponding low magnification BSE-SEM
image shown in the background. Based on the micrographs and hardness results, the
thickness of oxide scales (compound layer) and hardened diffusion zones (hardened
layer) are given in Fig. 7.9. Moreover, Fig. 7.10 depicts the maximum hardness and
the bulk hardness values of the treated samples in comparison to the untreated ones.

It can be clearly seen that through-penetration of interstitials takes place in Ti-
15V-3Al-3Cr-3Sn (TB5) (m), Ti-15Mo-3Nb-3Al-0.2Si (TB8) (n) and Ti-11.5Mo-6Zr-
4.5Sn (Beta III) (p), owing to the thin foil/plate and fast diffusion rate of interstitials
in β phase [95, 96]. This leads to the formation of growing α layer (α precipitates at
the prior β grain boundary that form a consecutive layer) in the center as the sample
thickness is reduced, especially for Ti-11.5Mo-6Zr-4.5Sn (Beta III) (p), which is the
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thinnest sample and suffered from severe (carbo-)oxidation and spallation of scale
(see Fig. 7.4). Following the formation of an α layer accounted for by the fast
diffusion rate of interstitials at grain boundaries [97], intergranular diffusion of
interstitials further destabilizes β phase resulting in precipitation of α laths from prior
β grains upon cooling. Hence, a mass interstitials-induced fine α precipitation is
observed in the area adjacent to the scale/substrate interface of Ti-15Mo-3Nb-3Al-
0.2Si (TB8) (n), and it is spread all over in the substrate of Ti-11.5Mo-6Zr-4.5Sn
(Beta III) (p). For these three thin specimens, the measured depth of the diffusion
zone is influenced by the small sample thickness and would be much larger if thicker
samples had been treated (Fig. 7.9). Similarly, the reported bulk hardness is
considerably increased after thermochemical surface treatment due to penetration of
interstitials, even if the solubility is low in β (Fig. 7.10).

A dense and thin scale with thickness around 5 μm is formed on Ti-6.5Al-1Mo-
1V-2Zr (TA15) (c), Ti-6.5Al-3.5Mo-1.5Zr-0.3Si (TC11) (i), Ti-5Mo-5V-8Cr-3Al
(TB2) (l) and Ti-3Al-8V-6Cr-4Mo-4Zr (TB9) (o) after (carbo-)oxidation. The thinnest
scale (3 μm) is obtained on Ti-15Mo-3Nb-3Al-0.2Si (TB8) (n). This is mainly
ascribed to that all the alloying elements of TB8 are known to be beneficial to
oxidation resistance. The microstructures of the diffusion zone in TA15 (c) and
TC11(i) are identical: instead of forming an α case as in Ti-2Al-1.5Mn (TC1) (d), a
sequential bi-modal structure is present related to the locations of prior β phase in the
scale. The bi-modal structure adjacent to the scale/substrate interface has less β
lamellae/particles compared to that in the bulk due to the high content of interstitials.
Moreover, the microstructures of the diffusion zone in TB2 (l) and TB9 (o) are
identical: α plates are formed rapidly along the grain boundaries upon the (carbo-
)oxidation, and they are also precipitated from the β grains adjacent to the interface.
Subsequently, the α plates thicken slowly; and a duplex α/β layer with roughly
uniform thickness, consisting of short α rods crossing each other, is formed
underneath the oxide scale and grows inwards.

A scale with thickness around 15 μm develops on the treated Ti-6Al-4V (TC4)
(e-g), Ti-6Al-1.5Cr-2.5Mo-0.5Fe-0.3Si (TC6) (h), Ti-13Nb-13Zr (TC26) (j) and Ti-
11.5Mo-6Zr-4.5Sn (Beta III) (p). The initial microstructures, i.e. mill-annealed and bi-
modal, have negligible impact on (carbo-)oxidation behavior of TC4(e-f). This result
agrees with that reported in a previous study of the authors (Manuscript 3). This
implies that the grain boundary / grain volume ratio of the mill-annealed and bi-modal
structure is similar and thus that the diffusion rate of interstitials in these two
materials is identical [98]. Moreover, for TC4-ELI (g), it is found that the interstitial
elements in the as-received specimen have no measurable influence on the (carbo-
)oxidation behavior or in other words, to some extent - minor addition of interstitials
has neutral effect on (carbo-)oxidation. Similar to the other alloys containing Mo, e.g.
Ti-6.5Al-1Mo-1V-2Zr (TA15) (c) and Ti-6.5Al-3.5Mo-1.5Zr-0.3Si (TC11) (i)
mentioned above, TC6 (h) also displays Mo-partitioning in the inner rutile layer, fine
β particles at the scale/substrate, and similar interstitial penetration depth.
Interestingly, TC26 (j) possesses the deepest hardened case, which has more than 6-
fold increase in thickness compared to that of other samples. Above the β transus
temperature for this material, elongated primary α grains, appearing as grey platelets,
grow from the compound layer towards the core of the sample accompanied with the
inward permeation of interstitials during (carbo-)oxidation.
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The alloys containing large amounts of V, i.e. Ti-10V-2Fe-3Al (TB6) (k) and Ti-
15V-3Al-3Cr-3Sn (TB5) (m), possess a relatively thick scale with thickness around
20 μm after surface treatment. For TB5, the depth of the hardened zone is similar to
that of Ti-6Al-4V (TC4) (e-g), while TB6 possesses a hardened zone as deep as the
one of Ti-13Nb-13Zr (TC26) (j) but with slightly lower hardness value. The high
amount of interstitials trigger a significant nucleation and growth of equi-axed α
grains in the diffusion zone of TB6 (k). Compared to TC26, V in TB6 contributes to
build up of a relatively thicker rutile layer and Al as oxide former acts as barrier to
ingression of oxygen resulting in a relatively faster decrease in hardness. Unlike other
alloys, in which the hardness of the diffusion zone drops dramatically especially
within the first 20 μm; the hardness profile of TB5 (m) has a lot of scatter in the
region with α layer boundaries, since an α boundary with interstitials is much harder
than the retained β grains with low solubility of interstitials. The hardened case is
particularly shallow in TB5(m), although through-diffusion of interstitials occurs.

An exfoliated thick rutile scale with thickness over 40 μm is formed on (carbo-
)oxidized pure titanium (TA2) (a) and Ti-1Al (b). Horizontal cracks are found at the
surface region. Even 1 wt.% addition of Al can significantly reduce not only the scale
growth rate, but also the interstitial ingression into the substrate. Ti-2Al-1.5Mn (TC1)
(d), which also has a low amount of alloying elements, possesses a thinner oxide
oxide scale than the former alloys with a thickness of 33 μm. However, the hardened
layer of TC1 (d) is much thicker, which may due to the detrimental effect of Mn
against oxidation [16]. An α case is found in the substrate adjacent to the interface.

It can be seen from Fig. 7.10(a) that colossal solid solution hardening effect is
achieved after (carbo-)oxidation. Generally, almost a fourfold or even more increase
in hardness is observed for all the α and α+β alloys treated at 800 ℃ for 16 h when
compared to that of the untreated alloys as shown in Fig. 7.10(b). A superior surface
hardening effect tends to be achieved in pure titanium (TA2) and alloys with a small
addition of alloying elements, i.e. Ti-1Al and Ti-2Al-1.5Mn (TC1), for which the
hardness ratio is over five. The highest hardness value is obtained in Ti-1Al and Ti-
13Nb-13Zr (TC26) which is around 1550 Hv. The surface hardening effects for the
alloys containing 6, and 6.5 wt.% Al, i.e. Ti-6.5Al-1Mo-1V-2Zr (TA15), Ti-6Al-4V
(TC4), Ti-6Al-1.5Cr-2.5Mo-0.5Fe-0.3Si (TC6) and Ti-6.5Al-3.5Mo-1.5Zr-0.3Si
(TC11), are similar. Among them, the hardness of Ti-6Al-4V (TC4) is slightly lower
than that of the others. The bi-modal structure of TC4-Bi yields higher hardness than
the mill-annealed structure of TC4-Mil and TC4-ELI. Again, the addition of minor
contents of interstitials in as-received TC4-Mil shows unmeasurable difference with
respect to hardness neither before, nor after the surface treatment, compared to TC4-
ELI with identical initial microstructure. Near-β alloys exhibit excellent surface
hardening response, while the metastable β alloys, except for Ti-5Mo-5V-8Cr-3Al
(TB2), possess an inferior surface hardening effect to α and α+β alloys. The
Max/Bulk hardness ratio is around three or even lower. No effective surface
hardening is obtained in Ti-15V-3Al-3Cr-3Sn (TB5).
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Fig. 7.8. In-depth Vickers hardness profiles of (carbo-)oxidized specimens. The BSE micrograph is
given as a background in each subfigure indicating the microstructural features and corresponding
hardness distribution.
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Fig. 7.9. Thickness of compound layer and hardened zone, respectively, for the (carbo-)oxidized
specimens.
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Fig. 7.10. (a) Vickers hardness of the as-received specimens, as well as the hardness measured in the
center (Bulk) and diffusion zone adjacent to compound interface (Max) of the (carbo-)oxidized
specimens. (b) The hardness ratio of Max/Bulk from (a). (c) The bulk hardness ratio of
treated/untreated from (a).
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7.3.3. Bulk microstructures

Fig. 7.11 shows the bulk microstructure after heat treatment. For pure titanium
(TA2) (a) and Ti-1Al (b), Fe-rich β/TiFe can still be observed at the grain boundaries,
and the network-like structure remains. Significant coarsening of the bi-modal
structure, not only for primary α grains, but also for α/β lamellae, takes place in Ti-
6.5Al-1Mo-1V-2Zr (TA15) (c), Ti-6.5Al-3.5Mo-1.5Zr-0.3Si (TC11) (i) and Ti-10V-
2Fe-3Al (TB6) (k); and it alters the initial bi-modal structure of Ti-6Al-4V (TC4-Bi)
(f) into a duplex structure with equi-axed α grains and relatively small β grains
dispersed at grain boundaries. This is similar to the mill-annealed structure of Ti-2Al-
1.5Mn (TC1) (d), Ti-6Al-4V (TC4-Mil) (e), Ti-6Al-4V (TC4-ELI) (g) and Ti-6Al-
1.5Cr-2.5Mo-0.5Fe-0.3Si (TC6) (h). Acicular α aligned with fixed angles was formed
in Ti-13Nb-13Zr (TC26) (j), and much finer α acicular phase can be observed within
the β phase. Single β phase is observed in Ti-5Mo-5V-8Cr-3Al (TB2) (l) and Ti-3Al-
8V-6Cr-4Mo-4Zr (TB9) (o). Moreover, exposure above the β transus temperature for
TB2 results in a complete “reset” of the core microstructure, which eliminates the α
precipitation and significantly reduces the core hardness. As it was mentioned in
section 3.2, through-diffusion of interstitials takes place in Ti-15V-3Al-3Cr-3Sn (TB5)
(m), Ti-15Mo-3Nb-3Al-0.2Si (TB8) (n) and Ti-11.5Mo-6Zr-4.5Sn (Beta III) (p). β
grains are surrounded by α layer boundaries, and more thick α plates precipitates from
β with the decrease in sample thickness due to the increasing amount of interstitials.
For TB5, feather-like fine α precipitates near the α layer boundaries, and also inside
the β grains.



226



227

Fig. 7.11. BSE-SEM images of the (carbo-)oxidized specimens in the bulk area.

7.4. Discussion

7.4.1. Surface hardening of titanium and titanium alloys

As another aspect of (carbo-)oxidation besides scale formation, surface
hardening occurs due to the lattice expansion of α-Ti phase by introducing interstitials
[95, 99]. As it was reported in Ref. [100, 101] that the presence of oxygen has a
synergetic effect on increasing the solubility of carbon in titanium, using the redox
gas system CO-CO2 could potentially enhance the surface hardness. The surface
hardening response of titanium and titanium alloys investigated in the present study
has been rated in Table 7.2 based on the depth of the hardened zone as well as the
hardness value reported in Fig. 7.9 and Fig. 7.10, respectively. Moreover, the
preparation of a robust titanium oxide passive layer through thermal oxidation is of
utmost interest in two aspects: 1) it plays a key role against corrosion and wear,
especially for orthopedic applications [102]; 2) a post heat treatment in vacuum can
improve the surface hardening by leading to a deeper hardened case and further
ingression of interstitials through dissolving the oxide layer [103]. If the outer oxide is
fully dissolved, a metallic surface can be achieved without sacrificing the hardening
effect. If catastrophic oxidation happens, the outer rutile scale grows thick and porous
and has poor adhesion [12, 104]. In this case, the scale is fragile and prone to break
down, which will make the corrosion and wear performance worse as well as have a
detrimental effect on the possibility for post heat treatment. Therefor, the status of the
oxide layers formed upon (carbo-)oxidation should also be considered for rating.
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Among all the materials, Ti-13Nb-13Zr (TC26) is the most suitable alloy for
surface hardening due to its highest hardness value and deepest diffusion zone. The
rutile layer is dense with excellent adherence to the substrate as observed via
microscopy. Compared to Ti-15V-3Al-3Cr-3Sn (TB5), for which a deep diffusion
zone is not measurable by hardness test (Fig. 7.8m) but can be observed by
microscopy (Fig. 7.11m), TC26 has a far excellent surface hardening response. Above
the β transus temperature of TC26 (the temperature applied in the present study),
interstitials (mainly O) diffuse much faster in β than in α. Whereas the interstitials
ingress lowers the β transus temperature of the diffusion zone upon (carbo-)oxidation,
which leads to α precipitation. β phase transports interstitials quickly promoting deep
diffusion zones, and transformed β phase as a '' reservoir '' for interstitials offers high
hardness. For TB5, the β phase is thermodynamically more stable than that of TC26
(Fig. 7.1) resulting in the lowest hardness value among all samples. For Ti-10V-2Fe-
3Al (TB6), which is also near-β, the β-transus temperature is slightly higher than the
applied temperature (Fig. 7.11k), resulting in deep diffusion zone with slightly lower
hardness value compared to that of TC26. Combined with the positive surface
hardening response and low β-transus temperature, TC26 becomes one of the most
promising alloy for biomedical application potentially.

Ti-6.5Al-1Mo-1V-2Zr (TA15) and Ti-6.5Al-3.5Mo-1.5Zr-0.3Si (TC11) are
Russian and Chinese designed alloys, respectively, for aerospace engines and nuclear
structures [105, 106]. In the literature, the oxidation behavior of both alloys were
scarcely reported by western literature sources [107, 108]. In comparison to the
oxidation of TA15 [109] and TC11 [108] in air, (carbo-)oxidation of both alloys in
CO-CO2 at lower temperature achieves much better surface hardening results.
Compared to alloys with similar chemical compositions, especially for the same
amount of Al addition, the surface hardening response is excellent and identical for
both alloys: a thin (~5 μm in thickness) and dense rutile layer, and a deep hardened
zone (~130 μm in thickness) with maximum hardness value of ~1400 HV are
obtained.

Ti-6Al-4V (TC4), Ti-6Al-1.5Cr-2.5Mo-0.5Fe-0.3Si (TC6) are also suitable for
surface hardening. The oxidation behavior [110, 111] and surface hardening [103, 112]
of TC4 have been widely studied over the last half century. Conversely, so far as is
known, very few investigations have been conducted on TC6 [113]. TC4 has been
successfully surface hardened up to ~900 Hv at 850 ℃ via oxidation in air [103] or
other oxygen-containing media [114], and the hardness slightly exceeds 1000 HV
after treatment at 900 ℃ in Ar-O2 mixture [112]. In a previous study by the present
authors (Manuscript 2), it was found that TC4 (carbo-)oxidized at 677-777 ℃
possessed a 20-60 μm deep diffusion zone with hardness values exceeding 1000 Hv,
which is in agreement with the results of the present study at 800 ℃. In [113], oxy-
nitriding was performed in N2 and O2 using one-step (oxy-nitriding) or duplex
(nitriding + oxidizing during cooling) method on TC4 and TC6 in a wide temperature
range of 650-950 ℃. It was found that TC6 was ~40% less effective for surface
hardening compared to TC4 with respect to hardness, which is in contradiction to the
results in the present study. With identical thickness of rutile (~15 μm), the depth of
the diffusion zone as well as the hardness of TC6 are superior to those of TC4 (Figs.
7.8 & 7.9). The influence of the initial microstructure of TC4 on the (carbo-)oxidation
behavior was reported in the previous study (Manuscript 3). In that study it was found
that the (carbo-)oxidizing behavior of equi-axed, bi-modal and fully martensitic
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specimens were similar in terms of the thickness of oxide layers and diffusion zone.
The only exception was the fully lamellar sample, which displayed a consistently
lower hardness and oxygen content in the diffusion zone, and its hardness profile
showed a steep drop in the area adjacent to the compound/diffusion zone interface.
The better oxidation resistance observed for the fully lamellar specimen is most likely
attributed to its relatively low grain boundary/grain ratio and consecutive interlamellar
β. In the present study, unsurprisingly, the mill-annealed sample possessed almost the
same surface hardening response as the bi-modal one.

The applied temperature, i.e. 800 ℃, is obviously too high for surface hardening
of pure titanium (TA2) and lightly alloyed titanium, i.e. Ti-1Al and Ti-2Al-1.5Mn
(TC1). The major defect of (carbo-)oxidation of these materials at this temperature is
formation of a thick and porous rutile layer (Fig. 7.8). Aniołek et al. [115] and Kumar
et al. [116] reported hardness value ~1250 Hv for pure titanium subjected to air
exposure at 700 ℃, which is identical to the hardness value of (carbo-)oxidized pure
titanium (TA2) (Fig. 7.10a). However, at elevated temperatures above 800 ℃,
hardness values below 900 Hv were reported by Hornberger et al. [117] and Ma et al.
[108]. Surface hardening behavior of TA2 is inferior to that of the lightly alloyed
titanium samples: Ti-1Al possesses higher hardness, and TC1 yields a deeper
diffusion zone.

The applied surface hardening in the present study is unsuitable for most of the
β-type alloys, except for near-β alloys. Although a deep hardened zone is achieved in
Ti-10V-2Fe-3Al (TB6), compared to Ti-13Nb-13Zr (TC26), the hardness profile of
TB6 drops much nearer to the surface and the oxide scale is much thicker. The
hardness value and depth of the hardened zone of Ti-5Mo-5V-8Cr-3Al (TB2) and Ti-
11.5Mo-6Zr-4.5Sn (Beta III) are comparable to those of Ti-6Al-4V (TC4). Beta III
exhibits severe decohesion of the scale. No relevant work was found available in
literature on the oxidation of TB2, TB6 and Beta III.

Extremely thin and compact oxide scales form on Ti-15Mo-3Nb-3Al-0.2Si (TB8)
and Ti-3Al-8V-6Cr-4Mo-4Zr (TB9), however, the hardness is low. TB8 was
developed to replace Ti-15V-3Cr-3Al-3Sn (TB5) as foil product on the national
aerospace plane, and it offered 100-fold improvement in oxidation resistance [3]. The
oxidation of TB8 was studied by Wallace et al. [118, 119]: exposure to air in the
temperature range of 600-800 ℃ caused severe degradation in its mechanical
properties. In the present study the functional hardened case is quite shallow, although
throughout diffusion of interstitials occurs in TB8, resulting in formation of α layer at
grain boundary (Figs. 7.7n & 7.10n) which is not present prior to the treatment (cf.
Fig. 7.3n). A similar phenomenon is observed in TB5 (Figs. 7.7m & 7.10m) due to the
extremely fast diffusion rate of interstitials in these two heavily alloyed β-type
titanium thin plate/foil. According to the hardness data, surface hardening of TB5 is
unfavorable. It is most likely to be attributed to the low fraction of expanded α formed
in the outmost part of diffusion zone adjacent to the scale, and β phase with low
solubility of interstitials contributes to a very low hardness.
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Table 7.2 Ranking of titanium and titanium alloys in terms of surface hardening behavior. ‘+’
represents positive response for surface hardening and ‘-’ is adverse.

Sample Ranking

TC26 +++

TA15, TC11 ++

TC4, TC6 +

TA2, Ti-1Al, TC1, TB6 +-

TB2, Beta Ⅲ -

TB8, TB9 --

TB5 ---

7.4.2. The influence of alloying elements on (carbo-)oxidation
behavior of titanium alloys

The (carbo-)oxidation behavior of pure titanium and Ti-6Al-4V (TC4) at various
temperatures in CO/CO2 mixtures has previously been reported by the present authors
(see Manuscripts 2, 3 & 5), for the same redox system applied in the present study,
and in CO and CO2 individually (see Manuscripts 4 & 5). In the present study, special
attention is given to the other commercial titanium alloys, and for most of them, it is
the first reported (carbo-)oxidation behavior in such a redox system. In the following,
the role of the different alloying elements are discussed. Whereas, since each alloy
contains more than one alloying element, except for Ti-1Al, it is complex to discuss
the influence of the elements separately without considering the incorporation effect
of others present.

(1) Al (α stabilizer) :

Al plays the most critical role in the oxidation behavior of the titanium alloys due
to the formation of alumina barrier, which offers excellent oxidation resistance. The
pO2 at the interface between scale and alloy is substantially decreased as Al content is
increased. During (carbo-)oxidation in the redox system applied in the present study,
also the role of carbon must be considered. No clear correlation can be found between
the Al content and carbon diffusion during (carbo-)oxidation; however, the
occurrence of carbon in rutile is closely related to the alloy being exposed to carbo-
oxidation. Carbon tends to be dissolved into rutile or deposit in the pores of rutile as
amorphous graphite in pure titanium, α type, near-α type and α+β type alloys, which
shows much higher concentration of carbon in rutile than that in the substrate (Fig. 7.6)
(cf. Manuscript 2 Fig. 3.10 & Manuscript 3 Fig. 4.9 & Manuscript 4 Fig. 5.8.). On the
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contrary, for β type alloys, the carbon concentration is likely to be slightly lower in
the rutile than in the substrate. The formation of alumina seems to have negligible
impact on the carbon distribution, and the mechanism of dissolution/deposition of
carbon in rutile is still unclear. It is likely that β stabilizers dissolved in the rutile
lower the carbon solubility, in particular for Zr (see Fig. 7.6o&j), or/and that the rutile
scales formed on β type alloys possess less porosity.

Chaze et al. [21] and Dai et al. [7] reported that the scale structure of Ti-Al based
alloys is dependent on Al content: alumina is prone to develop at high Al contents.
Moreover, Wallace et al. [32] reported that, for Ti-33Al-6Nb-1.4Ta, the scale
structure is temperature-dependent: oxidation is controlled by the presence of alumina
at low temperatures in air, and when the temperature is above 800 ℃, the alloy does
not form a protective alumina top layer. Additionally, Du et al. [120] claimed that the
scale structure is atmosphere-dependent: α-Al2O3/rutile alternating structure is
attained when Ti-6Al-4V is exposed in H2/H2O/H2S or air at 750 ℃, and an α-
Al2O3/rutile/α-Al2O3 sandwich structure is formed in H2/H2O at identical temperatures.
The overall tendency that the oxidation resistance of an alloy is significantly increased
as the Al content increases is confirmed in the present work within the studied range.
The structure of scales containing α-Al2O3 and rutile is highly dependent on the Al
content: I) 1 wt.% Al addition is too low to form a continuous alumina layer, and a
single layer of scale is formed with homogeneously dispersed alumina particles; II) 2-
3 wt.% Al addition leads to the formation of a duplex scale with an outermost α-
Al2O3+rutile mixed scale; III) above 6 wt.% Al addition leads to a sandwich-like scale
with an alumina middle layer.

For β-type alloys containing 3 wt.% Al, except for Ti-10V-2Fe-3Al (TB6), an
Al-rich zone is found underneath the scale (Fig. 7.6). The inward diffusion of oxygen
facilities the transformation of β-Ti phase into expanded α-Ti at the scale/substrate
interface, where Al, as an α stabilizer, tends to be accumulated. Whereas, for TB6,
more α-Ti grains acting as Al reservoir are observed (see Fig. 7.3k). Even partitioning
occurs at the applied temperature, which is slightly lower than the β transus of TB6,
the remaining primary α-Ti grains (see Fig. 7.11k) can still contain Al to a great
extent according to the Ti-Al phase diagram [23]. An Al-rich zone is unable to be
formed in pure titanium, α and α+β alloys, which contain even more α-Ti phase at
temperatures below the β transus.

(2) Mo (β isomorphous stabilizer) :

According to the thickness of the outer scale as well as the depth of the hardened
zone affected by the ingression of interstitials in Fig. 7.9, Ti-15Mo-3Nb-3Al-0.2Si
(TB8) seems to have the best oxidation resistance among the investigated alloys,
eventhough throughout diffusion of interstitials is very likely to occur (Figs. 7.8n &
7.10n). It was confirmed by Stringer et al. [58] that during oxidation of Ti-Mo, the
oxidation rate is faster than that observed for pure titanium due to the fast diffusion
rate in β-Ti. It is difficult from this observation to simply draw a conclusion on
whether the addition of Mo is detrimental or beneficial to oxidation resistance, since
the other alloying elements in TB8 are all known to be consistently beneficial for
oxidation resistance. Looking at the oxidation behavior of the other alloys containing
Mo, there is no catastrophic oxidation observed, except for Ti-11.5Mo-6Zr-4.5Sn
(Beta III) (see its appearance in Fig. 7.4) but this behavior is most likely influenced by
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the reduced thickness of this sample. Compared to Ti-6Al-4V (TC4), the metastable β
alloys containing Mo possess much thinner scales.

Interestingly, when the addition of Mo content is low, e.g. 1-5 wt.% in the
present study, partitioning of Mo in the prior β-Ti phase is retarded during (carbo-
)oxidation, due to its slower diffusivity in titanium compared to other allying elements
[121]. Consequently, a rutile layer is formed with Mo located at the positions of prior
β grains (see Fig. 7.6). Mo-oxides, known to be harmful to oxidation resistance [17],
are not identified by XRD in the present study. As the Mo content is increased up to
11.5 and 15 wt.% in Beta III and TB8, respectively, a Mo-enriched zone is formed.
These two alloys were fully β both prior to and during the treatment. Mo is expelled
from the scale and enriched at the expanded α/β matrix interface.

(3) Nb (β isomorphous stabilizer):

The study of the influence of Nb on (carbo-)oxidation behavior is very limited in
the present study, because only Ti-13Nb-13Zr (TC26) and Ti-15Mo-3Nb-3Al-0.2Si
(TB8) are Nb-containing alloys. Both of them exhibit high hardening depths, and
TC26 has a considerably higher surface hardening response. Nb is accommodated in a
solid solution with rutile as shown in Fig. 7.6, but it seems not to improve the
oxidation resistance obviously, in contradiction to the existing theory for oxidation
resistance that dissolution of Nb5+ with a higher valence than Ti4+ reduces the
concentration of oxygen vacancies in rutile to maintain electroneutrality and therefore
decreases the growth rate of the scale [26, 34]. Furthermore, the present work has
shown that a Nb, Mo-rich zone at the scale/alloy interface is present in TB8, which is
consistent with the observation in Ref. [25], however, this zone is not observed in
TC26. Even though Nb is more noble than Ti against reaction with oxygen [17], Nb-
oxide in the rutile is confirmed by XRD and more clearly so for high Nb content. It
was found by Davidson et al. [122] through XPS analysis that the scale formed on
oxidized Ti-13Nb-13Zr consists primarily of rutile, Nb205, and ZrO2. For alloys
containing Al, AlNbO4 has been reported to form [73], however, such oxide is not
detected in TB8. Similar to Mo, Nb does not tend to diffuse through the alumina
barrier outwardly.

(4) V (β isomorphous stabilizer):

V also dissolves into rutile in solid solution similar to Nb, Mo and Cr [123], and
it tends to dissolve in the rutile in higher amounts in comparison to the other elements
[42], but it is detrimental to the oxidation resistance. This is in correspondence with
first principle calculations [18] and the valence-control theory [69]. The experimental
results confirm that the alloys containing large amounts of V, i.e. Ti-10V-2Fe-3Al
(TB6) and Ti-15V-3Al-3Cr-3Sn (TB5) exhibit more severe oxidation than other β-
type alloys, but still display better oxidation resistance than the slightly alloyed
titanium samples, i.e. pure titanium (TA2), Ti-1Al and Ti-2Al-1.5Mn (TC1), which is
mainly due to the higher content of Al. Nevertheless, an observed discrepancy is that,
compared to pure titanium, TB5 suffers catastrophic oxidation in air at 810 ℃, with a
ten-fold higher weight gain and scale thickness and 80% higher hardness in the
hardened zone [108]. This can likely be attributed to the different pO2 and aC for
exposure in air and CO-CO2, which leads to different oxidation behaviors. In support
of this, the results given by Kim et al. [96, 124] after oxidation in Ar/O2, Ar/CO, or
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Ar/CO2 at 700-850 ℃ are in good agreement with the results from the present study:
The maximum surface hardness value is the highest for pure titanium and the lowest
for Ti-15V-3Al-3Cr-3Sn, and the largest depth of diffusion zone is the other way
around.

It also needs be noted that, the alumina barrier does not block the outward
diffusion of V effectively (see Manuscript 2 Fig. 3.10). The peak broadening occurs at
27.4° 2θ in the XRD of Ti-15V-3Al-3Cr-3Sn (TB5), Ti-10V-2Fe-3Al (TB6) and Ti-
3Al-8V-6Cr-4Mo-4Zr (TB9) (Fig. 7.5), in which V is the dominant alloying element,
may imply the formation of V-oxide due to the overlapping of multiple V2O5 peaks
with α-Al2O3 and rutile peaks around 27.4° 2θ.

(5) Cr (β eutectoid stabilizer):

Since Cr is more noble than Ti and Al [17], it tends to be progressively expelled
from the growing oxide scales, resulting in accumulation of Cr at the oxide/substrate
interface of TiAl-3Cr0.5Nb2Mo0.4Y [62], TiAl-4Cr and TiAl-2Cr2Nb [42] when
subjected to air oxidation. However, such a Cr enriched zone is not observed in TiAl
alloyed with 0.5-5 wt.% Cr [33], in the stable β type alloy Ti-35V-15Cr [125] or in
Ti-7Fe-5Cr [88] subjected to oxidation in air. It was not observed for Ti-(5, 15)Cr
(carbo-)oxidized in CO2 neither [52]. In the present study, Al, V and Cr are enriched
underneath the Sn-rich layer found at the scale/substrate interface of Ti-15V-3Al-3Cr-
3Sn (TB5) (Fig. 7.7). The formation of the Sn-rich layer plays a critical role in
obstructing the outward diffusion of the other alloying elements in the alloy. For the
other alloys containing Cr, a Cr2O3 intermediate layer is formed with the same crystal
structure as α-Al2O3. The Cr2O3 layer tends to form at the same location as the α-
Al2O3 layer separating two rutile layers.

In the literature, there is no strong evidence to show a detrimental effect of Cr
addition to oxidation resistance. In the present study, the alloys containing more Cr
formed much thinner oxide scales. According to the existing literature, the main issue
for Cr-containing titanium alloys oxidized in air is the risk of reaction between N2 and
Cr [16, 51]. This reaction hinders the formation of a protective Cr2O3 barrier but when
enough Cr is added, the protective layer readily forms [17].

(6) Fe (β eutectoid stabilizer) :

The addition of Fe investigated in the present study is minor in Ti-6Al-1.5Cr-
2.5Mo-0.5Fe-0.3Si (TC6) and Ti-10V-2Fe-3Al (TB6), and as impurity in pure
titanium (TA2) and Ti-1Al. It was reported that Fe tends to be expelled from the
surface of alloy upon air oxidation [84] and carbo-oxidation in CO (Manuscript 4 Fig.
5.4a), and no Fe-oxide was detected after air oxidation of Ti-(1-8 wt.%)Fe [85]. In our
study, as impurity element in TA2 and Ti-1Al, Fe segregates along grain boundaries
forming β particles, which effectively prevent the grain coarsening of pure titanium
[126]; as minor additive in other Fe-containing alloys, no accumulation of Fe is
observed at the scale/substrate interface by EDS, and Fe2O3 is detected by XRD in
TB6. Fe2O3 has been detected in Ti-7Fe and Ti-7Fe-5Cr after exposure at 500 ℃, but
not in Ti-7Fe-3Al; but it was found in all three alloys after exposure at 600 ℃ [88]. A
mixture of rutile and Fe-oxide layer was revealed in the middle of the scale [88]. The
occurrence of Fe-oxide and silica within rutile was also confirmed on oxidized Ti-
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4Fe-(0.5-2)Si [86]. According to these results, it seems that the Fe content as well as
the alumina barrier have a strong impact on formation of Fe-oxide at low
temperatures, and like V, Fe diffuses through the alumina layer and is dissolved in the
rutile layers at elevated temperatures. In the present study the Fe-alloyed titanium
samples, i.e. TC6 and TB6, display a relatively poor oxidation resistance.

(7) Si (β eutectoid stabilizer):

Si dissolved in the rutile scale remarkably reduces the oxidation rate according to
the valence-control rule [69] and it slows down the diffusion rate of oxygen in the
metallic titanium matrix according to first principle calculations [18]; moreover, it
mitigates stratification of rutile, thus avoiding rapid oxidation [44]. Lowering the pO2

by forming Ti-Si particles is favorable for the formation of titanium nitride in Ti-xSi
(x=0.25-1 wt.%) subjected to oxidation in air [19], which further hinders oxygen
diffusion into the Ti matrix. No titanium nitride is observed in Ti-6Al-4V-xSi
(x=0.01-1 wt.%) exposed in air, but it is found that Si dissolved into the rutile of a 0.1
wt% Si-containing alloy is in the form of Si4+ ion, and both Si4+ ion and SiO2 are
observed in the rutile of 1 wt.% Si-containing alloy [127]. A thick Ti3Al zone
develops in Ti-6Al-4V-1Si [127], which implies that Si facilitates the inward
diffusion of Al, with the synergetic effect of oxygen inward diffusion, stimulating the
precipitation of Ti3Al. This phenomena is less pronounced in oxidation [128] or
(carbo-)oxidation (Manuscript 2) of Ti-6Al-4V.

In the present study, no noticeable Ti3Al precipitation at the scale/substrate
interface or SiO2 formation within the rutile is detected. Ti-Si particles can be
observed in the titanium matrix of Ti-6Al-1.5Cr-2.5Mo-0.5Fe-0.3Si (TC6) and along
the α layer of Ti-15Mo-3Nb-3Al-0.2Si (TB8), as shown in Fig. 7.6. It should be noted
that, the resin used for embedding contains Si which influences the EDS mapping data
for surface analysis.

(8) Mn (β eutectoid stabilizer):

According to the very limited literature studies on the effect of Mn on oxidation
behavior for titanium, Mn is consistently detrimental. The valence-control rule is
applicable to TiAl-1.5Mn [69]. However, the relatively low scale growth rate for Ti-
2Al-1.5Mn (TC1), in comparison to that of pure titanium (TA2) and Ti-1Al, is mainly
attributed to the higher Al content, which overcomes the drawback of Mn addition.
The deep diffusion zone achieved in TC1 is consistent with rapid penetration of
interstitials facilitated by Mn, which is in agreement with first principle calculations
[18]. An α case develops beneath the scale, from which Mn has been expelled (Fig.
7.6d). Since there is no Mn-rich zone underneath the α case, outward diffusion of Mn
most likely occurs, and Mn is dissolved into the rutile layer.

(9) Zr (Neutral element):

Gutiérrez et al. [76] reported that, for air oxidation of Ti-13Nb-13Zr and Ti-
15Zr-4Nb, some Nb but no Zr was measured near the surface, which implies that Zr
diffusion is less favored than Nb diffusion during the thermal processes. However, the
presence of Nb at the surface of the oxide scale does not agree with what is expected
from thermodynamics [17], and it also contradicts the observations reported in Ref.
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[122] as well as the results from the present study. The Al-free alloys containing Zr,
i.e. Ti-13Nb-13Zr (TC26) and Ti-11.5Mo-6Zr-4.5Sn (Beta III) possess an outmost
ZrO2 layer on top of rutile, which is both confirmed by XRD (Fig. 7.5) and EDS (Fig.
7.6). Similar to Nb and Mo, but unlike Cr, V and Fe (cf. above), when Al is present,
the presence of an alumina layer hinders the outward diffusion of Zr. Zr tends to
substitute for Ti in the inner rutile underneath the alumina barrier instead of forming
ZrO2. The addition of Zr can significantly improve the oxygen diffusivity in the α of
Ti-6Al-4V [18], hence the large amount of Zr addition in TC26 results in an
extremely deep diffusion zone.

(10) Sn (Neutral element):

A Sn-rich layer has commonly been observed in some of the oxidized Sn-
containing alloys, e.g. Ti-6Al-2Sn-4Zr-2Mo [75], Ti-9.4Sn [78], Ti-5Al-6.5Sn-3Zr-
0.1Mo [78], and Ti-7Al-6Zr-4.5Sn-1Nb-1Mo-0.2Si [79], which is consistent with the
present observations for (carbo-)oxidized Ti-15V-3Al-3Cr-3Sn (TB5) and Ti-11.5Mo-
6Zr-4.5Sn (Beta III). Scale spallation and the following rapid oxidation would occur,
which is blamed for the melting of the Sn-rich zone during thermochemical treatment
[17]. However, such a defect/behaviour is not observed in Ti-15V-3Al-3Cr-3Sn (TB5)
or Ti-11.5Mo-6Zr-4.5Sn (Beta III), and the catastrophic oxidation is mainly due to the
small sample size.

Interestingly, for TB5, the Sn-rich zone inhibits the outward diffusion of Al, V
and Cr. The accumulation of Al as well as inward diffusion of oxygen are likely to
facilitate the formation of Ti3Al within the (V, Cr)-rich β zone (Fig. 7.7), and V
partitions to Ti3Al [128, 129]. Compared to Ti3Al, the surrounding expanded α is
richer in oxygen. The (V, Cr)-rich β + Ti3Al zone hinders the inward diffusion of
interstitials, resulting in formation of less expanded α during (carbo-)oxidation and
lower hardness in the diffusion zone.

For Beta III, it seems that outward diffusion of Mo and Zr is not effectively
blocked by the Sn-rich zone, and more Mo and Zr are found in the rutile layer.

Fig. 7.12 Schematic of the development of scale structure

Based on the findings of the present study, the role of the different alloying
elements in the development of the scale during (carbo-)oxidation has been
summarized and visualized in Fig. 7.12.
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7.4.3. The influence of heat treatment on bulk microstructures

The impact of the high-temperature exposure on the bulk microstructure should
be given some attention, because the microstructure is changed, which can have
influence on the mechanical properties of the titanium alloys (Manuscript 3). The
influence of the high temperature exposure on bulk hardness was shown in Fig. 7.10c.

For pure titanium, near-α, α, and α+β type alloys, the applied temperature is
below the β transus (Fig. 7.1). Pure titanium, Ti-1Al, and the samples in mill-annealed
condition, for which equi-axed grain growth takes place (Fig. 7.11), possessing a
similar microstructure before and after the treatment (Fig. 7.3). The coarsening of
primary α and α/β lamellae occurs for the α+β alloys with bi-modal structure. The
hardness of these non-β-type alloys is not considerably affected by the
thermochemical treatment, except for two of the bi-modal samples: Ti-6.5Al-1Mo-
1V-2Zr (TA15) and Ti-6Al-1.5Cr-2.5Mo-0.5Fe-0.3Si (TC6) are softened after heat
treatment.

For near-β alloys, the hardness value of the bi-modal Ti-10V-2Fe-3Al (TB6) also
drops markedly, the bi-modal structure is retained but there is much less primary α.
On the contrary, Ti-13Nb-13Zr (TC26) has a significant hardness gain even though
microstructural coarsening takes place. The width of the acicular α is increased upon
heat treatment, which is consistent with the result reported in Ref. [122]. The bulk
hardness increase may be due to the increased α fraction (cf. Fig. 7.3j).

Due to the limitation of the sample size and fast diffusion rate in β, through-out
diffusion of interstitials occurs in Ti-15V-3Al-3Cr-3Sn (TB5), Ti-15Mo-3Nb-3Al-
0.2Si (TB8) and Ti-11.5Mo-6Zr-4.5Sn (Beta III), resulting in remarkable hardness
increase in the bulk. The formation of α plates induced by interstitials within β grains
of Beta III doubles the bulk hardness; but for TB5 and TB8, it mainly forms α layer
along β grain boundaries contributing to much lower hardness gain, because β absorbs
much less interstitials than α. The hardness is decreased in Ti-5Mo-5V-8Cr-3Al (TB2)
and Ti-3Al-8V-6Cr-4Mo-4Zr (TB9), which is mainly attributed to the complete
elimination of α/α′ martensite as well as the β grain coarsening upon thermal
treatment. A post ageing treatment would be suggested for these two alloys, in order
to precipitate α for bulk strengthening.

7.5. Conclusions

(carbo-)oxidation of sixteen titanium alloys with a wide range of compositions
were studied after exposure in a CO-CO2 gas system at 800 ℃. Particular attention
has been given to the influence of the alloying elements on the surface hardening
response as well as the high-temperature corrosion/oxidation behavior of the titanium
alloys. The following conclusions can be drawn from this work:

 Pure titanium (TA2) suffers a catastrophic (carbo-)oxidation and forms the
thickest rutile scale.

 Near-α Ti-6.5Al-1Mo-1V-2Zr (TA15), α+β Ti-6.5Al-3.5Mo-1.5Zr-0.3Si
(TC11), metastable β Ti-15Mo-3Nb-3Al-0.2Si (TB8) and Ti-3Al-8V-6Cr-4Mo-4Zr
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(TB9) display excellent oxidation resistance in terms of scale growth rate due to the
beneficial effect of Al, Mo, Nb and Si.

 Having an initial mill-annealed or bi-modal structure, as well as initial
interstitial content in Ti-6Al-4V (TC4) have a negligible impact on oxidation behavior
of several Ti-6Al-4V variants.

 Oxide scales formed on the surface of the alloys are mainly composed of
rutile-TiO2, and α-Al2O3 is formed in the Al-containing alloys. The structure of the
oxide scale is mainly affected by Al content: a) at 1 wt.% Al addition, a single rutile
layer is formed containing dispersed alumina; b) at 2-3 wt.% Al addition, a duplex
rutile layer is formed with an outer rutile+alumina layer; c) at 6-6.5 wt.% Al addition,
an alumina barrier layer separates the outer and inner rutile layers.

 The formation of an alumina layer significantly improves the oxidation
resistance by blocking the inward diffusion of interstitials, and hindering the outward
diffusion of Nb, Mo and Zr; however, the diffusion of Cr, V and Fe is unlikely to be
effectively inhibited by the alumina layer. Similar to Al, Cr is able to form a Cr2O3

layer separating two rutile layers.

 The redistribution of Zr and Mo is sluggish within rutile during (carbo-
)oxidation. Local enrichment of these alloying elements can be observed in the areas
of inner rutile layer, where prior β phase was located. On the contrary, V and Cr are to
a great extent dissolved homogeneously in the rutile, and Mn is expelled from the
scale accompanied with a built-up of α case.

 Sn is enriched at the scale/substrate interface, which facilitates the
accumulation of Al, V and Cr at that area of Ti-15V-3Al-3Cr-3Sn (TB5). The
accumulation of Al leads to the formation of Ti3Al, and the accumulation of V and Cr
stabilizes β phase during (carbo-)oxidation, which both further contribute to lowering
the solution of oxygen in the substrate. Hence, TB5 obtains the shallowest and softest
hardened zone. However, it seems the Sn-rich layer does not in the same way hinder
the diffusion of Ti, Mo or Zr outwards.

 Near-β alloys, i.e. Ti-13Nb-13Zr (TC26) and Ti-10V-2Fe-3Al (TB6), exhibit
outstanding surface hardening response, which is mainly ascribed to two synergetic
effects that are active at the exposure temperature above or close to the β-transus: a)
the fast diffusivity of oxygen in β results in a deep diffusion zone; and b) the unstable
β phase is prone to transform into expanded α yielding high hardness.

 Heat treatment has an appreciable impact on samples with bi-modal structure
compared to the mill-annealed in terms of bulk hardness. The coarsening of primary α
and α/β lamellae decreases the hardness of the bi-modal structure.

 For metastable β alloys with acicular α/α′ martensite, i.e. Ti-5Mo-5V-8Cr-3Al
(TB2) and Ti-3Al-8V-6Cr-4Mo-4Zr (TB9), the exposure at the temperature above the
β transus resets the microstructure, eliminating the prior fine structure, which results
in significant bulk material softening.
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Abstract

The carbo-oxidizing behavior of a wide collection of commercially available titanium
alloys is investigated. The surface thermochemical treatment was performed in a
flowing CO gas at 1000 ℃. The impact of alloying elements on the carbo-oxidizing
response as well as the heat treatment on microstructure are addressed. It is revealed
that Zr, Mo, Cr and Al prohibit the formation of carbo-oxides. Especially for the
alloys containing Zr, a thin TiCxO1-x layer with thickness of ~2 μm forms. V seems to
be detrimental to the formation of a compact TiCxO1-x layer. Mn facilitates the growth
of TiCxO1-x along the grain boundary where β phase resides. In some of the Al-
containing alloys, the expelled Al facilitates the formation of an Al-rich α-Ti(C, O)
zone; the partitioning and inward diffusion of β stabilizers stabilize the β phase
adjacent to the Al-rich α.

8.1. Introduction

Carbon, nitrogen and oxygen can occupy the octahedral interstitial sites in the
hcp-structure of α-Ti, resulting in lattice expansion and solution hardening [1].
Compared to Ti-O [2] and Ti-N [3] systems, the phase equilibrium system for Ti-C [4]
exhibits the lowest solid solubility for the interstitial element in α-Ti (14.3 wt.% for
oxygen, 7.8 wt.% for nitrogen and 0.4 wt.% for carbon), because carbon possesses a
greater atomic radius than oxygen and nitrogen. Diffusion of carbon is instead two
orders of magnitude faster than that of oxygen in both α-Ti and β-Ti, and diffusivity
of nitrogen is the slowest [1].

Because of the above, when a carburizing / carbo-oxidizing / carbo-nitriding
treatment is performed, a relatively shallow hardened case develops underneath a hard
TiC outmost layer. Conventional carburizing (carbo-oxidizing /carbo-nitriding) of
titanium can be accomplished in a) pack, b) gas and c) salt bath method. To form a
functional TiC layer, the applied temperature is normally required to exceed 900 ℃.
Liquid carburizing, actually carbo-nitriding, with molten alkali-cyanide bath (NaCN,
NaCl, BaCl2 and Na2CO3) at relatively lower temperatures (800-900 ℃) [5, 6] is no
longer popular because it entails the use of toxic chemicals. Instead, pack and gaseous
carburizing / carbo-oxidizing are still in use.
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a) Pack carburizing uses carbonaceous media such as graphite powder mixed
with activators (BaCO3, Na2CO3 and CaCO3) [7, 8]. Decomposition of the active
compounds takes place above approximately 800 ℃ [9] releasing CO2 gas, which
may react with graphite to form CO gas. The carburizing process is tailored by
adjusting the temperature and composition of the solid carbonaceous media. The
optimized parameters for pack carbo-oxidizing of pure titanium announced by Bailey
et al. [9] were that of 6 part carbon, 3 part BaCO3, 2 part Na2CO3 and 1 part CaCO3 at
925 ℃. Moreover, it was found that with the addition of a limited amount of air [8, 9]
or oxygen [10] during pack carburizing, the efficiency of the treatment is boosted and
the applied temperature could be lowered. The intensified thermochemical process is
attributed to the presence of oxygen reacting with graphite, and transporting carbon to
the surface of titanium. In addition to titanium, titanium aluminide can also be
carburized with pack carburizing methods, appreciably improving its corrosion
resistance due to the formation of Ti2AlC or/and Ti3AlC2 [11, 12].

b) Gaseous carburizing applies carbon-containing gas such as CH4 [13, 14], C2H2

[15, 16], C3H8 [17, 18], C4H10 [19] and CO [20, 21]. It was reported that a porous TiC
is formed accompanied by a deep hardened case over 1 mm through carburizing Ti-
6Al-4V at 1050 ℃ in C2H2 combined with intermittent vacuum [15]. The application
for titanium cermet femoral head was considered due to its excellent wear resistance
and biological compatibility. Regarding CH4, the influence of the flow rate on
carburizing of pure titanium was investigated at 1150 ℃ [13]. It was found that
thicker TiC layers form at lower flow rate; on the other hand, high flow rates favored
graphite deposition on surface, yielding low friction. The kinetics of carburizing of
titanium alloys in C3H8 was studied at the temperatures 750-850 ℃ [22], and a linear
rate law was observed. Porous TiCxO1-x phase with a network-like structure was
readily obtained in CO at 1000 ℃ [23]. The process yielded hard compounds at the
outmost layer with thickness of ~20 μm and ~200 μm for pure titanium (grade 2) and
Ti-6Al-4V, respectively. Higher temperature yielded deeper TiCxO1-x as well as
hardened case [24]. Carbo-oxidizing in Ar-CO was also applied yielding a low
reaction rate. Nevertheless, surface hardening was comparable to the treatments in
Ar-CO2 and Ar-O2 [20, 25]. The maximum surface hardness was reported to be the
highest in pure titanium and the lowest in Ti-15V-3Al-3Cr-3Sn, while the depth of the
diffusion zone was the other way around. Kim et al. [26] reported that with a post
vacuum treatment at 800 ℃, the depth of the diffusion zone could be significantly
boosted from ~50 μm to ~150 μm for pure titanium subjected to prior carbo-oxidizing
in Ar-CO at an identical temperature. Stratton et al. [21, 27] also studied surface
treatment in Ar-CO at 850 ℃, which provided a superior wear resistance when
compared to other gaseous treatments on Ti-6Al-4V. The depth was ~70 μm. As it has
been reported in author’s previous study that carbo-oxidizing in CO yields low partial
pressure of oxygen and high carbon activity (Manuscript 2), hard TiCxO1-x phase was
formed on pure titanium (grade 1) and Ti-6Al-4V with the lattice parameter closer to
the one of stoichiometric TiC (32-1383) rather than the one of TiO (77-2170)
(Manuscript 4), implying carburizing was predominant during the process.

To the best of the author’s knowledge from available published work,
carburizing/carbo-oxidizing was mainly applied to pure titanium and Ti-6Al-4V. The
effect of alloying elements in titanium alloys on the carburizing behavior has not
received much attention [28, 29]. The present work addresses the surface hardening
and heat treatment response of a wide collection of commercial titanium alloys. Focus
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is on thermochemical surface treatment in CO gas at 1000 ℃. In particular, the
microstructural evolution in the diffusion zone influenced by the interstitials uptake
and on the changes of the core microstructure influenced by the heat treatment are
addressed.

8.2. Experimental

As-received commercially pure titanium and fifteen Ti-based alloys are
presented in Table 8.1 (which are the same as those investigated in Manuscript 6).
Gaseous carbo-oxidizing treatments were performed in a horizontal quartz-tube
furnace under a continuous flow of CO gas for a duration of 16 h at 1000 °C. This
temperature is above the β-transus for all materials. Carburizing treatment was
followed by furnace cooling to room temperature at an average cooling rate of
approximately 10 °C.min-1. As-delivered materials (Table 8.1) and experimental
characterizations have been presented in Manuscript 6.

Table 8.1 Applied materials and their nominal chemical compositions.

Type GB/T Tradename Stoichiometric composition (wt.%) Supplier

C.P. TA2 Grade 2 Ti Unknown

α / / Ti-1Al Baoti

near-α TA15 / Ti-6.5Al-1Mo-1V-2Zr Baoti

α + β TC1 / Ti-2Al-1.5Mn Baoti

α + β TC4 Grade 5 Ti-6Al-4V (Mill-annealed) Baoti

α + β TC4 Grade 5 Ti-6Al-4V (Bi-modal) Baoti

α + β TC4 ELI Grade 23 Ti-6Al-4V ELI (Mill-annealed) Unknown

α + β TC6 / Ti-6Al-1.5Cr-2.5Mo-0.5Fe-0.3Si Baoti

α + β TC11 / Ti-6.5Al-3.5Mo-1.5Zr-0.3Si Baoti

near-β TC26 Ti-13-13 Ti-13Nb-13Zr Unknown

near-β TB6 Ti-10-2-3 Ti-10V-2Fe-3Al Baoti

metastable β TB2 / Ti-5Mo-5V-8Cr-3Al Baoti

metastable β TB5 Ti-15-3 Ti-15V-3Al-3Cr-3Sn Unknown

metastable β TB8 Beta 21S Ti-15Mo-3Nb-3Al-0.2Si Goodfellow

metastable β TB9 Beta C Ti-3Al-8V-6Cr-4Mo-4Zr Baoti

metastable β / Beta Ⅲ Ti-11.5Mo-6Zr-4.5Sn Goodfellow
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8.3. Results and discussion

All samples after carbo-oxidizing appear dark, as shown in Fig. 8.1. X-ray
diffractograms (XRD) in Fig. 8.2 illustrate TiCxO1-x is the predominant phase at the
surface for all materials. This phase presents a porous structure in some samples,
while in others a dense and thin TiCxO1-x layer is formed (Fig. 8.3). Sub-oxides, i.e.
Ti3O5 and Ti4O7, are also detected by XRD, where it is anticipated that such phases lie
atop the TiCxO1-x layer. In fact, high oxygen partial pressure (pO2) at external
gas/scale interface favors the formation of oxides at surface [30, 31], while low pO2

and increased carbon activity aC facilitate carbo-oxide formation in the subsurface
zone [32]. Underneath the compound, expanded α phase is expected. Interstitials with
α-Ti(C, O) is clearly identified by XRD in some of the alloys, e.g. TA15 and TC11,
implying that the X-rays penetrates the thin compound layer in those materials, while
the penetration depth of the X-rays is expected to be too low to reveal the presence of
expanded α in all other cases. All α-Ti(C, O) reflections significantly shift towards
lower 2θ values compared to those prior to carbo-oxidizing (cf. Fig. 7.2 in Manuscript
6) due to the lattice expansion by dissolution of carbon and oxygen. The α phase is
more correctly, expanded α.

The microstructures in the near-surface zone (Fig. 8.3) display carbo-oxidizing
behavior that significantly vary for the different titanium grades, i.e. the alloying
elements influence the carbo-oxidizing behavior to a great extent in terms of thickness
and morphology of the TiCxO1-x. The thickness of the compound layer is collected in
Fig. 8.4a. Although a small amount of Zr addition to titanium alloys were reported to
be beneficial to oxidation resistance [33, 34], Zr is know to boost the oxygen diffusion
in Ti rich materials [35], in particular when it exceeds 6 wt.% in titanium alloys [36,
37] and 6 at.% in titanium intermetallics [38]. Interestingly, Zr tends to hinder the
development of TiCxO1-x, resulting in formation of a thin, ~2 μm, TiCxO1-x layer,
instead. Even a small fraction of Zr (1.5 wt% in TC11) seems to play a significant role
on suppression of the carbon uptake. Sn and Mo also seem to prohibit the growth of
TiCxO1-x to a certain degree (see TB5 and TB8) but much less effective than Zr.
TiCxO1-x grows most deeply in unalloyed titanium (TA2); addition of 1 wt.% Al
favors a more uniform layer. For TC1, TiCxO1-x grows preferentially at interlamellar
position between α lamellae; hence, Mn is likely to boost the formation of TiCxO1-x

along β lamellae. Although the mechanism of porous structure formation in TiCxO1-x

is not clear yet, the porosity tends to increase with increasing V content (see TB2,
TB5 and TB6). The different initial microstructures (mill-annealed and bi-modal) and
trace amount of interstitial in the as-delivered Ti-6Al-4V (TC4 and TC4 ELI) have
negligible influence on the carbo-oxidizing behavior, which is consistent with the
result of (carbo-)oxidizing in a CO/CO2 mixture.
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Fig. 8.1. Photos with top-down view of carbo-oxidized samples.

Fig. 8.2. XRD of the carbo-oxidized samples.



250

Fig. 8.3. BSE images of the carbo-oxidized samples on cross-section of near-surface area.
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Fig. 8.4. a) Thickness of compound zone (sub-oxides + TiCxO1-x) in the outermost zone of the carbo-
oxidized sample. b) Vickers hardness of the TiCxO1-x phase, and maximum hardness of the substrate.
Note that the hardness of the TiCxO1-x layer on the Zr-containing alloy is too thin to allow measurement.
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Fig. 8.5. In-depth hardness profiles of carbo-oxidized titanium and titanium alloys. Note that in the near
surface region, TiCxO1-x of some samples is embedded in expanded α matrix, but only the hardness of
substrate is presented here.
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The Vickers hardness data collected in Fig. 8.4b indicates that the hardness of
the TiCxO1-x phase is largely independent of the alloy chemistry, and falls in the
interval 2000-2500 Hv. The dissolved alloying elements essentially influence the
hardness of TiCxO1-x. Whereas, the porosity and pore size in TiCxO1-x, which are most
likely affected by the V content, seem to have minor influences on the hardness. The
maximum hardness of the substrate of the β type alloys and alloys containing Zr are
remarkably lower than those of non β type alloys and alloys without Zr, as the
consequence of low solubility of interstitials in β phase and barrier effect of Zr against
carbon diffusion.

The in-depth hardness profiles of carbo-oxidized titanium and titanium alloys
(Fig. 8.5) are highly in agreement with the observation of thickness of the TiCxO1-x

layer (cf. above), indicating carbo-oxidizing is progressively prohibited by increasing
the alloying elements content, except for the addition of Mn. Unalloyed and slightly
alloyed titanium (Fig. 8.5a) offer superior hardening response accompanied by a deep
hardened case. For Ti-1Al, the addition of 1 wt.% Al considerably suppresses ingress
of interstitials into the substrate resulting in lower hardness and much shallower
hardened case compared to TA2 and TC1. The hardening response of β type alloys
(Fig. 8.5c) are inferior to the majority of the α and α/β type alloys (Fig. 8.5b) due to
the lower solubility of interstitials in the β-Ti phase. Furthermore, the higher β-
stabilizer content in β type alloys hinders transformation into α-Ti upon
dissolution/ingress of interstitials. Through-diffusion of interstitials in the thin
samples TB5, TB8 and Beta Ⅲ leads to elevated hardness in the core; while, the high
hardness in the bulk of TB2 is mainly attributed to the precipitation of acicular α-Ti.
Unsurprisingly, three variants of TC4 possess the identical hardness profile.

For TC4, it has been confirmed that Al is expelled from growing TiCxO1-x and
accumulated underneath, leading to the formation of an Al-rich α-Ti(C, O) region
with a Ti3Al intermetallic phase (see Manuscripts 2 & 4). Al is not the only element
diffusing inwardly as a result of the CO treatment; all the alloying elements
redistribute. These phenomena are reflected in the microstructure. In the present
manuscript, TC6 is taken as example to illustrate how the inward diffusion of alloying
elements during carbo-oxidizing impacts the microstructure of the diffusion zone
(Figs. 8.3h & 8.6). Four areas of interest are considered, labeled 1 to 4 in Fig. 8.3h. In
all areas two types of regions can be distinguished: α and prior/retained β. Adjacent to
the surface (zone 1), fine α plates are barely visible in the β grains (light area in Fig.
8.6a), which suggest that β is retained at room temperature after furnace cooling,
while a large number of α plates can be observed in the area located deepest in the
sample (Fig. 8.6d). In the overall zone 1, the chemical composition of retained β
phase nearby Al-rich α-Ti (Fig. 8.6) suggests a high content of Cr and Mo, which
clearly stabilizes the β phase. No α precipitation can then occur in the “limited” time
at elevated temperature that is available during cooling. Deeper into the material, the
Cr and Mo concentrations in retained (or prior, now transformed) β drop
monotonically, which is accompanied by a slight decreasing Al content in the α. More
numerous and coarser α plates precipitate within the metastable β. It should be noted
that Fe diffuses even further than Cr and Mo under the “pressure” imposed by the
inwards diffusion of interstitials, and it is mostly concentrated in Zone 2 & 3. This can
be related to a higher Fe diffusivity.
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In addition to TC4 and TC6, an analogous phenomenon was also observed in
TA15 and TC11. The Mo equivalent (Moeq) [39] of β-Ti phase decreases with
increasing distance to surface (Fig. 8.7), and the β-Ti phase with Moeq lower than 13
tends to be unstable during the cooling process. For metastable β-type alloys, the
expelled β alloying elements from TiCxO1-x further stabilize the β-Ti phase originally
rich in β stabilizers; hence, a β case (α-free zone) develops atop the region with
acicular α-Ti precipitation (most obvious in Fig. 8.3 l&o).

For near β-type alloys, the ingression of interstitials and inward diffusion of β
stabilizers have a lower impact on the microstructure evolution of the diffusion zone
(see Fig. 8.3 j&k). Compared to TA15 and TC11, TC26 possesses much higher Zr
content, implying a more pronounced carbon barrier effect. Pack carburizing of TC26
was performed at even higher temperature (1100-1300 ℃) by Luo et al. [40]. A
porous carbide layer atop a β case was formed at temperatures above 1250 ℃. In
another near β-type alloy TB6, the Al content was too low to develop a deep Al-rich α
case beneath the TiCxO1-x layer compared to TC4 also containing V (see Fig. 8.8). On
the other hand, a thin layer of segregated Al is observed on the surface of TB6, which
was not identified by XRD (Fig. 8.2). It corroborates that the formation of an Al-rich
α case is the governing factor for expelling V from the surface region rather than the
formation of TiCxO1-x or the inward diffusion of interstitials. The inward diffusion of
Al in TC4 facilitates the segregation of V in the sublayer; while, outward diffusion of
Al in TB6 does not significantly contribute in expelling V (Fig. 8.9). It has been
confirmed in the author’s previously study (Manuscript 3) that within the V-rich
regions nano-size units of a second α-Ti phase are observed for V content lower than
approximately 16 wt.% upon furnace cooling. Such nano-size units are not observed if
the V content exceeds this threshold level, which is close to the value reported by
Wang et al. [41]. Additionally, diffusion of V in β-Ti is sluggish compared to that of
Fe [42, 43], suggesting V is prone to segregate at the TiCxO1-x/substrate interface,
while Fe tends to accumulate deeper in the material (cf. Fig. 8.6). In-depth chemical
distribution of TB6 (Fig. 8.9) agrees with the variation of Al and Fe in TC6 (Fig. 8.6).
Nevertheless, the major β element V in the β-Ti phase of TB6 alters little compared to
the major β element Mo in β-Ti phase of TC6 and V in the β-Ti phase of TC4, having
a negligible influence on the β-Ti stability of TB6.
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The corresponding chemical compositions (in wt.%) for α and β phases presented above. Ti is in
balance. The elemental distribution shows the evolution of the microstructure versus β-stabilizers
content. The element with high concentration is highlighted in red.

Spectrum Al Cr Mo Fe Si

α

#1 11.8 0.3 1.1 0 0.6

#3 6.4 0.4 0.5 0.1 0.3

#5 6 0.4 0.4 0.1 0.2

#7 6 0.3 0.3 0.1 0.3

β

#2 6.2 5.5 11.6 1.1 0.4

#4 6.1 5.1 8.9 1.6 0.5

#6 5.7 4 6.9 1.5 0.5

#8 5.2 3.2 5.2 0.6 0.3

Fig. 8.6. Electron microscopy images presenting the evolution of the microstructure at various depth
below the surface in TC6. The position of the zones versus the surface is presented in the insets in Fig.
8.3h. In the present figure, red spots refer to α phase and orange spots refer to β phase, for which
chemical compositions are given in the table.
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Fig. 8.8. BSE images and corresponding element mappings of the carbo-oxidized a) TC4 ELI and b)
TB6.
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Fig. 8.10. BSE images of the carbo-oxidized specimens in the bulk area.
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Besides the influence on the microstructural features in the near-surface region, it
is well established that thermochemical treatments also have an influence on the bulk
microstructure. Clearly, the microstructure in the core (Fig. 8.10) differs from that of
the diffusion zone because of the effect of C and O uptake, and accompanied
elemental redistribution that occurs in the diffusion zone. Overall, the C and O uptake
from the atmosphere raises the β transus temperature. For α and α/β alloys (Fig. 8.3c-
i), the diffusion zone consists of granular and elongated α grains accompanied with
transformed and untransformed β regions depending on the gradient of β stabilizers
partitioning as mentioned above. β-type alloys possess lower β-transus than α and α/β
alloys [44]. α plates are formed in β matrix in the diffusion zone of near-β alloys (Fig.
8.3 j&k), suggesting the β-transus of the diffusion zone was below the applied
treatment temperature. For metastable β alloys, the outermost part of the substrate
becomes more stable as β-stabilizers diffuse inwardly, thus much less acicular α phase
precipitates in this region adjacent to the TiCxO1-x layer compared to deeper in the
material (Fig. 8.3 l&o); this results in the development of an α-free zone. For the
metastable β thin plate/foil (Fig. 8.3 m, n&p), through-diffusion interstitials takes
place. The appreciable amount of interstitial favors α formation in the diffusion zone,
i.e. α layer at the boundary and α plate within prior β grain, which is identical to the
microstructure in the bulk (Fig. 8.10 m, n&p).

The applied temperature beyond the β-transus for all materials totally reset the
core microstructure (cf. Fig. 7.3 in Manuscript 6). Due to the slow cooling rate, coarse
finger-like α phase is revealed in pure titanium and Ti-1Al (Fig. 8.10 a&b). Fe-rich β
is located at interlamellar position. For α, α/β and near-β alloys (Fig. 8.10 c&k),
Widmanstätten patterns are observed. Fine acicular α phase precipitates in the core of
metastable β alloys (Fig. 8.10 l&o), which was not observed upon furnace cooling
from 800 ℃. Fast diffusivity of carbon in the β phase may contribute to the
“contamination” in core.

8.4. Conclusions

The effect of alloying elements on carbo-oxidizing or carburizing behavior have
not received much attention in the literature, which has already been addressed in the
present study. In summary, the alloying elements significantly impact the carbo-
oxidizing behavior. TiCxO1-x grows much thicker in pure titanium and slightly alloyed
titanium. Zr, Mo, Cr and Al prohibit the formation of carbo-oxides and inward
diffusion of carbon to different extents. Especially for the alloys containing Zr, a thin
TiCxO1-x layer with thickness of ~2 μm is formed. Mn facilitates the growth of
TiCxO1-x along the lamellae boundary where Mn segregates. V seems to be
detrimental to the formation of a compact TiCxO1-x layer. Fe is expelled from the
surface more significantly than other β elements. When Al exceeds 6 wt.%, it tends to
accumulate underneath TiCxO1-x, resulting in formation of an Al-rich α-Ti(C, O) zone.
This Al-rich α contains more β stabilizers than Al-lean α. Moreover, a large number
of β stabilizing elements are expelled from TiCxO1-x + Al-rich α zone, stabilizing the β
phase adjacent to the Al-rich α; and α precipitates from β in deeper area containing
less β stabilizers. The core microstructure is totally reset by the heat treatment at the
applied temperature above the β-transus.
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9 Summary

In this Ph.D. project, the carbo-oxidation behavior of a wide collation of titanium
and titanium alloys exposed to CO, CO2 and their mixtures in a wide range of
temperatures was studied. In particular for Ti-6Al-4V/Ti-6Al-4V ELI, carbo-
oxidizing atmospheres imposing different oxygen partial pressures (pO2) as well as
carbon activity (aC) are applied via varying the ratio of CO/CO2. Thermochemical
treatment was performed to investigate the surface hardening response of titanium and
its alloys by modifying their surface composition by incorporating oxygen and carbon
simultaneously. The influence of initial microstructure on (carbo-)oxidizing behavior
as well as the influence of thermal treatment on bulk properties have also received
attention. Moreover, the quaternary system (i.e. TiCxNyO1-x-y) in the manner of duplex
treatment (i.e. carbo-oxidizing followed by nitriding) was investigated on Ti-6Al-4V
and its ELI variant. The outcomes of these studies have been provided in details at the
end of each manuscript from Ⅱ to Ⅶ; and they are summarized in this chapter. The
following conclusions are categorized based on the two main topics throughout the
whole thesis, i.e. carbo-oxidation behavior (viz. corrosion) and surface hardening
response.

i. Surface hardening response

 High-temperature carbo-oxidizing of Ti-6Al-4V ELI in CO yields a
hard rock salt type carbo-oxide (δ-TiCxO1-x) layer with hardness ~2500 Hv.
Adding CO2 to CO lowers the required temperature but maintains a high
hardness in the hardened case, resulting in formation of oxides consisting mainly
of rutile. Plasma (carbo-)oxidizing or (carbo-nitro)oxidizing has no obvious
advantage over gaseous treatment in CO2, because the temperature is the key
factor. On the other hand, plasma nitriding yields hard nitrides (TiN and Ti2N) at
lower temperatures compared to conventional gaseous nitriding.

 From a surface engineering point of view, different carbo-oxidizing
treatments should be considered for the surface hardening of different
titanium/titanium alloys.

For the carbo-oxidizing at intermediate temperatures (750-800 ℃), it
has been revealed that: 1) carbo-oxidizing in CO is ideal for pure titanium; 2)
high hardness can be obtained in Ti-6Al-4 thermochemically treated in CO2; 3)
in general, based on the hardening response ability in terms of hardness values
and the thickness of the hardened case and oxides, the (carbo-)oxidized
titanium/titanium alloys in CO/CO2 mixture can be ranked as follows, near-β
alloy>near-α, α+β alloy>pure titanium, α alloy>metastable-β alloys. The depth
of the hardened case mainly depends on the diffusivity of interstitials (fastest in
β), and hardness largely relies on the concentration of interstitials in titanium
(highest in α). Therefore, near-β alloys, especially Ti-13Nb-13Zr, which has a
low β-transus temperature and unstable β phase, are prone to transform into α
during (carbo-)oxidizing.
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For the carbo-oxidizing of Ti-6Al-4V ELI at high temperatures (900-
1000 ℃), the hardness and depth of diffusion zone increase with increasing pO2

and decreasing aC. It implies that a lower temperature is required when the
carbo-oxidizing atmosphere has a high pO2 to achieve the same level of
hardening response. Whereas, a plateau of hardness (~1600 Hv) occurs in the
intermediate to high pO2 regime, and a reduction of the size of the diffusion zone
appears at 20% CO2.

For the carbo-oxidizing at even higher temperatures (≥ 1000 ℃) in CO,
the hardening response behavior of titanium/titanium alloys differs from above.
It can be ranked as follows, pure titanium, Mn-containing alloy>Al, Mo, Cr-
containing alloy>Zr-containing alloy. In addition to the alloying elements that
significantly affect the formation of hard TiCxO1-x layer, the type of titanium
alloy would markedly influence the depth of the diffusion zone, i.e. it is
decreased with increasing β fraction of the as-received sample. The core
microstructure experiences a full “reset” after heat treatment at such high
temperatures.

 The oxidation resistance of the fully lamellar structure of Ti-6Al-4V is
superior to that of others (fully martensitic, fully equi-axed and bi-modal
structures), resulting in inferior hardness response due to a lower uptake of
interstitials. The mechanism is not clear yet, but the presence of consecutive β
interlamellar phase in the fully lamellar structure is observed to block the inward
growth of rutile and prohibit the inward diffusion of interstitials. After heat
treatment, coarsening of the lamellar structure and the transformation of
martensite into α/β soften the bulk microstructure. Grain growth of primary α in
the equi-axed condition has a negligible impact on the hardness.

 Post nitriding performed at high temperatures (＞ 1000 ℃) on high-
temperature carbo-oxidized Ti-6Al-4V/Ti-6Al-4V ELI causes a minor hardness
increase, which is most likely attributed to the minor addition of nitrogen
dissolved in the TiCxO1-x; while for Ti-6Al-4V carbo-oxidized at low
temperature, post nitriding significantly enhance the hardness and raises the
thickness of the diffusion zone via (partially) dissolving the previously formed
compounds and inwardly diffusing carbon, oxygen and nitrogen into the material.

ii. Carbo-oxidation behavior

 The scale (compound) structure of carbo-oxidized Ti-6Al-4V ELI can
be significantly influenced by pO2 and aC via altering temperature and CO/CO2

ratio: 1) TiCxO1-x is predominant at low pO2 (high aC); 2) increasing pO2 gives
rise to a fast build-up of an outmost rutile layer, accompanied by the
development of a much thinner TiCxO1-x sublayer. α-Al2O3 particles develop
progressively at the outer/inner rutile interface, resulting in formation of a
continuous Al2O3 layer at intermediate pO2 (rutile/alumina/rutile sandwich scale
structure). The lattice of TiCxO1-x shrinks as pO2 increases as a consequence of
the decreasing carbon fraction in TiCxO1-x; 3) TiCxO1-x is not present at high pO2,
and the scale structure is complex.
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 The alumina-rutile scale structure of titanium alloys (carbo-)oxidized
in CO/CO2 with ratio 1:1 is largely affected by the Al content: 1) at 1 wt.% Al
addition, a single rutile layer is formed containing dispersed alumina; 2) at 2-3
wt.% Al addition, a duplex rutile layer is formed with an outer rutile+alumina
layer; 3) at 6-6.5 wt.% Al addition, an alumina barrier layer separates the outer
and inner rutile layers (sandwich structure).

 The amount of Al addition is the key factor as (carbo-)oxidation barrier.
Whereas, the addition of V facilitates the formation of rutile but suppresses the
development of alumina. Cr is prone to develop a Cr2O3 layer like alumina in the
rutile, and it also retards the development of scale. Addition of Zr appreciably
accelerates the oxygen diffusion in the substrate. Mo and Zr tend to accumulate
at the scale/substrate interface, or reside in the inner rutile layer, where prior β
phase was located. Sn tends to form a Sn-rich layer underneath the scale
hindering the outward diffusion of V and Cr, but this layer seems to have no
barrier effect against outward diffusion of Ti, Mo and Zr.

 The influence of alloying elements on carbo-oxidation behavior differs
from that on (carbo-)oxidation behavior, which has been scarcely investigated.
TiCxO1-x attained in CO is remarkably prohibited by Zr addition. Mo, Cr and Al
also hinder the formation of TiCxO1-x and inward diffusion of carbon to different
extents. Whereas, the addition of Mn facilitates the growth of TiCxO1-x along the
grain boundary, where Mn-rich β phase is located.

 The redistribution of alloying elements under the ''pressure'' of
interstitials permeation alters the microstructure of the diffusion zone, in
particular for the region adjacent to the compound zone.

Al-rich α zone/phase at the compound/substrate interface is observed
in five conditions with different formation mechanisms, which potentially
facilitates the formation of α2-Ti3Al intermetallic phase: 1) for plasma nitrided
Ti-6Al-4V ELI, due to the low solubility of Al in nitrides, Al accumulates
underneath the nitrides layer; 2) for (carbo-)oxidized Ti-6Al-4V exposed at high
pO2, the oxygen ingress lowers the criteria of Al content for precipitation of
Ti3Al from α-Ti phase; 3) for (carbo-)oxidized Ti-15V-3Al-3Cr-3Sn exposed at
high pO2, the formation of Sn-rich layer underneath the scale prohibits the
outward diffusion of Al. Along with the inward diffusion of oxygen, Ti3Al is
''embedded'' within a V, Cr-rich β zone; 4) For other (carbo-)oxidized β-type
alloys containing 3 wt.% Al, except for Ti-10V-2Fe-3Al, the inward diffusion of
oxygen facilities the transformation of β-Ti phase into expanded α-Ti at the
scale/substrate interface, where Al, as an α stabilizer, tends to be rich in α; 5) for
carbo-oxidized Al-containing alloys exposed at high aC, when Al exceeds 6 wt.%
and a thick TiCxO1-x layer is formed, Al tends to accumulate underneath the
finger-like TiCxO1-x. Note that the presence of an Al-rich layer would inhibit the
nitriding and carbo-oxidizing processes.

In the carbo-oxidized alloys with Al-rich α zone, more β stabilizing
elements partition and inwardly diffuse from Al-rich α, forming an in-depth
gradient of β-stabilizers; and α precipitates from β grains in areas located deeper
and containing less β-stabilizers. Moreover, for Ti-6Al-4V, the Al-rich zone is
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progressively depleted by increasing pO2. Al is consumed by reaction with
oxygen forming α-Al2O3, meanwhile, the V-rich β layer underneath the Al-rich
zone vanishes due to the dissolution of V in rutile.

 Nitrogen preferentially resides at the TiCxO1-x/Al-rich α interface
forming an individual TiN layer rather than becoming dissolved in TiCxO1-x upon
post nitriding of carbo-oxidized Ti-6Al-4V. The resulting structure consists of
sub-oxides/TiCxOyN1-x-y/TiN/Al-rich α-Ti(C, O, N)+Ti3Al/β-Ti/Al-lean α-Ti(C,
O, N), going from the surface to the substrate.
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10 Further work

The present project puts emphasis on investigating carbo-oxidizing behavior and
hardening response of titanium and various titanium alloys exposed in CO, CO2 and
their mixtures at various temperatures. Based on the findings obtained in this study,
the following further work is suggested.

 The fully lamellar titanium alloys with consecutive interlamellar β yield
oxidation resistance to a certain extent, which highly depends on its angle between the
surface. It is hypothesized that a thin alumina layer would form on the interlamellar β
prohibiting the inward growth of rutile. While this advantage has not received much
attention from the titanium industry, and the mechanism needs to be investigated in
more depth.

 Duplex treatment with a post nitriding is confirmed to introduce N into
TiCxO1-x with relatively low efficiency. To improve the hardness of TiCxNyO1-x-y by
tailoring the C/N/O ratio, a new method should be considered. Reversing the two
steps, i.e. nitriding + post carbo-oxidizing, could be an alternative.

 A network-like porous TiCxO1-x is developed at low pO2 and high aC, which is
promising for biomedical application. The porosity and the pore size seem to be
dependent on the alloying element especially for V, temperature and reactive gas.
Whereas, the mechanism of pore formation is still not well understood. In order to
elucidate this unaddressed point, further work is required.

 The O content in TiCxO1-x increases with increasing pO2 via adding more CO2

to CO, eventually leading to development rutile on top; therefore, a TiCxO1-x layer
containing high O content without rutile was not achieved with this method. A post
vacuum treatment would be of great interest to dissolve rutile and introduce more O
into TiCxO1-x.

 The alloying element on oxidation/(carbo-)oxidation behavior has been widely
investigated. Whereas, its impact on carburization/carbo-oxidation as well as
nitridation has received far less attention. Carburizing is found to be unsuitable for
surface hardening of Zr-containing alloys due to the barrier effect of Zr against the
formation of carbide/carbo-oxide and inward diffusion of carbon, which is worth to be
investigated further from surface engineering point of view.

 The near-β alloy, in particular for Ti-13Nb-13Zr, behaves superiorly in terms
of surface hardening response mainly due to its low β-transus temperature and
unstable β during (carbo-)oxidizing. Moreover, Zr promotes the diffusivity of oxygen
in titanium. The combination of ''unstable β'' and ''Zr'' has inspired the present author
to design a new low-cost near-β alloy that can yield even deeper hardened cases. It is
anticipated that this goal can be achieved by substituting Nb in Ti-13Nb-13Zr by Fe
or/and Cr.

 The presence of soot on (carbo-)oxidized alloys are most likely attributed to
the increasing aC during the slow cooling process. Whereas, a fundamental study
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should be carried out in order to understand the mechanism of carbon residence
(carbide or/and graphite) in the inner layer of rutile.
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