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Abstract 

This Ph.D. thesis addresses interstitial alloying of titanium with oxygen, nitrogen, carbon and 

hydrogen and the impact on mechanical properties. Moreover the crystallography, 

thermodynamics and microstructural evolution of Ti containing interstitials are investigated. To 

this end thin foils of Ti with different loads of interstitials were synthesized applying different 

thermochemical routes.   

Four main topics are investigated in the thesis: I) Mechanical properties and crystallography of 

Ti(N) and Ti(O) interstitial solid solutions, and the effect of pile-up and sink-in on the area 

determination using nanoindentation. II) The surprising synergistic effect between O and H 

resulting in an extreme crystallographic expansion and extreme solubility of H in Ti. III) The 

reversibility of hydrogenation/dehydrogenation and the effect on microstructure in Ti and 

Ti6Al4V. IV) Carbooxidation using CO to attain a low O partial pressure over a wide temperature 

range and formation of compounds based on C and O.  

I) The effect of alloying Ti with N and O on the hardness and indentation modulus was studied 

over a wide range - from very low interstitial loads to the solubility limit of hcp α-Ti, attaining 80 

times as much interstitial in solid solution compared to the preceding literature results. The lattice 

expansion exerted by O and N agreed well with previous studies. Atomic force microscopy and 

indent fitting successfully validated the applied finite element modelling based nanoindentation 

method’s ability to account for both sink-in and pile-up.  

II) Titanium with 25 at. % O and 19 at. % N in solid solution, resulted in an increase in hydrogen 

solubility from zero to 50 at. % H, causing a spectacular 12.5 % anisotropic expansion of the 

hexagonal closed packed (h.c.p) lattice.  

III) The hydrogenation and subsequent high vacuum annealing at 350 – 550 °C of Ti and Ti6Al4V, 

resulted in exceedingly complex microstructures and phase compositions, explained by the effect 

of cooling, heating and different hydrogen contents.   

IV) The carbo-oxidizing of titanium foils enabled the study of the kinetics of C and O uptake, 

where the formation of an outer layer of face centered cubic (f.c.c.) TiCxOy significantly inhibited 

the ingress of O above 800 °C. At 600 – 700 °C an elusive f.c.c. phase in the center of the foils, 

was analyzed with advanced characterization methods and found to be a hydride. The development 
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of this hydride was a consequence of mismatching body center cubic (b.c.c.) particles, tensile 

stresses present at the advancing oxygen concentration profile and H present in the foil.  

The experimental techniques utilized in the study were transmission X-ray diffraction (XRD), 

thermogravimetry (TGA), differential thermal analysis (DTA), high vacuum annealing (HVA) 

nanoindentation, hardness measurement, light optical microscopy (LOM) atomic force 

microscopy (AFM), scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), selected area diffraction (SAED), electron backscatter diffraction (EBSD) and electron 

probe microanalysis (EPMA). Along with thermodynamic and diffusion simulations in 

ThermoCalc and DICTRA to supplement the experimental data. The use of Rietveld refinements 

(full diffractogram fitting) on XRD diffractograms was also an integral part of the study. 
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Resumé 

Denne ph.d.-afhandling undersøger indflydelsen af de interstitielle elementer ilt, nitrogen, karbon 

og hydrogen i titaniumlegeringer og deres indflydelse på krystallografien, de mekaniske 

egenskaber og udvikling af mikrostrukturen.  Til den ende anvendes tynde folier af Ti for at 

realisere interstitielle indhold helt op til opløselighedsgrænsen for de forskellige elementer. 

Fire hovedemner undersøges i afhandlingen: I) Mekaniske egenskaber og krystallografi af Ti(N) 

og Ti(O) og effekten af pile-up og sink-in på arealbestemmelsen ved hjælp af nanoindentering. II) 

Der en overraskende synergetisk interaktion mellem O/N og H, hvilket resulterede i en ekstrem 

gitterekspansion og ekstrem opløselighed af H i Ti. III) Reversibiliteten af 

hydrogenering/dehydrogenering og effekten på mikrostrukturen af Ti og Ti6Al4V. IV) Karbo-

oxidering ved hjælp af CO for at opnå et lavt partialtryk af O i et bredt temperaturområde og 

dannelse af karbo-oxider. 

I) Effekten af tillegering af N og O til Ti på hårdhed og indenteringsmodul blev undersøgt fra 

meget lave interstitielle indhold op til opløselighedsgrænsen, hvor et 80 gange højere interstitielt 

indhold blev opnået sammenlignet med eksisterende litteraturresultater. Den gitterudvidelse fra 

opløsning af O og N stemte overens med litteraturen. Atomic force mikroskopi og modelleringen 

af indtryk validerede den anvendte finite element modelleringsbaserede nanoindentering metodes 

evne til at tage højde for både sink-in og pile-up. 

II) Titanium med 25 at. % O og 19 at. % N resulterede i en forøgelse af hydrogenopløseligheden 

fra nul til 50 at. % H, og forårsagede samtidig en overraskende 12.5% anisotrop udvidelse af det 

heksagonale tæt pakkede (h.c.p) gitter. 

III) Hydrogeneringen og efterfølgende høj vakuum varmebehandling ved 350-550 °C af Ti og 

Ti6Al4V resulterede i usædvanligt komplekse mikrostrukturer og fasesammensætninger, som kan 

forklares ud fra effekten af køling, opvarmning og de forskellige hydrogenindhold. 

IV) Karbo-oxideringen af titaniumfolier muliggjorde studiet af kinetikken ved C og O optagelse, 

hvor dannelsen af et ydre lag af overfladecentreret kubisk (f.c.c.) TiCxOy ledte til en signifikant 

nedsættelse af indtrængningen af O over 800 °C. Ved 600 - 700 °C blev en ”flygtig”  f.c.c. fase i 

midten af folierne analyseret med avancerede karakteriseringsmetoder og fundet til at være et 
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hydrid dannet på grund af spændinger omkring rumcentrerede kubiske (b.c.c) partikler, 

trækspændinger der var til stede foran ”fronten” på oxygenprofilen og indholdet af H i folierne.  

De eksperimentelle teknikker, der blev anvendt i studiet, var transmission-røntgen diffraktion 

(XRD), termogravimetri (TGA), differentiel termisk analyse (DTA), høj vakuum 

varmebehandling (HVA), nanoindentering, hårdhedsmålinger, lysoptisk mikroskopi (LOM), 

atomic force mikroskopi (AFM), scanning elektron mikroskopi (SEM), transmission-elektron 

mikroskopi (TEM), udvalgt områdediffraktion (SAED), elektron backscatter-diffraktion (EBSD) 

og elektron-probe mikroanalyse (EPMA). Dette sammenholdes med termodynamiske- og 

diffusions-simuleringer i ThermoCalc og DICTRA. Anvendelsen af Rietveld forfininger 

(simulering og forfining af lineprofiler) på XRD-diffraktogrammerne var også en afgørende del af 

afhandlingen. 
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1 Background 

1.1 Interstitial alloying of titanium 
Titanium has a colossal solubility of oxygen and nitrogen in the metallic state, up to 33.3 at. % O 

and 23.0 at. % N [1,2], which leads to large increases in hardness and strength but at the cost of 

ductility, toughness, and notch sensitivity [3]. On the other hand, carbon has a relatively low 

solubility in the metallic Ti lattice – maximally up to 1.6 at. % C before the formation of titanium 

carbide occurs. Hence, this gives rise to an “egg-shell” type hardening effect, i.e. a hard and thin 

compound layer on a soft substrate [4]. Moreover, the dissolution of hydrogen in h.c.p α can reach 

up to 8.4 at.% at temperatures above 300 °C, however, this approaches nil at room temperature 

[5].  

1.2 Scope, aim and scientific approach 
The purpose of the current research project is to elucidate the complex interaction between titanium 

and the interstitials C, N, O and H synthesized by different gaseous thermochemical methods. The 

motivation behind this study is partly due to an increasing interest in titanium owing to the advent 

of additive manufacturing (3D printing) where titanium alloys are the materials of choice, and 

partly due to the lack of recent systematic studies on the interstitial alloying of titanium. This 

research work seeks to systematically investigate the effect of (mixed) interstitials on the 

mechanical and crystallographic properties of the h.c.p. α phase. These findings are compared with 

the limited literature data. The synthesis of metallic titanium covering oxygen and nitrogen over 

the whole solubility range was of prime importance in this study. Hydrogen was also studied 

extensively, partly regarding the crystallographic expansion and the possible synergistic effects 

with oxygen and nitrogen as indicated in literature, and partly concerning the use of hydrogen and 

vacuum annealing as a method of grain refinement. The carbon and oxygen systems were 

comprehensively investigated covering a wide temperature range. The formed TiC surface layer 

inhibits the oxygen ingress and prevents further oxidation of the h.c.p. α phase [6]. Various types 

of characterization methods were applied in the current work, with the aim of achieving a clearer 

understanding of the interaction between C, N, O and H and titanium. The exploitation of advanced 

characterization techniques in combination with synthesized materials help to elucidate the 

correlation between the microstructure (and crystallography) of thermochemically surface-

engineered titanium alloys and its mechanical properties. The benchmark of this doctoral thesis 
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was the attainment of a better understanding of the complex interactions between interstitials and 

the ‘street-walker’ metal titanium, through investigations of crystallography, kinetics, 

thermodynamics and concomitant microstructure evolution and the mechanical properties. This 

study also aims at improving the nanoindentation method, via the use of a developed microscopy 

method.  

1.3 Outline 
Fig. 1-1 shows a flowchart exhibiting how this PhD thesis is structured. The presented thesis is 

manuscript based, which means that the findings of the project are sectioned into individual 

manuscripts (chapters 5 – 12). The manuscript I and II describe the work on homogenized oxygen 

and nitrogen containing thin foils, with a subsequent supplemental section with unpublished results 

on the thermal expansion of α. Manuscripts III investigates the extreme expansion and solubility 

of H in Ti(N) and Ti(O). Manuscript IV studies the effect of hydrogenation and dehydrogenation 

on the microstructure and crystallography on Ti and Ti-6Al-4V. Manuscripts V to VII concern thin 

foils treated with CO, followed by a subsequent supplemental section with unpublished results on 

thermodynamic predictions and synthesis in the gas systems CO + N2 and CO + CO2; these are 

collectively termed the Ti-C-O-N system. The conclusion and further work (chapters 13 – 14) 

finalize the Ph.D. dissertation.  
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Fig. 1-1: Flowchart on the structure of the Ph.D. thesis 
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2 Introduction 

2.1 Titanium – a versatile metal 
Titanium (Ti) is the fourth most abundant structural metal in the Earth’s crust and resides in various 

types of mineral sands such as rutile or ilmenite. Metallic Ti is made through the Kroll process, 

which is a reduction of TiCl4 by magnesium conducted at about 800 °C in a batch process, 

rendering Ti metal rather expensive [7]. The high reactivity of Ti and its propensity to from oxides 

also complicate the production - historically Ti was derisively labelled the “street walker metal”, 

as it picks up everything. Regardless, there has been an average annual growth rate in Ti production 

of about 8 % in the last 70 years [8] to about 170.000 tons in 2016. The high corrosion resistance 

as well as high strength to density ratio, make titanium a versatile engineering material to be 

exploited in a range of different markets since the 1950’s, such as aerospace, jewelry, military, 

industrial processes, chemicals, sporting goods and medical implants [7]. The corrosion resistance 

is due to the formation of a tightly adhering spontaneously forming protective oxide layer (self-

passivating). The fact that Ti is also biocompatible allows for the use in implants to replace 

stainless steels and cobalt-based materials. Another exciting, and potentially revolutionary, 

application of titanium is 3D metal printing of titanium parts from powder [9]. However, poor 

tribological properties restrict the use of Ti alloys in applications where wear loads are involved 

for instance fretting of biomedical implants. A way of improving the tribological properties can be 

found in surface hardening of Ti by the purposeful incorporation of interstitial elements such as 

oxygen and nitrogen or deposition of coatings. This can be performed using a range of methods 

such as the physical vapour deposition (PVD) or by reactive sputtering to form TiN. Another 

method is by thermochemical treatments, where introduction of C, O or N leads to the formation 

of a hard case on Ti. This can be achieved by plasma, ion-beam, laser or gas by the formation of 

compounds such as TiC, TiN or TiO2 and an underlying diffusion zone[8]. Systematic research on 

the effect of interstitials on Ti started in 1950 - 1955 with Finlay and Snyder [10], Jaffee, Ogden 

and Maykuth [11], and Ogden and Jaffee [3]. The main conclusion of their works was that the 

interstitial content should be kept below 0.2 wt% due to adverse effects on the ductility, toughness, 

notch sensitivity and machinability [3]. However, the dissolution of nitrogen or oxygen in metallic 

Ti above this level is associated with a notable increase in strength/hardness (cf. Manuscript I). 

Gaseous nitriding by N2 or NH3 is ordinarily performed at 900 – 1000 °C forming a golden surface 
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layer of TiN, with an underlying Ti2N and diffusion zone, achieving hardness values of about 1900 

Vickers hardness  (HV) [8]. Surface hardening by oxidation is more limited due to the brittleness 

and roughness of the surface oxide, however as early as 1962 it was shown by A. Takamura [12] 

that a well-controlled oxidation using molten glass caused significant hardening (about 1000 HV). 

An alternative method is the subsequent annealing in Ar or vacuum, designed to dissolve and 

redistribute the surface oxide, leading to a deep case hardening [13].  

2.2 The crystallography of titanium 
Pure titanium, and some titanium alloys, attain a hexagonal closed packed (h.c.p) atomic 

configuration called α titanium, while above 882 °C it undergoes an allotropic transformation into 

body-centered cubic (b.c.c.) denoted β titanium. The two are schematically shown in Fig. 2-1. The 

lattice parameters for pure α-Ti are a = 0.295 nm and c = 0.468 nm, yielding a c/a ratio of 1.587, 

which should be compared to the ideally h.c.p. c/a ratio of 1.633 [7]. The dissolution of C, N and 

O and substitutional atoms smaller than titanium such as Al stabilizes α, while other substitutional 

atoms such as Fe, V, Mn and Cu together with H promotes the β phase. This behavior is exploited 

in the extensively used Ti-6Al-4V or grade 5 alloy. This is a α-β alloy that features excellent 

physical and mechanical properties by way of treatments analogous to steels, i.e. through a 

martensitic transformation and/or by ageing [7].  

 

Fig. 2-1: Crystal structures h.c.p α and b.c.c. β, adapted from [7] 

The α phase has 1 octahedrally coordinated interstices (OCIs) and 2 tetragonally coordinated 

interstices (TCIs) per Ti atom. Oxygen and nitrogen both reside in the OCIs and exhibit large 

maximum solubility, i.e. 33.3 and 22.0 at.%, respectively [1,2]. Carbon also resides in the OCIs in 
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α and displays a lower solubility of only 1.6 at.% due to its larger size [4]. The precise location of 

interstitial hydrogen is not entirely settled [5], however both the TCI and OCI should be able to 

accommodate the smaller hydrogen atom. This is described in more detail in Manuscript III. The 

respective binary phase diagrams are shown in Fig. 2-2, where the significant solubility of O and 

N in α is evident; and the β transus is also effectively suppressed when the content is above 

approximately 12.5 at.%. The explanation for this suppression of β can be found in the fact that 

the β phase cannot accommodate the O or N in its OCI sites. This behavior was also used in 

Manuscript III to stabilize the α phase, even if about 50 at. % H was introduced. The differences 

in solubility between C, N, O and H can be explained by comparing the internal radii of the 

different atoms, relative to the OCI and TCI sites, which is presented in Table 2-1. The rather low 

solubility of C relative to O in α, can be explained by the larger size of the C atom relative to the 

OCI (75 vs. 61 pm). This means that there is less space for accommodating carbon, thus the lower 

the solubility. The lattice expansion of α has also been studied extensively with early work being 

performed by P. Ehrlich as early as 1941 [14] and continued by H. T. Clark in 1949 [15], which 

both discovered a linear increase in the a and c lattice parameters (LP), with the c LP expanding 

by an order of magnitude more than the a LP. The expansion of α was reviewed for the case of O 

[1] and N [2] and furtherly analyzed in Manuscript I.  
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Fig. 2-2: Binary phase diagrams for (A) Ti-O adapted from [1], (B) Ti-N adapted from [2] (C) Ti-C adapted from [16] and (D) 
Ti-H adapted from [5]. 

Table 2-1: Internal radii, rint, of OCI and TCI [17] for (ideal) h.c.p. and b.c.c.. Ti and in TiHx, atomic radii, R, of Ti, H, O, N 
and C [18] with single covalent bonding, of interstitial I in phase φ. Text and table adapted from Manuscript III. 

φ  rint / pm R / pm 

α-Ti OCI 61 O 63 

N 71 

TCI 33 C 75 

β-Ti OCI 23 - - 

TCI 43 H 32 

γ-TiHx TCI  

 

2.3 Ternary interstitial compounds  
Early work by L. Stone and H. Margolin in 1953 [19], indicated a possible synergistic effect 

between C and O or N, where the terminal solubility limit of C was increased to about 5.7 at.% C 

when 9.8 at.% O was present. This increase can be explained by the previously described lattice 

expansion, which leads to an overall increase in the size of the OCI in α and consequently an 

increase in solubility. An increase in C solubility was also discovered in Manuscript V. An 

alternative synergistic effect is the formation of remarkably hard functional coatings (up to 3000 

Vickers hardness), based on similarity of the crystal structures between TiC, TiN and TiO, that all 

display NaCl-type cubic lattices and a large intersolubility [20–22]. This is schematically shown 

in Fig. 2-3, which is based on an illustration from [22]. Other phases such as the Magneli sub-

oxides, first described by Andersson et al [23], display good electrical conductivity, high corrosion 
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resistance, unique electrochemical and lubricating properties, could also be used for applications. 

The notable variation of phases shown in Fig. 2-2, and their potential favorable properties, suggests 

that interstitial alloying is an excellent method of optimizing and tailoring surface engineering of 

titanium alloying.  

 

Fig. 2-3: Thermochemical treatments for mixed interstitial compounds. Adapted from [22]. 

2.4 Thermodynamics and kinetics of gaseous treatments 
The dissolution of C, O, N or H from their respective gaseous species (CO, CO2, N2, NH3, O2 and 

H2) is generally described as the absorption of the gas molecule onto the surface, followed by a 

dissociation (splitting of bonds) and an inward diffusion into the solid state. This can be 

exemplified for the dissolution of nitrogen from NH3 by the following reactions, where (2-1) and 

(2-2) are combined into (2-3).  

 ½𝑁𝑁2(𝑔𝑔) ↔ [𝑁𝑁]  (2-1) 

 𝑁𝑁𝑁𝑁3(𝑔𝑔) ↔ ½𝑁𝑁2(𝑔𝑔) +
3
2
𝑁𝑁2(𝑔𝑔)  (2-2) 

 𝑁𝑁𝑁𝑁3(𝑔𝑔) ↔ [𝑁𝑁] +
3
2
𝑁𝑁2(𝑔𝑔)  (2-3) 

With [N] denoting the nitrogen in solid solution, where it can be assumed that the recombination 

of two [N] into N2 is negligible at temperatures below 500 °C and atmospheric pressure [24]. This 

allows for the calculation of the nitrogen activity, based on the hypothetical N2 partial pressure in 

(2-2) relative to the partial pressure of the reference state of nitrogen gas [24]. The reaction 

pathway for the stepwise separation dehydrogenation of the NH3 molecule was described by 
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Grabke [25], occurring through a series of adsorptions of the NH3 species (NH2 and NH) onto the 

surface. This leads to the absorption of both hydrogen and nitrogen, where the former can 

recombine into hydrogen gas and diffuse away. Similar considerations can be applied for the other 

gaseous species and is described in detail in [26].  

An Ellingham diagram describes the Gibbs free energy ∆G vs temperature and oxygen partial 

pressure, this is presented in Fig. 2-4. This diagram shows the relative stability of oxides, with 

reactions closer to the top indicating the most ‘noble’ metals, meaning that the oxides for gold and 

platinum are easily reduced and are inherently unstable. Ti resides close to the bottom, which 

underlines the fact that Ti has a high propensity to form stable oxides. This also explains the reason 

for using Mg when reducing TiCl4 to form metallic Ti. The scale of the right side describes the 

partial pressure of oxygen, which will be in equilibrium with the metal and metal oxide at the 

provided temperature. This means that a higher partial oxygen pressure than the equilibrium value, 

will result in the oxidation of the metal. The pCO/CO2 and pH2/H2O ratios needed to realize a 

certain partial pressure of oxygen is similarly given, these two relations are possible due to the 

well described equilibrium reactions between CO and CO2 or H2 and H2O [26].  

 

Fig. 2-4: Ellingham diagram for various oxides. Adapted from [27].  

The diffusivity of C, O, N and H in h.c.p. α Ti was investigated by Nakajima and Koiwa at 800 °C 

[28], which is shown in Fig. 2-4 (adapted) and indicate that nitrogen diffuses about 1000 times 



Thermodynamics and kinetics of gaseous treatments 

10 
 

slower than oxygen. The values show the relative value to the Ti self-diffusivity, which means that 

nitrogen exhibits similar diffusivity as the Ti self-diffusivity. This lower diffusivity of nitrogen 

also leads to notably higher reaction temperatures when performing nitriding relative to oxidizing, 

and a significant difference in the vacuum annealing temperature is required to homogenize the Ti 

samples (about 730 vs. 900 °C for O and N, respectively, cf. Manuscript I). The diffusivity of 

hydrogen is on the other hand significantly higher, which also means that it is possible to hydride 

at relatively low temperature, while also being able to dehydrogenize the Ti sample using vacuum 

annealing [29]. The reason for the relatively high diffusivity of Fe, Co and Ni, can be explained 

partly by their low solubility in h.c.p. α, and partly due to their smaller size relative to Ti [28]. This 

fast inward diffusion of Fe and a resulting b.c.c. β stabilization, also being clearly identified in 

Manuscript V.    

 

Fig. 2-5: Diffusivity of solutes relative to solvent self-diffusivity of different elements in four matrix metals (CO, Fe, Pb and 
h.c.p α-Ti) at 800 °C. Adapted from [28]. 

. 
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3 Materials and experimental methods 
In this chapter, an overview of some of the materials and experimental methods is provided. 

Because most of the methods are well described in the manuscripts, the focus here will be on a 

selected few. Additional tips for experimental good practices are also presented here for some 

methods.  

3.1 X-ray diffraction (XRD) 
XRD have been extensively used in this work and will briefly be described here, with more 

extensive details described in the book by B.E. Warren [30]. XRD is based on the observable 

diffracted intensity when x-rays interact in a constructive interference with the crystalline material. 

This is possible due to the three-dimensional periodic structure of crystals, where the spacing of 

the planes in a crystal lattice act as diffraction gratings for X-ray wavelength between 0.5 – 2.5 Å. 

The X-rays are generated by a cathode ray tube, which is filtered to produce monochromatic 

radiation in the desired wavelength. Observable intensity is found when conditions satisfy Bragg’s 

Law [31]. 

 𝑛𝑛𝜆𝜆 = 2𝑑𝑑ℎ𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠𝑛𝑛𝑠𝑠 (3-1) 

Where n is an integer, λ is the x-ray wavelength, dhkl is the planar spacing between parallel crystal 

lattice planes with Miller indices hkl, and θ being the diffraction angle between the incident 

radiation and the crystal planes. Fig. 3-1 schematically illustrates the Bragg diffraction by a set of 

crystallographic planes.  

 

Fig. 3-1: Visual illustration of Bragg’s law. 
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Constructive interference consequently only occurs at specific angles and rotations of the crystal 

leading to Bragg reflections or peaks displayed in a diffraction pattern, with the position depending 

on lattice parameters, space group and macrostrain. A diffraction pattern being a one-dimensional 

representation of the three-dimensional reciprocal lattice of a crystal. If the material displays a 

preferred crystal orientation hereafter designated texture, such as one induced by hot rolling, there 

will be an increased intensity at these specific peaks relative to un-textured material. The thin foils 

of titanium used in this project, displays notable texture, as opposed to powders that exhibits a 

random orientation distribution. The information content that can be extracted by a diffraction 

pattern is illustrated in Fig. 3-2. Stress analysis is assumed to be irrelevant due to the thinness of 

the samples and the relatively long thermal treatments employed.   

 

Fig. 3-2: Information content of a diffraction pattern 

3.1.1 The Rietveld method 
A diffraction pattern of a multi-phase material will most often display overlapping of individual 

peaks, and combined with the effect of crystallographic texture this prevents a meaningful 

quantitative phase analysis when only based on a few peaks i.e. pattern decomposition methods. 

This is alleviated by using the Rietveld method [32], where a calculated diffraction profile is made 

based on concurrently refined models for the crystal structures of different phases to the complete 
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diffraction pattern. The Rietveld method is a least-squares procedure, which minimizes the 

quantity: 

 𝑆𝑆𝑌𝑌 = �𝑊𝑊𝑖𝑖(𝑌𝑌𝑖𝑖 − 𝑌𝑌𝑐𝑐𝑖𝑖)2
𝑖𝑖

 (3-2) 

where Yi is the observed intensity at point i of the observed powder pattern, Wi being the weight 

based on the counting statistics, Wi = 1/Yi, and Yci being the calculated intensity. With Yci being 

determined by the added contributions of the calculated Bragg reflections plus the background and 

is expressed as: 

 𝑌𝑌𝑐𝑐𝑖𝑖 = 𝑠𝑠� 𝐿𝐿𝑀𝑀𝐻𝐻|𝐹𝐹𝐻𝐻|2𝜑𝜑(2𝑠𝑠𝑖𝑖 − 2𝑠𝑠𝐻𝐻)𝑃𝑃𝐻𝐻𝐴𝐴 + 𝑌𝑌𝑏𝑏𝑖𝑖
𝐻𝐻

 (3-3) 

where H represents the Miller indices for the Bragg reflection, L comprises the Lorentz and 

polarization factors, s being an overall scale factor and MH being the multiplicity. The 𝜑𝜑(2𝑠𝑠𝑖𝑖 −

2𝑠𝑠𝐻𝐻) is a profile function with a sample misalignment correction, while PH and A are corrections 

for texture and absorption, respectively, while Ybi is background intensity at step i. |𝐹𝐹𝐻𝐻|2 is the 

structure factor for the Hth Bragg reflection and is based on the structure model, which depends 

on the scattering factor fj, occupancy factor gj, fractional coordinates and the temperature factor 

coefficient Bj given by: 

 
𝐹𝐹𝐻𝐻 = �𝑓𝑓𝑗𝑗𝑔𝑔𝑗𝑗 exp �−2𝜋𝜋𝑠𝑠�ℎ𝑥𝑥𝑗𝑗 + 𝑘𝑘𝑦𝑦𝑗𝑗 + 𝑙𝑙𝑧𝑧𝑗𝑗�� exp (−

𝐵𝐵𝑗𝑗𝑠𝑠𝑠𝑠𝑛𝑛2𝑠𝑠
𝜆𝜆2

) 
(3-4) 

The normalized residuals between Yi and Yci are normally reported such as Rp, however they do 

not suffice alone in order to recognize potential problems in the refinement. Making a difference 

plot between the calculated and observed intensities crucial.  

 
𝑅𝑅𝑝𝑝 =

∑|𝑌𝑌𝑖𝑖 − 𝑌𝑌𝑐𝑐𝑖𝑖|
∑𝑌𝑌𝑖𝑖

 
(3-5) 

The Rietveld refinements in this work have been performed in WINPOW an edited version of the 

LHMP program [33], using a pseudo-Voigt profile function to fit the peaks, while the background 

was fitted using Chebyshev polynomials. Texture corrections were used, often for the 110 and 011 

h.c.p. α Ti reflections, to achieve the lowest difference curve. Each sample shared a temperature 

factor coefficient Bj to allow the calculation of quantitative phase analysis. A Guinier tangent angle 

of 45° was used for Huber samples, due to the samples being tilted during measurement. A video 
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introduction into Rietveld refinement with WINPOW made with M.Sc. Magnus F. Grüner, 

together with the software and a guide to parameters can be found here [34].  

3.2 Nanoindentation 
Nanoindentation has been used extensively in manuscripts I, II and V and is described in detail in 

Manuscript II. In this section some experimental good practices are shared, because successfully 

measuring thin foils requires a good control of the equipment. These include: 

• Always measure at a constant displacement i.e., constant 500 nm depth and not constant 

load, because in this way you negate the effect of indent size effects. 

• Use a displacement between 500 and 800 nm approximately. 

• Remember to properly perform indenter calibration and position calibration. 

• Perform an ADO every 300 µm in X or Y directions to offset the effect of the sample not 

being level.  

• Use the advanced visual matrix method and take images after the nanoindentation is 

finished, which enables the user to connect the indent# with the visual identification. 

Because the anticipated position of the indent can easily shift away in either direction. 

Shifts in the targeted position for the indent occurs, since a sample is never perfectly level. 

An example is shown in Fig. 3-3, where the intended targets match the indent positions.  

  

Fig. 3-3: Example of an advanced visual matrix visualization.  
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3.3 Microscopy 

3.3.1 Light optical microscopy  
Light optical microscopy (LOM) is a central method in material science to resolve the 

microstructure of a sample and is described in more detail in [35]. Polarized light has solely been 

used in this work because it allows for the visible identification of individual grains. While etching 

with Murakami reagent was used only for selected CO treated samples and is described in the 

respective manuscripts. A ZEISS Axio Vert.A1 was used to acquire the microstructures of the 

cross sections. The following settings were used to achieve this, with subsequent editing of contrast 

and color curves performed in GIMP described in Section 3.3.2.  

• Polarized light at roughly - 4° rotation. 

• 20 - 50x magnification.  

• Maximum lamp intensity. 

• Condenser half closed due to thin samples. 

• Aperture roughly 25 % open. 

• High dynamic range imaging enabled. 

3.3.2 Gimp image editing 
Editing of images to change brightness/contrast ratios, grayscale, cropping, rotation and to improve 

sharpness by using filters, was performed in the free image editing software GIMP. The software 

also excels at allowing the user to write and draw on images, while being able to easily edit it 

afterwards. Making precise scale bars based on pixel counts and changing the print size to 300 DPI 

is also straightforward. To keep an appropriate ratio between image quality and size for very large 

images, the user is advised to save the image as .png with compression level 1. For small images 

it is best to use the .tif image format. An example of a before and after image for a LOM image of 

untreated Ti is shown in Fig. 3-4 as (A) and (B), respectively. A video guide made by the present 

author to image editing can be found here [36].  

   
Fig. 3-4: LOM image of untreated Ti before and after GIMP image editing 
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3.3.3 Scanning electron microscopy  
In this work scanning electron microscopy (SEM) was used to characterize the microstructure for 

selected thin foils, with imaging being done primarily in backscatter electron mode (BSE). Either 

using a Zeiss Supra 35 FEGSEM or a Quanta FEG 250 Analytical ESEM. BSE enables the atomic 

number contrast (Z-contrast), with lighter elements being darker than heavier elements and is 

described in more detail in [37]. The sample preparation for SEM was the same for LOM, though 

subsequent carbon coating and copper tape were necessary to ensure electron charge transfer on 

the nonconductive epoxy (cold-embedding resin). The best results were generally achieved on the 

same day or the day after, that sample preparation was performed, which indicated that some 

oxidation occurred even though the samples were kept in a moisture-free environment. Details 

about acquisition can be found in the relevant manuscripts.  

3.3.3.1 Electron backscatter diffraction  

Electron backscatter diffraction (EBSD) is based on the real-time imaging and computer 

interpretation of backscatter Kikuchi patterns obtained in SEM, based on the discovery of a 

diffraction pattern produced by Bragg reflections of inelastically scattered (thermal diffuse 

scattering) electrons in a specimen [38] and described in more detail in [39]. EBSD was applied in 

this project for mapping of crystal orientations for vacuum annealed 100 µm foils with big grains 

combined with nanoindentation. Results was acquired using a Zeiss Supra 35 FEGSEM on 

samples prepared the same day, with an extended polishing step of 4 min neutral silica solution, 

followed by 1 min basic silica solution and finally 30 sec basic silica solution without force 

applied, to effectively remove any detrimental surface deformations. Electropolishing was not 

possible due to safety concerns, however pitting would most likely also occur. Embedded samples 

are more difficult to perform EBSD on, which means that a 120 aperture and 5 times noise 

reduction were required to achieve a high enough indexing, with a reasonable measurement time. 

A step size of 0.3 – 0.5 um was used. Inverse pole figure coloring and limited post-processing of 

results were performed in the texture analysis MTEX 5.1.1 [40]. 

3.3.4 Transmission electron microscopy 
Transmission electron microscopy (TEM) was used in Manuscript VI to study the elusive FCC 

phase either using a Jeol 3000F or a FEI Titan. Imaging, selected area diffraction (SAD), scanning 

mode (STEM) and high-angle annular dark field (HAADF) images were acquired. Energy 
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dispersive X-ray spectroscopy (EDS) and electron energy loss spectroscopy (EELS) was 

performed on the FCC phase, but did not yield anything useful. Selected area diffraction patterns 

were indexed by utilizing the JEMS software, where the crystallographic information file for the 

FCC phase was used to index the spot pattern. A preliminary camera length calibration was 

performed on an Au spot pattern, acquired with either a 60 or 80 cm camera length.  
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Abstract 

Homogenous thin foils of titanium with nitrogen and oxygen in interstitial solid solution were 

characterized with X-ray diffraction, light optical microscopy and electron backscatter diffraction. 

Samples covering the broad solubility ranges of O and N were synthesized. The mechanical 

properties were assessed using nanoindentation and related to the interstitial content, h.c.p. lattice 

expansion and grain orientation. Effects of surface pile-up and sink-in during nanoindentation were 

adequately accounted for, yielding hardness and indentation modulus values for nearly the full 

range of concentrations, finding consistency with theoretical expressions and very limited 

literature values. The hardening/strengthening achieved by colossal interstitial alloying of O and 

N correlates with the change in c/a ratio of the h.c.p. Ti lattice as caused by interstitial occupancy. 

Keywords: Titanium; Gaseous oxidizing; Gaseous nitriding; Vacuum homogenization; 

Transmission X-Ray diffraction; Rietveld refinement; Nanoindentation; Electron backscatter 

diffraction; Ti-O system; Ti-N system; Interstitial solutions; Mechanical properties.  

Nomenclature 
Table 4-1: Overview of abbreviations and parameters 

yJ Site occupancy with element J XRD X-ray diffraction 
LP Lattice parameter EBSD Electron backscatter diffraction 
a a LP in h.c.p.  LOM Light optical microscopy 
c c LP in h.c.p. TGA Thermogravimetric analysis 
Nit Nitrided only  DFT Density functional theory 
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Ox Oxidized only  ν Poisson’s ratio 
E’ Indentation modulus E Young’s modulus 

4.1 Introduction 
Titanium (Ti) and its alloys are used in applications where the favorable combination of high 

specific strength, corrosion resistance and light weight is required. Despite these advantageous 

properties, inadequate tribological properties render Ti alloys unsuitable for applications involving 

wear. A remedy to this inherent shortcoming can be found in surface hardening of Ti by the 

deliberate incorporation of interstitial elements such as oxygen or nitrogen. Surface engineering 

of titanium with interstitials to improve the tribological properties, can be performed using various 

methods [1,2]. Classical gaseous oxidizing in air or O2 and N2, or nitriding in N2 or NH3 results in 

the formation hard surface compounds, such as TiO2 or TiN, which are associated with a reduction 

in toughness and fatigue resistance. Surface hardening by forming interstitial solid solutions in 

h.c.p. α-Ti, where O and N reside in the octahedral interstices, is possible due to the large solubility 

of O and N, i.e. 33.3 and 22.0 at. %, respectively [3,4]. A more precise description of the solubility 

of interstitials is the site occupancy of the octahedral interstices with atoms of type J 𝑦𝑦𝐽𝐽 =
𝑎𝑎𝑎𝑎.% 𝐽𝐽

(100−𝑎𝑎𝑎𝑎.% 𝐽𝐽)
, which will be used henceforth. With resulting maximum solubility limits of yO = 0.5 

and yN = 0.28. Dissolution of nitrogen and oxygen in h.c.p. α-Ti is associated with a substantial 

increase in strength/hardness, as both have a strong solution strengthening effect, albeit with an 

adverse effect on the ductility, toughness and notch sensitivity [5–7]. The relationship between 

(Vickers) hardness and interstitial content of O, N and C was proposed by [5] to follow a parabolic 

law:  

 𝑁𝑁𝐻𝐻𝐻𝐻𝑑𝑑𝑛𝑛𝐻𝐻𝑠𝑠𝑠𝑠 [𝑁𝑁𝐻𝐻] = 65 [𝑁𝑁𝐻𝐻] + 310[𝑁𝑁𝐻𝐻] ∙ �𝑂𝑂𝑒𝑒  (4-1) 

where Oe signifies the oxygen equivalent in at. % (O = 2N = (2/3)C), indicating that nitrogen is 

twice as effective a strengthener than oxygen. Converting Eq. (4-2) to GPa and introducing the 

octahedral occupancy, yields: 

 
𝑁𝑁𝐻𝐻𝐻𝐻𝑑𝑑𝑛𝑛𝐻𝐻𝑠𝑠𝑠𝑠 [𝐺𝐺𝑃𝑃𝐻𝐻] = 0.64 [𝐺𝐺𝑃𝑃𝐻𝐻] + 3.04[𝐺𝐺𝑃𝑃𝐻𝐻] ∙ �

100 ∙ 𝑦𝑦𝑂𝑂
1 + 𝑦𝑦𝑂𝑂

  
(4-2) 

It should be noted that this relationship is valid only for low contents of interstitials: 0.5 at. % O 

(yO = 0.005), 0.3 at. % N (yN = 0.003) and 0.1 at. % C (yC = 0.001). In another investigation, the 
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effect of nitrogen content in α-Ti (up to 22 at. % N (yN = 0.282)) on the Vickers hardness, was 

obtained from a nitrogen concentration-depth profile [8], which indicated a strengthening effect of 

N that is less pronounced than reflected by Eq. (4-2). The purpose of the present investigation is 

to determine the strengthening effects of interstitially dissolved O and N in α-Ti for a wide 

solubility range. To this end thin foils of homogeneous α-Ti are synthesized and investigated with 

nanoindentation that yields the grain localized hardness and indentation modulus [9], while 

microhardness (Vickers) gives the average hardness value of different grains affected by grain 

boundaries [10].  

The prevention of surface oxides or nitrides during the dissolution of oxygen or nitrogen from a 

gaseous environment, requires extremely low (equivalent) partial pressures of oxygen and nitrogen 

gas. A very low partial pressure of oxygen/nitrogen can be realized by metal - metal oxide/nitride 

powder pack systems as shown in [11] or by applying redox buffer gas systems [12]. Another 

approach to achieve a solid solution of interstitials in α-Ti is to dissolve the oxide/nitride 

compounds by a heat treatment at 550 – 850 °C in pure argon or vacuum. This requires that the 

flux of the interstitial elements diffusing into the metallic bulk competes with or is larger than the 

flux of atoms arriving at the surface, such that no local thermodynamic equilibrium is achieved at 

the surface and dissolution is “kinetically” controlled dissolution. The vacuum approach was used 

by Dong et al. [13] as a way to reach a deep case-hardening of grade 5 titanium and by Wiedemann 

et al. [14] to synthesize interstitial solid solutions of oxygen (up to 30.7 at. % (yO = 0.443)) in α-

Ti on 75-µm-thick foils of titanium Grade 2. In the latter, a threefold increase in (Knoop) hardness 

was realized, but the effect of nitrogen from the air during oxidation was unaccounted for.  

The lattice expansion from O and N of the a and c lattice parameters (LP) of h.c.p. α-Ti are well 

described with reviews for O [3] and N [4]: the c LP expands by an order of magnitude more than 

the a LP. The usual synthesis procedure is arc melting of Ti or TiI4 with TiO2 or TiN, to achieve 

target composition ranges, followed by annealing in argon or vacuum to homogenize the interstitial 

content in the α phase ([6,15–21] for oxygen and [22–26] for nitrogen). The composition ranges 

achieved for oxygen and nitrogen covered the entire α homogeneity range, and with generally 

consistent findings between independent studies. Interstitial ordering has been reported for oxygen 

as TiO1/3 [27]. Titanium, similarly to other metals, displays anisotropic plastic and elastic [28–35] 
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response, with the [0001] direction exhibiting the highest Young’s modulus and hardness (Knoop) 

[35].  

The present study follows an approach similar to [14], but applies well-controlled gaseous 

oxidizing or nitriding conditions to control the contents of nitrogen or oxygen in 25-µm and 100-

µm thin foils of Ti. The oxidizing or nitriding treatment results in the formation of a diffusion zone 

of oxygen or nitrogen, i.e. an interstitial solid solution, in α-Ti and a compound layer consisting of 

Ti-oxide(s) or Ti-nitrides at the foil surfaces. Subsequent vacuum annealing serves to dissolve 

these compound layers by distributing oxygen or nitrogen over the film thickness to obtain a 

uniform interstitial content in the foil (cf. Fig. 4-1). 

 Resorption of N or O from the foils into vacuum does not 

occur during the vacuum heat treatment. The application of 

thin foils for synthesis of other materials systems has 

previously been shown to allow for the rapid through-

diffusion of interstitial elements and establishment of gas-

metal equilibrium [36]. In the present study gas-metal 

equilibrium is not achieved. Rather, controlled “pre-loads” 

of interstitials are uniformly redistributed over the foil 

thickness. This results in homogeneous Ti-O and Ti-N h.c.p 

α-Ti solid solutions for a broad range of overall interstitial 

contents; from no added oxygen or nitrogen, up to nearly 

the maximum solubility in α-Ti (viz. 33.3 at. % O and 22.0 

at. % N). With 25-µm thin foils enabling high concentrations of interstitials and 100-µm thin foils 

permitting the indentation of single grains coupled with orientation, realizing a full range of 

homogeneous, stress free thin foils of α-Ti with controlled interstitial contents. The coupling of 

mechanical properties and grain orientation, as determined with nanoindentation and electron 

backscatter diffraction on homogeneous Ti-foils with known oxygen or nitrogen contents in the 

full solubility range, to the crystallographic parameters of the phases has, to the authors’ 

knowledge, not been performed. The synthesized homogeneous foils provide fundamental 

information on the crystallography, microstructure and mechanical properties as a function of 

oxygen/nitrogen content. The mechanical properties and strengthening effects in relation to 
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interstitial content are a prerequisite for targeted optimization of titanium alloys by surface 

engineering. 

4.2 Materials and Methods 

4.2.1 Thermochemical synthesis and vacuum homogenization 
Annealed titanium grade 2 (G2) foils (GoodFellow) with composition 99.6 wt % Ti, 0.2 wt % O, 

0.015 wt % N and 0.15 wt % Fe as reported by the supplier, and thickness of 25 or 100 µm was 

applied as starting material. The 25-µm-thick foils were cut into multiple pieces of roughly 1.3 cm 

in length and 0.6 cm in width, while the 100-µm-thick foils were cut into single pieces of roughly 

1.5 cm in length and 1 cm in width. Between 200 and 400 mg of sample was either oxidized or 

nitrided in a Netzsch STA 449 F3 Jupiter thermal analyzer (TGA) to achieve target loads to cover 

the entire solubility range of O or N in α-Ti. Oxidizing was performed at temperatures in the range 

of 525 – 725 °C using a gas flow of 150 ml/min O2 (99.9 % purity) and 8 ml/min Ar (99.999% 

purity) as protective gas through the measurement compartment. Nitriding was performed at 

temperatures in the range 625 – 875 °C using a gas flow of 120 ml/min NH3 (99.999 % purity) and 

8 ml/min N2 (99.999% purity) as protective gas through the measurement compartment. Heating 

to the set-point temperatures of 650 – 875 °C was performed at a heating rate of 20 °C/min. Cooling 

to room temperature was performed in the oxidizing/nitriding gas at an average cooling rate of 

approximately 50°C /min, which is the maximum cooling rate attainable. The durations of the 

oxidizing and nitriding treatments were 1 – 30 hours and 1.5 – 30 hours for 25 µm thick samples, 

respectively. The 100 µm thick samples were treated between 4 and 60 hours. The total uptake 

(nitrogen or oxygen) in the foils was accurately monitored with thermogravimetry.  

Nitriding in NH3 gas is associated with the formation of hydrogen in the furnace due to the 

dissociation of NH3. This implies that, in addition to the nitriding reaction, an uptake of hydrogen 

occurs.  Dissolution of the outer TiO2 or TiN/Ti2N layers and homogenization of the O or N content 

throughout the full thickness of the foils was achieved in vacuum in a custom built Kanthal tube 

furnace fitted with an Edwards T-Station 85 pumping station (vacuum better than 1∙10-6
 mbar). 

The 25 µm thick oxidized samples were vacuum treated at 730 °C for a minimum of 50 hours and 

up to 100 hours for selected samples, with no change in sample weight after the treatment, 

affirming that no oxidation took place during vacuum annealing. The 25-µm-thick nitrided 

samples were treated at 900 °C for 20 hours, with approximately 0.1 % weight loss on average, 
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which is ascribed to the full removal of hydrogen from the foils. All 100 µm thick samples were 

vacuum treated at 900 °C for 20 hours, except the untreated G2 foil, which was treated at 800 °C 

for 20 hours to achieve grain growth below the β transus temperature. The adequacy of applying 

vacuum was verified with an untreated reference sample; no oxidation was observed. The yN = 

0.091 and yO = 0.20 samples were embedded and measured both perpendicular and parallel to the 

rolling direction, with the latter being designated (90°). The synthesis of a specimen with 33.3 at. 

% O (yO = 0.499) was hindered by spalling off of TiO2 during vacuum annealing before 

homogenization had been achieved. This specimen is therefore not considered further. 

4.2.2 Microstructure analysis  
Pieces of the oxidized or nitrided and subsequently homogenized foils were cold embedded in 

epoxy, ground and polished, using sequentially finer sandpaper down to 4000#, followed by 3 and 

1 μm diamond suspensions, and finally neutral and basic mixtures of 0.3 μm silica particles, for 5 

and 1 minutes, respectively. Leftover silica particles were removed with ultrasound. Light optical 

microscopy (LOM) was performed on the cross sections with polarized light on a ZEISS Axio 

Vert.A1 and a Zeiss EC Epiplan N.A.=0.75 HD providing a magnification of 50x. 

4.2.3 Transmission X-Ray diffraction and Rietveld refinement 
X-ray diffraction (XRD) analysis was carried out on the 25 µm thick samples using a Huber G670 

using a CuK(α)1 source in transmission (Guinier) mode. The samples were fixed at an angle of 

45° with respect to the incident beam and rotated about their surface normal to reduce the influence 

of texture effects and enhance grain statistics.  The image strip detector recorded the 2θ range of 

3-100°2θ with a step size of 0.005°2θ after an exposure time of one hour. Rietveld refinements of 

intensity versus scattering angle (2θ) for the 25 µm thick samples were done in WINPOW, which 

is an edited version of the LHMP program [37], with the purpose of determining the LP, phase 

fractions and zero shift corrections. The latter is a correction for horizontal shifts of the foils during 

measurement as for example caused by bending. Diffractograms for the 100 µm thick samples 

were recorded in transmission (Guinier) mode with an Agilent SuperNova diffractometer with an 

Atlas S2 CCD detector using Mo Kα radiation. No Rietveld refinements were performed on these 

diffractograms due to extensive peak splitting from low crystal counts caused by large grains.  
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4.2.4 Nanoindentation 
Nanoindentations were performed on cross-sections of the foils using a diamond Berkovich 

indenter on a NHT2 nano-indenter from CSM Instruments. Indentation depths between 275 and 

575 nm were achieved by varying the load between 20 and 40 mN for the 25 µm samples; the 

lowest load of 20 mN was applied for the untreated Ti foil and the highest load of 40 mN was 

applied to the specimens yN = 0.199 and 0.244. The other O- and N-loaded specimens were 

measured with 30 mN. The 100 µm samples were measured with a fixed indentation depth of 700 

nm with varying load, along three rows of indents parallel to the surface. The indents were spaced 

approx. 20 µm and covered 1.4 mm or up to 222 indents. Accordingly, as many grains were probed 

as possible. In order to obtain meaningful nanoindentation measurements, from the shallow 

penetration depths, the sample surfaces needed to be free of surface deformation. This was realized 

in the final steps of polishing (see section 2.2). The holding time at the maximum load was 5 

seconds. Indents were evaluated after shape, crack formation and position (grain boundaries and 

sample edges). The loading/unloading parts of the load-displacement curves were inspected for 

discontinuities/anomalies, which would indicate grain boundaries or crack formation [38]. 

Indentations affected by the vicinity of a grain boundary or crack were excluded from the data 

presented. The contact point for each validated indent was corrected by inspection of the curves. 

Calibration measurements of the apparatus were performed on fused silica. 

4.2.5 Electron backscatter diffraction 
The grain orientations in the 100 µm samples were assessed using electron backscatter diffraction 

(EBSD) on a Zeiss Supra 35 FEGSEM using 30 kV voltage, a 60-µm aperture, a step size of 0.8 

µm and 13 mm working distance. Copper tape and carbon coating was used to prevent charging. 

Data was processed using the MTEX toolbox.   

4.3 Results & interpretations 

4.3.1 Light optical microscopy 
The microstructures of selected 25 µm thick samples with O and N are presented in Fig. 4-2. The 

untreated foil displays a finer grain size than the vacuum treated samples, indicating significant 

grain growth during synthesis. The difference in color between individual grains is attributed to 

the use of polarized light and the anisotropy of h.c.p. α-Ti, which makes identification of grains 

with different orientations easier. The outer TiO2 or TiN is converted into a solid solution α-
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Ti(O/N) during the vacuum treatment; higher interstitial contents led to an embrittlement at the 

surface. The brighter areas in the yN = 0.244 and yO = 0.198 and 0.397 samples reflect the 

interaction of polarized light with artefacts from sample preparation of the brittle samples. 

Comparing the micrographs for yN = 0.244 (Nit), i.e. nitrided only, and yN = 0.244 after vacuum 

annealing, shows that a compound layer along both surfaces of the foil is dissolved and that 

additional grain growth occurred during vacuum annealing at 900 °C.  

  

  

  

  
Fig. 4-1: Polarized light micrographs of cross-sections of the oxidized/nitrided and vacuum homogenized G2 Ti 25 µm thin 
foils. Only expanded α-Ti is present for the vacuum annealed samples. The scale bar given for the untreated reference applies 
for all micrographs. “Nit” signifies only nitrided. 

4.3.2 Electron backscatter diffraction and orientation identification 
Fig. 4-3 shows the cross-section of the 100 μm yN = 0.067 sample acquired with polarized LOM 

together with the as measured EBSD and processed EBSD data with grain number identification. 

Both EBSD figures are plotted with inverse pole figure coloring with the Z direction as reference 

i.e. the normal to the nanoindented surface, illustrated for grain 16. The polarized LOM clearly 

show the same grains as the EBSD together with the 222 indents covering 1177 μm of sample 

totaling 11 successfully measured grains, shown for grains 16 and 22 with arrows. Indents at grain 

boundaries were discarded. Similar EBSD and polarized LOM images were acquired for all 100 

μm samples.  
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Fig. 4-2: Polarized light micrograph, electron backscatter diffraction (EBSD) raw data and extrapolated EBSD data with grain 
number identification after nanoindentation of the cross-section of the yN = 0.067 sample.  

The XRD diffractograms for the 25 μm samples with the highest O and N contents, before and 

after vacuum homogenization compared with untreated G2, are given in Fig. 4-4 (A) and (B). The 

nitriding treatment leads to formation of TiN and Ti2N, while the oxidizing treatment leads to TiO2, 

together with solid solutions of O and N in α-Ti, leading to an expansion of the h.c.p. lattice. Small 

amounts of iron in the foils stabilize trace of amounts of b.c.c. β-Ti for the untreated sample. Upon 

vacuum annealing the nitrides and oxides are dissolved. N/O initially present in nitrides/oxides is 

redistributed and present in interstitial solid solution in α-Ti, leading to an even further expansion 

of α-Ti as indicated by a shift of α-Ti peaks to lower 2θ. The other N and O samples display a 

similar removal of nitrides and oxides as yN = 0.244 and yO = 0.397. Ordering of O in α-Ti (Ti3O) 

was detected for yO = 0.357 and yO = 0.397 [39]. The 100 μm sample with the highest N and O 

contents after vacuum annealing are shown in Fig. 4-4 (C) and illustrate that indeed no nitrides or 

oxides are detected. The vacuum annealing leads to extensive grain growth and peak splitting for 

the 100 μm samples, which prevented meaningful Rietveld refinement of the peaks.  
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Fig. 4-3: Transmission x-ray diffractogram 33 – 79 °2θ (A) and 34 – 44 °2θ (B) for selected oxidized or nitrided and then 
vacuum treated 25 µm thick Ti samples. Identified phases: h.c.p. α-Ti(O/N), O ordered in α (Ti3O), β-TiFe, TiN, Ti2N and TiO2. 
(B) diffractogram sample and phase identification applies to the (A) diffractogram. Ox means only oxidized. Nit means only 
nitrided. Transmission x-ray diffractogram on 100 selected µm thick Ti samples (C) with only h.c.p. α-Ti(O/N) being identified. 

4.3.2.1 Rietveld refinement and lattice parameters 

The calculated c/a ratio from the Rietveld refinements for the 25 μm samples vs. the octahedral 

occupancy for N and O compared with literature references [3,4] are shown in Fig. 4-5. Generally, 

excellent correspondence between literature values and the present data is obtained, thus 

corroborating the viability of “pre-loading” Ti foils by controlled oxidizing/nitriding followed by 

vacuum homogenization. Nitrogen appears to expand α-Ti slightly more than O, which is 

consistent with the larger atomic radius for N, 0.71 Å as compared to 0.60 Å for O, which leads to 

a volume expansion Å3 per at. % of 0.18 (yN = 0.0018) vs. 0.13 (yO = 0.0013), respectively [7].  
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Fig. 4-4: The experimentally c/a ratios of the h.c.p. α lattice from Rietveld refinements vs. yO and yN and compared with literature 
results. Calculated standard deviations for the c/a ratio are generally too small to be visible. 

Representative loading-unloading curves for the N- and O-loaded samples are shown in Fig. 4-6, 

which illustrates the quantity of indents included in the calculations and the relatively small spread 

between indents in the same sample, though yN = 0.014 displays a notable spread as compared to 

yN = 0.244 and 0.103 samples. The force displacement behavior is notably affected by the 

oxygen/nitrogen content, as demonstrated by the reduction in indentation depth for a certain load 

with increasing interstitial content.  

Numerical evaluation of the force-displacement curves was performed using the Dao et al method 

[40], which considers pile-up and sink-in effects. The pile-up effect leads to an increase in the 

indent area, which reduces the estimated hardness and indentation modulus relative to the 

traditionally used Oliver-Pharr method [38]. The calibrated area function (from fused silica) was 

implemented into the Dao method and used to correct the obtained indentation area. Precise atomic 

force microscopy of indents from nanoindentation on untreated and O expanded α-Ti lattice 

validated that the area found by the Dao et al method is preferred over the Oliver-Pharr method 

[41]. The indentation size effect, where a difference in displacement leads to a different hardness 

and indentation modulus [9], was also found to be insignificant for displacements of 300 – 800 nm 

measured on the yN = 0.126 and yO = 0.131 samples [41]. 

It is known that there is a significant effect of grain orientation on the mechanical properties of 

titanium due to anisotropy [29,35]. For the 25 μm samples, hardness and indentation modulus are 
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averaged over 80 validated indents, meaning that the effect of differences in grain orientations 

gives a spread included in the reported standard deviation. For the 100 μm samples, a strong texture 

with the majority of the grains having the normal to the indentation surface inclined 30 to 90° 

relative to [0001] has been determined by EBSD. The effect of this difference in inclination is 

illustrated below.   

 

 

 
Fig. 4-5: Representative loading-unloading curves for oxygen (A) and nitrogen (B) 25 µm samples. The sample load of 40 mN 
for yN = 0.244 was chosen to achieve a displacement higher than 300 nm. The spread in displacement for yN = 0.014 is ascribed 
to mechanical anisotropy between various grain orientations. The yN = 0.067 100 µm sample (C) include the grain numbers 
from Fig. 4-3 and orientation relative to [0001] in parentheses. 
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4.3.2.2 Indentation modulus 

The indentation modulus, E’, was determined from the unloading part of the force-displacement 

curves. In the quantification Poisson’s ratio (ν) was taken as 0.3. It was reported that the value for 

ν is affected by the orientation (texture), and ranges from 0.2 to 0.48 [35]; furthermore the 

concentration of interstitials is expected to affect this value. Therefore, the assumption of a 

constant ν is anticipated to bias the obtained values for E’. A sensitivity analysis showed that E’ 

changes by only 6% when ν is varied in the range 0.25 – 0.35.  The indentation modulus obtained 

with ν = 0.3 are shown vs. yO and yN in Fig. 4-7 (A-C), with (A) displaying the orientation 

dependence for O and (B) showing the orientation dependence for N. The results for the randomly 

oriented grains in the 25 μm foils together with the averaged results for the different orientations 

for the 100 μm foils in (C), here shown together with the limited literature data for the Young’s 

modulus (E) as obtained from tensile tests and compiled in [7]. Fig. 4-7 (A/B) shows that the grain 

orientations are inclined 30° - 90° to [0001] and that E’ displays a large standard deviation. 

Generally, a gradual reduction in E’ is observed with increasing tilt to [0001], as was earlier 

indicated in the literature [35]. However, because ν also varies with orientation and interstitial 

content, it is unclear if this reduction is accurate. In Fig. 4-7 (C) an initial drop in E’ for yN/O<0.026 

is observed and for yN/O > 0.026, the indentation modulus shows a dramatic increase with 

interstitial content. From yN = 0.170 the indentation modulus decreases slightly with increasing 

interstitial content, however because the standard deviation is relatively large it could also be 

interpreted as a plateau at a value of 130 GPa. For Ti-O a deceleration of the increase with 

interstitial content occurs around the same interstitial content. For oxygen contents exceeding yO 

= 0.27 a spectacular increase in E’ is observed, which is most likely due to the ordering of O in α, 

resulting in properties similar to a ceramic. The rate of increase in E’ of the present investigation 

is in agreement with the increase of the Young’s modulus with oxygen content reported in [7]; the 

absolute values are approx. 10% lower. This further corroborates the qualitative applicability of 

nanoindentation and evaluation with the Dao method, keeping in mind that Young’s modulus and 

indentation modulus are not identical. 
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Fig. 4-6: (A-B) indentation modulus vs. orientation relative to [0001] for O and N containing samples, respectively. The yO = 
0.20 and yN = 0.091 were measured perpendicular and parallel (90°) to the rolling direction, the rest only perpendicular. (C) 
Averaged results for (A-B) and 25 μm sample results, with the latter being based on 80 indents on undetermined orientations. 
The error bars reflect the standard deviation among the data. 

4.3.2.3 Hardness 

The hardness results are given in Fig. 4-8 (A-C) and show that there is nearly no effect of grain 

orientation on the measured hardness. The spread of results vs. orientation is within experimental 

accuracy, and no systematic variation of hardness with orientation is observed, unlike the 

indentation modulus results [9]. It should be noted that the hardness is not influenced by the value 

of the Poisson constant, in contrast to the determined indentation modulus. It is observed, as 

anticipated, that the hardness increases dramatically with O and N contents to extreme levels for 

solid solutions. Within experimental accuracy, the dependences of hardness on interstitial N and 

O content are inseparable. Seemingly, this appears to be in contradiction to the findings reported 

in [5], where it was stated that dissolution of N increases the hardness more effectively, by a factor 

of two, than dissolution of O. In this respect it is important to stress, that the data in [5] applies for 

very low interstitial loads (yO = 0.005 and yN = 0.003), while the present data extends to about 

yO=0.4 and yN=0.24, i.e. 80 times as much interstitials in solid solution. As the present data shows 

convincingly, near identical solid solution strengthening efficiencies apply for N and O for the 

investigated range of interstitial contents. The results presented in [42] give a different slope from 

yN = 0.013 (see Fig. 4-8 (C)). Here it is important to note differences in synthesis method (foil vs. 

powder) and method of assessing N concentration (TGA vs. electron probe micro-analysis). 

Hence, discrepancies could be expected. 
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Fig. 4-7: (A-B) hardness vs. orientation relative to [0001] for O and N containing samples, respectively. The yO = 0.20 and yN = 
0.091 were measured perpendicular and parallel (90°) to the rolling direction, the rest only perpendicular. (C) Averaged results 
for (A-B) and 25 μm sample results, with the latter being based on 80 indents on undetermined orientations. The error bars 
reflect the standard deviation among the data. Extrapolation of literature relation c1/2 and c2/3 are included. 

The increase in hardness with low interstitial content was described by a parabolic appearance [5], 

which reflects solid solution hardening for low solute contents. A parabolic relationship between 

hardness and oxygen content was also found in the literature [14], albeit with Knoop indentation, 

which prevents a quantitative comparison with the hardness data obtained in this study. 

Surprisingly, extrapolation of the c1/2 behavior given in Eq. 4-1 [5] and valid for very low oxygen 

contents, to the range of interstitial oxygen and nitrogen contents investigated here, provides an 

excellent quantitative description of the present experimental data (see dashed line in). This 

striking agreement corroborates the hardness values obtained by nanoindentation compared with 

the Vickers hardness from [5]. Recognizing that for concentrated solutions a c2/3 dependence [43] 

is expected rather than a c1/2 dependence [44], the present data was attempted to be described with 

a c2/3 function, too. The results are given as the black drawn line in, which obeys: 

 𝑁𝑁𝐻𝐻𝐻𝐻𝑑𝑑𝑛𝑛𝐻𝐻𝑠𝑠𝑠𝑠 [𝐺𝐺𝑃𝑃𝐻𝐻] = 3.19  (± 0.18) [𝐺𝐺𝑃𝑃𝐻𝐻] + 26.70 (± 1.01)[𝐺𝐺𝑃𝑃𝐻𝐻] ∙ (𝑦𝑦𝑂𝑂/𝑁𝑁)2 3�   (4-3) 

Within the experimental accuracy of the present data no preference can be given for the 

dependencies shown in Fig. 4-8.   
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4.4 Discussion 

4.4.1 Anomalous behaviour and orientation dependence of the indentation 

modulus 
The indentation modulus, E’, derived from the nanoindentations, displays anomalies, as it exhibits 

an initial decrease in indentation modulus with interstitial content, which is more clearly revealed 

by considering the dependence on the c/a ratio shown in Fig. 4-9. This suggests that the anisotropic 

lattice expansion, leading to the relatively large change in c/a ratio is the origin of this anomaly. 

In this respect it has to be kept in mind that, as a consequence of elastic anisotropy of the hexagonal 

lattice, the bulk Young’s modulus and ν obtained from tensile tests vary from 145 GPa to 100 GPa 

and from 0.48 to 0.2, respectively [35]. The anisotropic indentation response of Ti was investigated 

using nanoindentation in [29]. Since the Oliver-Pharr method [38] was applied in [27], pile-up was 

not accounted for and only indentation depths were reported, which combined with the large spread 

prevents a direct comparison. They predict a global maximum between [11-21] and [11-20] with 

FEM, which could very well be beyond the orientations that can be achieved in the foils in this 

study. Using density functional theory (DFT) calculations the effect of oxygen and nitrogen on 

Young’s modulus was estimated at 0 Kelvin in [47] and [48], respectively. The calculations 

showed a reduction in Young’s modulus by 83 – 52 % on tilting from [0001] to [2-1-10] directions. 

A similar degree of reduction for E’ was not found in the present study, as E’ decreased by 

maximally 12.5 % on tilting from 9.4° to 78.0° relative to [0001] for the yO = 0.131 sample. The 

effect of interstitial content on ν for yN = 0 and 0.12 in the [0001] to [2-1-10] directions, was found 

to be negligible and should have limited effect on Young’s modulus [45]. The reduction in E’ at 

low interstitial contents could potentially be explained by a combination of the anisotropic lattice 

expansion, a change in ν and a change in grain orientation by the synthesis (vacuum annealing). It 

should however be noted that the mean value for E’ for the 100 µm G2 vacuum annealed sample 

is 111.5 (+/- 3.2) GPa relative to the 25 µm sample that displays an E’ of only 93.5 (+/- 8.3) GPa, 

suggesting that the vacuum annealing does not shift the overall grain orientation relative to the 

[0001] direction to higher angles.     
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Fig. 4-8: Indentation modulus from nanoindentation vs. c/a ratio of h.c.p. titanium for 25 µm samples. Lines inserted to guide 
the eye. The error bars reflect the standard deviation among the data. 

4.4.2 Interstitial solid solution strengthening with N and O 
Ogden and Jaffee [5] suggested for solid solutions with low interstitial contents, that nitrogen in 

h.c.p. Ti is twice as effective a solid solution strengthener than oxygen in h.c.p. Ti. This difference 

in strengthening efficiency was not confirmed by the nanoindentations on the homogeneous foils 

with high interstitial contents presented here. The present data shows that O and N are equally 

effective in augmenting the hardness, and that the hardness values are in excellent agreement with 

an extrapolation of the data in [5] for O. Evidently, the increase in hardness scales linearly with 

the c/a ratio of the h.c.p. Ti lattice see Fig. 4-10. The strengthening effect from O has previously 

been reported [46] as partly due to the pinning of screw dislocation cores by the distortion of 

occupied interstitial sites. This phenomenon was also corroborated by DFT calculations [47], along 

with notable interactions of O with ( )1012  twin boundaries [47,48]. With increasing interstitial 

content, the preferred slip planes in h.c.p. α-Ti change from prismatic ( )1010  to pyramidal ( )1011  

and basal (0001) [7]. It was reported for G2 Ti in [35], that the hardness changes by 4 % on tilting 

from 0 to 90° within the rolling plane, while in the longitudinal plane the reduction was about 20 

%. The investigations in the present study did not detect any significant reduction in hardness in 

relation to orientation (within experimental accuracy).  
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Fig. 4-9: Hardness from nanoindentation vs. c/a ratio from XRD for 25 µm samples. Line inserted to demonstrate linearity. The 
error bars reflect the standard deviation among the data. 

4.4.3 Repercussions of the findings  
The combination of gaseous nitriding or oxidizing followed by vacuum homogenization is an 

excellent method for obtaining crystallographic or mechanical properties of interstitial solutions 

in titanium. The design of functionally graded metallic Ti is also promising, with targeted 

adjustments of hardness. A functionally graded lattice expansion in the α-Ti phase as caused by 

the interstitially dissolved O- or N-depth profiles is anticipated to lead to a depth-distribution in 

compressive residual stresses, provided that the alpha-beta transition in the bulk is prevented 

during thermochemical and/or thermal treatment [3]. These high compressive residual stresses 

along with an anticipated increase in yield strength by solid solution strengthening establish the 

preconditions for improved fatigue performance of Ti. The interstitial content should be kept 

below y = 0.17 to avoid (severe) embrittlement. The dramatic hardness increase provides the 

means for surface hardening of metallic Ti without TiN formation. The usefulness of 

nanoindentation coupled with the Dao method enables the approximation of indentation modulus 

without tensile tests, while also considering pile-up effects. The combination of EBSD and 

nanoindentation used on α-Ti [27], was sucessfully applied to interstital solid solutions of O and 

N in h.c.p. Ti, and sucessfully paired with the Dao method. Modelling of the properties 

(mechanical and corrosion) of titanium as a function of interstitials can also utilize the improved 

fits of the mechanical and crystallographic properties. 
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Conclusion 

A combination of controlled gaseous oxidizing or nitriding and subsequent vacuum treatment of 

titanium enabled synthesis of single-phase h.c.p. α-Ti within a wide range of controlled oxygen or 

nitrogen contents. X-ray diffraction of the samples and nanoindentation on unknown and known 

grain orientations lead to the following: 

• Gaseous oxidation and nitriding with subsequent vacuum annealing leads to contents of O 

and N that cause an increase in c/a ratio of h.c.p. Ti consistent with literature values, thus, 

validating the synthesis method.  

• The indentation modulus increases with octahedral site occupancy, y, from approximately 

100 GPa for y = 0.006 to 190 GPa for yO = 0.4. An initial reduction to about 77 GPa for y 

= 0.025 was observed for both types of interstitials. 

• The indentation modulus decreases slightly with measurement direction relative to [0001], 

for which the highest value was found. Grain orientation does not appear to have an effect 

on the hardness determined with nanoindentation.  

• The hardness increases caused by the colossal interstitial alloying of O and N in h.c.p. Ti 

are identical for the same octahedral site occupancy. The increase in O and N contents of 

y = 0.006 to 0.4 lead to a spectacular increase in hardness from 4 to 18 GPa, and obeys the 

following dependence on occupancy yO/N: 

𝑁𝑁𝐻𝐻𝐻𝐻𝑑𝑑𝑛𝑛𝐻𝐻𝑠𝑠𝑠𝑠 [𝐺𝐺𝑃𝑃𝐻𝐻] = 3.19  (± 0.18) [𝐺𝐺𝑃𝑃𝐻𝐻] + 26.70 (± 1.01)[𝐺𝐺𝑃𝑃𝐻𝐻] ∙ (𝑦𝑦𝑂𝑂/𝑁𝑁)2 3�  

• The hardness of interstitial solutions of O and N scales linearly with the corresponding c/a 

ratio of the h.c.p. Ti lattice. 
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4.5 Supplementary material regarding the thermal expansion of h.c.p α 
The thermal expansion of α for untreated Ti and oxygen-containing samples was investigated in 

the temperature range from 85 to 873 K. This supplementary study seeks to supply information on 

the thermal expansion coefficient and the resulting thermal stresses that potentially can develop in 

surface-hardened alpha Ti during cooling. To this end in-situ X-ray diffraction was applied. The 

presence of oxygen in the surface region of the alpha titanium is expected to result in development 

of compressive residual stresses as a consequence of a lower volume expansion/contraction 

relative to the bulk (without oxygen) during cooling. The deliberate introduction of the 

compressive residual stresses is considered an advantageous strategy to enhance the performance 

of components during service exposure.   

XRD was performed on 25 µm foils samples of untreated Ti and a 4.4 at. % O containing sample 

in the temperature range between 85 and 300 K. The synthesis method was described in detail in 

manuscript 1. The equipment used was an Agilent SuperNova diffractometer with an Atlas S2 

CCD detector using Mo Kα radiation (wavelength (λ) = 0.7107 Å), with the temperature control 

being performed with an Oxford Cryostream. The measurement was performed in transmission 

mode with a 10-minute acquisition time in 20 K intervals, and a scattering angle, 2θ, range of 14° 

– 35°. The analysis at 300 to 873 K was carried out on 25 µm thick foils of untreated Ti and a 32 

at. % O sample using a Bruker D8 Discover diffractometer (θ-θ configuration) equipped with 

CuKα radiation (wavelength = 1.5406 Å). The measurements were conducted in parallel beam 

geometry. For this purpose, an 8 mm wide and 15 mm long foil was placed on a PtRh-heating band 

with two alumina rods. A thermocouple was attached so it was in contact with the specimen to 

monitor the temperature during the measurements. A diffractogram was acquired every 50 K 

requiring about 15 min at each step. A heating rate of 100 K/min was used. It should be specified 

that the temperature accuracy was about 5 K. The diffractograms were acquired in a scattering 

angle (2θ) range 33.5°-41.5°. The step size of 0.04° (Δ2θ) and an acquisition time 5 s per step were 

used. To alleviate the risk of oxidation, a vacuum of about 1∙10-4 mbar was applied in a beryllium 

dome specimen holder using the Edwards T-Station 85 pumping station. The Rietveld profile 

refinement method was used to analyze the acquired diffractograms similarly as described in 

Manuscript I. The volumetric thermal expansion coefficient (αV) was calculated based on the 

information on lattice expansion obtained from XRD and the model developed by [41], more 

detailed information can be found in [42]. 
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The diffraction ring patterns for untreated α-Ti and 4.4 at. % oxygen-containing specimen are 

shown in Fig. 1-11 (A) and (B), respectively. The 4.4 at% O sample exhibits fewer diffraction 

spots than untreated α-Ti and shows how the vacuum homogenization annealing at 730 °C leads 

to a significant grain growth. This is consistent with the microscopical observation presented in 

Manuscript I where it demonstrates a significant growth of the α grains. The XRD diffractograms 

obtained at 85 and 300 K are also shown in Fig. 1-11 (C). A slight shift towards lower 2θ values 

in the diffraction peaks obtained at 300 K can be observed in Fig 1-11 (C). The main reflection, 

i.e. 110 peak shifts from 27.90 to 27.84 2θ for untreated Ti, while in the case of the 4.4 at. % 

oxygen-containing specimen shifts from 27.88° to the lower Bragg angle (2θ), 27.84°. The 2D plot 

of all the diffractograms acquired during isochronal heating and cooling to ambient temperature 

versus time of the untreated (A) and 32 at. % O (B) samples are shown in Fig. 5-12. The peak 

shifts (A) of all α-Ti reflection in the 2θ range of 33.5 – 41.5° are more pronounced than (B), which 

indicate a larger lattice expansion. Oxidation for (A) from 500 °C means that the vacuum was not 

good enough, meaning that any αV can only be calculated from 30 to 500 °C based on this data for 

(A). This was to be expected due to the high reactivity of untreated Ti.  On top of the oxidation 

significant grain growth also occurred in (A) above 500 °C, leading to poorer grain statistics, which 

made the subsequent Rietveld fit more difficult. The volume change against temperature based on 

Rietveld refinements of the different diffractograms obtained is shown in Fig. 5-13 (A). There is a 

slight discrepancy between the transmission and reflection data at 300 K regarding the volume of 

untreated Ti. There is generally a higher slope for the untreated compared with the two oxygen-

containing samples, which indicates a higher αV. This is validated in Fig. 5-13 (B), where the αV 

for the untreated Ti is generally higher, with the untreated samples displaying a positive change in 

αV. The αV for the O samples decrease on the other hand with temperature. Additionally, the 

literature value for Ti is lower than the results presented in this study, however this could be 

attributed to the different method used for calculating αV in this study compared to the research 

work presented in [43]. Also some of the data in [43] is extrapolated data based on the 

thermophysical properties of Ti. The difference in the volume expansion and volume coefficient 

of thermal expansion between untreated Ti and O containing Ti, suggests that compressive residual 

(thermal) stresses will evolve in a surface-hardened Ti layer upon cooling. Further in-situ thermal 

expansion experiments using synchrotron radiation, better vacuum, and even shorter measurement 

time, would be needed to suppress the oxidation occurring in untreated Ti. This could also 



 Manuscript I 

45 
 

eliminate any discrepancies in volume expansion, such as was detected between transmission and 

reflection modes in the present study.   

   
Fig. 4-10: Diffraction ring pattern for untreated alpha Ti (A), 4.4 at. % oxygen-containing specimen (B) at 300 K, and XRD 
diffractograms acquired at 85 and 300 K (C).   

 

 
Fig. 4-11: Contour plot of all recorded diffractograms for untreated (A) and 32 at. % O (B) acquired every 50 K for 15 min. The 
X-ray diffracted intensity is shown by the color-scale on the right.  
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Fig. 4-12: (A) Volume expansion and (B) volume coefficient of thermal expansion vs. temperature for untreated, 4.4 at. % O 
and 32 at. % O. Compared with literature values. Coefficients calculated based on method or given in [41].  

4.6 References 
[1] A. Zhecheva, W. Sha, S. Malinov, A. Long, Enhancing the microstructure and properties of 

titanium alloys through nitriding and other surface engineering methods, Surf. Coatings 

Technol. 200 (2005) 2192–2207. https://doi.org/10.1016/j.surfcoat.2004.07.115. 

[2] B. Sarma, K.S. Ravi Chandran, Recent advances in surface hardening of titanium, Jom. 63 

(2011) 85–92. https://doi.org/10.1007/s11837-011-0035-0. 

[3] J.L. Murray, H.A. Wriedt, Murray, Wriedt - 1987 - The O−Ti (Oxygen-Titanium) system, 

Bull. Alloy Phase Diagrams. 8 (1987) 148–165. 

[4] H.A. Wriedt, J.L. Murray, The N-Ti (Nitrogen-Titanium) system, Bull. Alloy Phase 

Diagrams. 8 (1987) 378–388. https://doi.org/10.1007/BF02869274. 

[5] H.R. Ogden, R.I. Jaffee, The effects of carbon, oxygen, and nitrogen on the mechanical 

properties of titanium and titanium alloys, 1955. https://doi.org/10.2172/4370612. 

[6] D. Gupta, S. Weinig, The dislocation-oxygen interaction in alpha titanium and its effect on 

the ductile-to-brittle transition, Trans. Am. Inst. Min. Metall. Eng. 215 (1959) 209–216. 

[7] H. Conrad, Effect of interstitial solutes on the strength and ductility of titanium, Prog. Mater. 

Sci. 26 (1981) 123–403. https://doi.org/10.1016/0079-6425(81)90001-3. 

[8] J.P. Bars, D. David, E. Etchessahar, J. Debuigne, Titanium α- nitrogen solid solution formed 

by high temperature nitriding: diffusion of nitrogen, hardness, and crystallographic 

parameters, Metall. Trans. A. 14 (1983) 1537–1543. https://doi.org/10.1007/BF02654379. 

100 200 300 400 500 600 700 800 900
35.2

35.4

35.6

35.8

36.0

36.2

36.4

36.6

36.8

37.0

35.2

35.4

35.6

35.8

36.0

36.2

36.4

36.6

36.8

37.0

V
ol

um
e 

/ n
m

3

V
ol

um
e 

/ n
m

3

Temperature / K

 Untreated Transmission mode
 Untreated Reflection mode
 4.4 at.% O
 32 at.% O 

Oxidation

A
37.0∙10-3 37.0∙10-3

100 200 300 400 500 600 700 800 900
3.5E-6

10E-6

2E-5

4E-5

6.5E-5

3.5E-6

10E-6

2E-5

4E-5

6.5E-5
B

α
V

 Untreated Transmission mode
 Untreated Reflection mode
 4.4 at.% O
 32 at.% O 
 Literature data for Ti [51]

α
V

Temperature / K



 Manuscript I 

47 
 

[9] A.C. Fischer-Cripps, Mechanical Engineering Series: Nanoindentation, 2011. 

https://doi.org/10.1007/978-1-4419-9872-9. 

[10] A.C. Fischer-Cripps, Introduction to contact mechanics, Springer, 2007. 

[11] L. Liu, F. Ernst, G.M. Michal, A.H. Heuer, Surface hardening of Ti alloys by gas-phase 

nitridation: Kinetic control of the nitrogen surface activity, Metall. Mater. Trans. A Phys. 

Metall. Mater. Sci. 36 (2005) 2429–2434. https://doi.org/10.1007/s11661-005-0115-2. 

[12] R. Dehoff, Thermodynamic in Materials Science, 2006. 

[13] H. Dong, X.Y. Li, Oxygen boost diffusion for the deep-case hardening of titanium alloys, 

Mater. Sci. Eng. A. 280 (2000) 303–310. https://doi.org/10.1016/S0921-5093(99)00697-8. 

[14] K.E. Wiedemann, R.N. Shenoy, J. Unnam, Microhardness and lattice parameter calibrations 

of the oxygen solid solutions of unalloyed α-titanium and Ti-6Al-2Sn-4Zr-2Mo, Metall. 

Trans. A. 18 (1987) 1503–1510. https://doi.org/10.1007/BF02646662. 

[15] P. Ehrlich, Lösungen von Sauerstoff in metallischem Titan, Zeitschrift Für Anorg. Und 

Allg. Chemie. 247 (1941) 53–64. https://doi.org/10.1002/zaac.19412470106. 

[16] W.L. Finlay, J.A. Snyder, Effects of Three Intersitial Solutes (N, O and C), J. Met. 188 

(1950) 277–286. https://doi.org/10.1017/CBO9781107415324.004. 

[17] D.J. Maykuth, H.R. Ogden, R.I. Jaffee, Alloys of Titanium with Carbon, Oxygen and 

Nitrogen, J. Met. 188 (1950) 1261–1266. 

[18] S. Andersson, B. Collen, U. Kuylenstierna, A. Magneli, Phase Analysis Studies on the 

Titanium-Oxygen System, Acta Chem. Scand. (1957). 

[19] A. Jostsons, P. McDougall, Phase Relationships in Titanium–Oxygen Alloys, Pergamon 

Press Ltd, 1967. https://doi.org/10.1016/b978-0-08-006564-9.50082-8. 

[20] S. Yamaguchi, Interstitial order-disorder transformation in the Ti-O solid solution. I. 

Ordered arrangement of oxygen, J. Phys. Soc. Japan. 27 (1969). 

https://doi.org/10.1143/JPSJ.27.155. 

[21] S. Yamaguchi, K. Hirago, M. Hirabayashi, Interstitial order-disorder transformation in the 

Ti-O solid solution. IV. A neutron diffraction study, J. Phys. Soc. Japan. 28 (1970). 



References 

48 
 

https://doi.org/10.1143/JPSJ.28.1014. 

[22] P. Ehrlich, On the Binary Systems of Titanium with the Elements Nitrogen, Carbon, Boron 

and Beryllium, Z. Anorg. Chem. (1949) 1–41. 

[23] H.T. Clark, The Lattice Parameters of High Purity Alpha Titanium; and the Effects of 

Oxygen and Nitrogen on Them, Met. Trans. 185 (1949). 

[24] B. Holmberg, Structural Studies on the titanium-Nitrogen System, Acta Chem. Scand. 16 

(1962) 1255–1261. 

[25] A.E. Palty, M. H, J.P. Nielsen, Titanium-Nitrogen and Titanium-Boron Systems, Trans. 

ASM. 46 (1954) 312–328. 

[26] J.P. Bars, E. Etchessahar, J. Debuigne, Étude cinétique, diffusionnelle et morphologique de 

la nitruration du titane par l’azote à haute température: Propriétés mécaniques et structurales 

des solutions solides Tiα-azote, J. Less-Common Met. 52 (1977) 51–76. 

https://doi.org/10.1016/0022-5088(77)90234-X. 

[27] B. Holmberg, Disorder and Order in Solid Solutions of Oxygen in alpha-Titanium., Acta 

Chem. Scand. 16 (1962) 1245–1250. https://doi.org/10.3891/acta.chem.scand.16-1245. 

[28] C. Kale, P. Garg, B.G. Bazehhour, S. Srinivasan, M.A. Bhatia, P. Peralta, K.N. Solanki, 

Oxygen effects on crystal plasticity of Titanium: A multiscale calibration and validation 

framework, Acta Mater. 176 (2019) 19–32. https://doi.org/10.1016/j.actamat.2019.06.040. 

[29] C. Zambaldi, Y. Yang, T.R. Bieler, D. Raabe, Orientation informed nanoindentation of α-

titanium: Indentation pileup in hexagonal metals deforming by prismatic slip, J. Mater. Res. 

27 (2012) 356–367. https://doi.org/10.1557/jmr.2011.334. 

[30] L. Wang, R.I. Barabash, Y. Yang, T.R. Bieler, M.A. Crimp, P. Eisenlohr, W. Liu, G.E. Ice, 

Experimental characterization and crystal plasticity modeling of heterogeneous deformation 

in polycrystalline α-Ti, Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 42 (2011) 626–

635. https://doi.org/10.1007/s11661-010-0249-8. 

[31] W.B. Hutchinson, M.R. Barnett, Effective values of critical resolved shear stress for slip in 

polycrystalline magnesium and other hcp metals, Scr. Mater. 63 (2010) 737–740. 



 Manuscript I 

49 
 

https://doi.org/10.1016/j.scriptamat.2010.05.047. 

[32] C. Zambaldi, D. Raabe, Plastic anisotropy of γ-TiAl revealed by axisymmetric indentation, 

Acta Mater. 58 (2010) 3516–3530. https://doi.org/10.1016/j.actamat.2010.02.025. 

[33] X. Wu, S.R. Kalidindi, C. Necker, A.A. Salem, Modeling anisotropic stress-strain response 

and crystallographic texture evolution in α-titanium during large plastic deformation using 

taylor-type models: Influence of initial texture and purity, Metall. Mater. Trans. A Phys. 

Metall. Mater. Sci. 39 (2008) 3046–3054. https://doi.org/10.1007/s11661-008-9651-x. 

[34] F.P.E. Dunne, A. Walker, D. Rugg, A systematic study of hcp crystal orientation and 

morphology effects in polycrystal deformation and fatigue, Proc. R. Soc. A Math. Phys. 

Eng. Sci. 463 (2007) 1467–1489. https://doi.org/10.1098/rspa.2007.1833. 

[35] F. Larson, A. Zarkades, Properties of Textured Titanium Alloys., 1974. 

[36] T. Christiansen, M.A.J. Somers, Controlled dissolution of colossal quantities of nitrogen in 

stainless steel, Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 37 (2006) 675–682. 

https://doi.org/10.1007/s11661-006-0039-5. 

[37] R.J. Hill, C.J. Howard, Report M112, AAEC (now ANSTO), Lucas Heights Research 

Laboratory, NSW, Australia, 1986. 

[38] W.C. Oliver, G.M. Pharr, An improved technique for determining hardness and elastic 

modulus using load and displacement sensing indentation experiments, J. Mater. Res. 7 

(1992) 1564–1583. https://doi.org/10.1557/JMR.1992.1564. 

[39] A. Jostsons, A.S. Malin,  The ordered structure of Ti 3 O , Acta Crystallogr. Sect. B Struct. 

Crystallogr. Cryst. Chem. 24 (1968) 211–213. 

https://doi.org/10.1107/s0567740868001974. 

[40] M. Dao, N. Chollacoop, K.J. Van Vliet, T.A. Venkatesh, S. Suresh, Computational 

modeling of the forward and reverse problems in instrumented sharp indentation, Acta 

Mater. 49 (2001) 3899–3918. https://doi.org/10.1016/S1359-6454(01)00295-6. 

[41] F.B. Kværndrup, C. Engelbrekt, Ö.C. Kücükyildiz, M.A.J. Somers, T.L. Christiansen, G. 

Winther, Area determination with pile-up and sink-in in nanoindentation of oxygen 



References 

50 
 

containing titanium, In-Preparation. (n.d.). 

[42] A. Issariyapat, P. Visuttipitukul, T. Song, J. Umeda, M. Qian, K. Kondoh, Strength-ductility 

improvement of extruded Ti-(N) materials using pure Ti powder with high nitrogen 

solution, Mater. Sci. Eng. A-Structural Mater. Prop. Microstruct. Process. 779 (2020). 

https://doi.org/10.1016/j.msea.2020.139136. 

[43] R. Labusch, A Statistical Theory of Solid Solution Hardening, Phys. Status Solidi. 41 (1970) 

659–669. https://doi.org/10.1002/pssb.19700410221, 10.1002/(ISSN)1521-3951. 

[44] F.L. R., The Strengthening of Metals, Rheinhold, New York, 1964. 

[45] Y. Chen, Z. Xue, S. Zhang, Y. Liu, X. Zhang, First principles calculations of the influence 

of nitrogen content on the mechanical properties of α-Ti, Mater. Chem. Phys. 248 (2020). 

https://doi.org/10.1016/j.matchemphys.2020.122891. 

[46] Q. Yu, L. Qi, T. Tsuru, R. Traylor, D. Rugg, J.W. Morris, M. Asta, D.C. Chrzan, A.M. 

Minor, Origin of dramatic oxygen solute strengthening effect in titanium, Science (80-. ). 

347 (2015) 635–639. https://doi.org/10.1126/science.1260485. 

[47] M. Ghazisaeidi, D.R. Trinkle, Interaction of oxygen interstitials with lattice faults in Ti, 

Acta Mater. 76 (2014) 82–86. https://doi.org/10.1016/j.actamat.2014.05.025. 

[48] W.J. Joost, S. Ankem, M.M. Kuklja, Interaction between oxygen interstitials and 

deformation twins in alpha-titanium, Acta Mater. 105 (2016) 44–51. 

https://doi.org/10.1016/j.actamat.2015.12.019. 

[49] Y. Fei, Thermal Expansion, Miner. Phys. Crystallogr. (1995) 29–44. 

https://doi.org/https://doi.org/10.1029/RF002p0029. 

[50] B. Brink, K. Ståhl, T.L. Christiansen, M.A.J. Somers, Thermal expansion and phase 

transformations of nitrogen-expanded austenite studied with in situ synchrotron X-ray 

diffraction, J. Appl. Crystallogr. 47 (2014) 819–826. 

https://doi.org/10.1107/S1600576714005214. 

[51] X.G. Lu, M. Selleby, B. Sundman, Assessments of molar volume and thermal expansion 

for selected bcc, fcc and hcp metallic elements, Calphad Comput. Coupling Phase Diagrams 



 Manuscript I 

51 
 

Thermochem. 29 (2005) 68–89. https://doi.org/10.1016/j.calphad.2005.05.001. 

 



Introduction 

52 
 

5 Manuscript II 

Area determination with pile-up and sink-in in nanoindentation of 
oxygen containing titanium 
 
Frederik B. Kværndrup1*, Christian Engelbrekt2, Ömer C. Kücükyildiz1, Marcel A.J. Somers1, 
Thomas L. Christiansen1, Grethe Winther1 
Technical University of Denmark, DK 2800 Kgs. Lyngby, Denmark 
1Department of Mechanical Engineering 
2Department of Chemistry 

 
Abstract 

Homogenous thin foils of titanium with oxygen in interstitial solid solution covering the broad 

solubility range of O in h.c.p. Ti, were used to investigate the sink-in and pile-up occurring during 

nanoindentation. The anisotropic response and indent areas were accurately analyzed with atomic 

force microscopy. The mechanical properties and the indent areas were assessed using both the 

Oliver&Pharr method and a newer method incorporating corrections for indenter geometry and an 

improved parameter extraction. The newer method accurately accounts for pile-up. 

Keywords: Titanium; Atomic force microscopy; Nanoindentation; Ti-O system; Sink-in; Pile-up 

5.1 Introduction 
The probing of the mechanical properties of a wide variety of materials has been performed using 

instrumented nanoindentation since the 1990’s, with the method developed by Oliver&Pharr (OP) 

being the most widely used [1]. Nanoindentation allows for the detection of plastic and elastic 

properties based on an experimental setup, which is described in more detail in [2,3]. The method 

involves the pressing of a 3-sided pyramidal Berkovich indenter into a plane surface and recording 

the resultant applied force versus penetration depth curve. The validity of the obtained results 

depends strongly on the accuracy with which the projection of the contact area on the sample 

surface is determined [4]. The area dependence for the hardness, reduced indentation modulus and 

indentation modulus is given in equations 6-1, 6-2 and 6-3, respectively [1]. 

 𝑁𝑁 =
𝑃𝑃𝑚𝑚𝑎𝑎𝑚𝑚
𝐴𝐴

  (5-1) 
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𝐸𝐸𝑟𝑟 =

√𝜋𝜋 ∙ 𝑆𝑆
2 ∙ √𝐴𝐴

 
(5-2) 

 1
𝐸𝐸𝑟𝑟

=
(1 − 𝜈𝜈2)

𝐸𝐸
+

(1 − 𝜈𝜈𝑖𝑖2)
𝐸𝐸𝑖𝑖

 
(5-3) 

where Pmax, H, A, Er, S, E and ν are the max force, hardness, projected contact area, reduced 

indentation modulus, slope of the unloading curve, indentation modulus and Poisson’s ratio, 

respectively. The Ei and νi are the parameters for the indenter. For an ideal Berkovich tip the 

projected contact area is a function of the contact depth (hc) described by the polynomial 𝐴𝐴 =

24.5 ∙ ℎ𝑐𝑐2. Due to the manufacturing or wear of indenter tips the shape may deviate from the ideal 

one. For this reason, a polynomial of higher order is employed where the coefficients are obtained 

by fitting to a series of indentation data on fused silica with a known elastic modulus [1]. For 

example (6-4): 

𝐴𝐴𝐶𝐶𝑎𝑎𝑘𝑘𝑖𝑖𝑏𝑏𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝐶𝐶𝐶𝐶 [𝑛𝑛𝑛𝑛2] = 21.21 ∙ ℎ𝑐𝑐2 + 3549 ∙ ℎ𝑐𝑐 − 50309 (5-4) 
where the constants are determined for the indenter used in the present experiments. The behavior 

of the material investigated also affects the contact area. Some materials exhibit pile-up, leaving 

material on the side of the indent and an increase in indentation area. Others are prone to sink in, 

resulting in a reduction of the indentation area. The pile-up and sink-in is schematically illustrated 

in Fig. 5-1, adapted from [3]. These effects can lead to an error in indentation area of up to 60 %, 

which also adversely affects the hardness and indentation modulus results [5]. Factors affecting 

the pile-up and sink-in behavior are the ratio between Young’s modulus and the yield strength 

[E/Y], and the material’s tendency to work-harden [3]. High E/Y ratios promote pile-up and low 

ratios sink-in, in particular in materials with high work-hardening. A useful parameter for 

predicting pile-up or sink-in is the ratio of the final depth (hf) to the total depth (hm), with a ratio 

above 0.7 indicating pile-up and a ratio below 0.7 suggesting sink-in [5].  
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Fig. 5-1 Schematic overview of sink-in and pile-up from a cross-sectional view (a) and plan view (b). With sink-in and pile-up 
leading to a reduction or increase in indentation area, respectively. Adapted from [3] 

The correction of the indentation area for pile-up can either be performed by direct area 

determination of the final indent using microscopy such as atomic force microscopy (AFM) [6–

11] or by analyzing the indentation curve using analytical elastic contact mechanics [2]. This 

analysis accounts for sink-in but does not address pile-up. Improvements have been made by 

estimating the contact depth from extrapolation of the slope of the initial part of the unloading 

curve combined with constants describing the indenter geometry [12]. Corrections for pile-up are 

typically based on finite element modelling (FEM). The latter was demonstrated first by [5] and 

improved upon by other groups such as Dao et al (Dao method) [13]. The Dao method is based on 

a large set of FEM simulations of indentations of materials with E/Y ratios in the range 30 to 700. 

Based on these simulations, several dimensionless functions have been determined, which give 

relations between parameters characterizing the indentation curve (hf, hm, the curvature of the 

loading curve and the slope of the unloading curve) and the material’s mechanical properties. The 

method allows determination of hardness, indentation modulus, yield strength and strain hardening 

exponent. The focus of the present paper is to investigate sink-in and pile-up and its effect on the 

indent area and the extracted mechanical properties using three different methods, namely the OP 

analysis as implemented in the analysis software for the NHT2 nano-indenter from CSM 

Instruments1, the Dao method extended to employ Eq. 6-4 in the area determination2, and direct 

measurement of the projected indentation area using AFM. The OP and Dao methods both assume 

 
1 In this implementation constants relating to the indenter shape in the original OP analysis are determined by fitting. 
2 The MATLAB code is included as supplementary material. 
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isotropic material behavior while real metals are highly anisotropic and heterogeneous due to the 

polycrystalline nature. This aspect is, however, beyond the scope of the present study. 

As a convenient material for this study, h.c.p titanium with different deliberately dissolved oxygen 

contents has been selected. The plastic-elastic behavior changes systematically with the 

concentration, enabling the measurements of materials with different E/Y and hf/hm ratios [14]. 

H.c.p Ti is also well known to exhibit anisotropic pile-up during nanoindentation [15]. Oxygen 

resides interstitially in the octahedrally coordinated interstices, hence, it is most accurate to 

describe the content in octahedral occupancy, defined as 𝑦𝑦𝑂𝑂 = 𝑎𝑎𝑎𝑎.% 𝑂𝑂
(100−𝑎𝑎𝑎𝑎.% 𝑂𝑂)

. Hence, the present 

study investigates oxygen contents covering a broad part of the homogeneity range of Ti-O solid 

solutions in h.c.p. Ti, i.e. from yO = 0.006 to yO = 0.397(the maximum solubility is yO = 0.5 [16]). 

It is an extension of a previous study of the effect of interstitially dissolved nitrogen and oxygen 

in unalloyed titanium [17]. 

5.2 Materials and Methods 

5.2.1 Synthesis of h.c.p. Ti-O by gaseous thermochemical treatment and vacuum 

homogenization 
The synthesis of the h.c.p Ti-O specimens is described in the preceding study [17], with the 25 µm 

thick Ti foils selected for this study containing: yO = 0.006, yO = 0.021, yO = 0.198 and yO = 0.397.  

5.2.2 Sample preparation 
To ensure a deformation-free surface, oxygen-loaded foils were cold embedded in epoxy, ground 

using sequentially finer sandpaper down to 4000#. Hereafter, polishing with 3 and 1 μm diamond 

suspensions was performed, and final polished occurred in neutral and basic mixtures of 0.3 μm 

silica particles, for 5 and 1 minutes, respectively. Leftover silica particles were removed with 

cotton and water. [17] 

5.2.3 Nanoindentation 
Nanoindentations were performed on cross-sections of the foils using a diamond Berkovich 

indenter on a NHT2 nano-indenter from CSM Instruments. Calibration measurements of the 

apparatus were performed on fused silica to determine the coefficients in the polynomial of the 

area function (see Eq. 6-4). A constant indentation depth of about 700 nm was aimed for to 
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minimize indentation size effect. The applied loads ranged from 30 – 115 mN, depending on 

sample hardness. The holding time at the maximum load was 5 seconds. The loading/unloading 

parts of the load-displacement curves were inspected for discontinuities/anomalies, which would 

indicate indents in the vicinity of a grain boundary or crack formation [1]. Such indentations were 

excluded from the data presented. After this exclusion 8-11 accepted indents remain for each 

sample. The contact point for each accepted indent was corrected by visual inspection of the 

curves. The slope of the unloading curves was determined by fitting a straight line to the unloading 

curve in the interval 98-40% of the maximum load.  

5.2.4 Atomic force microscopy  
Atomic force micrographs (AFM) were recorded on an Agilent (later Keysight) SPM 5500 

equipped with an N9521A scanner (approximately 80 µm × 80 µm) and a MAC Mode AC 

controller. Measurements were performed in contact mode (probe: DNP-S10, Bruker). Images 

were recorded using PicoScan software and analyzed using Gwyddion. Area fitting of indents 

made by the Berkovich indenter was performed using ‘Analyze Imprint’ in Gwyddion. The 

software fits the AFM data to the shape of a Berkovich indenter [18] with a reference plane 

tolerance of 1.0 % and an angle tolerance of the half-apex angle of 8°. Three scans were performed 

on each indent both in forward and reverse mode; the scans exhibiting least anomalies were used.    

5.3 Results 

5.3.1 Loading-unloading curves 
The loading-unloading curves for the indents are shown in Fig. 5-2. The force displacement 

behavior is highly influenced by the increasing oxygen content, where the load needed to attain a 

displacement of approx. 700 nm changes systematically from about 30 mN to 115 mN with 

increasing oxygen content. The slope of the unloading curve, which reflects the elastic response, 

also changes significantly. Increasing oxygen content leads to a much stiffer material in agreement 

with the literature [19]. The hf/hm ratios suggest that untreated Ti could display pile-up, while yO 

= 0.198 and yO = 0.397 could display sink-in. The investigated samples are representative of the 

behavior of various other metals and alloys. For example, untreated Ti and yO = 0.021 behaves 

similar to Al and yO > 0.198 represents hard and stiff materials, such as tetragonal martensite in 

steel.  
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Fig. 5-2 Loading-unloading curves for indents made on cross-sections of untreated Ti and oxygen containing foils 

5.3.2 Atomic force microscopy 
The AFM results of a representative indent (#5 in Fig. 5-7) for the untreated Ti sample are 

presented in Fig. 5-3, with (A) showing the topography and the position of the line scans and (C) 

presenting the profile measured in the line scans. Due to the crystalline nature of metals, pileup or 

sink-in is typically anisotropic. In particular the h.c.p. lattice exhibits more anisotropy than the 

cubic lattices. In the present case, anisotropic pile-up on only one side of the indent is detected 

with little or no sink-in on the other sides. The apex half angle for all sides were measured to 68.3°, 

which should be compared to 76.9°, i.e. the apex half angle of a sharp Berkovich indenter [20]. 

The difference indicates a significant elastic response. The constant angle shows that contact 

between indenter and indented material is maintained during unloading. The area fit from 

Gwyddion for indent #5 is shown in (B) and illustrates that also the anisotropic pile-up is included.  
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Fig. 5-3 (A) AFM image of indent #5 for the untreated Ti, with anisotropic pile-up. (B) Show the visual representation of the 
indent fit from Gwyddion. (C) The cross-sectional curves of the drawn lines in (A), with different axis units for better 
visualization with inserted apex half angle from equal axis figure (orange) and a reference half angle (purple) 

The AFM scan, indent fit and curves are similarly presented in Fig. 5-4 (A-C) of indent #5 (in Fig. 

5-7) for yO = 0.021. The indent exhibits a significant amount of pile-up on one side (curve #3), and 

a much smaller pile-up on another side (curve #2). The indent fit in (B) includes both these pile-

ups and also captures that the pile up in one case extends along the entire indent (side 3) which is 

not the case for the other case (side 2). No sink-in is detected for any of indents in the yO = 0.021, 

which all display varying degrees of pile-up. For yO = 0.198 sink-in was observed for all indents, 

with indent #7 also exhibiting some one-sided pile-up. 

0.0 0.5 1.0 1.5 2.0

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

H
ei

gh
t /

 μ
m

Width / μm

H
ei

gh
t /

 μ
m

 Curve #1
 Curve #2
 Curve #3

C
Ideal apex half angle = 76.9°
Apex half angle = 68.3°

Pile-up



 Manuscript II 

59 
 

 

 
Fig. 5-4 (A) AFM image of indent #5 for yO = 0.021. (B) Show the visual representation of the indent fit from Gwyddion. (C) 
The cross-sectional curves of the drawn lines in (A), with different axis units for better visualization with inserted apex half 
angle from equal axis figure (orange) and a reference half angle (purple) 

The AFM scan, indent fit and curves are similarly presented in Fig. 5-5 (A-C) of indent #11 (in 

Fig. 5-7) for yO = 0.397. The deviation of the slopes in C from linearity clearly reveals sink-in on 

all three sides, as also illustrated in the schematic of sink-in in  Fig. 5-1. The point of deviation 

from linearity can be used to represent the extent of sink-in, and calculate the correct hc, with hc = 

hmax - hsink-in, and the area with equation (1-4). The average sink-in for indent #11 is about 235 nm 

as an example, yielding a hc of about 465 nm. Because the area is not linear in hc the average area 

is calculated as the mean of three areas calculated with the hc values for each of the three sides, 

yielding 7.1 µm2. The Gwyddion fit in (B) on the other hand includes the sink-in regions and thus 

overestimates the area.  
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Fig. 5-5 (A) AFM image of indent #11 for yO = 0.397, with sink-in being detected. (B) Show the visual representation of the 
indent fit from Gwyddion. (C) The cross-sectional curves of the drawn lines in (A), with different axis units for better 
visualization with inserted apex half angle from equal axis figure (orange) and a reference half angle (purple) 

AFM scans and curves for indents #6 and #8 (in Fig. 5-7) in the same material are shown in Fig. 

5-6. Both indents display a complex combination of sink-in and pile-up. The blue and gray curves 

(curves 2 and 4) reveal both sink-in and pile-up on the same side. The combination of both 

behaviors complicates the determination of the indent areas. The Gwyddion fit function results in 

very large areas for these indents, as illustrated in the fits in Fig. 5-6 (B) and (D) for #6 and #8, 

respectively.  
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Fig. 5-6 AFM images of indent #6 (A) and indent #8 (C) for yO = 0.397. (B) and (D) displays the Gwyddion fits for (A) and (C), 
respectively. Corresponding cross-sectional curves of the drawn lines in (E) for (A) and (F) for (B), with different axis units for 
better visualization with inserted apex half angle from equal axis figure (orange) and a reference half angle (purple)  

5.3.3 Comparison of indent areas 
The indent areas determined by Gwyddion fitting and the OP and Dao methods for all four 

materials are shown in Fig. 5-7. While the areas of the individual indents in the same sample 

exhibit some variation for all three methods, the mean values in (E) display a clear trend. Although 

the indents in all four materials have approximately the same penetration depth during loading, it 

is clear that the areas determined by Dao and OP decrease with increasing oxygen content whereas 

the areas from the Gwyddion fit exhibit a minimum at intermediate oxygen content. At this 

intermediate content all three methods give the same area within the error bars, which also matches 

the area from AFM corrected for sink-in as described in section 3.2. At no or low oxygen content 

the areas from the OP method lie significantly lower than the other two, whereas the area from the 
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Gwyddion method is substantially higher than the three others at the highest oxygen content. These 

observations also hold in general at the level of individual indents.  

  

 
 

 
Fig. 5-7 The indent area determined by Dao method [13], Oliver&Pharr [1] and indent fitting from atomic force microscopy for 
untreated Ti (A), yO = 0.021 (B), yO = 0.198 (C) and yO = 0.397 (D). (E) show the average area. The standard deviation is about 
5 % for all indents 
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5.4 Discussion 

5.4.1 Pile-up and sink-in effects 
The decreasing areas from Dao and OP with increasing oxygen content in spite of similar 

penetration depth (hm) are caused by the different properties of the materials, which is also evident 

from the AFM observations. For low oxygen content pile-up is dominant, whereas complex sink-

in effects are observed for the highest concentrations. The Dao method has been specifically 

developed for materials exhibiting pile-up and the fact that the areas from this method and the 

Gwyddion fit agree shows that the method is quite successful. Pile-up is not accounted for in the 

OP method, meaning that it consistently underestimates the area. On the other hand, the OP method 

is developed based on sink-in effects and thus reassures that the Dao and OP methods arrive at 

similar areas as the sink-in corrected AFM analysis for the samples where sink-in is observed. The 

commonly employed threshold of 0.7 for the ratio of the final depth (hf) to the total depth (hm) to 

distinguish between pile-up and sink-in proved a reasonable rule of thumb. 

5.4.2 Hardness and indentation modulus 
The hardness and indentation modulus for the four samples are displayed in Fig. 5-8, determined 

using the OP and Dao methods. On average hardness values obtained by the two methods are 

similar within the error bars except for sample B, which was one of the samples exhibiting pile-

up. The difference in hardness is larger than what can be explained by the determined areas in Fig. 

5-7. Noting that the areas determined for sample A also differ substantially while the hardnesses 

do not, and that the indentation moduli from the OP method are consistently higher, it must be 

concluded that although area determination is critical, also other factors inherently associated with 

the two methods affect the mechanical data.  
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Fig. 5-8 The hardness and indentation modulus from Dao method [13] and Oliver&Pharr [1] for untreated Ti (A), yO = 0.021 
(B), yO = 0.198 (C) and yO = 0.397 (D). (E) Averaged values for hardness and indentation modulus. The standard deviation for 
hardness and indentation modulus for both methods is about 5 and 3 %, respectively 
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5.4.3 Anisotropy 
The variations between indentations in the same material is ascribed to the crystalline nature, 

which yields mechanical anisotropy. Apart from the fact that the hardness and indentation moduli 

depend on crystallographic orientation, the crystalline character also has implications for the pile-

up/sink-in behavior. This is likely to be the origin of the complex mixture of pile-up and sink-in 

observed in many indents, in particular at high oxygen content. Even truly axisymmetrical 

indenters cause such anisotropy. For the Berkovich indenter the behavior depends critically on 

how the indentation direction is oriented with respect to the lattice of the grain probed [15]. The 

effect of crystallinity on the relative suitability of the Dao and OP methods is beyond the scope of 

this study. Nevertheless, it is observed that the error bars on the average quantities for the two 

methods are of comparable magnitude. 

Conclusion 

Based on the comparisons between the areas determined by the methods of Oliver&Pharr and Dao 

and AFM measurements the following conclusions are drawn: 

• The AFM measurements are a good diagnostic tool to identify the pile-up and sink-in 

phenomena, which can be quite complex due to anisotropy of the material. Fitting of the 

area using the Gwyddion algorithm is possible in case of pile-up, whereas the area is 

overestimated for sink-in. For sink-in, a simple correction method appears to give a more 

precise value for the indentation area. 

• The Dao method gives areas in agreement with those obtained by the Gwyddion fit in case 

of pile up. This is consistent with the reference materials used for developing the Dao 

method, i.e. metals typically exhibiting pile up. 

• The Dao and the OP methods give similar areas in case of sink-in, which also agree with 

the areas from AFM after correction for sink-in. This was also the case for samples 

exhibiting a complex mixture of pile up and sink in. 

• A fairly large number of indents is needed to average out the complexity of specific indents 

caused by crystallinity. 
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5.5 Supplementary material for nanoindentation 

5.5.1 Indent size effects 
The change in the mechanical properties vs. indentation depth calculated with the Dao method is 

shown in Fig. 5-9 for (A) yO = 0.131 and (B) yN = 0.126, with the latter sample being described in 

full in [17]. The hardness is unaffected by the difference in displacement between 300 and 800 

nm, while the indentation modulus displays a slight decrease from about 130 GPa at 300 – 500 nm 

to around 120 GPa from 600 – 800 nm. Quantification of the yield strength was obtained with the 

Dao method using a representative strain of 3.3 %, while the strain-hardening exponent (n) was 

taken constant as 0.2. The latter value was used, in accordance with [21], where an n value between 

0.21 and 0.19 for grains oriented 0 – 90° relative to the rolling direction was measured. The 

reported n values after annealing at 500 and 600 °C were lower than after annealing at 700 °C, 

which are commensurate with the temperatures applied for nitriding and oxidizing in the present 

study; no values for annealing at higher temperatures are available. It was reported that n decreases 

with increasing interstitial content [21]. The Dao method also allows for the calculation of n, 

however the uniqueness of the solution has been rejected [22]. Therefore, n = 0.2 is considered to 

be a reasonable assumption. The yield strength displays a huge increase when the displacement is 

below 500 nm increasing from roughly 4 – 6 GPa to about 15 and 10 GPa (A) and (B), respectively. 

This suggests that a displacement of a minimum of 500 nm is to be used to achieve reasonable 

yield strength values from the Dao method, however the narrowness of the 25 µm thick foils 

measured in [17] prevented this.  
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Fig. 5-9: Effect of indent size (displacement) on the hardness, indentation modulus and yield strength for (A) yO = 0.131 and 
(B) yN = 0.126 from the Dao method [13]. Indentation modulus calculated with a Poisson’s ratio of 0.3. A constant strain 
hardening coefficient of 0.2 was used for yield strength. The error bars reflect the standard deviation among the data 

5.5.2 Yield strength  
The yield strengths for the different samples measured in [17] are presented in Fig. 5-10, where it 

is evident that there is a discrepancy between the 25 and 100 µm samples. The explanation to this 

is that the former was measured with a constant load of 30 mN achieving displacements of around 

500 nm for yN/O < 0.2 and 400 – 250 nm for yN/O > 0.2, while the latter was measured with a 

constant displacement of 700 nm. Considering the large effects on the yield strength when the 

displacement is below 500 nm (cf. Fig. 5-9), it is foreseeable that the 25 µm samples display a 

much higher increase than the 100 µm samples. The linear increase with yN/O for the 100 µm 

samples is given in equation (6-5) and shown as the dashed blue line. Due to the limited literature 

values based on tensile testing [19], it is difficult to validate the results, however a similar slope is 

visible when extrapolating the data visible as the dashed orange line.  

 𝑌𝑌𝑠𝑠𝐻𝐻𝑙𝑙𝑑𝑑 𝑠𝑠𝑠𝑠𝐻𝐻𝐻𝐻𝑛𝑛𝑔𝑔𝑠𝑠ℎ [𝐺𝐺𝑃𝑃𝐻𝐻] = 1.4 [𝐺𝐺𝐺𝐺𝐻𝐻] + 27[𝐺𝐺𝐺𝐺𝐻𝐻] ∙ 𝑦𝑦𝑂𝑂/𝑁𝑁  (5-5) 

 

Fig. 5-10: Yield strength vs. occupancy of N and O from yN/O = 0 to 0.4 based on results from [17]. Based on 80 – 120 indents 
with a displacement of 250 – 500 nm for the 25 µm samples. Between 200 – 240 indents with a fixed displacement of 700 were 
performed on the 100 µm samples. Calculated with the Dao method [13], assuming ν = 0.3 and n = 0.2. The samples are corrected 
for initial O and N contents i.e. yO = 0.006 and yN = 0.00015. The error bars reflect the standard deviation among the data. 
Dotted lines to guide the eye 

5.5.3 Finite element modelling of loading-unloading curves 
A validation of the yield strength and indentation modulus values found by the Dao method, can 

be performed using finite element modelling (FEM) to simulate the pressing of the Berkovich 

indenter into the specimen until a specific displacement has been achieved. This is illustrated in 
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Fig. 5-11, where yO = 0.006 and yO = 0.131 were analyzed. The FEM method [23] assumes a 

perfectly sharp indenter, which means that a better result can be achieved by performing a blunt 

tip correction (BTC) [24]. The used indentation modulus and yield strengths from the Dao method 

using either no BTC and an area calibration or with BTC and A = 24.56∙h2 are presented in Table 

5-1. The improved fit when BTC is used is visible in Fig. 5-11, where the agreement between the 

red and blue curves is better than the fit between the green and black curves. This suggests that the 

yield strength from the Dao method presented in Fig. 5-10, could be overestimated by as much as 

30 %. However, it should be noted that the curves not corrected by BTC achieves displacements 

after the unloading part, which fit well with the displacements found with AFM.  

  
Fig. 5-11: Loading-unloading curves from nanoindentation and finite element modelling for yO = 0.006 and yO = 0.131. Blunt 
tip correction (BTC) assumes a perfectly sharp indenter. The higher terminal load in the FEM curves is due to the 5 second 
holding time 

Table 5-1: Overview of used indentation modulus and yield strengths for finite element modelling of loading-unloading curves 
with or without area calibration correction or blunt tip correction (BTC). Displacement is abbr. (h) 

Blunt tip correction + area/nm2   yO Indentation modulus/GPa Yield strength/GPa 
Area = 𝟐𝟐𝟐𝟐.𝟐𝟐𝟐𝟐 ∙ 𝒉𝒉𝒄𝒄𝟐𝟐 + 𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑 ∙
𝒉𝒉𝒄𝒄 − 𝟑𝟑𝟓𝟓𝟑𝟑𝟓𝟓𝟑𝟑 

0.006 72.3 (+/- 2.2) 1.0 (+/- 0.05) 

Without BTC 0.131 124.6 (+/- 3.7)  4.1 (+/- 0.21) 
    
Area = 24.56∙h2 0.006 63.9 (+/- 1.9) 0.65 (+/- 0.03) 
With BTC 0.131 114.7 (+/- 3.5)  2.9 (+/- 0.2) 

 

5.5.4 Curve fitting and backward analysis based on Dao et al 
The following code can be copied directly into MATLAB.  

clear all; 
clc 
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close all; 
%% Nano-indentation curve fitting and backward analysis based on the work by Dao et al. (2001). 
% Author: Ömer Can Kücükyildiz (06/07/2020). 
% Set parameters 
c_s=1.237; % Berkovich indenter-coefficient for elasto-plastic deformation (c_s=1.237 default) 
r=3.3; % Representative strain (independent of hardening exponent n) (r=3.3 default) 
nu = 0.3; % Poisson ratio of the investigated material 
E_indenter = 1141; % Elastic modulus of a Berkovich diamond indenter 
nu_indenter = 0.07; % Poisson ratio of a Berkovich diamond indenter 
% Provide a third order polynomial calibration fit on Berkovich 
% indenter for calibrating indenter area (ACalib=1). 
% f = [a b c]; 
% If exponential work hardening coefficient (n) is known, set value. If no 
% values are given (n_overwrite = 0), the backward algorithm will try to estimate a value. 
n_overwrite =0; 
% Specify name of text files containing the load-displacement curves in 
% column arrays exported by the nano-indentation software. 
% Several files can be imported. Units should be [nm] and [mN]. 
importfiles = {'Measurement_data.txt'}; 
jmax = size(importfiles,1); 
% Create results array 
results = zeros(jmax,16); 
imaxsave = 0; 
for j=1:jmax 
%Declare all variables 
data = importdata(importfiles{j}); 
P_m = 0; 
h_r = 0; 
index = 0; 
h_m = 0; 
indexlength = 0; 
dP_over_dh = 0; 
Wtotal = 0; 
Wplast = 0; 
WpOverWt = 0; 
C = 0; 
hr_over_hm = 0; 
A_mnc = 0; 
A_ms = 0; 
A_m = 0; 
E_r = 0; 
E = 0; 
E_IT = 0; 
p_ave = 0; 
HV = 0; 
n = 0; 
sigma_r = 0; 
s_y = 0; 
%% PART I: Determine nanoindentation parameters from load-displacement curves 
% Fitting range of the unloading curve in percent (98 40 default) 
fitpercent = [98 40]; 
% Use hr/hm (hmethod=1) or Wp/Wt (hmethod=0) method (hr/hm default) 
hmethod = 1; 
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% Use calibrated area (ACalib = 1) or use calculated (ACalib = 0) 
ACalib = 1; 
imax = size(data.data,2); 
if imax/2>imaxsave 
imaxsave = imax/2; 
end 
for i=1:imax/2 
%Determine residual displacement hr and save unloading range 
if isempty(data.data(find(data.data(:,2*i)<0,1)-1,i*2-1)) 
h_r(i) = data.data(end,2*i-1); 
index(i,2) = length(data.data(:,2*i)); 
else 
h_r(i) = data.data(find(data.data(:,2*i)<0,1)-1,i*2-1); 
index(i,2) = find(data.data(:,2*i)<0,1)-1; 
end 
%Approximate location of endpoints by max load 
[ma, mb] = max(data.data(:,i*2)); 
% Find beginning and end of load hold period 
hold_endpoints_triala = find((ischange(data.data(:,i*2),'Linear')),5); 
k(1) = dsearchn(data.data(hold_endpoints_triala',i*2-1),data.data(mb,i*2-1)); 
hold_endpoints_trialb = hold_endpoints_triala; 
hold_endpoints_trialb(k(1)) = []; 
[minValue, k(2)] = min(abs(data.data(hold_endpoints_trialb,i*2-1) ... 
- data.data(hold_endpoints_triala(k(1)),i*2-1).')); 
if hold_endpoints_trialb(k(2))<hold_endpoints_triala(k(1)) 
hold_endpoints(i,1) = hold_endpoints_trialb(k(2)); 
hold_endpoints(i,2) = hold_endpoints_triala(k(1)); 
else 
hold_endpoints(i,1) = hold_endpoints_triala(k(1)); 
hold_endpoints(i,2) = hold_endpoints_trialb(k(2)); 
end 
%Determine indentation force P 
P_m(i) = mean(data.data(hold_endpoints(i,1):hold_endpoints(i,2),i*2)); 
%Determine maximum displacement hmax 
h_m(i) = data.data(hold_endpoints(i,2)-1,i*2-1); 
h_mi(i) = data.data(hold_endpoints(i,1)+1,i*2-1); 
%Calculate unloading slope S (dP_over_dh) based on the power-law fit in the range 
%specified in fitpercent. Calculate also a set of fitted hr and 
%hmax. 
indexlength(i) = index(i,2)-hold_endpoints(i,2); 
ft = fittype( @(a, b, c, x) P_m(i)*((x-a)/(c-a)).^b); 
options = fitoptions(ft); 
options.StartPoint = [h_r(i), 1, h_m(i)]; 
try 
fitresults = fit(data.data(hold_endpoints(i,2)+round(indexlength(i)*... 
(100-fitpercent(1))/100):hold_endpoints(i,2)+round(indexlength(i)*... 
(100-fitpercent(2))/100),2*i-1),data.data(hold_endpoints(i,2)+... 
round(indexlength(i)*(100-fitpercent(1))/100):hold_endpoints(i,2)+... 
round(indexlength(i)*(100-fitpercent(2))/100),2*i),ft,options); 
catch 
fprintf('Inconsistent data in iteration %s, skipped.\n', i); 
errorindex(j,i) = 1; 
end 
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dP_over_dh(i) = fitresults.b*P_m(i)/(fitresults.c-fitresults.a); 
h_rfit(i) = fitresults.a; 
h_mfit(i) = fitresults.c; 
%Calculate total and plastic work during indentation 
Wtotal(i) = trapz(data.data(1:hold_endpoints(i,2),i*2-1),... 
data.data(1:hold_endpoints(i,2),i*2)); 
if (j==9)&&(i==26) 
Wplast(i) = 1000; 
else 
Wplast(i) = Wtotal(i)+trapz(data.data(hold_endpoints(i,2):index(i,2),i*2-1),... 
data.data(hold_endpoints(i,2):index(i,2),i*2)); 
end 
end 
%% PART II: Reverse algorithm for obtaining mechanical properties (method: Dao et al.) 
% Using C, h_r (or W_p/W_t), h_m (or P_m) and dP_u/dh to obtain 
% E*,A_m,p_ave,sigma_r,sigma_y and hardening exponent n. 
options = optimoptions('fsolve','FunctionTolerance',1e-20,'Display','off'); 
for i=1:imax/2 % All values are provided in N and mm. 
P_m(i) = P_m(i)*1e-3; %F_m: indentation force in N 
h_m(i) = h_m(i)*1e-6; %maximum indentation depth 
h_mi(i) = h_mi(i)*1e-6; %indentation depth at max load P 
dP_over_dh(i) = dP_over_dh(i)*1e3; %S: slope of the unloading curve 
h_r(i) = h_r(i)*1e-6; %residual indentation depth (Also sometimes denoted h_p) 
WpOverWt(i) = Wplast(i)/Wtotal(i); %plastic work over total work 
% Measured parameters 
C(i) = P_m(i)/(h_mi(i)^2); % C: indentation loading curvature 
A_ms(i) = 24.56*h_m(i)^2; %initial guess of indentation area 
if hmethod == 1 
% Use measured h_r/h_m 
hr_over_hm(i) = h_r(i)/h_m(i); 
elseif hmethod == 0 
% Determine h_r/h_m from Wp/Wt 
fun=@PI5_ana; 
x0=0.7; 
hr_over_hm(i) = fsolve(@(x) fun(x,Wplast(i),Wtotal(i)), x0, options); 
end 
if ACalib == 1 
% Determine reduced elastic modulus E_r and indentation area A_m 
fun=@PI4_ana_ACalib; 
x0=5e-6; 
options = optimoptions('fsolve','Display','iter'); 
y = fsolve(@(x) fun(x,P_m(i),dP_over_dh(i),c_s,hr_over_hm(i)), x0, options); 
% Correction from calibration on calculated area (Note that h_m 
% is used instead of h_c. This may introduce a very small 
% error, but it is justified since the calibrated area-depth curve follows that 
% of the theoretical area-depth curve and since the applied correction 
% is a scale-factor). 
A_mnc(i) = y; 
A_m(i) = y*(f(1)+f(2)*h_m(i)*1e6+f(3)*(h_m(i)*1e6)^2)/(24.56*(h_m(i)*1e6)^2); 
% Straight forward calculation of E_r from area A_m 
E_r(i) = 1/(c_s*sqrt(A_m(i)))*dP_over_dh(i); 
elseif ACalib == 0 
fun=@PI4_ana; 
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x0=[160e3,3e-6]; 
y = fsolve(@(x) fun(x,P_m(i),dP_over_dh(i),c_s,hr_over_hm(i)), x0, options); 
E_r(i) = y(1); 
A_m(i) = y(2); 
end 
% Calculate Young's modulus (E) and indentation modulus (E_IT) from 
% reduced modulus (E_r) 
E(i) = E_r(i)*1e3*E_indenter*(1-nu^2)/(E_r(i)*nu_indenter^2-E_r(i)+1e3*E_indenter); 
E_IT(i) = E_r(i)*(1-nu^2); 
% Calculate hardness HV (p_ave is hardness given in MPa) 
p_ave(i) = P_m(i)/A_m(i); 
HV(i) = p_ave(i)*0.10197; 
if r==8.2 % Determine sigma_r (yield + hardening) 
% For sigma_r, where r=8.2% 
fun=@PI7_ana; 
x0=1000; 
sigma_r(i) = fsolve(@(x) fun(x,p_ave(i),E_r(i)), x0 ,options); 
elseif r==3.3 % Determine sigma_r (yield + hardening) 
% For sigma_r, where r=3.3% 
fun=@PI1_ana; 
x0=1000; 
sigma_r(i) = fsolve(@(x) fun(x,E_r(i),C(i)), x0 ,options); 
else 
error('Representative strain not valid. Set r=3.3(%) or r=8.2(%)'); 
end 
% Determine hardening exponent n 
if n_overwrite ==0 %if n_overwrite set to non-zero value, dismiss this function 
fun=@PI3_ana; 
x0=0.3; 
n(i) = fsolve(@(x) fun(x,E_r(i)*1e6,sigma_r(i)*1e6,hr_over_hm(i)),x0, options); 
if n(i)<=0.001 
n(i)=0; 
elseif n(i)>= 0.5 
n(i)=0.5; 
end 
else 
n(i)=n_overwrite; 
end 
% Determine yield strength (for n calculated or set with n_overwrite) 
fun=@sy_ana; 
x0=2000; 
s_y(i) = fsolve(@(x) fun(x,E(i),sigma_r(i),n(i),r), x0, options); 
end 
saveresults(:,:,j) = {E/1e3; p_ave/1000; A_m; s_y/1000; hr_over_hm; A_m; WpOverWt}; 
% If curve fitting has previously failed, set all affected results to zero 
if exist('xErr') == 1 
[xErr,yErr] = find(errorindex == 1); 
for i=1:length(xErr) 
for k=1:length(saveresults(:,1,1)) 
saveresults{k,1,xErr(i)}(yErr(i)) = 0; 
end 
end 
end 
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results(j,:) = [mean(E/1e3), std(E/1e3), mean(p_ave), std(p_ave), mean(s_y),... 
std(s_y), mean(sigma_r), std(sigma_r), mean(WpOverWt), std(WpOverWt),... 
mean(hr_over_hm), std(hr_over_hm), mean(n), std(n), mean(A_m), std(A_m)]; 
end 
%% PRINT RESULTS 
datamatrix(1:imaxsave,1:7*jmax) = 0; 
% Create array with all results. 
for i=1:jmax 
datamatrix(1:length(saveresults{1,1,i}),7*i-6:7*i) = [saveresults{1,1,i}',... 
saveresults{2,1,i}', saveresults{3,1,i}', saveresults{4,1,i}',saveresults{5,1,i}',... 
saveresults{6,1,i}',saveresults{7,1,i}']; 
end 
% Set zero and complex values to not-a-number (NaN) such that statistics can be 
% calculated 
datamatrix(find(datamatrix==0)) = NaN; 
datamatrix(find(abs(imag(datamatrix))>0)) = NaN; 
disp(' ') 
disp('Results:') 
disp(['elastic_modulus (mean+-std) = ',num2str(results(1:jmax,1)),' +- ',... 
num2str(results(1:jmax,2)),' GPa']) 
disp(['hardness (mean+-std) = ',num2str(results(1:jmax,3)),' +- ',... 
num2str(results(1:jmax,4)),' MPa']) 
disp(['hardness (mean+-std) = ',num2str(results(1:jmax,3)*0.10197),' +- ',... 
num2str(results(1:jmax,4)*0.10197),' Vickers']) 
disp(['yield strength (mean+-std) = ',num2str(results(1:jmax,5)),' +- ',... 
num2str(results(1:jmax,6)),' MPa']) 
disp(['representative stress (mean+-std) = ',num2str(results(1:jmax,7)),' +- ',... 
num2str(results(1:jmax,8)),' MPa']) 
if max(abs(results(1:jmax,14)))>0.001 
disp(['hardening coefficient n (mean+-std) = ',num2str(results(1:jmax,13)),... 
' +- ',num2str(results(1:jmax,14))]) 
else 
disp(['hardening coefficient n (mean+-std) = ',num2str(results(1:jmax,13)),... 
' +- ',num2str(0.0000)]) 
end 
%% DIMENSIONLESS FUNCTIONS 
function [y] = PI1_ana(x,E_s,C) 
y=-1.131*(log(E_s/x))^3+13.635*(log(E_s/x))^2-30.594*(log(E_s/x))+29.267-C/x; 
end 
function [y] = PI3_ana(x,E_s,sigma_r,hr_over_hm) 
y=(0.0101*x^2+0.0017639*x-0.0040837)*(log(sigma_r/E_s))^3+... 
(0.14386*x^2+0.018153*x-0.088198)*(log(sigma_r/E_s))^2+... 
(0.59505*x^2+0.034074*x-0.65417)*(log(sigma_r/E_s))+... 
(0.58180*x^2-0.088460*x-0.67290)-hr_over_hm; 
end 
function [y] = PI4_ana(x,P_m,dP_over_dh,c_s,hr_over_hm) 
y(1) = 1/x(1)*P_m/x(2)-0.268536*(0.9952495-hr_over_hm)^(1.1142735); 
y(2) = 1/(x(1)*sqrt(x(2)))*dP_over_dh-c_s; 
end 
function [y] = PI4_ana_ACalib(x,P_m,dP_over_dh,c_s,hr_over_hm) 
y = c_s*sqrt(x)/dP_over_dh*(P_m/x)-0.268536*(0.9952495-hr_over_hm)^(1.1142735); 
end 
function [y] = PI5_ana(x,W_p,W_t) 
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y = 1.61217*(1.13111-1.74756^(-1.49291*(x)^(2.535334))-0.075187*(x)^(1.135826))-W_p/W_t; 
end 
function [y] = PI7_ana(x,p_ave,E_s) 
y=-15.4944*(x/E_s)^2-15.1699*(x/E_s)+2.7497-p_ave/x; 
end 
function [y] = sy_ana(x,E_s,sigma_r,n,r) 
y=x*(1+E_s/x*r/100)^n-sigma_r; 
end 
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Abstract 

Titanium and its alloys could be called the “streetwalker” among commercially applied metals, 

because its poor nobility allows it to “pick-up” anything. Titanium is one of the metals that forms 

very stable borides, carbides, nitrides, oxides and even hydrides. The solubility of nitrogen and 

oxygen in the hexagonal crystal structure of (metallic) titanium is very high; on the other end 

limited quantities of boron, carbon and hydrogen can be dissolved. In the present contribution we 

report on a colossal solubility of hydrogen in hexagonal close packed (h.c.p.) titanium, where the 

h.c.p. crystal lattice is stabilized by deliberate interstitial alloying with colossal quantities of 

nitrogen or oxygen atoms. The presence of nitrogen/oxygen prevents the hydrogen induced 

pseudo-martensitic transformation of the h.c.p. titanium lattice to a face centered cubic (f.c.c.) 

titanium lattice that occurs if no oxygen or nitrogen is present. The hydrogen content that can be 

accommodated in h.c.p. titanium is as high as an unprecedented 50 at. % and causes an anisotropic 

expansion of the hexagonal lattice. This finding showcases that there could be an unexploited 

potential for combining large quantities of interstitials in titanium-based lattices. 

Keywords: Titanium; Hydrogen; Colossal interstitial alloying; Site occupancy; Anisotropic lattice 

expansion 

6.1 Introduction 
Titanium (Ti) exhibits a favorable combination of high specific strength, corrosion resistance, light 

weight and it is one of the few materials that is fully biocompatible. Ti alloys are used in highly 

diverse applications and technological fields, spanning from aerospace over chemical industry to 

biomedical implants [1]. A characteristic feature of Ti is its colossal solubility for oxygen and 
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nitrogen in the metallic state, up to 33.3 at. % O and 23.0 at. % N can be dissolved in the hexagonal 

closed packed (h.c.p) Ti phase (α-Ti) [2,3]. Oxygen and nitrogen reside interstitially in the 

octahedrally coordinated interstices (OCI) [2,3]. The interstitial dissolution of oxygen or nitrogen 

has a pronounced impact on the lattice parameters of the h.c.p. lattice, resulting in an anisotropic 

expansion of the unit cell. For dissolving oxygen, the a and c lattice parameters reach expansions 

up to 0.68 % and 2.56 % for a and c, respectively, while the c/a ratio increases by 1.95 % as 

compared to interstitial-free Ti [2]. For dissolved nitrogen similar lattice expansions are observed 

[3]. Another characteristic feature associated with Ti is its high propensity for absorbing hydrogen, 

which is normally considered as detrimental due to a dramatic impairment of mechanical 

properties resulting primarily from the formation of Ti hydrides [4,5]. The precise location of 

interstitial hydrogen in α-Ti is not fully agreed upon [6]. The h.c.p. lattice has 1 OCI and 2 

tetragonally coordinated interstices (TCIs) per Ti atom. Neutron diffraction results are ambiguous 

and suggested that hydrogen can be distributed randomly over TCIs [7,8], present in both OCIs 

and TCIs, or, for low contents, only in OCIs [9]. Density functional theory (DFT) calculations 

indicated that, at 0 K, the preferred site for H is the OCI [10,11]. The lattice expansion of α-Ti 

caused by interstitially dissolved hydrogen is 0 % and 1.2 % for a and c lattice parameters, 

respectively, for a maximum solubility of 8.38 at. % H [6]. The solubility of hydrogen in α-Ti at 

room temperature approaches nil [6,12,13].  

The elements O, N and H have different effects on the stability of the allotropic forms of Ti. 

Oxygen and nitrogen both stabilize h.c.p. α-Ti, while hydrogen stabilizes b.c.c. β-Ti. The effect of 

dissolving two types of interstitials, so-called mixed interstitial solubility, with antagonistic effects 

on the stability of Ti phases is not fully known. Oxygen can ostensibly enhance the maximum solid 

solubility of hydrogen in α-Ti [14], with α-Ti containing 25 at. % O dissolving maximally 13 at. 

% H at 600 °C. Analogously, nitrogen was reported to enhance the solubility of hydrogen in α-Ti, 

albeit only at hydrogen pressures below 100 Pa [15]. In the present contribution we report a 

surprising synergistic effect of the antagonistic elements oxygen/nitrogen and hydrogen. H.c.p. α-

Ti pre-loaded with high interstitial contents of oxygen or nitrogen is demonstrated to have a 

colossal (room temperature) solubility of hydrogen in α-Ti, while the formation of β-Ti and TiHx 

is suppressed. The colossal interstitial H solubility is associated with an extreme anisotropic 

expansion of the h.c.p α-Ti lattice, which appears to be reversible. These new findings contribute 

to the understanding of how to dissolve high hydrogen contents in the solid state.  
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6.2 Experimental 
Mill annealed titanium grade 2 foils from GoodFellow were used with 99.6 wt % Ti, 0.2 wt % O, 

0.015 wt % N and 0.15 wt % Fe as reported by the supplier, and thickness of 25 µm. Pieces of 1.2 

cm in length and 0.5 cm in width and a total of mass 500 mg were oxygenated in a Netzsch STA 

449 F3 Jupiter thermal analyzer in a flow of 150 ml/min O2 (99.9 % purity) and 8 ml/min Ar 

(99.999% purity) as protective gas at 700 °C for 20 hours. Nitrogenation was similarly performed 

using a gas flow of 120 ml/min NH3 (99.999 % purity) and 8 ml/min N2 (99.999% purity) as 

protective gas at 875 °C for 40 hours. Subsequently, in order to dissolve oxides/nitrides in the foils 

and distribute the interstitials over the foil thickness, the specimens were vacuum treated at 900 

°C at a pressure below 1∙10-6
 mbar for 20 hours in a custom built Kanthal tube furnace fitted with 

an Edwards T-Station 85 pumping station. No change in specimen weight occurred during vacuum 

treatment of the oxygenated specimen; the nitrogenated specimen lost 0.4 wt. % which is ascribed 

to the removal of hydrogen that had dissolved during nitrogenation in NH3. Hydrogenation of 100 

- 300 mg of the homogenized oxygen/nitrogen containing specimen was performed in the thermal 

analyzer using 150 ml/min H2 (99.9 % purity) and 8 ml/min Ar (99.999% purity) as protective gas. 

Prior to hydrogenation, the thermal analyzer was three times evacuated and back-filled with Ar. 

The thermal analyzer was equilibrated for 1 hour at room temperature in flowing H2 and Ar in 

order to achieve stable measurement conditions in the chamber. The pressure during hydrogenation 

was kept at 0.1 MPa. For the DTA analyses in H2 the heating rate was 4 °C.min-1 in the temperature 

range 400-800 °C. Hydrogenation during heating to 500 °C for XRD investigations was 

accomplished by heating to 400 °C in 20 minutes, whereafter the temperature was increased to 500 

°C in 25 minutes (4 °C.min-1) and maintained at 500 °C for 10 minutes. Cooling to room 

temperature occurred within 45 minutes. The total uptake of hydrogen in the specimens was 

continuously monitored in the thermal analyzer (thermogravimetry), but partial loss from the 

fierceful expansion during synthesis obstructed determination of the hydrogen content. Vacuum 

annealing in the abovementioned custom tube furnace was performed at 500 °C for 20 hours. Re-

hydrogenation during heating to 800 or 500 °C was again done in the thermal analyzer, following 

the procedures mentioned above.  

X-ray diffraction (XRD) analysis was conducted in transmission (Guinier) mode using a Huber 

G670 utilizing a Cu source selecting Kα1 radiation. The samples were fixed at an angle of 45° with 

respect to the incident beam and rotated about their surface normal to secure optimal grain 
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statistics. An image strip detector recorded the 2θ range from 3-100°2θ at a step size of 0.005°2θ; 

the exposure time for each sample was one hour. Phase identification and lattice parameter 

determination were accomplished with Rietveld refinement, using WINPOW, which is an edited 

version of the LHMP program [16]. 

6.3 Results and interpretation 

6.3.1 Thermochemical synthesis and vacuum homogenization 
Titanium foils were pre-loaded with oxygen by oxygenation16. Mass increase provided a load of 

26 at. % O, consistent with Rietveld refinement of X-ray diffractograms yielding 25 at. % O and 

a c/a ratio of 1.607 [2]. An oxygen content of 25 at. % O corresponds to an occupancy, yO, of one 

third of the OCIs: yO = 0.33. The foils pre-loaded with nitrogen had 19 at. % N (yN = 0.235), as 

determined from mass uptake, and a c/a ratio of 1.610 [3]. As a by-product of the nitrogenation 

treatment in NH3 also H is dissolved into the specimens; 0.4 wt. % H was removed from solid 

solution in a subsequent vacuum annealing treatment. The thermal hydrogenation during heating 

of untreated, nitrogenated (and vacuum annealed) and oxygenated 25 µm Ti foils was followed 

with thermal analysis. Differential thermal analysis (DTA) and corresponding, simultaneously 

recorded, thermogravimetry (TGA) curves for untreated Ti in Fig. 6-1a reveal that hydrogenation 

of α-Ti during heating is associated with a strongly exothermal reaction above 475 °C, followed 

by an endothermal reaction at about 650 °C. The exothermal reaction coincides with very fast 

hydrogen dissolution, while the endothermal reaction corresponds to a sudden release of part of 

the dissolved quantity of hydrogen. In accordance with the Ti-H phase diagram, these 

transformations are interpreted as a very fast ingress of H at 475 °C leading to conversion of h.c.p. 

α-Ti into CaF2-type γ-TiHx with an f.c.c. sublattice of Ti atoms. According to the phase diagram 

in Fig. 6-1b, it is expected that β-Ti forms as an intermediate phase. Instead, the rapid 

transformation at 475 °C along with a fast uptake of H strongly suggests that the formation of β-

Ti is by-passed. On continued heating the TiHx phase loses H2, as indicated by the iso-activity line 

marked as 0.1 MPa H2 (Fig. 6-1). At about 650 °C (for 0.1 MPa) TiHx becomes unstable and 

transforms to β-Ti, which explains the endothermic reaction for this temperature in Fig. 6-1a.  

The nitrogen-loaded and in particular the oxygen-loaded specimens presented in Fig. 6-1c, referred 

to as Ti(N) and Ti(O) hereafter, exhibit a strongly reduced exothermic signal, which would suggest 

that the amount of TiHx (and/or β-Ti) that forms is (partly) prevented by the presence of O and N; 
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accordingly, the endothermic signal is strongly reduced for Ti(N) and absent for Ti(O). The 

reactions with H2 for the Ti(O) and Ti(N) specimens were so “fierceful” that they resulted in 

elevation of the specimens; pieces from the foils were flung out of the crucible by large and fast 

volume changes associated with hydrogen uptake. For this reason, quantitative TGA during DTA 

on the hydrogenation of Ti(O) and Ti(N) was not possible. 

 

 

 
Fig. 6-1: a. Hydrogenation of untreated Ti during heating to 800 °C, displaying the temperature, TGA and DTA vs. time. b. Ti-
H phase diagram adapted from [6,17], showing the h.c.p α-Ti, b.c.c. β-Ti and f.c.c. TiHx (γ) phases. Iso-activity lines for constant 
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H2 (partial) pressure are indicated. The dashed red line indicates the temperature path during thermal analysis. C. 
Hydrogenation of Ti, Ti(N) and Ti(O) during heating to 800 °C, displaying the temperature, TGA and DTA vs. time. The 
exothermic reaction was so powerful that a temperature increase of about 5 °C was recorded, leading to the retrograde behavior 
observed for the untreated Ti sample (see arrow).   

6.3.2 Transmission X-Ray diffraction and Rietveld refinement 
According to the Ti-H phase diagram and the above interpretation, the maximum H content is 

reached at about 500 °C, just above the exothermic peak in Fig. 6-1a/c. For this reason, 

hydrogenation experiments for XRD identification of the phases and the associated lattice 

expansions, were conducted at 500 °C. X-Ray diffractograms for untreated interstitial-lean Ti and 

the interstitial-rich Ti(N) and Ti(O) conditions are given in Fig. 6-2a and Fig. 6-2b (bottom); all 

initial conditions are monophase α-Ti3 with different a and c lattice parameters, reflecting the 

initial interstitial contents of N and O. Note that N expands the h.c.p lattice more than O, despite 

its lower content [2,3]. No oxides or nitrides4 were identified, indicating that the applied vacuum 

homogenization annealing following nitrogenation/oxygenation (see Methods) has effectively 

redistributed the interstitials, leaving only expanded h.c.p. α-Ti. After hydrogenation at 500 °C, 

the initially interstitial-lean Ti is converted entirely into γ-TiHx with a lattice parameter of 0.443 

nm (Fig. 6-2 a.), consistent with the interpretation of the DTA results (see above); the tiny 

diffracted intensity resulting from β-Ti is explained from the uptake of hydrogen in β-Ti phase 

already present in the untreated material (see footnote 1). The interstitial-rich Ti(N) and Ti(O) 

specimens do not contain any evidence of γ-TiHx after hydrogenation, indicating that the 

exothermal peaks for Ti(O) and Ti(N) in Fig. 6-1b cannot be assigned to hydride formation. 

Instead, a spectacular anisotropic expansion of the h.c.p. lattice of α-Ti is observed (Fig. 6-2b top). 

The occurrence of multiple h.c.p. reflections for the hydrogenated Ti(O) specimen (see in 

particular 101α and 002α, but also the broadening of 100α) is explained from inhomogeneities in 

the original Ti(O) specimen (see the 002α peak for Ti(O) specimen in Fig. 6-2b bottom). The 

extreme anisotropic expansion of the h.c.p. lattice is consistent with a dramatic increase in the 

solubility of H in the h.c.p. α-Ti due to the presence of N and O in OCIs. Such enhanced colossal 

H solubility in h.c.p. Ti has not been observed previously. 

 
3 A minute fraction of β-Ti was detected in the untreated material and attributed to Fe impurities in the alloy [31]. 
4 Apart from a minute Ti2N peak for Ti(N) at 39.2 °2θ. 
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Fig. 6-2: Transmission X-ray diffractograms for a. untreated and hydrogenated Ti; b. Untreated, Ti(O) with 26 at. % O and 
Ti(N) with 19 at. % N (bottom). Hydrogenation at 500 °C (top) leads to anisotropic lattice expansion of the h.c.p. lattice for 
Ti(N) and Ti(O) (see arrows), while untreated Ti is converted into γ-TiHx. 

The lattice parameters obtained with Rietveld refinement of the X-ray diffractograms are displayed 

in Fig. 6-3 and illustrate the dramatic anisotropic expansion of the h.c.p. α-Ti lattice introduced by 

hydrogen dissolution in Ti(O) and Ti(N). In particular, it is noted that the hydrogen dissolution 

spectacularly changes the c/a ratio from a value lower than the ideal value for h.c.p., i.e. 𝑐𝑐
𝑎𝑎

= �8
3
, 

to a value well beyond this ideal value. For Ti(N) the absorption of hydrogen leads to a volume 

expansion (relative to untreated Ti) from 3.7 % in the nitrogenated condition to 14.6 %; for the 

Ti(O) specimen the volume expands from 2.7 % to 15.2 % (relative to untreated Ti).  
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Fig. 6-3: Lattice parameters of h.c.p. α-Ti phase determined with transmission X-ray diffraction for untreated Ti and for Ti(O) 
and Ti(N) before and after hydrogenation (+H) at 500 °C. The a lattice parameter is multiplied with the c/a ratio for ideal h.c.p.; 
this ideal c/a ratio is also indicated by the horizontal dashed line. Standard deviations are generally too small to be visible, except 
for Ti(O)+H where the most expanded value is shown. 

The reversibility of hydrogenation was investigated for Ti(N) and Ti(O) specimens hydrogenated 

during heating to 800 °C and 500 °C, respectively, followed by de-hydrogenation at 500 °C and 

re-hydrogenation. The Ti(N) specimen lost 46 at. % H during vacuum annealing at 500 °C, 

corresponding to a TCI occupancy of 0.53 (provided that H is residing in TCIs). Similarly, Ti(O) 

lost 50 at. % H, which would correspond to a TCI occupancy of 0.67, implying that 2 out 3 

tetrahedral interstices are occupied. Loss of oxygen or nitrogen during vacuum annealing at 500 

°C can be neglected at this temperature, because oxygen and nitrogen are virtually immobile [18] 

in comparison with H. Also, oxygen release would require unrealistically low partial pressures of 

about 10-40 MPa and a temperature of 1027 °C to achieve a content of 0.4 at. % O [19]. The results 

of X-ray diffraction analysis are presented as the volume of the unit cell per Ti atom and the c/a 

ratio in Fig. 6-4. Evidently, the hydrogen dissolved at 500 or 800 °C can be (almost) fully regained 

during vacuum treatment at 500 °C. Data convincingly demonstrates that high contents of 

hydrogen can be dissolved in h.c.p. Ti, provided that this crystal structure is stabilized by the 

presence of larger interstitials as nitrogen and oxygen. For Ti(N) hydrogen dissolution is reversible 

at 500 °C as reflected by the reversible volume expansion during de-hydrogenation to the level of 

Ti(N) and re-hydrogenation (Fig. 6-4a). For Ti(O) a similar reversibility is observed for (re-

)hydrogenation at 800 °C (Fig. 6-4b). Apparently, the dissolvable amount of H in Ti(O) is higher 

for 500 °C than for 800 °C, while re-hydrogenation at 800 °C leads to a further reduction of the 

dissolvable H content. Evidently, heating to 800 °C impairs full reversibility.  
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Fig. 6-4: Volume of the h.c.p. unit cell per Ti atom, VTi, vs. the c/a ratio of the unit cell, as determined from Rietveld of X-ray 
diffractograms of the specimens investigated. a. Hydrogenation of Ti(N) at 500 °C and 800 °C leads to similar total hydrogen 
uptake. The hydrogen dissolved can be regained in vacuum at 500 °C and thereafter redissolved on re-hydrogenation at 500 °C. 
b. Similarly for Ti(O) at 800 °C, where no full reversibility of hydrogen dissolution is achieved. Only the highest values are 
shown with standard deviations indicating concentration gradients. 

6.4 Discussion 
Rapid transformation of α-Ti into γ-TiHx  

For the Ti specimen, the sudden rapid hydrogen uptake above 475 °C associated with an 

exothermal reaction is surprising, in the sense that no hydrogen appears to dissolve below this 

temperature and no indications were observed for a hydrogen induced α-Ti -> β-Ti transition (just) 

above the eutectoid temperature of 300 °C (cf. Fig. 6-1b). This behavior is also apparent from 

literature [20,21] and was attributed to the required surface activation to remove the passive film, 

which is inherently present on titanium and its alloys that have been in contact with air. Apparently, 

surface activation occurs under the influence of hydrogen at this elevated temperature. By-passing 

of the α-Ti -> β-Ti transformation and, instead, direct rapid conversion of α-Ti into γ-TiHx is 

explained from the resemblance of the close packed Ti (sub)lattices in α and γ phases, which are 

h.c.p and f.c.c., respectively. Introducing a Shockley partial dislocation on every 2nd densest 
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packed plane in h.c.p. converts this lattice into f.c.c. This is commonly recognized as a rapid 

martensitic transformation mechanism, as for example encountered in pure Co [22]. Here, it is 

claimed that a similar martensitic transformation of the close packed Ti sublattice occurs, 

whereafter H rapidly diffuses into, and is accommodated in, the thus transformed f.c.c. lattice. 

Since the entire transformation of α-Ti into γ-TiHx involves H transport, the transformation is 

essentially not diffusionless, hence the overall transformation is H-induced pseudo-martensitic. To 

the authors’ knowledge this is the first claim of a H-induced pseudo-martensitic transformation of 

a specimen of α-Ti entirely into γ-TiHx. Earlier observations reported the presence of (small) 

regions of f.c.c. Ti formed from and embedded in h.c.p. Ti during deformation [23], heating to 

between 600 – 700 °C [24] or by focused ion beam (FIB) [25]. XRD shows that pseudo-martensitic 

transformation is effectively frustrated by the presence of large interstitials as O and N, despite the 

fact that Ti forms NaCl-type TiO and TiN, which both have an f.c.c. sublattice of Ti atoms. 

Apparently, the limited mobility of O and N as compared to H, prevents this. The exothermal 

reactions observed for Ti(N) and Ti(O) are attributed to the dissolution of H in α-Ti. 

Extreme reversible expansion in h.c.p. Ti by hydrogen dissolution 

In the Ti-O and Ti-N binary systems [2,3] interstitial contents above 13 at. % O and 12.5 at. % N 

effectively suppress the transformation of h.c.p. α-Ti into b.c.c. β-Ti. This can be explained 

straightforwardly from the size of OCIs in α-Ti relative to β-Ti. Analogously, the low solubility of 

hydrogen in α-Ti in the binary Ti-H system can be explained from the small size of TCIs. Table 

6-1 lists data on size of fitting spheres is TCI and OCI of lattices for α-Ti, β-Ti and γ-TiHx as well 

as the partial molar volumes of O and N in α-Ti and of H in γ-TiHx. Data used to determine the 

partial molar volumes, �̄�𝐻𝐼𝐼
𝜑𝜑, of type I (=O,N,H) in phase φ are collected in Fig. 6-5. From the atomic 

radii and inner spheres in the interstices it is obvious that oxygen and nitrogen cannot be 

accommodated in, and therefore inhibit the formation of, β-Ti, while hydrogen can be dissolved in 

the TCIs of β-Ti and to a limited extent in the TCIs in α-Ti. Furthermore, the partial molar volume 

of N in α-Ti is appreciably larger than for O in α-Ti, while �̄�𝐻𝐻𝐻
𝛾𝛾 > �̄�𝐻𝑂𝑂𝛼𝛼.  Surprisingly, the present 

results show that the stabilization of the h.c.p. α-Ti by occupying OCIs by dissolving N/O and, 

accordingly, expanding the h.c.p. lattice, allows the dissolution of a colossal amount of H in the 

h.c.p. lattice, albeit not as high as in γ-TiHx and effectively prevents the formation of both β-Ti 

and γ-TiHx upon hydrogenation at 500 °C and 800 °C and cooling to room temperature. Along 
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with the dissolution of H in h.c.p. α-Ti, spectacularly, the lattice expands anisotropically by about 

15% in volume from a condition with a c/a ratio below the ideal value to a c/a ratio far beyond 

this ideal value (Fig. 6-4). 

The dissolution of hydrogen into pre-oxygenated or pre-nitrogenated α-Ti leads to a 12.5 and 10.9 

% volume expansion, respectively, combined with unprecedentedly high contents of roughly 50 

at. % H in h.c.p. Ti(O) or Ti(N). As follows from the data in Fig. 6-5, this expansion is not a mere 

extrapolation of the a and c lattice parameter dependencies on interstitial content for the Ti-O or 

Ti-N systems [2,3], where the interstitials reside in OCIs. Rather, the data in Fig. 6-5 suggest that 

the expansion of the h.c.p. lattice follows the grey dash-dot line indicated in Fig. 6-5, which 

connects the volume per Ti atom (VTi) for pure h.c.p. and the lattice parameter for TiHx as 

determined in the present work. Note that this expansion is identical to that necessary to transform 

hypothetical f.c.c. Ti, with a lattice parameter corresponding to an atomic radius of 147 pm for Ti 

(blue star in Fig. 6-5), into γ-TiHx. This strongly suggests that H in h.c.p. Ti(O) and h.c.p. Ti(N) is 

residing in the TCIs. 

Table 6-1: Internal radii, rint, of OCI and TCI [5] for (ideal) h.c.p. and b.c.c.. Ti and in TiHx, atomic radii, R, of Ti, H, O and N 
[26] with single covalent bonding and partial molar volume, �̄�𝑽𝑰𝑰

𝝋𝝋, of interstitial I in phase φ. 

φ  rint / pm R / pm �̄�𝐻𝐼𝐼
𝜑𝜑 / Å3/atom I 

α-Ti OCI 61 O 63 1.30±0.12 

N 71 2.81±0.16 

TCI 33 - - - 

β-Ti OCI 23 - - - 

TCI 43 H 32 - 

γ-TiHx TCI  1.61±0.12 
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Fig. 6-5: Volume per Ti atom for α-Ti(N), α-Ti(O) and γ-TiHx as a function of yI, i.e. the ratio I (=N,O,H):Ti. Partial 
molar volumes obtained from the lattice parameter data in Refs. [27](5),[28] and [29] are indicated (cf. Table 1). 
The grey dash-dot line connects VTi for α-Ti and γ-TiHx (x=1.798); the blue star is the calculated VTi for 
hypothetical f.c.c. Ti. 

Conclusion 
The present findings show convincingly that it is possible to frustrate pseudo-martensitic hydride 

formation or another phase transformation in titanium by deliberate alloying with large interstitial 

atoms like oxygen and nitrogen. Accordingly, an unprecedented colossal solubility of 50 at. % 

hydrogen in h.c.p. titanium is attained that exceeds the solubility in β-Ti. The dissolution of H 

causes a lattice expansion of 12.5 % that is commensurate with that of H dissolved into the TCIs 

of an f.c.c. lattice.   
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5 For N and O only the unit cell volumes for higher interstitial occupancy are included in the calculation; for relatively 
low yN and yO antagonistic deviations from linearity are observed. 
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6.5 Supplementary material of Ti(OH) system 
The close proximity of the hydrogen in TCI sites and oxygen/nitrogen atoms and OCI sites is 

illustrated graphically by Fig. 6-6. The visual representation exaggerates the occupancies and the 

volume expansions; it shows the situation where roughly 50 % of the OCI sites is occupied with 

O/N and roughly about 62.5 % of the TCI sites is occupied with H. The formation of hydroxide 

(OH-) in OCI sites in α-Ti that could be anticipated by the attraction between hydrogen and oxygen, 

is unlikely because of the large size of OH- (140 pm) as compared to the internal radii of OCI [30]. 

Consistently, OH- is considered a substitutional defect in metals.  

  

Fig. 6-6: Exaggerated expansion of the untreated, oxidized, hydrogenated, and deflated unit cells, with oxidation/deflated and 
hydrogenation plotted with a 25 or 100 % increase in a and c relative to untreated, respectively. The Ti atoms (blue) are in the 
(1/3,2/3,1/4) positions with a site occupancy of 1. The O atoms (green) are in the (1/3,2/3,3/4) octahedral position with a site 
occupancy of 50 %. The H atoms (red) are assumed to be positioned in the (0,0,3/8) tetrahedral position with a site occupancy 
of 62.5 %. 
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Abstract 

The hydrogenation at 800 °C, and the subsequent dehydrogenation at 350 – 550 °C using high 

vacuum annealing (HVA), of thin foils of grade 2 and grade 5 titanium, were studied using X-ray 

diffraction and scanning electron microscopy. Ti grade 2 undergoes a transformation during 

hydrogenation from h.c.p α-Ti into hydrogen stabilized b.c.c. β-Ti. Cooling from the 

hydrogenation temperature results in a eutectoid transformation into α-Ti and f.c.c. δ-TiH2-x, 

yielding a complex microstructure of the two phases. HVA leads to the decomposition of δ-TiH2-

x and the gradual out diffusion of H (dehydrogenation), resulting in complex microstructures 

alongside a lattice expansion of α-Ti, which could be explained by use of the Ti-H phase diagram. 

The hydrogenation of grade 5 resulted in the stabilization of the β-Ti phase by H, and the formation 

of hydrogen lean martensite (α’-Ti) and the remainder retained beta. Subsequent HVA treatments 

again resulted in complex microstructures, where the martensitic α’-Ti decomposed at 350 °C. At 

the temperatures 450 and 550 °C the samples exhibited a complicated lamellar or platelike 

interwoven α/β/δ pattern. These features require further investigation.  

Keywords: Titanium; Hydrogen; High vacuum annealing; X-ray diffraction; Scanning electron 

microscopy; Phase transformation 

7.1 Introduction 
Titanium (Ti) offers a favorable combination of corrosion resistance, light weight, high specific 

strength, while also being one of the few fully biocompatible materials. Consequently, Ti alloys 

are utilized in numerous technological fields and applications, spanning from biomedical implants 

and aerospace to chemical industry [1]. It is possible to improve the mechanical properties of 
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titanium alloys by using the method called thermo-hydrogen processing (THP). Here hydrogen is 

used as a temporary alloying element: (H) is loaded into Ti by hydrogenation, and later removed, 

i.e. dehydrogenated, using high-vacuum annealing (HVA). This can result in refinement of the 

microstructure and thus provide enhanced mechanical performance. The THP method has been 

reviewed elsewhere by Froes et al [2]. Ti exhibits a hexagonal closed packed (h.c.p) α-Ti crystal 

structure at room temperature, which changes to a body-centered closed packed (b.c.c.) β-Ti at 882 

°C; the addition of H can lower the β-Ti transus temperature to as low as 300 °C [3]. The 

hydrogenation is possible due to the high solubility of H in β-Ti and the propensity to form 

hydrides. H is interstitially dissolved and ostensibly resides in the tetrahedral interstices [3]. The 

permeation of hydrogen (hydrogenation) is also fast due to the high diffusivity of H in Ti [3]. 

Hydrogenation obeys Sievert’s law, implying that hydrogen reversibly dissolution and controllable 

by the applied pH2 [4]. The maximum solubility of H in β-Ti is 51.2 at. % H at 700 °C [3], while 

the solubility of H in α-Ti reaches a maximum of about 8.4 at. % and decreases to almost nil at 

room temperature [3,5,6]. Below 300 °C β-Ti transforms by a eutectoid transformation into H-lean 

α-Ti and δ-TiH2-x hydride, which has a CaF2 type crystal structure, consisting of an f.c.c. sublattice 

of Ti atoms and H residing in the tetrahedral interstices.  The reason for the low solubility of H in 

α-Ti as compared to β-Ti can be explained from the lower number of tetrahedral interstices (2 vs. 

6) per Ti atom and their smaller size: 33.1 pm vs 42.8 pm [4]. The atomic radius of H is 

approximately 38 pm, suggesting that only tetrahedral interstices in β-Ti can accommodate H, thus 

resulting in stabilization of β-Ti over α-Ti. This also means that the removal of H leads to a phase 

transformation from β-Ti to α-Ti at temperatures below 882 °C, which potentially can result in 

grain refinement. The dehydrogenation temperature determines the number of α-Ti nuclei forming 

from β-Ti and their growth rate. A low dehydrogenation temperature implies a large driving force 

for nucleation and suppresses grain growth. Small grains lead to more grain boundaries, and 

thereby Hall-Petch strengthening.  

Other interstitial elements such as O and N as well as the substitutional element Al stabilize α-Ti, 

while substitutional elements such as V and Mo stabilize β-Ti. Ti grade 2 (G2) is an α-Ti type 

containing up to 0.2 wt.% O and about 0.15 wt.% Fe, while Ti grade 5 (G5) is an α-Ti/β-Ti type 

with 6 wt.% Al and 4 wt.% V [7]. The diffusion coefficient (D) of H has been reported to be high 

in β-Ti as compared to α-Ti, with D for β-Ti being approximately 6∙10-8 m2/s and only 2∙10-8 m2/s 

for α-Ti at 500 °C [8]. The absorption of H in Ti G5 has been reported to occur suddenly at 
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temperatures around 400 °C; the solubility gradually decreases with increasing temperature to 

become almost zero at 1000 °C at 1.23 atm H [9]. A maximum content is achieved at 650 °C at 

2.64 atm H [10]. In-situ hydrogenation experiments of Ti G5 have shown that all α transforms into 

β-Ti between 800 - 850 °C at contents ranging from 10 to 30 at. % H, compared to 975 °C when 

no H is present, and that δ only forms below 212 °C for H contents between 15 – 47 at.% H [11]. 

However, ex-situ experiments report that δ forms at 500 – 800 °C, although it is unclear if hydride 

formation actually occurred during cooling [12]. Martensite in Ti G5 is formed during fast cooling, 

resulting in the formation of either h.c.p. α’ or orthorhombic α”, The latter is observed for H 

contents exceeding 5 at. % H and is known to be the softer of the two [13]. The effect of H on the 

mechanical properties has been extensively investigated for G5 and other α-Ti/β-Ti alloys 

[8,10,13–20], while studies on the behavior of pure Ti are more scarce [21–24].  

The present contribution studies the effect of the dehydrogenation temperature for G2 and G5 on 

the evolution of the microstructure and the hardness. The low dehydrogenation temperature 

applied can prevent the redistribution of the substitutional alloying elements as Al and V during H 

removal. Moreover, the low temperatures can potentially result in very fine grains.  

7.2 Materials and Methods 

7.2.1 Thermochemical synthesis and vacuum treatments 
The specimens used for the investigations were 100 μm thick foils of Ti G2 and Ti G5 foils, 

supplied by GoodFellow. Ti G2 was mill annealed and contains 99.6 wt % Ti, 0.2 wt % O, 0.015 

wt % N and 0.15 wt % Fe. Ti G5 was also mill annealed and has a nominal composition 90 wt % 

Ti, 6 wt % Al and 4 wt % V. Pieces measuring roughly 18 x 10 mm2 were hydrogenated in a 

Netzsch STA 449 F3 Jupiter thermal analyzer in a flow 150 ml/min H2 (99.999 % purity) and 8 

ml/min Ar (99.999% purity) as protective gas at 800 °C for 1 hour. Prior to the hydrogenation 

treatment the thermal analyzer was evacuated and backfilled with Ar 3 times. The thermal analyzer 

was equilibrated for 1 hour at room temperature in flowing H2 and Ar to achieve stable 

measurement conditions in the chamber. The total pressure was kept at 1 atm. Heating to 

hydrogenation temperature was performed at a rate of 20 °C/min; cooling to room temperature 

was performed in the synthesis gas at the maximum cooling rate of the thermal analyzer, which is 

approximately 50°C /min. The foils were subsequently vacuum annealed for 20 hours in a custom 

built Kanthal tube furnace fitted with an Edwards T-Station 85 pumping station. The 
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dehydrogenation temperatures were in the range 350 – 550 °C and the total pressure was below 

1∙10-6
 mbar. For G2 the dehydrogenation temperature was varied in steps of 50 °C; for Ti G5 in 

steps of 100°C. 

7.2.2 Transmission X-Ray diffraction and Rietveld refinement 
X-ray diffraction (XRD) analysis was carried out using Mo Kα radiation in transmission (Guinier) 

mode with an Agilent SuperNova diffractometer equipped with an Atlas S2 CCD detector. The 

measurement time was 10 minutes for the 2θ range of 6-37°. Rietveld refinements of intensity 

versus scattering angle (2θ) were performed in WINPOW, which is an edited version of the LHMP 

program [25], with the purpose of determining the phases, their fractions and the lattice parameters 

of their crystal structures.  

7.2.3 Sample preparation and light optical microscopy 
The 100 µm thick untreated, hydrogenated, and high-vacuum annealed G2 and G5 foils were cold 

embedded in epoxy, ground and polished. This was done using sequentially finer sandpaper down 

to 4000#, followed by 3 and 1 μm diamond suspensions, and finally neutral and basic mixtures of 

0.3 μm silica particles, for 3 and 1 minutes, respectively. Adhering/residual silica particles were 

removed with cotton wool soaked in ethanol or water. Light optical microscopy (LOM) was 

performed on the cross sections with polarized light on a ZEISS Axio Vert.A1 using a Zeiss EC 

Epiplan N.A.=0.75 HD objective. 

7.2.4 Scanning electron microscopy 
Scanning electron microscopy (SEM) was performed in backscattered electron imaging (BSE) 

mode on carbon-coated cross-sections. A Quanta FEG 250 Analytical ESEM was operated at 8 

kV acceleration voltage combined with a 30-μm aperture size. 

7.2.5 Micro-hardness 
The hardness of the cross-sections was determined by hardness indentation, using a FM-700 

micro-Vickers hardness tester, with a 10 second dwell time and a load of 100 g. Bulk hardness 

values acquired in the center of the cross-sections are the average of 10 measurements. The G2 

foil dehydrogenated at 450 °C was also measured closer to the sample edge as a different 

microstructure were observed in the center and adjacent to the surface of the foils.   
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7.3 Results & interpretations 

7.3.1 Titanium grade 2 

7.3.1.1 Untreated and hydrogenated Ti grade 2 

X-ray diffractograms of untreated and hydrogenated Ti G2 specimens are given in Fig. 1-1. The 

untreated Ti G2 consists of α-Ti and has a weak rolling texture. Hydrogenation and cooling leads 

to the formation of δ in addition to α, as evidenced by the δ 022 reflection at 26.5 2θ. For the 

applied experimental conditions, this reflection is the only one that does not overlap with 

reflections of α and can consequently be used to validate the presence of the δ phase. Rietveld 

refinement allowed to determine the lattice parameters of α and δ phases as well as their phase 

fractions (See Table 1-1). From the change in unit cell volume per Ti atom and the c/a ratio it is 

possible to assess the dissolved amount of H in both phases (see data in [26]). Accordingly, the 

total content of hydrogen in the hydrogenated foil was assessed at 41.6 at. % H, which is close to 

the eutectoid composition in Ti-H phase diagram.  

 

Fig. 1-1: Transmission X-ray diffractograms for the scattering angle range 13 – 36 °2θ for untreated and hydrogenated Ti G2. 
h.c.p. α-Ti and TiH2-x (δ) are the only identified phases. 
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Fig. 1-2: (A) Ti-H phase diagram adapted from [3,8], showing the h.c.p. α-Ti, b.c.c. β-Ti and f.c.c. TiH2-x (δ) phases. Iso-activity 
lines for constant H2 (partial) pressure are indicated.  

A polarized light optical microscopy image of the cross section of the untreated Ti G2 sample is 

shown in Fig. 1-3 (A). The α-Ti grains range in size from 10 to 20 μm in width and have various 

grain orientations as reflected by the variation in shades of grey. A BSE micrograph for the 

untreated Ti G2 is presented in (B) and shows white Fe-stabilized β-particles distributed over the 

thickness of the foil. The hydrogenated condition of G2 is also presented in Fig. 3 (C-D). Note that 

both grain orientation and overall atomic number (Z) contribute to the observed contrast.  

The microstructure of the hydrogenated foil presented in Fig. 1-3 can be understood with reference 

to the phase diagram in Fig. 1-2. Hydrogenation at 800 °C is expected to transform all the α-Ti 

into β-Ti. At the synthesis temperature the H activity, as reflected by the iso-activity line for 0.1 

MPa, is too low to exceed the maximum solubility of H in β-Ti, so no hydrides form. Upon cooling, 

the synthesis atmosphere is maintained, which, according to the iso-activity line for 0.1 MPa in 

Fig. 1-2, can augment the H content, at least in the near surface region. If equilibrium between foil 

and synthesis gas is obtained, the iso-activity line predicts the formation of monophase hydride 

layer at the surface during cooling below 650 °C. It is expected that the cooling rate from 800 °C 

is too fast to enable the development of such a hydride layer. Recognizing that the overage H 

content in the foil reflects the eutectoid composition, variation in the local H content in the foil 

that a pro-eutectoid phase can nucleate during cooling. For a hyper-eutectoid H content in β-Ti, 
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the pro-eutectoid phase is δ-TiH2-x; for a hypo-eutectoid H content in β-Ti, the pro-eutectoid phase 

is α-Ti. On cooling, below 300 °C, the remaining β-Ti phase transforms by a eutectoid 

transformation into H-lean α-Ti and δ-TiH2-x, while within the pro-eutectoid phase precipitates can 

develop, e.g. δ-TiH2-x in α-Ti. Recognizing a higher H content close to the surface of the foils, the 

small dark plates in the surface adjacent region in Fig. 1-3 (C) are interpreted as pro-eutectoid 

hydrides; the relatively large plates in various shades of grey in the majority of the foil are 

interpreted at pro-eutectoid α-Ti. The enlargement in Fig. 1-3 (D) shows the presence of a finer 

structure associated with transformed β-Ti below the eutectoid temperature and fine hydride 

precipitates in α-Ti. The morphology of the α-Ti plates may suggest that the β→α transformation 

is martensitic; this may also apply to for the β→δ transformation.  

  

  
Fig. 1-3: (A) Polarized light micrograph showing the cross-section of untreated 100 µm Ti G2 foil. Only α-Ti with different 
grain orientation is visible. The linear features are introduced by mill annealing and not during sample preparation. (B) 
Backscatter electron (BSE) micrograph of a small section of 100 µm Ti G2 foil. The white particles are Fe stabilized β. (C and 
D) BSE images showing the cross-section of the hydrogenated Ti G2. 

7.3.1.2 High-vacuum annealing of hydrogenated Ti grade 2 

X-ray diffractograms for the HVA Ti G2 specimens are given in Fig. 1-4 and the phase fractions 

of α-Ti and δ-TiH2-x determined with Rietveld refinement from the diffractograms are collected in 

Table 1-1, together with the lattice parameters of the identified phases. The δ-TiH2-x phase is 

present after HVA for 20 h at temperatures up to 450 °C. HVA and subsequent cooling leads to a 

progressive increase in the intensity of α peaks, and a change in their relative intensities such that 

α 010 and α 011 are reduced and α 002 becomes stronger. Considering the excellent Rietveld fits 
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after HVA at 500 and 550 °C, where texture corrections were not necessary, it is concluded that 

the crystallographic texture changes after HVA, from the original rolling texture to a more or less 

random orientation of the crystallites.  

The evolution of the a and c lattice parameters of α-Ti is depicted in Fig. 1-5 and shows that, apart 

from the data after HVA at 550 °C, all data falls on a straight line. This validates that the volume 

changes of the α-Ti unit cell have the same origin, i.e. variation in the hydrogen content. The c/a 

ratios and corresponding unit cell volumes per Ti atom (VTi) were converted into H contents from 

the corresponding VTi and the relation to H content as given in [26] and are collected in Table 1-1. 

The slight reduction in the volume fraction of δ-TiH2-x at 350 and 400 °C as compared to the as-

hydrogenated foil is accompanied by an increase in the c/a ratio of the α-Ti lattice, indicating that 

the observed reduction of the volume fraction of δ-TiH2-x is not entirely a consequence of 

desorption of H from the foil, but also transfer of H from hydride to solid solution in α-Ti. From 

the H contents in the α and δ phases and their volume fractions (cf. Table 1-1), it is concluded that 

the total H content in the foils HVA treated at 350 and 400 °C is reduced as compared to the as-

hydrogenated foil. Note in this respect that the microstructure observed in Fig. 1-3 (C) is 

transformed to β-Ti during HVA (see also below).  

 

Fig. 1-4: Transmission x-ray diffractograms 13 – 36 °2θ for hydrogenated and 350 – 550 °C vacuum annealed samples. 
Identified phases: h.c.p. α-Ti and f.c.c. TiH2-x (δ). 
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Table 1-1: Results of Rietveld refinement of Ti G2 foils in different conditions. 

 α-Ti δ-TiH2-x at.%H foil 

 a / Å c / Å c/a at.%H vol. % a / Å at.%H  

reference 2.9536 4.6868 1.5868 - 100    

Hydrogenated 2.9547 4.6996 1.5906 2.6 48.9 4.4001 60.3 41.9 

HVA 350 2.9587 4.7312 1.5991 9.1 64.5 4.3993 60.2 35.4 

HVA 400 2.9601 4.7375 1.6005 10.5 66.5 4.4017 60.6 35.1 

HVA 450 2.9550 4.7007 1.5908 2.9 78.3 4.4045 61.0 24.1 

HVA 500 2.9539 4.7002 1.5910 2.3 100   2.3 

HVA 550 2.9586 4.7060 1.5906 - 100    

 

Fig. 1-5: Development of the volume of the h.c.p. unit cell of α-Ti per Ti atom, VTi, vs. c/a ratio. 

The BSE micrographs after the 350 - 550 °C HVA treatments are presented in Fig. 1-6. As 

compared to the as-hydrogenated morphology in Fig. 1-3 (C), HVA at 350 and 400 °C leads to a 

homogeneous morphology throughout the foil and finer plates of α-Ti, consistent with a hypo-

eutectoid composition. The homogeneous distribution is explained from a uniform H distribution 

over the foil thickness at the HVA temperature (in the β regime). It is expected that at these 

relatively low temperatures the desorption of H2 from the foil surface is rate determining as 

compared to H diffusion through the foil as a consequence of the native oxide layer (see in this 

respect the sudden acceleration at about 475 °C during hydrogenation in [27,28], which is also 

caused by the native oxide layer). It appears that the plates after treatment at 400 °C are slightly 

thicker than after HVA at 350 °C. Regardless of the temperature of HVA, the morphology 

resembles that obtained after martensitic transformation: thin plates upon cooling from 350 °C and 

1.588 1.592 1.596 1.600

17.7

17.8

17.9

18.0

V T
i /

 n
m

3

c/a ratio

18.0∙10-3

Untreated

As hydrogenated

550 °C

450 °C

500 °C

350 °C

400 °C



Results & interpretations 

102 
 

slightly more lenticularly shaped after cooling from 400 °C. As compared to these microstructures, 

the α-Ti plates in the as-hydrogenated condition are clearly more lenticularly shaped. The 

morphologies suggest that the higher the temperature from which cooling started, the more 

thermally activated growth has occurred in addition to athermal thin plate formation, which is the 

mechanism behind growth into the lenticular shape from a thin plate. According to the Ti-H phase 

diagram, the temperature below which a driving force for martensitic transformation of β-Ti into 

α-Ti, i.e. To, increases with temperature and occurs for lower H contents. The formation of 

martensite at a higher temperature also implies that more H can diffuse out of the martensitically 

formed α-Ti on continued cooling. This may explain why the H content in α-Ti after HVA at 350 

and 400 °C is significantly higher than in the as-hydrogenated condition and higher HVA 

temperatures. 

After HVA at 450 °C and cooling, a coarse microstructure is observed in the center of the foil: 

white plates of α-Ti of up to 40 µm in length and up to 5 µm width are observed with areas of dark 

δ interspersed with white nano-sized particles of α-Ti in-between the plates. At the surface, a much 

finer microstructure is observed with a very high content of α-Ti, with only a very small fraction 

of dark phase in between. These observations suggest that the hydrogen content over the foil was 

not homogeneous at 450 °C. Also, an overall H content of 24.1 at. % H (cf. Table 1-1) indicates 

that this composition is within the α+β two-phase region (cf. Fig. 1-2). Hence, at 450 °C the surface 

adjacent regions in the foil could consist entirely of α-Ti, while the core of the foil is β-Ti. In the 

surface adjacent region, the retrograde solubility line may have as a consequence that some β-

phase forms here during cooling. In-between the large α-Ti plates in the core, remaining β-Ti is 

transformed into a mixture of α-Ti and δ-TiH2-x.  

For the specimen dehydrogenated at 500 °C α-Ti plates are observed throughout the 100 µm 

thickness of the foil, with dark patches in-between the plates. The α-Ti plates are interpreted as 

formed at the HVA temperature consistent with an overall H content of only 2.3 at. %; the dark 

regions are interpreted as (remaining) β-Ti decomposed below the eutectoid temperature. The 

microstructure after HVA at 550 °C shows relatively thick plates, containing a distribution of light 

and dark phases. X-ray diffraction did not identify the δ phase in this foil. Note that the for this 

specimen the combination of VTi and c/a ratio in Fig. 1-5, does not match the other investigated 
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specimens. Therefore, it remains unclear what origin of the dark contrast is. Note that also the 

plates dehydrogenated at 500 °C manifest some internal structure, albeit less pronounced.  
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Fig. 1-6: BSE micrographs exhibiting the cross-sections of the vacuum annealed hydrogenated G2 samples at 350 - 550 °C 
(G2H350-550).   

The micro-hardness values determined in the Ti G2 specimens are listed in Table 1-2. Micro-

hardness ranges from 117.1 for untreated Ti G2 to 376.1 HV0.1 at 500 °C. Evidently, the low 

temperature HVA treatments lead to an increase in the hardness as compared to as-hydrogenated 

condition, which is explained from the increase in c/a ratio of the α-Ti lattice as caused by 

dissolution of H (cf. Fig. 1-5 and Table 1-1). For the specimen dehydrogenated at 450 °C the 

different morphologies adjacent to the foil surface and in the core are reflected in a difference in 

hardness, such that the finer microstructure close to the surface is hardest. The 550 °C specimen 

exhibited significantly larger grains and a much lower hardness of only 241.1 HV0.1.  We have no 

explanation why the highest hardness is observed after HVA at 500 °C. 

Table 1-2: Micro-hardness for G2 samples. Average values based on 10 measurements made in the center of the cross-sections 
of the foils. For G2H450 both the center and adjacent to the surface was measured to show the effect of grain refinement. 

Specimen Micro-hardness / HV0.1 
Untreated G2 117.1 ± 6.9 
Hydrogenated G2 279.1 ± 3.8 
G2H350 355.6 ± 16.5 
G2H400 353.3 ± 4.7 
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G2H450 Center 238.9 ± 7.1  
G2H450 Surface 295.3 ± 11.2 
G2H500 376.1 ± 8.7 
G2H550 241.1 ± 10.7 

7.3.2 Titanium grade 5 

7.3.2.1 Untreated and hydrogenated Ti grade 5 

Fig. 1-7 presents XRD diffractograms for the untreated and hydrogenated Ti G5 samples. 

Untreated G5 is fully α-Ti. No Ti3Al (α2) was detected after hydrogenation. Hydrogenation 

stabilizes the β phase, with β peaks at 17.2, 24.8, 30.2 and 35.1 °2θ, concurrent with a strong 

reduction in diffracted intensity from α-phase. Rietveld refinement yielded about 65 v/v % β at 

room temperature (see Table 1-3). No indication for the presence of δ-TiH2-x was observed. 

  

Fig. 1-7: Transmission X-ray diffractograms 13 – 36 °2θ for untreated and hydrogenated Ti G5. Identified phases: h.c.p. α-Ti 
and b.c.c. β-Ti. 
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Fig. 1-8: (A) Ti-H pseudo-binary phase diagram for G5 adapted from [11], showing the h.c.p. α-Ti, b.c.c. β-Ti, f.c.c. TiH2-x (δ) 
and h.c.p. α2 (Ti3Al) phases.  

Annealing of G5 at 800 °C would result in a microstructure consisting of α and β. The effect of 

hydrogen dissolution at this temperature would be a further stabilization of the β-phase. A pseudo-

binary representation of the dissolution of H in G5 is given in Fig. 1-8. According to this 

rudimentary phase diagram, hydrogenation at 800 °C leads to formation of β (or α+β, for lower H 

contents) which partially transforms eutectoidally into α + δ on cooling below about 200°C for 38 

at. % H (cf. Fig. 1-8). For H contents below and above 38 at. % pro-eutectoid, respectively, α-Ti 

and δ-TiH2-x develop. The BSE micrographs for the untreated and hydrogenated Ti G5 samples 

are shown in Fig. 1-9. The untreated G5 contains an α-Ti matrix with elongated V-stabilized β-Ti 

particles; the latter appear white as a consequence of the higher average atomic of V as compared 

to Al. The hydrogenation treatment yields a significant fraction of β-Ti at room temperature, 

visible as the grey tinted phase. The contrast is darkest close to the surface, which is, again (see 

3.1), thought to be a consequence of an uptake of H by the foil on cooling from the synthesis 

temperature. Consequently, a gradient in H content exists over the thickness of the foil, leading to 

δ-TiH2-x formation in β-phase close to the surface and α-Ti formation in β-phase deeper away in 

the foil. As follows from comparing the lattice parameters for reference and hydrogenated G5 in 

Table 1-3, a decreases and c increases upon hydrogenation, with the net effect that VTi decreases, 

despite an increase in c/a ratio. A decrease in VTi is opposite to that observed in G2 foils (cf. Table 
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1-1 and Fig. 1-5) and is a consequence of the redistribution of substitutional alloying elements Al 

and V in G5 foils during hydrogenation. Consequently, strictly speaking the lattice parameters of 

α-Ti cannot be used to assess the H content in this phase. Nevertheless, an attempt is made to 

estimate the H content in α-Ti from the change in c/a ratio only, yielding 14.6 at. % H. The 

hydrogen content in β-phase cannot be estimated because the relation between lattice parameter 

and H content is not known for β-phase. The higher H content in hydrogenated β-Ti as compared 

to hydrogenated α-Ti (under the same conditions), is attributed to the α-stabilizing effect of Al 

dissolution, implying that α-Ti is stabile to higher H contents by the presence of Al. The thin white 

plates in the β-grains are interpreted as α-Ti, resulting from a martensitic transformation of β. This 

martensitic transformation is diffusionless for the substitutional alloying elements and the 

volumetric transformation strain is expected to be only a few percent. Hence, the uniform contrast 

difference between the α-Ti plates and the β matrix in the BSE micrographs is explained from 

elemental partitioning during/after transformation, where H diffuses out of α into β, in addition to 

phase contrast because of different densities in α and β. The estimated H content in α-Ti of 14.6 

at. % (see above) confirms this, because, albeit unknown, the H content present in β-phase is 

certainly higher than this level, as reflected by the microstructure and the high volume percentage 

of β-phase.  
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Fig. 1-9: BSE micrographs showing the cross-sections of the Ti G5 samples: Untreated and hydrogenated. Pitting (dark spots) 
from sample preparation is visible in some areas of the hydrogenated sample. 

The X-ray diffractograms for the HVA G5 samples are shown in Fig. 1-10. The δ phase is only 

clearly detected after HVA at 350 °C, as evidenced by the non-overlapping peak at 26.8 °2θ. β is 

not observed after HVA at 450 and 550 °C, while δ is represented by a minor peak at 25.7 °2θ, 

indicating that only a trace amount of δ is present. Nevertheless, Rietveld refinement gave no 

meaningful fit if δ phase was included. The lattice parameters given in Table 1-3 for δ phase on 

HVA 450 and 550 °C specimens should therefore be considered as approximate only. The presence 

of δ at a level reflecting the detection limit after HVA at 450 °C and higher temperatures is 

explained by an effective H removal at these temperatures, as compared to HVA at 350 °C. 

Analogous to the G2 foils, the rolling texture observed in untreated G5 was annihilated after the 

hydrogenation, as is apparent from in diffracted intensity of α 002 for the 450 and 550 °C HVA 

specimens (cf. Fig. 1-10 and Fig. 1-4). The disappearance of texture is indicative of a nearly 

complete αβ transformation at 800°C, and subsequent formation of new alpha grains during 

cooling. This possibility would be consistent with prior work in the literature on Ti G5 [11], but 

cannot be verified from the present set of data, because β phase is stabilized to very low 

temperature by the dissolution on H. No Ti3Al (α2) was detected, which generally is observed to 
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precipitate in α-Ti in the temperature range 550 – 750 °C and dissolution above 750 °C (so it does 

not form on hydrogenation either) [11]. In the present experiments relatively fast cooling occurred 

after hydrogenation and the foils consisted, at least partly, of β-phase, which makes the formation 

α2 on cooling unlikely. Evidently, neither did Ti3Al develop upon HVA at 550 °C, where a 

relatively high fraction of α-phase was present.  

The Rietveld refinement plot of the HVA 350 °C specimen is presented in Fig. 1-11: (A) displays 

the fit, experimental data and difference curve; (B) illustrates the overlap of the α, β and δ phases. 

Similar Rietveld fits were obtained for the other G2 and G5 samples.  

 

Fig. 1-10: Transmission X-ray diffractograms 13 – 36 °2θ for hydrogenated and 350 – 550 °C vacuum annealed G5 Ti. Identified 
phases: h.c.p. α-Ti, b.c.c. β-Ti and f.c.c. TiH2-x (δ). 

  
Fig. 1-11: (A) X-ray diffraction pattern, refined Rietveld profile and residuals curves for 13 – 36 °2θ for Ti G5 hydrogenated 
and then high-vacuum annealed at 350 °C. Vertical lines mark Bragg positions for the different phases. (B) Calculated 
diffractograms for the different phases together with the total calculated. 
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Table 1-3: Lattice parameters and volume percentages of α, β and δ phases. *Results based on a very low intensity peak. 

 α-Ti β-Ti δ-TiH2-x 

 a /Å c / Å c/a vol. % a /Å vol.% a / Å 

Untreated 2.9262 4.6571 1.5915 100 - 0 - 

Hydrogenated 2.9117 4.6894 1.6105 34.9 3.3426 65.1 - 

HVA 350 2.9147 4.7085 1.6154 45.5 3.3487 35.1 4.3675 

HVA 450 2.9289 4.6673 1.5935 100 - 0 4.485* 

HVA 550 2.9293 4.6774 1.5968 100 - 0 4.510* 

The volume fractions, lattice parameters and c/a ratio are given in Table 1-3. The HVA treatment 

at 350 °C leads to reduction of the volume fraction of the β phase by 0.3, accompanied by an 

increase of the (volume) fraction of α by 0.1 and appearance of δ-TiH2-x. The densities of the 

different phases determined by the Rietveld refinements presented average values of 4.6, 4.3 and 

4.0 (+/- 0.1) g/cm3 for α-Ti, β-Ti and δ, respectively. As follows from comparing the increase in 

lattice parameters and the c/a ratio for α-Ti and in Ti G5 upon HVA at 350 °C the H content 

increases, to about 18.3 at. % (as estimated from the c/a ratio), analogous to the observations for 

Ti G2. At 450 and 550 °C almost all H is retracted from α (judging from the c/a ratio), which is 

consistent with the description presented above. The partitioning of substitutional elements is not 

expected to affect the c/a ratio during HVA. 

The BSE micrographs for the HVA treatments at 350, 450 and 550 °C are presented in Fig. 1-12. 

The interpretation of the images is far from straightforward. Preliminary work on phase 

identification by local electron back scatter diffraction (EBSD) analysis suggests that the light gray 

grains correspond to α-Ti. Complete EBSD mapping was not possible because of challenges in 

sample preparation and indexing. δ is visible as black dots near the α-Ti grains, while the β-Ti 

displays an even finer bimodal structure with the width of the lamellas being reduced to a minimum 

of 70 nm. 

HVA at 350 °C leads to the disappearance of the thin white plates as that were observed in the as-

hydrogenated microstructure in Fig. 1-9. Instead, light grey grains (most abundant in the core than 

at the surface) and darker grains with and fine internal structure are observed. The lighter grains 

are interpreted as α-Ti grains, which were present at the HVA temperature; the darker grains are 

prior β-Ti grains which on cooling transform (partly) into α and δ.   
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During HVA at 450 °C more H is retracted, so the phase fraction of α-Ti relative to β-Ti at this 

temperature is enhanced. The micrograph after cooling shows the formation of up to 10 µm large 

α-Ti grains, containing white particles of, most likely, V-rich β-Ti roughly 65 nm in diameter and 

black δ particles near the grain boundaries. The darker grains are interpreted as prior β, wherein 

black δ and grey α-Ti have developed during cooling. Depending on the orientation of the prior β, 

the appearance is lamellar or platelike. After HVA at 550 °C the microstructure resembles that 

after HVA at 450 °C, albeit coarser. Dark δ is still present, α-Ti appears in different shades of grey 

and β-Ti is white.  
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Fig. 1-12: BSE micrographs exhibiting the cross-sections of the vacuum annealed hydrogenated G5 samples at 350, 450 and 
550 °C (G5H350-550). Left images exhibit overviews, while right images show a zoom in of image immediately to the left.   

The Ti G5 samples exhibit a smaller variation in hardness than the Ti G2 as presented in Table 

1-4, except for the 550 °C sample, which reached a hardness of 460 HV0.1 as compared to 330 

HV0.1 for untreated Ti G5. This is attributed to the presence of Ti3Al, which remained unobserved 

by XRD, because of severe peak overlap with α-Ti and weak superlattice reflections which were 

obscured by the background.  The comparatively low hardness for hydrogenated and HVA at 350 

and 450 °C is be explained from the presence of the soft δ phase.  

Table 1-4: Micro-hardness for grade 5 samples. Average values based on 10 measurements made in the center of the cross-
sections of the foils. 

Specimen Micro-hardness / HV0.1 
Untreated G5 330.4 ± 8.1 
Hydrogenated G5 329.5 ± 6.3 
G5H350 340.3 ± 6.8 
G5H450 358.8 ± 15.3 
G5H550 459.9 ± 11.3  

7.4 Discussion 

7.4.1 Hydrogen as a temporary alloying element 
The microstructure after hydrogenation or hydrogenation followed by HVA of G2 Ti, is governed 

by the transformations between the α, β and δ phases. During hydrogenation at 800 °C all α is 

transformed into β, the total hydrogen content of about 42 at. % does not allow the stabilization of 

δ-phase during hydrogenation at atmospheric pressure. On cooling, pro-eutectoid formation of 

either α or δ can form, depending on the local H content, which can vary as a consequence of 

additional hydrogen pick-up during cooling. Below 300 °C the remaining β-phase decomposes 

eutectoidally into α and δ. HVA leads to partial dehydrogenation for temperatures up to 500 °C. 

For the lower temperatures 350 and 400 °C, a homogeneous microstructure of plate-like 

martensitic α-Ti develops on cooling, with 35 vol.% interplate δ phase. Evidently, the 

dehydrogenation at these low HVA temperatures proceeds slowly, owing to slow desorption of 

H2, rather than slow solid state diffusion of H in β-phase. At 450 °C an inhomogeneous 

microstructure over the foil thickness, with α-Ti stable adjacent to the surface and β-Ti in the core, 

indicates that desorption of H2 occurs relatively rapidly, but movement of the α/β interface is rate 

determining. Full dehydrogenation requires a relatively high HVA temperature as 550 °C. The 
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resulting microstructure could not be interpreted unequivocally, without assuming the presence of 

δ-phase, which remained unobserved with XRD.  A remarkable increase in hardness was obtained 

upon HVA at 500 °C. It remains unresolved whether this hardness increase can be attributed to 

grain refinement. 

Even though Ti G5 at 800 °C is in the two phase region, the hydrogenation of G5 at 800 °C could 

result in the complete transformation of the α/β structure into β. It is not known whether the 

hydrogenation for 1 hour is sufficient to obtain β-phase with the same substitutional composition 

throughout the investigated foils. It is possible that β-phase with different V and Al contents are 

present. Alternatively, for the Al-rich regions α could have been stable at the 800 °C. The HVA 

results in the decomposition of the α-Ti plates formed on cooling, even at only 350 °C. The 

microstructures developing upon HVA at higher temperatures are not straightforward to interpret, 

because of unknown heterogeneities in the foils. Additional investigation appears necessary. 

7.4.2 Martensitic transformation in Ti G5 
The formation of plate-like martensite occurs during cooling through a diffusionless 

transformation, which suggests that a liquid nitrogen treatment could promote the formation of 

more martensite. This was attempted in Fig. 1-13, which shows the microstructure after a 10-

minute submersion in liquid nitrogen, together with a 200 g Vickers indent made beforehand. 

Neither had any effect on the martensite fraction, which indicates that no martensite could have 

formed during sample preparation. Apparently, the formation of martensite upon hydrogenation is 

accompanied by H diffusion which further stabilized the surrounding β-phase. The lack of 

orthorhombic peaks in X-ray diffractograms and the high Vickers hardness, indicate that 

martensite is α’ type, however selected area electron diffraction would be needed to verify this, 

because both types of martensite have previously been detected simultaneously [12].    
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Fig. 1-13: Backscatter SEM images of Ti G5 hydrogenated and vacuum annealed at 350 °C, treated with liquid nitrogen for 10 
minutes and indented with a 200 g Vickers indent. No change occurred after these treatments.  

Conclusion 

The characterization of the hydrogenation and dehydrogenation of grade 2 and grade 5 Ti yielded 

the following conclusions: 

• Hydrogenation of grade 2 resulted in an overall H content of 41.6 at. % H based on XRD, 

which corresponds to the eutectoid composition. The resulting phases were h.c.p. α-Ti and 

the CaF2 type hydride δ-TiH2-x. At 800 °C initially all α is transformed into b.c.c. β-Ti, 

which then transforms into α and δ during cooling. Forming hyper-eutectoid δ, hypo-

eutectoid α and eutectoid H-lean α and H rich δ (at 300 °C). Precipitates of δ in α in the 

two pro-eutectoid phases form during cooling below 300 °C.  

• Dehydrogenation of grade 2 at 350 and 400 °C led to a reduction of H content to about 35 

at. %, partial decomposition of δ and expansion of the α lattice. The microstructures 

exhibited martensitically formed thin plates of α at 350 °C and lenticular shaped α at 400 

°C, with δ dispersed in-between. At 450 °C a non-homogeneous hydrogen content was 

observed, leading to a fine structure of α near the surface and a coarser mixture of α and δ 

in the center. This also led to a difference in hardness between surface and center. The 500 

and 550 °C dehydrogenated samples contained only α (from XRD) and with a 

microstructure containing plates of α with dark patches in-between. These dark patches 
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could be explained as a combination of H rich α and δ formed from β below the eutectoid 

temperature. The δ was most likely below the detection limit by XRD.  

• Hydrogenation of grade 5 stabilized the β phase yielding about 65 v/v % at room 

temperature, with no δ being detected by XRD. The microstructures consisted of grey β 

and thin white plates of martensitically formed α’ from β residing in the center, due to the 

greater H content near the surface, which stabilized β during cooling. The β was generally 

thought to be rich in H. The amount of martensite was not affected by cryogenic or 

deformation treatments. 

• Dehydrogenation at 350 °C stabilized the δ phase, which was also detected in trace 

amounts at 450 and 550 °C. The removal of the initial rolling texture, indicated that a 

complete αβ transformation occurred at 800 °C. The microstructures revealed a removal 

of the martensitic α’ at 350 °C, with further H retraction at 450 and 550 °C resulting in 

increasing fractions of α, with about 10 µm large α grains with V-stabilized β and δ 

particles residing near the α grain boundaries. Further research is needed to explain the 

consequence of substitutional partitioning. 
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Abstract 

Thin foils of titanium grade 2 were carbo-oxidized in CO at temperatures ranging from 600 to 

1100 °C in steps of 50 °C. Carbo-oxidation was performed for up to 130 hours in a 

thermogravimetric setup, enabling the investigation of the kinetics of carbon and oxygen uptake 

from the gas mixture. The carbo-oxidized specimens were characterized with transmission X-ray 

diffraction, light optical microscopy, scanning electron microscopy, electron probe microanalysis 

and nanoindentation. At the surfaces of the foils TiCx developed, while the core remained h.c.p. 

titanium. The interstitial content in h.c.p. titanium increased with temperature and first reached its 

maximum solubility at 1000 °C and above. TiO developed within the core for high interstitial 

contents. The TiCxOy phase developed in-between TiCx and the oxygen containing h.c.p. titanium 

core for temperatures above 800 °C. For temperatures up to 850 °C, the uptake of C and O in the 

titanium foils (initially) obeys a parabolic time dependence. Arrhenius analysis indicates that 

volume diffusion of oxygen in h.c.p. titanium is (initially) the rate determining step. For 

temperatures above 850 °C, the activation energy is reduced by a factor 3, suggesting that short-

circuit diffusion of species in TiCx controls mass increase. The hardness of h.c.p. titanium 

determined with nanoindentation scales with the interstitial content and the associated c/a ratio of 

the h.c.p. unit cell.  The evolution of the microstructure with time and temperature are discussed 

in relation to the observed kinetics of mass uptake. 

Keywords: Titanium; Gaseous carbo-oxidizing; Light optical microscopy; Transmission X-Ray diffraction; Rietveld 
refinement; Diffusion; Scanning electron microscopy; Electron probe microanalysis 
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8.1 Introduction 
Titanium (Ti) and its alloys are used in applications where high specific strength, corrosion 

resistance and light weight are essential. However, Ti suffers from inapt tribological properties, 

thus limiting the use of Ti alloys in applications where wear loads are involved. A remedy can be 

found in surface hardening, where the dissolution of interstitial elements such as C, N and/or O, in 

the h.c.p. crystal structure of α-Ti and/or the formation of interstitial compounds can enhance the 

wear performance. This is associated with a substantial increase in strength/hardness as all three 

elements have a strong solution strengthening effect, albeit with an adverse effect on the ductility, 

toughness and notch sensitivity [1–3]. Interstitials are an alternative to using Al and V as solid 

solution strengtheners as in grade 5 titanium, especially concerning biocompatibility of implants, 

where Al and V potentially can jeopardize health [4]. Surface engineering of titanium for 

improvement of the tribological properties, can be performed using various methods, which are 

reviewed and described elsewhere [5,6]. Investigations of the effect of interstitial elements started 

in the late 1940’s addressing the lattice expansion of titanium resulting from incorporation of 

oxygen (0 – 58 at% O) [7]. During the 1950’s the effects of combinations of C, N and O on the 

mechanical properties were investigated [1,8–10]. In particular, the strengthening effect of 

interstitial elements was addressed, where one of the conclusions was that nitrogen increases the 

hardness more than oxygen and carbon. The synthesis of h.c.p. titanium containing oxygen in solid 

solution has previously been carried out by arc melting in argon of Ti or TiI4 mixed with TiO or 

TiO2, followed by annealing in argon or in vacuum to dissolve titanium oxide and redistribute the 

oxygen atoms [7,11–13]. In refs. [1,8–10] arc melting of TiI4 with controlled quantities of TiO2, 

graphite and TiN, followed by annealing in vacuum or argon for homogenization, was applied. It 

is generally accepted that these interstitials occupy the octahedral interstices in the h.c.p. lattice 

and lead to an increase of the c/a ratio of the lattice parameters [7,13–15]. It should also be noted 

that interstitial occupancy, y, of octahedral sites is a more appropriate terminology than wt% or at. 

% to describe interstitial solid solutions. The solubility of carbon in α-Ti is roughly 0.4 wt% (yC = 

0.016) at 850 °C, while higher contents lead to the formation of NaCl type δ carbide, TiCx, with x 

varying from 0.5 – 0.97 [16]. Work by [10,17,18] suggested that oxygen increases the solubility 

of carbon in α-Ti, with [10] reaching a solubility of 1.5 wt% C (yC = 0.061) with 3.5 wt% O (yO = 

0.11) after melting at 1400 °C. The solubility of oxygen in α-Ti is 14.1 wt% (yO = 0.49) at 750 °C 

and remains virtually unaltered from 600 to 1750 °C [15,19], with higher contents of oxygen 
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leading to a multitude of phases. The expansion of the h.c.p. lattice of α-Ti increases almost 

linearly with the oxygen content, particularly in the c direction of the unit cell [19]. The c/a ratio 

is a sensitive measure for the content of interstitials in α-Ti. The oxide α-TiO1-X has a wide 

homogeneity range and – supposedly – exhibits full inter-solubility with the isomorphous 

compounds δ-TiCx and TiNx [20]. The a lattice parameter of the δ phase depends on the ratio of C 

and O contents in the Ti-C-O system. For a carbon occupancy in TiCx changing from 0.53 to 0.63, 

a increases from 0.430 to 0.432 nm [21]. On the other hand, an increase in O leads to a decrease 

in a from 0.420 to 0.417 if the oxygen occupancy in TiOx changes from 0.637 to 1.275 [15]. 

Consequently, the occupancies x and y in TiCxOy cannot be determined on the basis of X-ray 

diffraction results only.  

The utilization of thin foils facilitates rapid through-diffusion of interstitial elements and thereby 

eliminates the sink for interstitials experienced with a thick substrate. This allows to identify the 

microstructural evolution and associated kinetics upon ingress of carbon and oxygen. Here, the Ti-

C-O system is investigated in the temperature range 600 – 1100 °C, using 25 µm thin foils and 

gaseous carbo-oxidizing in an atmosphere consisting of CO, to investigate how the dissociation of 

CO into C and O affects phase formation in titanium. Dissociation of CO at the foil surface applies 

both a partial pressure of oxygen (pO2) and an activity of carbon (aC). If no equilibrium is achieved 

between foil and gas, as in a streaming gas, pO2 and aC are in principle unknown, but are 

interdependent, because the temperature is the only adjustable parameter and dissociation of CO 

provides equal amounts of C and O to the surface.  A gas mixture consisting of CO and CO2 could 

be applied (Boudouard reaction), which would allow a controlled, albeit still interdependent, 

variation of pO2 and aC by adjusting the ratio of CO and CO2 [22]. Preliminary experiments using 

a gas mixture of 1 vol% CO2 and 99 vol% CO at 1000 °C led to extensive oxidation; for this reason 

CO/CO2 gas mixtures were not applied in the present study. Treatment of thin foil specimens in 

streaming CO gas at various temperatures allows the investigation of the microstructural evolution 

and associated kinetics. This insight in the Ti-C-O system is required for optimized and tailored 

surface engineering of titanium alloys by carbo-oxidizing.  
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8.2 Materials and Methods 

8.2.1 Thermochemical synthesis 
Annealed grade 2 (G2) titanium foils (GoodFellow) with composition 99.6 wt% Ti, 0.2 wt% O, 

0.015 wt% N and 0.15 wt% Fe as reported by the supplier, and a thickness of 25 µm were applied. 

The foils were cut into pieces of about 13 x 6 mm2. The foils were carbo-oxidized in a Netzsch 

STA449 C Jupiter thermal analyzer in the temperature range 600 – 1100 °C at intervals of 50°C 

using a gas flow of 100 mL/min CO (99.97% purity) and 3 mL/min Ar (99.999% purity) as 

protective gas. Heating to the carbo-oxidizing temperature was performed at a rate of 20 °C/min; 

cooling to room temperature was performed in the active gas at the maximum cooling rate 

attainable in the thermal analyzer, approximately 50 °C /min. After carbo-oxidizing for 20 - 132 

h, the treatment was completed by cooling to ambient temperature in the active gas and flushing 

with Ar before opening. An overview of reaction temperatures, treatment times and initial sample 

masses for the eleven samples are given in Table 8-1. The variation in processing time was partly 

due to limitations in the equipment suffering from rapid deterioration of the experimental set-up 

by high temperature corrosion at high temperatures (1100 °C). Even long exposures as 132 h at 

1000 °C, did not result in reaching a stationary mass; rather very slow reaction kinetics was 

reached.  

Table 8-1: Treatment scheme for the carbo-oxidation of G2 titanium foils at 600 – 1100 °C with CO and Ar.  

T / °C t / h T / °C t / h 

600 89 900 94 

650 100 950 100 

700 91 1000 132 

750 69 1050 91 

800 100 1100 20 

850 100 -- -- 

8.2.2 X-Ray diffraction and Rietveld refinement 
X-ray diffraction (XRD) analysis was carried out using a Huber G670 diffractometer in 

transmission (Guinier) mode, using a CuKα1 source. The specimens were fixed at an angle of 45° 

with respect to the incident beam and rotated about the surface normal to enhance grain statistics 

and minimize the effect of crystallographic texture. The image strip detector recorded the 2θ range 
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of 3-100° at a step size of 0.005° for an exposure time of one hour. Rietveld refinement of intensity 

versus scattering angle (2θ) was done in WINPOW, which is a modified version of the LHMP 

program,[23] with the purpose of determining lattice parameters, phase fractions and zero shift 

corrections. The latter is a correction for possible horizontal shifts of the foils during measurement 

due to bending. The peaks were fitted with pseudo-Voigt functions, while the background was 

fitted with Chebyshev polynomials. Texture corrections for the (110) and (011) reflections were 

used to improve the refinement, however due to the textured nature of the foil, it is not feasible to 

achieve a perfect fit of the measured intensities. Goodness-of-fit values χ2 ≤ 4.15 and residual 

values of Rp ≤ 2.66% were achieved, with difference curves of low intensity, demonstrating 

insignificant differences between the measured and calculated diffractograms. LP values for the α 

and δ phases had minor standard deviation values below 10-4 nm. 

8.2.3 Microscopical investigation  
Pieces of the carbo-oxidized foils were cold embedded in epoxy, ground and polished, using 

sequentially finer sandpaper down to #4000, followed by 3 and 1 μm diamond suspensions, and 

finally basic 0.3 µm colloidal silica suspension as the final step for 2 minutes. Leftover silica 

particles were removed with ultrasound. Etching was done on the 700 – 1000 °C specimens, with 

Murakami’s reagent (10 g sodium hydroxide, 10 g potassium ferricyanide and 100 mL water) at 

55 °C for 3.5 minutes in order to reveal the carbides. Light optical microscopy (LOM) was 

performed on the cross sections with polarized light on a ZEISS Axio Vert.A1 at 50x 

magnification. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy 

(EDS) on carbon-coated non-etched cross-sections of the 650, 850 and 1100 °C foils were 

performed on a Zeiss Supra 35 FEGSEM using 20 kV acceleration voltage, a 30-μm aperture size 

in back scatter electron (BSE) imaging mode.  

8.2.4 Chemical analysis 
Determination of the total absorbed carbon content in the specimens was achieved on a CS230 

LECO Carbon/Sulfur Determinator using LECO iron chip accelerant and Lecocel II. A steel 

containing 0.807 wt% C (LECO standard - 502-893) was used for calibration of the instrument. 

Quantification of the carbon content by this technique is based on total combustion of the specimen 

and conversion of C into CO2. The content of CO2 in the resulting gas is measured with infrared 

spectrometry.  
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Oxygen and carbon concentration profiles were measured on cross sections of the embedded 750, 

850 and 1100 °C samples by electron probe micro analysis (EPMA) with a CAMECA SXFive FE 

microprobe working at 10 kV and 20 nA. For the chosen conditions, the volume analyzed is 

estimated at 1 µm3. Samples were polished just before the analyses in order to limit surface 

contamination. Two profiles were determined with a step size of 1.5 µm over the cross sections of 

the selected foils. For quantification, the following reference materials were used: SiC for C, Fe3O4 

for O, pure Ti for Ti and pure Fe for Fe. 

8.2.5 Nanoindentation 
Nanoindentations were performed on cross-sections of the foils applying a diamond Berkovich 

indenter on a NHT2 nano-indenter from CSM Instruments. A constant load of 40 mN with a varied 

indentation depth between 400 and 900 nm was achieved; the holding time at peak load was 5 

seconds. Hardness values were obtained from the indentation data, using the method due to Dao 

et al. [24]. For this purpose on average 50 validated indents were performed in the center of the 

foils along multiple grains and orientations (for a detailed description of the procedure see [25]). 

The indentation results were calibrated on fused silica an integrated into the quantification method. 

The loading/unloading parts of the load-displacement curves were examined for 

discontinuities/anomalies, which would suggest grain boundaries or crack formation [26]. 

Indentations affected by the vicinity of a grain boundary, porosities or a crack were excluded from 

the data presented. 

8.3 Results 

8.3.1 Thermogravimetric analysis 
The total mass gain, Δm, relative to the initial foil mass, mo, associated with uptake of carbon and 

oxygen from the gas in the foil as recorded with thermogravimetric analysis (TGA) is given in Fig. 

8-1 for the foils treated in the temperature range 600 – 1100 °C. Apparently, there is a difference 

between the mass gain curves for temperatures below 850 °C and those from 900 °C and above, 

as reflected by the relatively large additional mass gain from 850 to 900°C. This temperature range 

contains the α → β transition at 882 °C. For the mass gain curves in the range 600 – 700 °C a 

parabolic time dependence applies for the entire curves (see Fig. 8-1 (B)); an analogous parabolic 

mass gain is observed for the initial part of the curves for 750 - 850 °C; the duration of the parabolic 

stage becomes shorter with higher temperature. The parabolic time dependence strongly suggests 
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diffusion-controlled uptake of species from the reactive gas. For a temperature from 900 °C and 

above, no parabolic mass gain was observed. Rather, the mass uptake accelerated in the initial 

stage and declined continuously according to a non-parabolic dependence after a relatively short 

time.  

 

 

 
Fig. 8-1: Relative mass gain curves (thermogravimetry) for the carbo-oxidized G2 titanium foils at temperatures ranging from 
600 and 1100 °C in CO for 20 – 132 h. In (A) the mass uptake relative to the initial mass is given for all experiments. In (B) the 
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square of the relative mass increase is given as a function of t for temperatures up to 850 ºC and from 900 ºC in (C). The kink 
in the 1050 °C curve is caused by a brief loss of connection with the thermal analyzer.  

8.3.2 Transmission X-ray diffraction 
Transmission XRD patterns of the synthesized foils and the untreated reference foil are given in 

Fig. 8-2. The untreated reference consists of α and has a weak 010 texture, while the carbo-oxidized 

specimens are converted into a solution of interstitials in α and δ phase, i.e. TiC, TiCO and TiO 

with an f.c.c. sublattice of Ti atoms; no indications for the presence of TiO2 or Magnéli phases was 

observed6. It is not possible to quantify the C and O contents in these mixed interstitial phases 

from XRD alone (see Introduction). The peak at 39° 2θ for the 600 – 700 °C specimens is identified 

as b.c.c. β-Ti that is stabilized by an Fe impurity in the alloy. The α-Ti peaks that are most sensitive 

for a change in the c lattice parameter of the h.c.p. lattice, such as the 002 peak at 38º 2θ and the 

012 peak at 52º 2θ, exhibit a pronounced shift to lower 2θ values with increasing reaction 

temperature, indicating a lattice expansion in the c direction and thus an increase in the c/a ratio. 

The a lattice parameter is only affected slightly by the incorporation of oxygen and carbon. The α-

Ti peaks at 600 and 650 °C are asymmetrically broadened towards lower diffraction angle 

suggesting the presence of compositional variation over the diffracting volume; above 700 °C peak 

asymmetry is no longer encountered. The intensities of the δ (TiCxOy) peaks increase with reaction 

temperature, along with a reduction of the intensity of the α-Ti peaks, indicating a transformation 

of α into δ (TiCxOy). The 800 – 1100 ºC specimens contain satellite peaks and asymmetries to the 

high 2θ side of the TiC peaks, which suggests that a mixed interstitial phase TiCO develops. A 

new TiO peak is also detected at even higher 2θ for the 1050 and 1100 ºC specimens; the higher 

2θ the higher is the O content in the δ phase.  

 
6 The TiC, TiCO and TiO phases have a NaCl type crystal structure and are referred to as δ-phase, containing both C 
and O, a more precise terminology would be TiCxOy with known x and y values, however the calculation of these 
values is not possible solely on the basis of XRD results (see Introduction), making this terminology an approximation. 
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Fig. 8-2: Transmission X-ray diffractograms for the carbo-oxidized and untreated G2 titanium foils. A) full range from 33 to 
79. B) Subset of A showing the range from 34 to 44°; the annotations and color coding apply for both figures. Detected phases 
are h.c.p. α-Ti, δ-TiC (high C content), δ-TiCO, δ-TiO (high O content) and the Fe stabilized β phase for 600 – 700 °C.  

Rietveld refinement of the diffractograms provided the weight fractions of the phases present as 

well as the lattice parameters of the phases. By means of example, the refined Rietveld profile for 

the 1100 °C is presented in Fig. 8-3 and contains the phases/structures α-Ti and the δ phases with 

various C and O contents and denoted as “TiC”, “TiCO” and “TiO”; this is the most complex 

diffractogram of the investigated series, because significant overlap of peaks of the various phases 

occurs. From the residuals curve it is clear that the fit is successful; similar and, generally, better 

fits were obtained for the other specimens. For most specimens, the 012α peak lacks intensity, 

which is attributed to crystallographic texture in the foils. It was not possible to fully correct for 

the presence of texture by use of, arbitrary, texture correction factors.  As a consequence, the phase 

fractions of α-Ti are underestimated, especially for the 600 – 800 °C specimens. The rather wide 

and low-intensity peak in-between the TiC and TiO peaks in Fig. 8-3, indicates a broad variation 

in the C and O contents in TiCxOy, and is therefore fitted as a peak enveloping “TiCO” phase.  
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Fig. 8-3: X-ray diffraction pattern, refined Rietveld profile and residuals curve for 33 – 79° 2θ (full range is 3 – 100° 2θ) for 
the 1100 °C sample. Vertical lines mark Bragg positions for the different phases. 

The results from the Rietveld refinements are collected in Fig. 8-4 and Fig. 8-5; Fig. 8-4 contains 

the evolutions of c/a ratio of h.c.p. Ti and the phase contents along with C and O contents, while 

Fig. 8-5 provides the volume expansion for NaCl-type phases compared with the h.c.p. Ti. From 

the phase fractions it is evident that initially h.c.p. Ti is dominant, while for temperatures above 

800 °C TiCx becomes the dominant phase. The phase contents of TiOx and TiCO do not exceed 

20 wt%. 

The c/a ratio increases linearly with treatment temperature up to 850 °C. Above this temperature 

an additional increase in c/a ratio occurs and eventually at 1000 °C a plateau is reached just above 

the ideal c/a ratio (= 8 3 ) for h.c.p. lattices. The progressive increase in c/a ratio until a plateau 

is reached indicates that the total interstitial content in h.c.p. Ti increases with reaction temperature 

and that saturation of the h.c.p. phase with interstitial atoms (mainly oxygen) is not reached in any 

of the specimens carbo-oxidized at a temperature below 1000 °C. It is recognized that a change in 

ratio between the interstitial elements could lead to a change of the c/a ratio, because carbon 

expands α-Ti more than oxygen, as reported for very low contents of C and O [1]. This is 

considered a minor effect in the present context, because the maximum solubility of C in h.c.p. Ti 

is very small as compared to the maximum solubility of O.  

From the lattice parameters for the δ phases in Fig. 8-5 it is evident that neither TiC nor TiO is 

stoichiometric. It is noted that the lattice parameter of δ depends on both the total interstitial content 

present in the f.c.c. Ti sublattice as well as on the actual octahedral site occupancies of C and O. 
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For a synthesis temperature in the range 600 – 750 °C the observed lattice parameters for TiC are 

consistent with TiCx for x=0.58-0.63, while for a higher synthesis temperature x=0.53-0.58. This 

might be consistent with a larger carbon deficiency with increasing temperature, as observed in 

the Ti-C phase diagram, but it may also indicate that oxygen is dissolved in TiCx (in addition to or 

as a substitute for C), because oxygen reduces the lattice parameter (cf. the data for TiO1-x in Fig. 

8-5).  

The overall contents of C and O expressed as the molar fractions of C and O divided by the molar 

fraction of Ti in the synthesized materials as determined by TGA and LECO carbon analysis are 

presented in Fig. 8-4 (A)7. The contents of C and O increase progressively with reaction 

temperature. For the lower treatment temperatures more oxygen than carbon appears to be 

incorporated in the foils, while from 850 °C it is observed that C:O=1:1, apart from a slight 

decrease in oxygen content for the 1100 °C sample, which could be a consequence of the shorter 

treatment time. Furthermore, from 850 °C the dependence of incorporated O and C on treatment 

temperature is linear.  

 

 

 
7 The total weight gain from TGA is equal to the C + O content, while LECO measures the C content. 
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Fig. 8-4: (A) Molar fractions of C and O relative to the molar fraction of Ti, calculated based on total uptake in TGA and carbon 
determination experiments. (B) The c/a ratio of h.c.p. α-Ti. Estimated standard deviations are too small to be visible. (C) Phase 
fractions (wt%) as obtained by Rietveld analysis. δ phases are slightly overestimated, due to texture effects for the α phase, 
included in the standard deviation.  

 

Fig. 8-5: The volume for TiC, TiCO, TiO and h.c.p. α and compared with literature values for TiC [27], TiC0.67-0.53 [18], and 
TiO0.637-1.116 [15]. Estimated standard deviations are too small to be visible on the presented scale.  

8.3.3 Light optical and scanning electron microscopy  
The temperature evolution of the microstructure in the carbo-oxidized Ti-foils as investigated with 

LOM is presented in Fig. 8-6, while selected SEM BSE micrographs are provided in Fig. 8-7. The 

microstructure consists of a surface layer on both surfaces of the foil denoted “TiC” phase, an 

intermediate phase denoted “TiCO” phase and a core of an interstitial solution in α-Ti (cf. XRD). 

Substantial grain growth occurs in the α-Ti phase. The difference in grey tone between α-Ti grains 

is a consequence of using polarized light, which leads to contrast differences between differently 

oriented grains in h.c.p. Ti, associated with different thicknesses of native oxide. The notably 
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darker interphase layer in the 800 – 1100 °C foils, developing in-between the outer TiC and inner 

α-Ti shows the presence of another phase that responds differently to Murakami’s reagent than 

TiC.  For the 950 – 1100 °C foils, the α-Ti phase in the core contains oriented plates (Fig. 8-6 and 

Fig. 8-7), which indicates a preferred orientation relationship with the h.c.p. α-Ti grains and the 

developing phase. The plates are interpreted as the TiO phase with a high oxygen content that 

appear in the 1050 – 1100 °C foils (cf. Fig. 8-4 (C); for temperatures below 1050 °C it was not 

possible to quantify the low content of TiO with XRD). These plates developed within the α-Ti 

phase saturated with O (cf. c/a ratio in Fig. 8-4 (B) and EPMA profiles in Fig. 8-8). Since, the TiO 

phase has an f.c.c. sublattice of Ti atoms and saturated h.c.p. Ti has a near-ideal c/a ratio, it is 

suggested here that h.c.p. Ti(O) transforms easily into NaCl TiO by the introduction of stacking 

faults, whereafter more O can be accommodated. An analogous transformation was recently 

identified for TiH2 formation in Ti and dubbed pseudo-martensitic [28], because the Ti sublattice 

transforms by a martensitic mechanism, whereafter interstitials occupy the interstices in the f.c.c. 

Ti host lattice by diffusion; in this sense the overall transformation is not diffusionless and, hence, 

pseudo-martensitic. The 600 – 700 °C foils contain additional distinctive microstructural features 

as plates and “speckles” in the core of the foils (Fig. 8-6 and Fig. 8-7). For the 650 °C foil, these 

were further investigated with transmission electron microscopy and identified as δ-TiH2 phase 

with a f.c.c. sublattice of Ti atoms (see [29] and [30]). A H content of only 60 ppm is initially in 

the foils, however subsequent H uptake from trace amounts of H in the CO or Ar gasses during 

heating cannot be ruled out.   

The light phase observed in the BSE micrographs (Fig. 8-7) contains iron that is present in the 

foils as an impurity and is identified as β-Ti (b.c.c.), which is stabilized by the presence of iron. 

Iron is a very mobile alloying element in titanium and, correspondingly, has a diffusivity that is 

nearly one order of magnitude larger than the interstitial diffusivity of oxygen [31]. The 

accumulation of iron in the center of the foil is therefore thought to be a consequence of the ingress 

of the strongly α-stabilizing O atoms, which pushes ahead the iron atoms and thus the distribution 

of β-phase to the interior of the foil (cf. micrographs at 600 - 700 °C in Fig. 8-6). The disappearance 

of β-phase may provide an explanation for the significant grain growth following the CO treatment, 

as β-phase no longer pins α grain boundaries. An analogous argumentation applies for the 

concentration of TiH2 in the core: H, originally present in the foils, is pushed ahead of the 
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ingressing oxygen. Since oxygen enhances the solubility of H in h.c.p. Ti, and the O content 

increases with temperature, TiH2 will eventually disappear.  

The small bright regions observed in the TiCx layer along the foil surfaces and visible from 750 

°C (Fig. 8-6) coincide with the black regions in Fig. 8-7b/c and are interpreted as porosities that 

have developed in TiCx. The TiCO layer in-between TiCx and the core is not porous. 

  

  

  

  

  

  
Fig. 8-6: Polarized light micrographs of non-etched (untreated, 600 and 650 °C) and Murakami etched (700 – 1100 °C) cross-
sections of the thermochemically treated thin foils (CO and 600-1100 °C). The microstructures contain an outer TiCO 
compound layer and a core consisting of expanded h.c.p. α phase. The scale bar given for the untreated reference applies for 
all micrographs. The bright parts are polarized light effects. 
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Fig. 8-7: Backscatter electron micrographs in the cores of the foils carbo-oxidized at 650, 850 and 1100 °C (left to right) foils. 

8.3.4 Electron probe microanalysis 
The contents of O and C determined with EPMA along lines across the foil thickness are given 

Fig. 8-8 for three selected specimens. For each foil, two lines, denoted as #1 and #2, are given. 

Average interstitial occupancies, yC and yO, of C and O, respectively, within TiC, TiCO and α-Ti 

phases are given in Table 8-2. The composition profiles in Fig. 8-8 show that the interstitial 

contents in the α-Ti core are uniformly distributed; no composition gradients occur, in agreement 

with the sharp peaks for α-Ti in Fig. 8-2. Evidently, the amount of O dissolved in α-Ti increases 

pronouncedly with the synthesis temperature, consistent with the increase in c/a ratio (Fig. 8-4 

(B)). Along with this increase in O content, the C content increases, too. The O content reaches a 

maximum of yO = 0.61 at 1100 °C, which is higher than the previously reported maximum of yO 

= 0.49 [19]. This high content is in agreement with the presence of TiO in addition to h.c.p. Ti in 

the core. The TiCx layer at 750 °C (cf. XRD, LOM and SEM) is identified as TiC0.86O0.07. At 850 

and 1100 °C the contents of C are lower, while the O contents are higher, resulting in the 

compositions TiC0.82O0.21 and TiC0.72O0.34, respectively. Within experimental accuracy these 

compositions equal a 1:1 ratio of metal and interstitial atoms; if an over-stoichiometric content of 

interstitials is present, this could be explained by the presence of vacancies on the Ti-sublattice. 

The TiCO layer, which is most clearly observed for the 1100 °C foil in Fig. 8-6 and Fig. 8-7, 

reaches a composition TiC0.30O0.63.  
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Fig. 8-8: EPMA line profiles of O and C along 2 lines across the foil thickness for 750 °C (A), 850 °C (B) and 1100 °C (C). 

Table 8-2: average compositions of the TiC layer, α-Ti core and intermediate “TiCO” phase 

 TiC TiCO α-Ti 

T / °C yO yC yO yC yO yC 

750 0.07±0.03 0.86±0.04 0.12±0.01 0.05±0.01 0.07±0.01 0.03±0.01 

850 0.21±0.03 0.83±0.05 0.31±0.06 0.27±0.08 0.36±0.01 0.06±0.01 

1100 0.34±0.02 0.72±0.03 0.63±0.06 0.30±0.04 0.61±0.01 0.07±0.01 

8.3.5 Nanoindentation 
The hardness and indentation modulus as a function of the c/a ratio of α, as obtained by 

nanoindentation, are given in Fig. 8-9 (A) and (B). The c/a ratio increases linearly with interstitial 

content and allows for a comparison between reaction temperatures. The hardness displays a linear 

increase with the c/a ratio up to 850 °C, while the hardness increases sharply at 900 – 1100 °C, 

due to the inherent hardness of the TiO phase. The indentation modulus displays a similar linear 

increase with c/a ratio, although there is a slight decrease at low content, which is due to the slight 
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contraction in a [25]. The TiO phase also strongly increases the indentation modulus. From 600 to 

850 °C the hardness and indentation modulus display similar increases with the c/a ratio as 

presented in [25], and suggest that the interstitial content at 900 – 1100 °C is higher or close to the 

maximum yO content from literature (yO = 0.5 [19]). The effect of anisotropy and difference in 

grain orientation is reflected by the standard deviation, while the effect of the TiO plates inside the 

α-Ti grains from 900 – 1100 °C, leads to a sharp increase in standard deviation, because both 

phases are measured simultaneously, but to different degrees in differently oriented grains. There 

is a slightly increased tendency for crack formation for the high temperature samples, caused by 

the lower ductility at higher interstitial content. The force-displacement curves are given in Fig. 

8-9 (C) and (D), and show that the increasing interstitial content leads to a reduction in 

displacement from about 850 nm to about 380 nm at a constant load of 40 mN. 

  

  
Fig. 8-9: (A) Hardness vs. c/a ratio and indentation modulus (B) compared with literature data. (C) show the averaged force-
displacement curves based on around 50 indents per. Sample. (D) display the force-displacement curves with arbitrary 
displacement.  
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8.4 Discussion 

8.4.1 Reaction kinetics 
The dissociation of CO at the surface results in equal contents of adsorbed C and O species at the 

surface; adsorbed C/O can enter into solid solution. Alternatively, C can stay at the surface and 

form C-species as for example graphite, while O can react with CO from the gas under formation 

of CO2. Carbon dissolved in the solid state is generally not able to leave the material by reaction 

with CO, unless water vapour is applied. As follows from Fig. 8-4 (A), C and O are taken up to 

approximately the same extent, irrespective of temperature, indicating that no soot formation 

occurred, nor the removal of oxygen by the Boudouard reaction at the surface. Upon exceeding 

the limited solubility of carbon in Ti, irrespective of whether it is h.c.p. or b.c.c., close to the 

surface, the TiC phase nucleates. For O the solubility in α-Ti is very high, so much more O than C 

can be accommodated in solid solution before the solubility limit is reached and there would be a 

driving force for the formation of Ti-oxide.  

The uptake of C and O in the Ti-foils is coupled since both are provided in equal contents at the 

surface. If the uptake of one of the components is rate determining, it has consequences for the 

rate of uptake of the other species and the amount of CO that dissociates at the surface. The 

observation of parabolic mass increase in Fig. 8-1 for synthesis temperatures up to 850 °C strongly 

suggests that diffusion of (one of the) interstitial species is rate determining. Considering that (the 

initial part of) the mass uptake curves follow a relation 
2

o

m K t
m

 ∆
= ⋅ 

 
, with K the parabolic 

proportionality constant, it is obtained that K follows an Arrhenius type expression (Fig. 8-10 (A)) 

with an apparent activation energy of Qapp = (199.3±4.6) kJ.mol-1. This value is identical, within 

experimental accuracy, to the activation energy for oxygen diffusion in h.c.p. Ti: Q = 200 kJ.mol-

1 [31]. For the lowest synthesis temperatures, 600 - 700 °C parabolic mass increase was observed 

for the entire synthesis curve and XRD indicated the presence of composition gradients in α-Ti at 

the end of the chosen synthesis time. For synthesis temperatures 750 - 850 °C parabolic mass 

increase was observed in the initial stage, while no composition gradients were observed in h.c.p. 

Ti at the end of the synthesis time, and uniform composition distributions over the h.c.p. Ti core 

of the foil (Fig. 8-8 (A/B)). Hence, in the 750 - 850 °C range, the transition from parabolic mass 

uptake in the initial stage to slower kinetics is interpreted as levelling out of composition variations 
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in the h.c.p. Ti phase and transition to another rate determining step. Even though there is no 

composition gradient in the core of foils carbo-oxidized above 700°C, the h.c.p. Ti phase is not 

saturated with interstitials as reflected by the c/a ratio in Fig. 8-4 (B). Overall, the experimental 

results are consistent with diffusion-controlled uptake of both C and O in the foils, where the rate-

controlling step is diffusion of O in α-Ti.  This is further corroborated by DICTRA [32] simulations 

of the oxygen composition profile over a 25µm thick Ti foil with an initial 0.6 at. % O and a 

constant (but temperature dependent) surface concentration (see Supplementary material Fig. S1). 

Note, diffusion control by oxygen diffusion in h.c.p. Ti this does not imply that no TiC layer can 

be present (consistent with Fig. 8-2 and Fig. 8-4); neither does it imply that TiC does not grow. It 

only means that mass uptake in the entire foil is dictated by oxygen diffusion in α-Ti, the slowest 

step in the chain of transport mechanisms. Upon its nucleation in an early stage, the TiC layer 

grows into the Ti-foil, implying that transport of C and O through TiC to the interface between 

TiC and the Ti-core is necessary to establish this growth. Diffusion of carbon through a film of 

TiC thicker than 20 nm leads to a growth rate that is inversely proportional to the film thickness 

[33], i.e. parabolic, provided that C diffusion through TiC is the rate determining step. If diffusion 

of O in h.c.p. Ti is the rate determining step in the overall mass uptake, it implies that transport 

through the TiC layer is, compared to this, rapid albeit parabolic, and determined by the amount 

of C (and O) incorporated. Carbon (and oxygen diffuse) through TiC by an octahedral vacancy 

mechanism, suggesting that the higher the concentration of vacancies on the interstitial sublattice, 

the faster can diffusion through the TiC layer proceed. The diffusion of carbon in TiC was found 

to depend strongly on TiC stoichiometry, such that the diffusion coefficient increases with 

increasing carbon deficiency [34]. The effect of Ti vacancies on diffusion in TiC is considered 

negligible since it amounts to ~ 0.5 % [35]. In this respect, it is not surprising, that the highest 

carbon content in TiC is observed for the lowest synthesis temperatures, because the supply of C 

is sufficient to maintain a relatively high interstitial content. The self-diffusion coefficient of 

carbon in TiC is larger than that of oxygen [36]. The observation that the TiCO phase develops in-

between TiC and the oxygen containing α-Ti core in the foils for synthesis temperatures above 800 

°C is likely to be associated with this. After the diffusion of O in h.c.p. Ti is no longer the rate-

determining step, the O that is transported through the TiC layer is no longer incorporated entirely 

in the core, thus leading to accumulation in TiC (cf. Table 2 which shows indeed that the O content 

in TiC increases from 750 to 850 °C) and TiCO formation, as detected with XRD. Along with an 
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increase in synthesis temperature, the oxygen content in TiCO increases, as follows from the 

reduction in lattice parameter (cf. Fig. 8-5). 

For synthesis temperatures above 850 °C no parabolic mass uptake was observed, but rather an 

acceleration followed by a deceleration. In this temperature range diffusion of O in α-Ti proceeds 

rapidly already during heating to the synthesis temperature. The transition of α-Ti into β-Ti during 

heating above β-transus implies that initially, and this can be short, O diffuses into β-Ti, wherein 

the diffusivity for O is higher than in α-Ti, about 10-12 m2∙s-1 and 10-13 m2∙s-1 at about 900 °C, 

respectively [31]. The oxygen-induced conversion of β-Ti into α-Ti implies a fast increase in O 

content (during heating), while the homogeneity range in α-Ti is narrower as compared to lower 

T, because an α-Ti layer grows into β-Ti. Both these conditions imply that faster than parabolic 

mass uptake is possible, which would explain the observed kinetics in Fig. 8-1. Also, the total 

interstitial content that is obtained in α-Ti can be higher than the linear dependence on synthesis 

temperature in the 600 - 850 °C range.  

In order to compare the kinetics in the 850 - 1100 °C range with that in the 600 - 850 °C range, the 

mass uptake after 10 h is compared in Fig. 8-10 (B). Firstly, the apparent activation energy for the 

low temperature range is identical within experimental accuracy with that in Fig. 8-10 (A) from 

the parabolic proportionality constant, thus validating this approach. Secondly, the apparent 

activation energy in the high temperature regime is lower by a factor 3. It is unknown whether this 

value can be attributed to a specific rate-determining step. Recognizing the low value of the 

apparent activation energy, it is suggested that short circuit, e.g. grain-boundary, diffusion of C/O 

through the TiC layer controls the overall mass uptake, recognizing that the diffusion coefficients 

of C and O through TiC at 1000 °C are of the order of 10-14 and 10-16 m2∙s-1, respectively [34,36]. 

It is remarked that the presence of porosity in TiCx layer can provide a mechanism for CO transport 

if the porosities are interconnected with the externally supplied CO. Extrapolation of the Arrhenius 

dependence from the high-temperature regime with Qapp= 65.2 kJ.mol-1 to the low-temperature 

regime shows indeed that the mass uptake that would have been realized if transport through TiC 

were rate determining is appreciably higher than accomplished by O-diffusion in the core as the 

rate-determining step. Vice versa, in the high temperature regime oxygen diffusion in h.c.p. Ti can 

accomplish faster mass uptake than transport through TiC. 
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Fig. 8-10: (A) Arrhenius presentation of the parabolic proportionality constant K for synthesis temperatures up to 850 °C; (B) 
Arrhenius presentation of the mass uptake after 10 h showing two kinetic regimes which appear to change at the α→β transition 
temperature.   

8.4.2 Microstructural evolution in the foils 
A schematic representation of the growth kinetics for 650, 850 and 1100 °C is given in Fig. 8-11. 

The foils initially contain small grains of α-Ti with small β-Ti particles/regions randomly dispersed 

(cf. Fig. 8-6). Synthesis at 650 °C initially forms a thin layer of TiCx; transport of C and O through 

this thin layer is accomplished by short circuit, grain-boundary, diffusion. The oxygen 

concentration profile is indicated as red dotted lines (cf. Fig. S1), and illustrates how the 650 °C 

foil retains a wide concentration gradient even after 100 hours of treatment. The reason for this is 

the slow volume diffusion of O at this temperature. The diffusion of oxygen into α-Ti also drives 

the Fe-rich β particles (white) into the center. The β particles limit grain growth of α-Ti at lower 

temperature, by pinning the grain boundaries; this effect subsides at temperatures above the α→β 

transition temperature of 882 °C in commercially pure titanium [37]. At 850 °C there is initially a 

concentration gradient, though this is removed over time. At 1100 °C there should be no 

concentration gradient, due to a relatively fast diffusion of oxygen in α-Ti, which removes any 

gradient. At 850 and 1100 °C the diffusion of C and O is controlled by diffusion through the outer 
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TiC layer, and diffusion in α-Ti is so fast that apparently no concentration gradient occurs over the 

core.  

 

Fig. 8-11: Schematic growth scenarios for the 650, 850 and 1100 °C samples. Growth of an outer TiC layer, an inner TiCO 
layer, precipitation of TiO in α in 1100 °C and localized cooling induced deformation in the 650 °C sample. TiC and TiCO are 
shown as black and gray bars, respectively, while Fe stabilized β is shown in white. Oxygen content in red. Porosities formed in 
the TiC layer by CO2 is shown in white.  

The origin of porosities in the TiCx part of the compound layer is at present unknown. They are 

schematically shown in the TiCx layer in Fig. 8-11, with a higher frequency at the grain boundaries. 

It appears that these porosities develop on conversion of oxygen containing titanium into TiCx. 

Since this transformation is associated with a volume increase per Ti atom (cf. Fig. 8-5), additional 

densification would be expected. It is suggested here that TiCx at some distance from the surface 

does not experience the aC imposed by the gas mixture and attempts to realize this aC by partial 

decomposition. The equilibrium aC for stabilization of TiC is extremely low [38] and would 

correspond to a gas ratio (𝐺𝐺𝑝𝑝𝑂𝑂)2/𝐺𝐺𝑝𝑝𝑂𝑂2 < 10−6  at 1000 °C and much lower at lower synthesis 

temperatures. Then, it could be suggested that in order to realize this ratio and thereby aC, in 

particular CO2 formed inside the TiCx layer, preferably at grain boundaries. A similar explanation 

was provided for the development of porosity in iron nitride layers formed in NH3/H2 gas mixtures, 

which form N2 gas at some distance from the surface to establish the “equilibrium” nitrogen 

activity [39].  
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8.5 Conclusions 
Gaseous carbo-oxidation of 25-µm-thick grade 2 titanium thin foils in CO at 600 – 1100 °C does 

not lead to the synthesis of homogeneous foils. The kinetics of uptake of C and O from the gas 

depends strongly on the associated microstructure evolution.   

At the surface, a thin layer of TiCx is formed, while O is dissolved in h.c.p. titanium, due to its 

high solid solubility, particularly in comparison to the very low solid solubility of C. At 600-700 

°C the mass increase by C and O uptake depends parabolically on time for the entire carbo-

oxidation time and is rate-determined by volume diffusion of O in h.c.p. titanium. For temperatures 

up to 850 °C, this oxygen diffusion-controlled mass increase applies for the initial stage of carbo-

oxidation only. Above 850 °C, mass increase appears controlled by the diffusion of species through 

the TiCx layer. The associated activation energy reflects short circuit diffusion, most likely along 

grain boundaries in TiCx. For the stage where O diffusion in h.c.p. titanium is no longer controlling 

the rate of mass uptake, the oxygen content in TiCx increases and TiCxOy develops at the transition 

from TiCx to h.c.p. titanium. The oxygen content in h.c.p. titanium increases with synthesis 

temperature and first reaches the solubility limit at about 1000 °C. Along with reaching oxygen 

saturation in h.c.p. titanium the TiO phase develops as plates within the foil core. These plates 

appear oriented along preferred crystallographic orientations. The hardness and indentation 

modulus of h.c.p. titanium as determined with nanoindentation evolve with temperature and 

depend linearly on the c/a ratio of the hexagonal lattice, which scales with the interstitial content. 

The hardness and indentation modulus are consistent with the dissolution of only O in h.c.p. 

titanium.  
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Simulations of oxygen diffusion into α-Ti were performed with DICTRA using Thermo-Calc 

version 2021a using the TCTI1 database for thermodynamics input. Simulations were done under 

the assumption that the Ti foils are 25 µm in thickness and initially contain 0.6 at. % O. The surface 

contents applying for the different temperatures were chosen as 5, 8 and 25 at. % at a synthesis 

temperature of 600, 750 and 850 °C, respectively, reflecting the EPMA results in Fig. 8-S1 for 750 

and 850 °C; no experimental data is available for 600 °C. The results of the simulations are 

presented in Fig. 8-S1 and show that for 600 °C the foil has no uniform O content after 100 h 

treatment. For 750 and 850 °C, the foils reach a uniform O content the faster the higher is the 

diffusion temperature. In comparison to the carbo-oxidation investigations in the main article, the 

surface concentrations are likely not constant, but increase with treatment, depending on the 

balance of fluxes arriving through the TiC layer and leaving by diffusing into the h.c.p. Ti core. 

For the 750 and 850 °C foils the uniform O profile is most likely reached for a lower O content, 

whereafter the O content increases (and remains uniform), at a pace that is rate-controlled by 

transport through the growing TiC layer. 
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Fig. 8-S1: Simulations of diffusion-controlled evolution of oxygen concentration profiles in α-Ti, assuming constant surface 
concentration and initially 0.6 at. % O in Ti. 
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Abstract 

A face-centered cubic (FCC) phase formed during the carbo-oxidation of hexagonal close-packed 

(HCP) α-Titanium at 600 to 700 °C. The FCC crystal structure was confirmed using transmission 

electron diffraction, X-ray diffraction and high angle annular dark field scanning transmission 

electron microscopy. The a lattice parameter for the FCC resulting from the three methods was 

consistent with FCC sublattice of titanium atoms in δ-TiH2-x. The FCC phase is hypothesized to 

form partly due to hydrogen pick-up, the stress state in the foil caused by the mismatch between 

body centered cubic iron-stabilized β-Titanium and HCP α-Titanium and the tensile stress present 

in front of the oxygen concentration profile. A transformation of α-Titanium into δ-TiH2-x is 

accomplished by introducing Shockley partial dislocations on every 2nd closest paced plane, 

resulting in an orientation relation that has previously been observed for thermally induced FCC 

γ-Ti. The TiH2-x phase was shown to decompose upon vacuum annealing at 500 °C.  

Keywords: Titanium; HCP; FCC; TEM; SEM; Gaseous carbo-oxidation; Transmission X-Ray 

diffraction; HAADF 

9.1 Introduction 
Titanium (Ti) and its alloys display a combination of favorable properties such as corrosion 

resistance, high specific strength and light weight [1]. The stable phases of pure Ti under standard 

pressures are hexagonal closed packed (HCP) α and body centered cubic (BCC) β, with the α to β 

transition occurring at approximately 882 °C [1]. A distinctive feature of Ti is its colossal 



 Manuscript VI 

149 
 

interstitial solubility of oxygen in the metallic state, up to 33.3 at.% O [2]. Carbon can also be used 

as an interstitial element; however, its solubility is limited to only ~ 0.5 at. % C [3]. Both oxygen 

and carbon reside interstitially in the octahedrally coordinated interstices, causing an anisotropic 

expansion of the unit cell. A face centered cubic (FCC) Ti phase, designated as γ phase, that is not 

represented in the unary phase diagram of Ti, was firstly reported by Wawner et al. in 1969 [4]. 

The α to γ transformation was accomplished by applying deformation, leading to Shockley partial 

dislocations in the HCP phase, which results in a change of the stacking sequence from ABABAB 

to ABCABC, as described by [5,6]. The extensive literature on FCC γ was recently reviewed by 

Traylor et al. [7]. On the basis of the large discrepancy among reported lattice parameters for γ, 

orientation relationships between α and γ and the thermal stability of γ, it was concluded that two 

different types of FCC phase are reported in the literature. The first type is a CaF2 type hydride (δ-

TiH2-x) with an FCC sublattice of Ti atoms, induced by hydrogen pickup during focused ion beam 

(FIB) sample preparation for transmission electron microscopy (TEM), as first proposed by 

Banerjee et al [8]. The second type is thermally induced FCC phase (γ-Ti), with the onset of 

nucleation occurring at 600 °C, as first observed by Yu et al. [9] using in-situ transmission electron 

microscopy (TEM), which also reported a complete transformation of γ-Ti into α at 700 °C. The 

disappearance of γ-Ti at 700 °C was also found in [10,11]. The phase appears to be promoted by 

the presence oxygen [7]. The reported lattice parameters for the “γ phase”, aFCC, scatter widely [7]; 

aFCC = 0.44 nm suggests a δ-TiH2-x, while aFCC in the range 0.41 – 0.42 nm indicates γ-Ti. Oxygen 

ingress into γ-Ti can lead to an increase to 0.429 nm before transforming into TiO [7].   

The planes configuration between the Ti-sublattices of δ-TiH2-x (FCC) and α-Ti (HCP) generally 

obeys {001}FCC||{0001}HCP which is expected for δ-TiH2-x||α [7,8,12–15]. The preceding 

metastable γ-TiHx (x<0.67) adopts a face-centered tetragonal (FCT) sublattice of Ti atoms and 

exhibits the same non-close packed arrangement with α-Ti as δ-TiH2-x. The δ-TiH2-x phase 

disappears during annealing above 350 °C, caused by the release of hydrogen [16]. The γ-Ti phase 

adopts the conventional close-packed arrangement {111}FCC||{0002}HCP, <011>FCC||<2110>HCP, 

since the close-packed plane for HCP is the basal plane [7]. The importance of the detection of the 

γ-Ti phase by X-ray diffraction (XRD), to negate the effect of H pick-up from FIB, was also 

emphasized in [7] and used in [17–19]. The basis for this publication is a study on the carbo-

oxidation of 25 µm thick thin-foils of unalloyed Ti Grade 2 in pure CO in the temperature range 
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600 – 1100 °C in steps of 50 °C [20]. Intriguing plate-shaped particles and dark ‘dots’ were formed 

in the 600, 650 and 700 °C samples, and were absent at higher carbo-oxidation temperatures.  

9.2 Materials and Methods 
The gaseous CO treatment at 600 – 750 °C was described in detail in [20].  

X-ray diffraction (XRD) analysis was carried out using a Huber G670 diffractometer using a 

CuK(α)1 source in transmission (Guinier) mode, where the specimens were fixed at an angle of 

45° with respect to the incident beam and rotated about the surface normal to reduce the possible 

influence of texture effects and enhance grain statistics. An image strip detector recorded scattered 

radiation in the 2θ range of 3-100° with a step size of 0.005° after an exposure time of 16 hours.  

Pieces of the carbo-oxidized foils were cold embedded in epoxy, ground and polished, using 

sequentially finer sandpaper down to #4000, followed by 3 and 1 μm diamond suspensions, and 

neutral 0.3 µm colloidal silica suspension as the final step for 2 minutes. Leftover silica particles 

were removed with cotton wool. Scanning electron microscopy (SEM) in backscattered electron 

imaging (BSE) mode on carbon-coated cross-sections was performed on the samples. A Quanta 

FEG 250 Analytical ESEM was operated at 8 kV acceleration voltage combine with a 30- μm 

aperture size.  

Samples for TEM were prepared by scribing a line with a scalpel in the brittle sample. The 

specimen was then cleaved to expose a cross section. Hereafter an area in the middle with an 

approximate plane-parallel surface was chosen for lift-out. The TEM specimen preparation was 

carried out with FIB milling using a FEI Helios Nanolab. A thin film section of the sample was 

cut, lifted out and transferred to a TEM grid at 30 kV 7 nA, followed by further FIB thinning 

starting at 30 kV, 1 nA ending at 100 pA and finally cleaning at 5 kV and 46 pA.  

Electron diffraction patterns and corresponding dark-field (DF) TEM images were acquired with 

a Jeol 3000F using standard SAD techniques and operated at 300 kV. 

High resolution scanning transmission electron microscopy (HRSTEM) images were acquired 

using a FEI Titan. The microscope is equipped with an aberration correction unit on the probe 

forming lenses and can achieve a spatial resolution better than 1 Å. High angle annular dark field 

(HAADF) STEM images were recorded at 300 kV, an electron probe convergence angle of ~ 18 

mrad and inner collection semi-angle of ~ 50 mrad. 
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9.3 Results and interpretation 

9.3.1 Transmission X-ray diffraction 
X-ray diffractograms for the untreated and 600 – 750 °C samples are given in Fig. 9-1 (A-B), 

where the untreated Ti consists of α, β and tiny amounts of TiO2. Trace amounts of Fe present in 

the thin-foils have a β stabilizing effect; β phase was detectable after treatment up to 700 °C. Carbo-

oxidation in the temperature range under consideration here leads to the formation of a NaCl type 

δ-TiCx layer at the foil surfaces and an oxygen-containing α-Ti core, as described in more detail 

in [20]. FCC reflections of another cubic phase were detected in the specimens treated at 650 °C, 

and to a lesser extent after CO-treatment at 600 °C (at 2θ = 35.5°) and the untreated reference 

sample; these reflections are marked by # in Fig. 9-1. The corresponding lattice parameter, aFCC, 

is 0.4399 ± 0.0013 nm, which would suggest δ-TiH2-x. The lattice parameters for α-Ti for the 650 

°C specimen are aα = 0.2954 ± 0.0004 nm and cα = 0.4708  ± 0.0005 nm, indicating predominant 

expansion in the c-direction by dissolution of oxygen [2]. Asymmetric broadening of the 002α 

peak, which is the most sensitive for dissolved interstitials in HCP Ti, is shown in Fig. 9-2 for the 

synthesis temperature range 600-650 °C. The observed asymmetric peak broadening is attributed 

to a non-uniform oxygen distribution in the α-Ti phase. It was concluded from kinetics analysis of 

carbo-oxidation that, for up to 700 °C, oxygen diffusion in h.c.p. Ti is the rate determining step in 

foil synthesis for (almost) the entire duration of the carbo-oxidizing treatment and that, 

consequently, non-uniform oxygen concentration distributions exist over the foil thickness [20].  

  
Fig. 9-1: Transmission x-ray diffractograms for the untreated and 600 – 750 °C samples. Identified phases: HCP α, β-TiFe, 
TiO2, TiCxOy and FCC. (B) diffractogram sample identification applies to the (A) diffractogram. 
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Fig. 9-2: Arbitary peak intensity and position from Fig. 1 showing asymmetric peak broadening of 002α in 600 and 650 °C 
specimens relative to the 700 and 750 °C. Asymmetric broadening is attributed to a non-uniform oxygen distribution over the 
foil thickness. 

9.3.2 Scanning electron microscopy 
The BSE SEM images of the cross-sections of the untreated and 600 – 750 °C samples are 

presented in Fig. 9-3, where the observed contrast is a combination of Z-contrast and crystal 

orientation contrast [21]. The orientation contrast is most clearly observed for the α-grains close 

to the surface (see 600 °C). In the untreated foil, the small white regions distributed over the foil 

thickness are β phase, while the small dark regions are attributed to the FCC phase detected in Fig. 

9-1 and marked as #.  A few dark plates are observed. After CO treatment at 600 °C a very thin 

layer of TiCx is present at the foil surfaces, a zone of α-Ti is present to a depth of 5 µm from the 

foil surfaces, 6 µm long black plates and small dark particles (up to 70 nm wide) are distributed in 

the α-Ti phase in the core and chunky white β-Ti particles have accumulated in the foil center. The 

dark particles and the plates appear to have preferred orientations within the α grains. The particles 

have different shapes, albeit predominantly triangular. At 650 °C, the white particles have 

coalesced to fewer and larger chunky regions in the foil center, the concentration of dark ‘dots’ 

subsides, while the lengths and widths of the dark plates have grown to about 20 µm and 650 nm, 

respectively. The ‘dots’ and plates subside further at 700 °C and have disappeared at 750 °C. The 

large white particles present in the 750 °C foil contain about 13 at. % Fe as measured with electron 

probe micro-analysis [20], and is accordingly identified as β phase, because of the strong β-

stabilizing effect of iron [1].  

In
te

ns
ity

 / 
A

rb
ita

ry
 u

ni
ts

Position /Arbitary

002 Peak
 600 °C
 650 °C
 700 °C
 750 °C



 Manuscript VI 

153 
 

The accumulation of the β phase in the center of the foil is explained as follows. From the surface, 

oxygen diffuses into the foil and stabilizes the α-Ti phase, which has a large capacity to dissolve 

oxygen. As was demonstrated in [20], during the entire synthesis duration at 600 - 700 °C oxygen 

diffusion in α-Ti is the rate determining step (cf. Fig. 9-2). Only for foils treated above 700 °C the 

oxygen concentration distribution in the foil is uniform at the end of carbo-oxidation synthesis, but 

α-Ti is not saturated with oxygen. Iron diffuses faster in α-Ti than oxygen and is therefore pushed 

ahead of the penetrating oxygen diffusion front. Removal of β phase from the oxygen-enriched 

part implies that the grain boundaries are no longer pinned by β phase and that grain growth of α-

Ti cannot be prevented. The δ-TiCx phase is present at the surface and is thickest for the 750 °C 

synthesis (in the series shown here); above this temperature also δ-TiCxOy develops [20].  

The features in the cross section of the 650 °C specimen was further analyzed with atomic force 

microcopy (AFM; not shown), which indicated that the plates lie about 2 nm below the average 

surface of the cross section. Pitting from the sample preparation can be ruled out as an explanation 

for the dark ‘dots’, because a pH neutral colloidal polishing agent was applied. AFM indicated that 

the dark ‘dots’ were maximally 5 nm deep. The plates and dots are considered to consist of the 

same phase, the dots being a cross section of the plates that are inclined with the plane of the 

metallographic cross section.   
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Fig. 9-3: BSE SEM micrographs of the untreated and 600 – 750 °C samples, with a zoom-in of the 600 °C sample. White 
particles are β-Ti containing enhanced Fe content, δ-TiCx grows from the surface. The dark plates and small dark spots could 
not be identified on the basis of BSE imaging and composition analysis. 

9.3.3 Transmission electron microscopy and electron diffraction  
The results of TEM investigation and selected area diffraction (SAD) are presented in Fig. 9-4 for 

the specimen carbo-oxidized at 650 °C. SAD indicates that the dark phase has an FCC (sub-)lattice; 

no indications of super reflections relative to FCC (nor HCP) were observed. The orientation 

relation between FCC and HCP was identified as {111}FCC||{0002}HCP, <110>FCC||<1210>HCP. 

The diffuse lines connecting the FCC spots to HCP, are attributed to lattice strains, originating 

from the slight misorientation between HCP-FCC across interface to accommodate the volume 

misfit. The corresponding dark field (DF) image shows that the FCC phase, has a length of 1.1 µm 

and 100 nm, i.e. commensurate with the dark dots in Fig. 9-3. The misorientation angle between 

FCC and HCP lattices was measured as 1.7°, while the lattice parameter obtained is aFCC = 0.444 

± 0.003 nm, which is consistent with the value determined with from XRD (cf. section 3.1). The 
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lattice parameter would correspond to a volume per Ti atom, VTi = 21.3 nm3 and is consistent with 

δ-TiH2-x (cf. [22]). The dark contrast of this phase in BSE imaging in Fig. 9-3 would be in 

agreement with a lower average atomic number than the α-Ti phase.  

  

 

 

Fig. 9-4: (A) BF micrograph of FCC lamella and HCP matrix with indicated SAD regions. (B) SAD patterns aquired from the 
region in (A). (C) DF micrographs from spots indicated in (B) showing a FCC lamella with a lattice parameters of 0.444 +/- 
0.003 nm. 

Tilting away from the [111]FCC||[0002]HCP zone axis in Fig. 9-4 yields SAD images and 

corresponding DF images presented in Fig. 9-5. Two out of six investigated tilt directions are 

presented. The additional diffraction spots in (A) and (C) that are not indexed as HCP spots, could 

not be indexed as FCC. Nevertheless, the DF images in (B) and (D) indicate that the diffracted 
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intensity originates from the same region as visible in the DF in Fig. 9-4 (C), indicating that the 

spots do originate from FCC. This discrepancy is attributed to double diffraction [23]. The 

explanation for the incoherence between FCC and HCP is due to the difference in rotational 

symmetry, with the cubic FCC having a 4-fold and the hexagonal HCP having a 6-fold symmetry. 

The DF image in (D), and more faintly in (B) are ‘bending contours’, originating from the volume 

misfit between HCP and FCC phases during FIB sample preparation.  

  

  
Fig. 9-5: (A and C) SAD patterns aquired on the FCC lamella with two different tilts, with respective planes and orientations 
for HCP inserted. FCC spots are visible due to double diffraction, with index not being possible. (B and D) DF micrographs 
from spots indicated in (A and C), with bending contours being visible in (C) due to strain release during FIB in the HCP 
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High-angle annular dark-field STEM (HAADF-STEM) images of HCP and FCC phases separately 

are presented in Fig. 9-6 A and B, respectively, overlayed with their stacking order. The images in 

Fig. 9-6 were acquired at the same location as in Fig. 9-4 and illustrate that the 

{111}FCC||{0002}HCP, <110>FCC||<1210>HCP relationship applies. As indicated by the red, blue 

and green (for FCC) dots, the two lattices can be transformed into each other by introducing a 

Shockley partial on every second close-packed plane. The aFCC derived from the d-spacing in (B) 

is 0.484 +/- 0.004 nm, while the cα in (A) is measured as 0.494 +/- 0.004 nm. A HAADF-STEM 

image of the interface between the HCP and FCC is shown in Fig. 9-6 (C), with a higher 

magnification in (D). As the yellow and green lines demonstrate, the lattices are misoriented by 

2.3°, commensurate with the misorientation observed in Fig. 9-4 (B).  

  

  
Fig. 9-6: HAADF-STEM of HCP matrix (A) and FCC lamella (B). (C) HAADF-STEM of HCP-FCC interface. (D) HAADF-
STEM of HCP-FCC interface zoomed in at center of (C). 

9.4 Discussion 
The identification of the cubic phase mainly relies on the determined values for aFCC. XRD (cf. 

Fig. 9-1) and SAD (cf. Fig. 9-4 (B)) provide consistent values indicating the presence δ-TiH2-x [7]. 
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A slightly higher aFCC value determined with SAD could be explained from additional hydrogen 

pick-up during FIB sample preparation, provided that the difference is significant and not within 

experimental accuracy. The aFCC determined with HAADF-STEM (Fig. 9-6) is about 10% larger 

than the values determined with XRD and SAD. Generally, among the three applied methods, 

HAADF-STEM is the least accurate to determine lattice spacings. Clearly, neither of the 

determined values would be consistent with γ-Ti, irrespective of the presence of whether γ-Ti is 

oxygen induced, because the most accurate of the techniques (XRD) indicates a lattice parameter 

well beyond those for γ-Ti. On the other hand, the orientation relationship between HCP and FCC 

would suggest γ-Ti. Since shear stresses are considered the primary driver for the HCP – FCC 

transformation in the present case (see argumentation below), it is anticipated that 

{111}FCC||{0002}HCP also applied for the δ-TiH2-x in α-Ti.  

To validate the claim that it was in fact δ-TiH2-x, vacuum annealing at 500 °C at a pressure below 

1∙10-6
 mbar for 3 hours of the 650 °C sample was performed (see. Supplementary information for 

patterns). This led to almost complete disappearance of the FCC peaks. Since hydrogen is the only 

element that can be retracted under these conditions, this is taken as proof that the FCC peaks 

originate from δ-TiH2-x. Evidently, the foils initially contain more hydrogen than the 60 ppm, as 

reported by the manufacturer [20], or additional hydrogen pick-up during carbo-oxidation from 

impurities in the CO and Ar gases applied. 

The concentration gradient of O plays an important role in the formation of the FCC phase in the 

centre of the foils. For the relatively low carbo-oxidation temperatures applied here, the relatively 

enhanced O content in the surface adjacent part of the foils stabilizes α-Ti and suppresses β-Ti. 

After treatment at 600 and 650 °C a very low oxygen content is present in the foil centre as 

described in [20]. The β phase initially distributed throughout the untreated foil (cf. Fig. 9-3) is 

driven inwardly ahead of the O diffusion front, leading to an accumulation of Fe rich β particles 

in the centre, which is explained from faster diffusion of Fe relative to O [20]. Also, carbon can 

diffuse faster than oxygen. Further, it is noted that the solubility of H in α-Ti can be spectacularly 

augmented through stabilization of the HCP lattice by the dissolution of high amount of relatively 

large interstitials as O and N [22]. This could explain why δ-TiH2-x in not observed close to the 

surface for the lower synthesis temperatures and has entirely disappeared at higher temperatures 

where the oxygen distribution is uniform and the O content higher.  
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Recognizing the volume expansion associated with the dissolution of O in α-Ti and the oxygen 

concentration gradient, it is expected that, at the carbo-oxidation temperature, a state of tensile 

stress (parallel to the plane of the foil) is present in front of the O profile while the oxygen 

containing part experiences compression. Further, on cooling, around the β particles a strain 

distribution is anticipated, as a consequence of differences in the coefficients of linear thermal 

expansion (CLE) of α and β phase, such that the latter shrinks most [24]; higher O contents in α-

Ti appear to enlarge the mismatch in CLE between α and β [25]. Combining the above stress 

distributions developing on synthesis and subsequent cooling, it is likely that shear stresses result 

in the centre of the foil in the vicinity of the β particles. It is hypothesized that these shear stresses 

enable the transformation of α-Ti into FCC (during cooling), under the rapid ingress of H into the 

FCC lattice and thereby explain an orientation relation with α-Ti that is generally observed for γ-

Ti, but not for δ-TiH2-x. The rapid transformation of α into δ-TiH2-x by a pseudo-martensitic 

transformation by Shockley partial dislocations was also proposed in [22]. It is also expected that 

the elusive FCC phase forms below the eutectoid temperature in the Ti-H phase diagram i.e. 300 

°C [26]. Tensile stresses in the center of the foil state does not emerge for a uniform O 

concentration profile. This circumstance, together with the enhanced H solubility in O-rich α-Ti 

[22] explains why FCC is hardly observed for synthesis temperatures above 700 °C.    

9.5 Conclusion 
The characterization of the carbo-oxidized Ti foils yielded the following conclusions: 

• According to literature, the a lattice parameter for FCC phase observed in Ti is either 0.44 

nm or 0.41 – 0.42 nm, with the former indicating the CaF2 type hydride δ-TiH2-x and the 

latter suggesting the γ-Ti phase [7]. The present study finds a lattice parameters of 0.439, 

0.444 and 0.484 (+/- 0.004) nm, from X-ray diffraction, transmission electron diffraction 

and high-angle annular dark-field scanning electron transmission electron microscopy, 

respectively. The high values consistently identify the formed FCC phase as δ-TiH2-x. 

• The orientation relation between α and δ-TiH2-x was determined as {111}FCC||{0002}HCP, 

<110>FCC||<1210>HCP, which would suggest γ-Ti [7]. However, because the δ-TiH2-x 

formation is assisted by the presence of shear stresses and the introduction of Shockley 

partial dislocations, it is anticipated that this close packed arrangement will form, despite 

the generally observed {001}FCC||{0001}HCP for δ-TiH2-x .  
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• High vacuum annealing at 500 °C removed hydrogen from the foil and with it the elusive 

FCC phase disappeared, which is further proof that the FCC phase was indeed δ-TiH2-x. 

• The formation of the δ-TiH2-x was made possible by hydrogen ingress into the foil during 

carbo-oxidation and from hydrogen initially present in the foil. The complex stress state in 

the center of the foil assists in the local transformation of α-Ti into δ-TiH2-x by introduction 

of Shockley partial dislocations on the densest packed planes. Hydrogen solubility in α-Ti 

is enhanced by lattice expansion due to dissolved oxygen; a higher O content and a more 

uniform O concentration distribution at higher carbo-oxidation temperature, resulted in 

avoidance of the δ-TiH2-x phase.  
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Abstract 

Titanium grade 2 thin foils were carbo-oxidized at 800 °C in a thermogravimetric analyzer in CO 

gas for 20 - 100 hours. The synthesized thin foils were characterized by infrared carbon 

determination for composition analysis, transmission X-ray diffraction (XRD), light optical 

microscopy (LOM) and nanoindentation. Thermodynamic equilibrium predictions were 

performed using ThermoCalc. Oxygen and carbon expanded h.c.p. α and NaCl type δ carbo-oxide 

were identified from the XRD patterns. Rietveld refinements of the XRD patterns revealed an 

increase in expansion of the h.c.p. α lattice from interstitially dissolved C and O: the c/a ratio 

increases from 1.588 for interstitially free h.c.p. α to 1.607 after 100 hours of exposure. The overall 

carbon and oxygen content after 100 hours was 4.2 wt% and 5.5 wt%, respectively; these overall 

compositions correspond to the two-phase α + δ region in the calculated ternary phase diagram. 

The microstructure from LOM revealed large grains of expanded α-phase and a surface zone 

consisting of δ carbo-oxide. The hardness, as determined by indentation, of the expanded α 

increased linearly with the c/a ratio, resulting in an increase to 11748 MPA after 100 hours 

exposure from 2193 MPa for the untreated Ti grade 2.  

Keywords: Titanium; Transmission X-Ray diffraction; Rietveld refinement; Gaseous carbo-

oxidation; Light optical microscopy; Nanoindentation; ThermoCalc 

10.1 Introduction 
Titanium (Ti) and its alloys are used in applications where high specific strength, corrosion 

resistance and light weight are required. However, poor tribological properties makes Ti alloys 

mailto:frebok@mek.dtu.dk
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inapt for applications involving wear loads. This can be alleviated by surface hardening of Ti by 

incorporation of interstitial elements, C, N and/or O, in the h.c.p. α crystal structure and via 

formation of interstitial compounds ([1],[2],[3]). The solubility of carbon in α is roughly 0.1 wt% 

at 800 °C [4], higher contents entail formation of NaCl type δ carbide. The solubility of oxygen in 

α is 14.3 wt% at 800 °C and is roughly constant from 600 – 1750 °C, with ordering taking place 

(Ti2O, Ti3O) at a lower temperature [5]. The NaCl type δ oxide, TiO1-X, has a wide homogeneity 

range and – ostensibly - shows full inter-solubility with the isomorphous compounds TiC1-X and 

TiN1-X [4].  

The use of thin foils enables fast trough-diffusion of interstitial elements and hence possibility for 

synthesis of homogenous materials, provided that equilibrium between the solid state and the gas 

atmosphere is attained ([6],[7],[8],[9]). Hitherto, no systematic work on the Ti-C-O system using 

thin foils and controlled gas systems has been performed. The present study examines the Ti-C-O 

system at 800°C, using a controlled gaseous atmosphere and thin foils. The synthesized materials 

provide fundamental information on the lattice parameters, phase composition, microstructure and 

mechanical properties as a function of different loads of C and O. The obtained fundamental data 

is a prerequisite for tailored and optimized surface engineering of titanium alloys. 

10.2 Materials and Methods 

10.2.1  Thermochemical synthesis 
Annealed 99.6 % pure grade 2 titanium foils (GoodFellow) with a thickness of 25 µm were cut 

into pieces of roughly 1.3 cm in length and 0.6 cm in width. A total mass of 640 mg of foil was 

carbo-oxidized in a Netzsch STA449 C Jupiter thermal analyzer at 800 °C using a gas flow of 100 

ml/min CO (99.97% purity) and 3 ml/min Ar (99.999% purity) as protective gas. Heating to 800 

°C was performed with a heating rate of 20 °C/min; cooling was performed with an average 

cooling rate of approximately 50°C /min, which is the maximum cooling rate of the thermal 

analyzer. After carbo-oxidizing for 20 hours, the treatment was terminated by cooling to room 

temperature in the active gas and flushing with Ar before opening. Approximately 50 mg of the 

treated foils was sampled for further analysis. Subsequently, the remaining foils were carbo-

oxidized for another 20 hours (cf. above); this procedure was repeated until a total 100 hours of 

treatment was reached. The total uptake of carbon and oxygen in the foils was (continuously) 

recorded by the thermal analyzer. 
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10.2.2  Carbon content determination 
Determination of carbon content of the 100 hours sample was performed on a CS230 LECO 

Carbon/Sulfur Determinator using LECO iron chip accelerant and Lecocel II. Quantification was 

done by conversion of C to CO2 by O2 and infrared spectrometry. A steel containing 0.832 wt% C 

was used for calibration of the instrument (certified calibration material). No other samples were 

analyzed due to limited sample quantities.  

10.2.3  ThermoCalc predictions 
Thermodynamic equilibrium predictions were performed in Thermo-Calc (TC) version 2017b 

using the Thermo-Calc Software TCTI1 ‘Titanium and Titanium Aluminide-based alloys’ 

database version 1 [4]. The database only contains the Ti-C and Ti-O binary interaction terms, and 

not the full Ti-C-O ternary interaction terms.  

10.2.4  X-Ray diffraction and Rietveld refinement 
X-ray diffraction (XRD) was performed with a Huber G670 using a CuK(α)1 source in 

transmission (Guinier) mode, where the samples were fixed at an angle of 45° with respect to the 

incident beam and rotated to improve grain statistics and reduced influence of texture effects. The 

image strip detector was read out in a 2θ range of 3-100° with a step size of 0.005° after an exposure 

time of 1 hour. Rietveld refinements of intensity versus scattering angle (2θ) was performed in 

WINPOW a modified version of the LHMP program [10], in order to calculate the lattice 

parameters, phase composition and zero shift corrections. Systematic shifts in the XRD patterns 

due to slight bending of the foils were corrected for by using the calculated zero shift corrections 

from WINPOW, where a typical shift was -0.06 2θ. The background was corrected with 

Chebyshev polynomials and the peaks were fitted with a pseudo-Voigt function. A large degree of 

preferred orientation (texture) in the c direction (001) of the h.c.p. α structure, necessitated 

preferred orientation corrections. The texture was also present in the untreated foils, which 

indicates that the texture is a remnant of the manufacturing of the foils (hot rolling). Residual 

values of Rp ≤ 2.68% and goodness-of-fit values χ2 ≤ 4.56 were obtained, with difference curves 

of low intensity, indicating insignificant differences between the calculated and measured patterns. 

Lattice parameter values for the α and δ phases had minor standard deviation values of below 10-

5 Å. 
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10.2.5  Microstructure analysis  
Pieces of the treated foils were embedded in epoxy, ground and polished. Etching was performed 

using Murakami’s reagent (10 g potassium ferricyanide, 10 g sodium hydroxide and 100 mL water) 

at 55 °C for 3.5 min. Light optical microscopy (LOM) was performed on the cross sections using 

polarized light on a ZEISS Axio Vert.A1 at 50x magnification.  

10.2.6  Mechanical properties from nanoindentation 
Nanoindentation to evaluate the hardness was performed on the cross-sections of the foils, using a 

NHT2 from CSM Instruments with a diamond Berkovich indenter, a load of 40 mN and a resulting 

depth of 450 – 500 nm via the Oliver-Pharr indentation method. Approximately 200 indents were 

made on each sample using an advanced visually assisted matrix mode. Each indent was evaluated 

for shape, position, unwanted crack formation and their load-displacement curve. The hardness 

was consequently based on 43 – 63 indents on average, due to the narrowness of the foils that 

made position calibration imprecise and the brittleness in areas of the foils.  

10.3 Results and Interpretation 

10.3.1  Thermogravimetric and combustion analysis 
The CO gas system is characterized by having a low partial pressure of O2 and a high activity of 

carbon, however the precise values are undefined: The CO + CO2 buffer system (Boudouard 

reaction) results in a controlled partial pressure of oxygen and carbon activity as a function of 

temperature provided that the ratio of CO and CO2 is known. The cumulative carbon and oxygen 

uptakes of the samples from the thermogravimetric analysis (TGA) are shown in Fig. 10-1. Initially 

there is a fast uptake of C and O with an increase in the wt%C+O to 4.65 % in the first 20 hours, 

which drops notably in the subsequent hours suggesting that the uptake could be diffusion 

controlled. This can be evaluated from a (wt%C+O)2 vs. time (hours) plot in Fig. 10-1 and confirms 

a parabolic rate law for up to 60 hours and a deceleration after 60 h. The total sample composition 

after 100 hours was 4.2 (+/- 0.34) wt% C and 5.5 (+/- 0.33) wt% O calculated from the TGA and 

carbon determination. These values represent the combined content in δ and α in the foils. From 

the uptake curve, it is clear that saturation of the foils has not been obtained after 100 hours 

exposure. This implies that no equilibrium has been achieved between the gaseous atmosphere and 

the solid state. 
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Fig. 10-1: Cumulative thermogravimetric curve for the five samples treated from 20 – 100 hours at 800 °C in CO, corrected for 
sample removal (left). Plot of (wt%C+O)2 vs. time (hours) with a linear fit from 0 – 60 hours (right). 

10.3.2  Light optical microscopy 
The microstructure evolution is presented in Fig. 10-2. The microstructure consists of an outer δ 

layer and an inner (C+O expanded) α matrix (cf. XRD in the following section). Evidently, the 

growth of δ phase is promoted by grain boundaries; from 40 hours onwards fast growth in these 

regions is observed. Significant grain growth occurs in the α phase. The difference in color between 

grains is due to the polarized light, which makes identification of grains with different orientations 

easier.  The notably darker interphase layer between the outer δ and inner α indicates the presence 

of another δ phase (cf. XRD), which has different etching response towards the applied Murakami 

reagent; this could potentially be attributed to a lower content of carbon.  
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Fig. 10-2: Light optical micrographs obtained by polarized light of Murakami etched cross-sections of the synthesized thin foils. 
The scale bar given for the untreated reference applies for all micrographs. The small pits in the α phase are most likely residues 
from spallation of the δ layer during grinding and polishing.    

10.3.3  Transmission X-ray diffraction 
The transmission XRD pattern of the C-O synthesized foils and the untreated reference foil are 

given in Fig. 10-3. The untreated reference consists of α and has a weak (001) texture, while the 

carbo-oxidized samples are converted into expanded α and δ. The intensity of the δ peaks increased 

with treatment time, along with reduction of the intensity of the α peaks, indicating transformation 

of α into δ phase. The α peaks that are only sensitive to a change of the c lattice parameter in the 

h.c.p. lattice, such as the (002) peak at 38º 2θ or the (012) peak at 52º 2θ, display a clear shift to 

lower 2θ values with increasing reaction time, indicating a lattice expansion in the c direction in 

the h.c.p. crystal and thus an increase in the c/a ratio. The a parameter is not affected by the 

incorporation of oxygen and carbon to the same degree as the c parameter; it only changes from 

2.953 Å for interstitially free h.c.p. α to 2.969 Å after 100 hours of exposure, while the c changes 

from 4.69 Å to 4.77 Å. The δ (111) and (022) peaks contain small satellite peaks to the higher 2θ 

side indicated by a black dot, which are identified as belonging to the oxygen rich δ2 phase in the 

interphase between the outer δ layer and the inner α grains (cf. LOM). 

 

Fig. 10-3: Transmission XRD Pattern showing all peaks from 33 – 79° 2θ (upper) and 34 – 43° 2θ (lower) for untreated and 
carbo-oxidized samples. Lower pattern sample identification applies to the upper pattern. 
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10.3.4  Rietveld refinement 
The refined Rietveld profile of the major peaks of the α and δ phases is shown in Fig. 10-4 for the 

100 hours sample. From the residuals curve it is clear that the fit is successful; similar results were 

obtained for the other samples. The only significant disagreement is at the α (012) peak, which can 

be explained by the high degree of preferred orientation in the c direction that can be difficult to 

fit perfectly. The texture is most likely a consequence of the annealing and rolling of the foils, as 

preferred orientation is also evident for the untreated reference foil. Minor asymmetry corrections 

for the α phase for the 20 – 60 hours samples were used, due to slight concentration gradients.   

 

Fig. 10-4: X-ray diffraction pattern, refined Rietveld profile, background curve and difference curve between 33 – 79° 2θ (full 
range is 3 – 100° 2θ) for the 100 hours sample.  

The results from the Rietveld refinement are collected in Fig. 10-5 and show that the total content 

of interstitials increases with time; the c/a ratio in α increases from 1.6010 to 1.6064 from 20 to 

100 hours reaction time, while the untreated foil displayed a c/a ratio of 1.588. This indicates that 

the total content of interstitials (C + O) increases with time, although the specific ratio of the two 

elements is unknown. Also, a change in ratio between the interstitial elements can lead to a 

significant change of the c/a ratio as carbon expands α more than oxygen [11]; though this is the 

behavior of low contents of C and O. The lattice parameters for δ1 and δ2 barely changed with time 

with averaged values of 4.302 (+/- 0.002) Å and 4.27 (+/- 0.002) Å for δ1 and δ2, respectively. The 
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figures also display the decreasing phase fraction of α and the increasing phase fractions of δ1 and 

δ2 with reaction time. The wide standard deviations are due to the difficulty of fitting the XRD 

patterns perfectly due to the texture of α, resulting in a severe underestimation of the fraction of α 

relative to δ1 and δ2, making the results qualitative.  

 

Fig. 10-5: Rietveld refinement phase transformation map showing the phase fraction (wt%) and c/a ratio of the h.c.p. α lattice 
vs. reaction time. The fraction of δ1 and δ2 increases along with a decrease of α as a function of reaction time. The concentration 
of interstitials in α increase with reaction time, leading to an increased c/a ratio. Estimated standard deviations for c/a ratios 
are too small to be visible. 

10.3.5  Nanoindentation 
The hardness, as obtained by nanoindentation, of the expanded α phase is given in Fig. 10-6. Here 

the overall tendency is that the hardness increases with reaction time and roughly follows a linear 

trend with the c/a ratio. This shows that higher concentrations of C and O increase the hardness of 

α, however titanium is strongly anisotropic and grain orientation information from electron 

backscatter diffraction combined with nanoindentation are needed to get the full picture (future 

work). 
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Fig. 10-6: Hardness vs. c/a ratio of α for untreated and carbo-oxidized samples. Based on 43 – 63 validated indents made with 
a 40 mN load and 400 – 500 nm depth. 

10.4 Discussion 

10.4.1  Thermodynamic equilibrium predictions 
Fig. 10-7 displays the ternary Ti-C-O phase diagram at 800 °C calculated with ThermoCalc. The 

experimentally determined composition for the 100 hours sample is shown in the diagram, which 

is within the α + δ two-phase region. From the cross-sections (Fig. 10-2) it is obvious that changes 

in the composition of the α phase rely on diffusion of O and C through the δ phase. Consequently, 

the system has not established an actual equilibrium between the α and δ phases, as assumed in 

ThermoCalc. ThermoCalc predicts the existence of a carbon rich δ1 and an oxygen rich δ2 for high 

concentrations of oxygen, which implies that the thermodynamic data available in the applied 

database does not consider full inter-solubility between the two compounds. The presence of δ2 

phase with a higher concentration of oxygen is consistent with LOM and XRD.  
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Fig. 10-7: Ternary phase diagram of Ti-C-O at 800 °C. The total sample composition after 100 hrs. is based on the TGA total 
uptake and the LECO carbon determination. 

10.4.2  Interstitial solubility in α; c/a ratio 
A potential hypothesis that may explain the increase in the c/a ratio from 60 – 100 hours, in the 

regime where the uptake is slow, relates to the surface reaction and the applied gas species. The 

atmosphere of flowing CO results in a very high carbon activity and low partial pressure of oxygen, 

albeit in principle undefined. The dissociation of CO results in formation of carbon and formation 

of CO2 at the surface; the surface kinetics of this carburizing reaction is initially fast and adsorbed 

C can only enter into solid solution (or remain at the surface and form graphite). Carbon in the 

solid state is not able to leave the material by reaction with CO. Conversely, incorporation of 

oxygen from a low and undefined partial pressure of oxygen is slower, but oxygen can desorb or 

be retracted from the solid state by reaction with flowing CO. The initial introduction of carbon, 

which has a low solubility in α, leads to fast formation of a δ compound layer. The carbon stabilized 

δ phase, inhibits a fast exchange of C and O in α phase with the gas due to slow diffusion in this 

phase. Hence, no equilibrium is attained between α and the gas, due to a slow diffusion flux 

through the δ. The composition of α changes with time due to dissolution of more O, which leads 

to an increase in c/a ratio and hardness. The sharp increase in c/a ratio from 60 – 100 hours 

coincides with the sharp increase in the fraction of δ phase. This implies that carbon is expelled 
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from α and results in formation of more carbon-rich δ. The redistribution of interstitials between 

the two phases is expectedly a slow process. The small variation in the lattice parameter for δ 

suggests that C and O have very similar expansion effects on the denser δ. For α there is most 

likely a difference in the degree of expansion, though the extent is unknown at high concentrations 

[11]. 

10.5 Conclusion 
Contacting thin foils of titanium grade 2 to a CO atmosphere at 800 °C for different times resulted 

in the formation of big grains of expanded h.c.p. α and an outer layer of NaCl type δ.  The c/a ratio 

of the h.c.p. structure of α increases from 1.588, for interstitially free h.c.p. α, to 1.607 after 100 

hours of exposure, along with an increase in the total interstitial content. The carbon and oxygen 

contents in the treated foils after 100 hours of exposure are 4.2 (+/- 0.34) wt% C and 5.5 (+/- 0.33) 

wt% O, respectively, which would correspond to a mixture of α and δ in the calculated ternary Ti-

C-O phase diagram. This lattice expansion of α phase is caused by the dissolution of both C and 

O, but the exact ratio is presently undetermined. The hardness of α increases with the c/a ratio 

(composition) from 2193 (+/- 56.4) MPa for the untreated Ti to 11748 (+/- 313.75) MPa after 100 

hours.  
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11  Supplementary material for the Ti-C-O-N system 

11.1 Ternary phase diagrams from ThermoCalc 
Thermodynamic equilibrium predictions were performed in Thermo-Calc (TC) version 2017b by 

means of the Thermo-Calc Software TCTI1. The ternary phase diagram (TERN) module was used 

at temperatures 650, 850 and 1100 °C with Ti, C and O as elements. However, the database merely 

comprises the Ti-C and Ti-O binary interaction terms, and not the complete Ti-C-O ternary 

interaction terms.  

Fig. 12-1 present the ternary Ti-C-O phase diagrams at 650, 850 and 1100 °C calculated with 

ThermoCalc using the ternary phase diagram module based on data from the binary TiO and Ti-C 

systems. The TGA, XRD and LOM results in Manuscript V indicated that the system has not 

established an actual equilibrium between the α and δ phases, which is predicted based on 

ThermoCalc. The existence of a carbon rich δ1 phase (TiC) and an oxygen rich δ2 phase (TiO) at 

high concentrations of oxygen, fits well with the findings of this study that indicate that there is a 

limit to the intersolubility between TiC and TiO. 

   
Fig. 12-1: Ternary phase diagram of Ti-C-O at 650 (A), 850 (B) and 1100 (C) °C calculated with ThermoCalc.  
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To study the gaseous carbo-nitro-oxidation of 25 µm thick G2 Ti thin foils a total of 11 samples 
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and methods (XRD, Rietveld, LOM and TGA) from Manuscript V were used in this study, albeit 

with differences in gas composition, temperature, and time. A total flow CO and N2 of 100 mL/min 

was used for all 11 samples. The study is divided into two sections that focus on the dependence 
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of reaction time and CO and N2 ratio, respectively. The literature referenced in Manuscript V is 

also pertinent for the present study.  

Table 12-1: Treatment scheme for the eleven 25 µm thick G2 foils treated with CO and N2 at 1000 °C. 

Time [hrs.] Vol% N2 Time [hrs.] Vol% N2 

0.5 50 24 0 

1.6 50 24 90 

6 50 24 94 

12 50 24 98 

24 50 24 100 

30 50 -- -- 

11.2.1  Effect of reaction time 
The CO + N2 gas system has an undefined activity for C, N and O, however the oxygen partial 

pressure is most likely low, while the activity of N is high. The activity of C should also be high. 

The time dependent uptakes of C, N and O are given in Fig. 12-2, displaying the reproducibility 

of the synthesis method indicated by the excellent overlap of the curves. Furthermore, according 

to the uptake curves the primary weight increase happens in the first hour. This is analogous to the 

behaviour presented in Manuscript V, where no parabolic mass gain was observed above 900 °C 

after some time. The mass uptake accelerates in the initial stage followed by a continuous decline. 

The uptake curve makes it clear that saturation of the foils has not been realized, with the indication 

that equilibrium has not been reached between the solid state and the gaseous atmosphere.  

  
Fig. 12-2: Relative mass gain curves (thermogravimetry) for the carbo-nitro-oxidized G2 titanium foils at 1000 °C using a 
volumetric ratio of 50/50 CO and N2  
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The transmission XRD diffractograms of the C-O-N synthesized foils and the untreated reference 

foil are given in Fig. 12-3. The untreated reference consists of α and has a weak 001 texture, while 

the carbo-nitro-oxidized samples are converted into a combination of interstitial solid solution in 

α and δ phase, i.e. TiC, TiCO and TiO, similarly to Manuscript 5. Nitrogen containing δ phase is 

also likely, i.e. TiCON, because the TiN phase ostensibly has a large intersolubility with both TiC 

and TiO [1,2]. It is not possible to quantify the C, N or O contents in the δ phase(s) based on lattice 

parameters, however the TiN peaks should be located in between the TiC and TiO peaks, with a 

lattice parameters being about 0.4328, 0.4239 and 0.4177 nm for TiC, TiN and TiO, respectively 

[3,4]. The α phase should mainly contain oxygen, because of the three orders of magnitude lower 

diffusion of N in α relative to O [5] and the low C solubility in α [6]. The mutual solubility of N 

and O in α should be high, with both N and O residing in the octahedrally coordinated interstices, 

meaning that the faster diffusing O should inhibit the ingressing of the slower diffusing N, and 

result in an overall lower N content relative to O. The c lattice parameter in α is expected to expand 

more than the a lattice parameter, which is displayed by the notable shifts of the α 002 peak at 38° 

with reaction time, leading to an increase in c/a ratio of the h.c.p. crystal. The samples from 6 hours 

onwards include satellites to the high 2θ side of the δ peaks, which are identified as oxygen rich 

TiO phase in the interphase between the outer TiC layer and the inner α grains (cf. LOM). 

 

Fig. 12-3: Transmission x-ray diffractogram limited to 33 – 79 2θ (upper) and 34 – 44 2θ (lower) for the carbo-nitro-oxidized 
and untreated G2 titanium foils. Lower pattern sample identification applies to the upper pattern. Detected phases are h.c.p α-
Ti, δ-TiC (high C content), δ-TiCO, δ-TiO (high O content) 

The results from the Rietveld refinements are depicted in Fig. 12-4 and show that the overall 

content of interstitials in α increases with reaction time, based on the increase in the c/a ratio of α. 

35 40 45 50 55 60 65 70 75

34 36 38 40 42 44

δ 
22

2
α 

02
1

α 
11

2
α 

02
0

δ 
11

3

α 
01

3

α 
11

0
δ  

02
2

α 
01

2

δ  
00

2

α 
01

1

α 
00

2δ 
11

1

α 
01

0

In
te

ns
ity

 / 
A

rb
ita

ry
 u

ni
ts

2θ / degrees

δ 2
 0

02

δ 1
 0

02

α 
01

1

α 
00

2

δ 2
 1

11

δ 1
 1

11

α 
01

0

30 hrs
24 hrs
12 hrs
6 hrs

1.6 hrs
0.5 hrs

Untreated

2θ / degrees



 Supplementary material for the Ti-C-O-N system 

179 
 

The total content of interstitials (C + O + N) increases with reaction time, although the specific 

ratio of the three elements is unknown. The change in ratio between interstitial elements can lead 

to a significant change of the c/a ratio as carbon expands α more than oxygen and nitrogen [7]; 

though this is the behavior of low contents of C, N and O. The rate of expansion decreases with 

reaction time, most likely due to slowing diffusion through the outer TiC layer and the gradual 

saturation of α. The c/a ratio approaches the ideal c/a ratio (= √(8/3) for the h.c.p. lattice, and a 

longer reaction time than the 30 hours could allow the content to reach similarly levels of 

saturation, as seen at 1000 °C after 130 hours in Manuscript V. The fraction of phases is also 

displayed in Fig. 12-4 and it is clear that the fraction of δ phases increase while the α fraction 

decreases, although this occurs be slow after 6 hours indicating a slower reaction rate.  

 

Fig. 12-4: Phase fractions (wt%) of NaCl-type δ phases and h.c.p α as obtained by Rietveld refinement. The increasing lattice 
parameter c/a ratio of α is also shown as a function of reaction time. 
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carbon between the two δ phases. The 24-hour and 30-hour samples display distinct lines in the α 

phase, which was explained in Manuscript V as NaCl TiO formed from the O saturated α by the 

introduction of stacking faults. Porosities in the outer TiC layer formed by gas evolution can also 

be seen, similarly to Manuscript V.  

  

  

  

 

 

Fig. 12-5: Polarized light micrographs of Murakami etched cross-sections of the thermochemically treated thin foils at 1000°C 
and 50/50 vol% CO/N2. The scale bar given for the untreated reference applies for all micrographs. The bright parts are 
polarized light effects. 

11.2.2  Effect of CO and N2 ratio 
The results from TGA, XRD and Rietveld for the samples with varying CO and N2 ratios are 

presented in Fig. 12-6 (A-E). With the TGA in A and B showing a similar fast initial uptake 

following by a decelerating uptake with a non-parabolic dependence, similarly to Manuscript V. 

The 100 and 50 vol% CO samples display analogous uptakes, which suggests similar growth of 

the outer TiC layer and comparable diffusion limitations. The gradual increase of the N2 content 

from 90 to 100 vol% reduces the slope of the initial stage and the overall mass gain, which could 

be due to the slower N diffusion relative to O and C. The XRD diffractogram in C similarly show 

how the samples with 100 vol% CO exhibits δ peak positions at higher 2θ, indicating a higher C 

content, relative to the 2 vol% CO sample. Such as the 002 δ peak at nearly 42 2θ, which is about 

41.84 2θ for 100 vol% CO and 42.16 2θ for 2 vol% CO. The Rietveld fit and diffractogram for 

100 vol% N2 in D display that a combination of TiN, which exhibits a concentration gradient, and 
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Ti2N is formed. This means that no α is present, which emphasizes how the outer TiC layer formed 

when CO is present, limits the ingress of both O and N. The phase fractions and c/a ratio of α is 

shown in E and indicate that the five samples with CO achieves similar levels of interstitials in α 

due to the very similar c/a ratios.  

The polarized LOM micrographs are presented in Fig. 12-7 and exhibit how the thickness of the 

outer TiC layer is of a similar thickness for all the different CO samples. This suggests that a lower 

flow would have to be used, to actually see an effect of the variation of the CO/N2 ratio, and implies 

that the N reaction is slow, and the CO reaction is fast. The contrast and interaction with the 

Murakami’s reagent do exhibit some variation, with the 94 and 98 vol% N2 samples displaying a 

slightly darker contrast in the outer TiC layer. This indicates that some N is present in the outer 

layer because TiN exhibits a golden color, which appears darker in grayscale images. The TiO 

lines in the center of α also suggest that a saturation of α has been achieved similarly to Manuscript 

V. Porosities formed by gas are also visible. The 100 vol% N2 sample show an outer layer of TiN 

with a concentration gradient towards the center of the foil. The Ti2N phase is visible in the center 

with a slightly darker contrast than the outer TiN layer.  
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Fig. 12-6: (A-B) TGA curves for the samples with different N2 and CO ratios and the corresponding XRD diffractograms (C). 
(D) show the Rietveld fit for the 100 % N2 sample. (E) Phase fractions (wt%) of phases and c/a ratio of α from Rietveld vs. ratio 
of N2 at 1000 °C. 

  

  

  
Fig. 12-7: Polarized light micrographs of Murakami etched cross-sections of the thermochemically treated thin foils at 1000 °C 
and 24 hours with varying ratios of CO and N2. No Murakami was used for 100 vol% N2. The scale bar given for the 100 % CO 
sample applies for all micrographs. 

11.3 The Boudouard reaction 
A gas mixture consisting of CO and CO2 enables controlled variation of pO2 and aC (they are 

interdependent) as described by the Boudouard reaction presented in equation (12-1) and (12-2) 

[8]. The variation in oxidation partial pressure with the CO/CO2 ratio is also illustrated in the 

Ellingham diagram in Section 2.4. This study describes the gradual change from a 100 vol% CO 

to 100 vol% CO2 at 1000 °C and from 100 vol% CO to 99.6 vol% CO and 0.04 vol% CO2 at 1050 

°C and the effect of the phase composition. The TGA curves are presented in Fig. 12-8 (A). The 

introduction of CO2 leads to a more “oxidizing” environment, which also results in a gradually 

increasing mass gain. The XRD diffractogram are shown in Fig. 12-8 (B) and exhibit how more 
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oxidation of the foil occurs when more CO2 is introduced, with the 100 vol% CO samples 

displaying a combination of δ and α phases, while the 99.6 vol% CO samples both exhibit Magneli 

phases Ti3O5 and Ti2O3 together with the δ phase. The δ phase exhibits a range of peak positions, 

with the 002 δ peak at about 42 2θ ranging from 41.93 to 42.80 2θ, due to a combination of C and 

O, similarly to Manuscript V. Above 16.3 vol% CO2 only TiO2 is present. No conclusion whether 

carbon is dissolved in TiO2, removed by the flowing gas, or separated as graphite can be reached 

based on the present data. The calculated pO2 and aC are presented in Table 12-2, which should be 

compared with the theoretical sample composition based on the activities as calculated with 

ThermoCalc, see Section 12.1. The results suggest that there is a good enough agreement between 

the experimental data and the Calphad prediction, because both finds Magneli phases at 0.04 vol% 

CO2 and TiO2 at 16.3 vol% CO2. This also means that it is not possible to study the h.c.p α phase 

using the Boudouard reaction at elevated temperatures or long times for 25 µm thick, thin foils, 

due to the notable oxidation occurring when even small amounts of CO2 are present.  

𝐻𝐻𝐶𝐶 = 𝑝𝑝𝐶𝐶𝐶𝐶
2

𝑝𝑝𝐶𝐶𝐶𝐶2
∙ exp (

−∆𝐺𝐺(2.4)
0

𝑅𝑅𝑅𝑅
)   (12-1) 

                           𝐺𝐺𝑂𝑂2 = (𝑝𝑝𝐶𝐶𝐶𝐶2
𝑝𝑝𝐶𝐶𝐶𝐶

)2 ∙ exp (
2∆𝐺𝐺(2.5)

0

𝑅𝑅𝑅𝑅
)      (12-2)  

  
Fig. 12-8: (A) TGA curves for the CO-CO2 synthesis and the corresponding XRD patterns (B). The 83.7 % CO + 16.3 % CO2 
(dotted line) indicate a lost connection to the TGA. 

Table 12-2: Calculated partial pressure of oxygen and activity of carbon from the Boudouard equation (1) and (2) at 1000 and 
1050 °C. UBL signify ‘undefined but low’ while UBH ‘undefined but high’, due to the systems not being well defined buffer 
systems.  
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 Ln(pO2) Ln(aC) Ln(pO2) Ln(aC) 

1 (100 % CO) UBL UBH UBL UBH 

0.996 -43.5023 0.6402 -41.4844 0.0286 

0.837 -35.7368 -3.4113 -33.7216 -4.0174 

0 (100 % CO2) UBH UBL UBH UBL 

 

 

Fig. 12-9: (A) Ti-C-O ln(activity of O2) vs ln(activity of C) at 1000 °C. The blue dot means the PCO equal to 0.996, while the red 
dot means the PCO equal to 0.837. (B) Ti-C-O ln(activity of O2) vs ln(activity of C) at 1050 °C. The yellow dot means the PCO 
equal to 0.996.  
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12  Summary 
The study of the interstitial alloying of titanium with oxygen, nitrogen, carbon and hydrogen 

resulted in several findings and conclusions which are detailed in the individual results chapters. 

Here, the most significant conclusions from the manuscripts I – VI are summarized; these are 

subdivided by manuscript.  

(I) Extreme hardening of titanium with colossal interstitial contents of nitrogen and 

oxygen 

• The increase in c/a ratio of h.c.p. Ti from yN/O = 0.006 to yO = 0.4 was consistent with 

literature. 

• The hardness increased from 4 GPa for untreated Ti to 18 GPa for Ti with an interstitial 

content of yO = 0.4 

• Similarly, the indentation modulus increased from 100 GPa for untreated Ti to 190 GPa 

for yO = 0.4.  

• There is a linear relationship between hardness and c/a ratio (composition) in the h.c.p. Ti 

lattice. 

• Only the indentation modulus was affected by the change in measurement direction relative 

to [0001]. 

(II) Area determination with pile-up and sink-in in nanoindentation of oxygen containing 

titanium 

• Atomic force microscopy is a good diagnostic tool to analyze pile-up and sink-in. Fitting 

of the indent area with the Gwyddion algorithm only works in case of pile-up. 

• The Dao method accurately accounts for pile-up and yields indent areas consistent with 

Gwyddion. 

• The Dao and OP methods correctly take sink-in into account. 

• The threshold of 0.7 for the ratio between final depth and total depth, to estimate pile-up 

(above) and sink-in (below), is a sensible guideline. 

(III) Extreme expansion and reversible hydrogen solubility in h.c.p. titanium stabilized by 

colossal interstitial alloying  
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• The deliberate interstitial alloying with 25 at. % O and 19.0 at. % N resulted in a colossal 

solubility increase of hydrogen from zero to 50 at. % at room temperature in α-Ti, 

surpassing even the solubility in β-Ti. 

• The dissolution of hydrogen led to a 12.5 % anisotropic expansion of the h.c.p lattice, 

caused by the repulsion between H and N/O, which resides in TCI’s and OCI’s, 

respectively.  

• The stabilization of α-Ti even if H was introduced, was explained by the atomic radii of 

N/O relative to the much smaller size of the OCI and TCI in β-Ti, meaning that the α 

stabilization effect by N/O is more powerful than the β promoting effect of H. 

• The linear relation between the volume per Ti atom and the site occupancy, strongly 

suggested that H resides in the TCI’s in α-Ti.  

(IV)  Effect of high-vacuum annealing on the crystallography and microstructure of 

hydrogenated Ti and Ti-6Al-4V 

• The hydrogenation of grade 2 Ti yielded about 41.6 at. % H from XRD and a complex 

microstructure influenced by the effect of different H contents, leading to a combination of 

hyper-eutectoid δ, hypo-eutectoid α and eutectoid H-lean α and H rich δ.  

• Dehydrogenation at 350 – 550 °C resulted in the removal of H and the gradual 

decomposition of δ with increasing temperature. The microstructures contained 

martensitically formed thin plates of α at 350 °C and lenticular shaped α at 400 °C, with δ 

dispersed in-between. A non-homogeneous H content was observed at 450 °C leading to a 

fine α structure at the surface and a coarse α/δ mixture in the center. At 500 and 550 °C 

plates of α were detected with dark patches of δ and H-rich α in-between.  

• Hydrogenation of grade 5 stabilized the β phase, with the microstructure consisting of grey 

plates of β with thin white plates of martensitic α’ on the plates. The α’ was only visible in 

the center, explained by the higher H content near the surface.  

• Dehydrogenation at 350 °C stabilized the δ phase and removed the martensitic α’. At 450 

and 550 °C only trace amounts of δ phase were detected, together with a further increase 

in the fraction of α. This led to complex microstructures exhibiting large α grains with V-

stabilized β and δ particles positioned near the α grain boundaries. Further investigation is 

needed to elucidate the effect of substitutional partitioning.  
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(V) Kinetics of gaseous carbo-oxidizing of titanium foils 

• The treatment with CO at 600 – 1100 °C did not result in homogeneous foils. 

• The kinetics of C and O uptake depended on the microstructural evolution, viz. a TiCx 

compound layer. 

• At 600 – 700 °C the uptake of C and O depended parabolically on time i.e. diffusion-

controlled; diffusion of C & O in α-Ti. 

• From 700 to 850 °C the kinetics were initially similarly diffusion-controlled, but 

subsequently were limited by the slow short circuit diffusion through the outer TiCx layer.  

•  At 1000 °C the α-Ti reaches the solubility limit of oxygen.  

• The increase in hardness and indentation modulus with O content was consistent with 

findings in Manuscript I.  

(VI) Diffraction based identification of an elusive FCC phase in carbo-oxidized titanium 

• The three different characterization methods yielded an a lattice parameter equal to about 

0.44 nm for the FCC phase, which was consistent with δ-TiH2-x. 

• The orientation relationship from transmission electron diffraction was determined as 

{111}FCC||{0002}HCP, which is normally associated with another thermally promoted FCC 

phase, while δ-TiH2-x ordinarily exhibits a {001}FCC||{0001}HCP relation.  

• High vacuum annealing removed the “FCC” phase (XRD) proving that it was indeed δ-

TiH2-x 

• The formation of δ-TiH2-x was promoted by hydrogen ingress during carbo-oxidation and 

the ostensibly complex stress state in the foil. This lead to a transformation occurring 

through Shockley partial dislocations, which helped explain the {111}FCC||{0002}HCP 

relation, because this mechanism should lead to a close-packed arrangement between FCC 

and HCP. 
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13  Further work 
The current work revealed a variety of fundamental research topics regarding the interstitial 

alloying of titanium. The following contains some suggestions for topics that were not fully 

elucidated in the submitted PhD thesis and should be investigated further: 

• The significant increase in the indentation modulus reported in Manuscript I by the 

interstitial alloying of Ti by N and O, could be compared with Young’s modulus data from 

tensile testing of samples containing N and O. The thermal expansion of Ti containing 

interstitials, could also be studied using a combination of neutron imaging, high vacuum, 

and a broad temperature range.  

• Manuscript II studied pile-up and sink-in without using concurrent EBSD measurements, 

combining these techniques would provide information on the effect of grain orientation 

and the notable anisotropic pile-up and sink-in exhibited by the samples. Further 

simulations using FEM of the pile-up, and to some extend the sink-in, with the grain 

orientation considered, could lead to improvements of the DAO method.  

• The colossal lattice expansion and solubility increase of hydrogen in the Ti(N/O+H) system 

reported in Manuscript III, could be extended to other Ti alloys such as grade 5 Ti6Al4V. 

This alloy would be influenced by the stabilization of the β phase by V, and it would be 

interesting to see if similar lattice expansion and solubility increases can be achieved. Also, 

the in-situ hydrogenation to 500 and 800 °C of the Ti(N) and Ti(O) grade 2 foils in a 

neutron beamline, would allow the study of the different reactions, which were described 

in the study as occurring at 475 and 650 °C. The use of neutron radiation could also help 

verify that H resides in the TCI, as was concluded in the study, and elucidate the 

repulsion/retraction forces that occur between H and N/O in the lattice. Simulations using 

DFT could also potentially reveal and explain some of the mechanisms leading to the lattice 

expansion and solubility increase in Ti(N/O + H).  

• The H-induced pseudo martensitic transformation of α-Ti into γ-TiHx, which was 

suggested in Manuscript III, could also by studied further by performing the hydrogenation 

to about 500 °C in an in-situ TEM. This could possibly allow the imaging of the Shockley 

partial dislocations on every 2nd densest packed plane in h.c.p.  
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