
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Transformation of iron containing constituent intermetallic particles during
hydrothermal treatment

Borgaonkar, Shruti; Din, Rameez Ud; Kasama, Takeshi; Ambat, Rajan

Published in:
Thin Solid Films

Link to article, DOI:
10.1016/j.tsf.2018.01.043

Publication date:
2018

Document Version
Peer reviewed version

Link back to DTU Orbit

Citation (APA):
Borgaonkar, S., Din, R. U., Kasama, T., & Ambat, R. (2018). Transformation of iron containing constituent
intermetallic particles during hydrothermal treatment. Thin Solid Films, 649, 121-128.
https://doi.org/10.1016/j.tsf.2018.01.043

https://doi.org/10.1016/j.tsf.2018.01.043
https://orbit.dtu.dk/en/publications/8ec1b011-d273-479e-84b2-0807d21d91a5
https://doi.org/10.1016/j.tsf.2018.01.043


1 

Transformation of iron containing constituent intermetallic particles 

during hydrothermal treatment  

Shruti Borgaonkar
a
, Rameez Ud Din

1,a
, Takeshi Kasama

b
, Rajan Ambat

a

a.
Section of Materials and Surface Engineering, Department of Mechanical Engineering,

Produktionstorvet, Technical University of Denmark, Kongens Lyngby 2800, Denmark

b.
Center for Electron Nanoscopy, Fysikvej, Technical University of Denmark, Kongens Lyngby 2800,

Denmark

Abstract 

Aluminium alloys AA3102 and AA9108 were treated with high temperature steam, which resulted 

in the formation of an oxide layer of average thickness of 300-400 nm. Hydrothermal steam treatment 

resulted in the removal or oxidation of Al (Fe) Mn and Al (Fe-Si) Mn type intermetallic particles 

present in the alloys. Furthermore, electron energy loss spectroscopy analysis revealed that the during 

the steam treatment, the Fe enriched areas of the Al (Fe-Si) Mn type intermetallic particles were 

transformed into Fe2O3 and Fe3O4 phases, while energy-dispersive X-ray spectroscopy line profile 

measurements by scanning transmission electron microscope showed that Mn and Si were leached out 

and incorporated into the surrounding oxide layer. Further, the part of intermetallic phase was 

transformed into polycrystalline material.    
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1 Introduction  

Aluminium and its alloys are widely used in the aerospace, architectural, and automotive 

industries due to its light weight, good mechanical properties, corrosion resistance, and recyclability [1–

3]. During the manufacturing process, elemental additives are added to increase the mechanical 

properties of the aluminium alloys [4–7]. However, the amounts of iron, silicon, and manganese play an 

important role in establishing the mechanical properties of the aluminium alloys [8]. Iron as an 

impurity, is always present in the alloys made from commercially pure base material. The solid 

solubility of iron in aluminium is very low with the result that most iron present leads to the formation 

of the intermetallic compounds. The chemical composition of such intermetallic phases strongly 

depends on other impurities or alloying elements present in the alloy system [9]. Further, Manganese is 

the most common alloying addition, which is used to neutralize the effect of iron by preventing the 

formation of FeAl3 or FeSi rich phases [10]. In most manganese based aluminium alloys, iron can 

replace large amounts of manganese in the intermetallics without changing the crystalline structure i.e. 

(FeMn)Al6 and (FeMn)3Si2Al15 [8,9]. Furthermore, in the Si based the alloy systems, mainly FeSiAl5 

intermetallic compound is usually present, while number of others have reported the formation of Al-

Fe-Si type intermetallics [11–13]. However, the replacement of FeSiAl5 phase by manganese based 

intermetallic compounds is of great interest due to the corrosion resistance properties. It is reported that 

manganese addition to the intermetallics reduces the potential difference between the iron-bearing 

intermetallic particles and the matrix [10,14].  

In general, the presence of these intermetallic particles in aluminium matrix results in the 

heterogeneous microstructure, which has a high impact on the corrosion resistance properties of 

aluminium alloys [15–19]. Thus, aluminium alloys essentially require pre-treatment (well known as 
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conversion coatings) to maintain its corrosion performance with or without polymer coatings such as 

paints [20–26]. However, the formation of various conversion coatings on commercial aluminium 

alloys such as AA3000, AA2000 and AA7000 series is complicated due to the presence of variety of 

intermetallic particles [27–32]. For instance, the formation of chromate conversion coating on Cu 

enriched intermetallic particles resulted in the formation of thinner oxide layer over the copper rich 

particles when compared to the aluminium matrix [28]. Further, no Cr (III)-Cr (VI) mixed oxides over 

AlCuMg, Al2CuMg, and Al5CuMg4, which is usually present over aluminium matrix, were observed, 

while thicker films were observed on Al8Mg intermetallic particles [33,34]. Cerium based conversion 

coatings is one of the most promising chromate free pre-treatment which have been studied extensively 

[35]. A number of investigations [36,37] revealed that the preferential precipitation of the Ce oxide 

layer occurs at the top of Cu-containing intermetallic particles, which was due to the cathodic nature of 

these intermetallic particles. However, the Cu free cathodic intermetallic particles i.e. (Fe, Cr)3SiAl12, 

FeNiAl9, Al6-(Mn,Fe,Cr) did not exhibit the rapid deposition of cerium oxide layer [27,36–39]. 

Similarly, permanganate conversion coatings appear to have some promising properties as on 

aluminium alloys [40–42]. During the formation of permanganate conversion coating on AA2024, the 

deposition of MnO2 oxide layer was observed over cathodic intermetallic particles, which was 

considerably thicker than on the aluminium matrix [43]. Thus, it is evident that the composition and 

chemical nature of intermetallic particles significantly influence the formation of various conversion 

coating, which in general influences the corrosion performance of aluminium alloys [27,31,34,44–46]. 

A number of studies [47–53] have been reported on the hydrothermal treatment of aluminium 

alloys, which results in the formation of aluminium hydroxide layer.  However, these studies do not deal 

with the fundamental role of intermetallic particles in the growth and corrosion resistance properties of 

hydrothermally grown films.  Our earlier work [54–57] of hydrothermal treatment of aluminium alloys 
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with steam showed that the growth of aluminium hydroxide was thicker on Al-Fe-Si intermetallic 

particles when compared to the aluminium matrix and resulted in the partial oxidation of the 

intermetallic phases. Further, in the presence of acidic chemistries, the intermetallic particles were the 

preferential sites for initiation of oxide growth [56]. However, these studies do not deal with the change 

in the microstructure of specific types of intermetallic particles before and after the steam treatment. 

The later investigations showed that the presence of oxide at the intermetallic may significantly affect 

the adhesion performance of the commercially applied powder coating [58]. Thus, the purpose of 

present study is to investigate chemical and microstructure changes to the intermetallic particles under 

hydrothermal conditions. Therefore, the growth of the aluminium hydroxide films on AA3102 and 

AA9108 was investigated; where the effect of steam treatment on Al(Fe)Mn and Al(Fe-Si)Mn type of 

intermetallic particles were studied in detail. The detailed microstructural characterization of the 

produced coatings has been carried out using glow discharge optical emission spectroscopy (GD-OES) 

and, scanning electron microscopy (SEM) and transmission electron microscopy (TEM) including 

energy dispersive X-ray spectroscopy (EDS) and electron energy loss spectroscopy (EELS).  

2 Experimental methods  

2.1 Material 

Commercial aluminium alloys AA3102 and AA9108 were used as the substrate for the 

investigations. Chemical composition of the alloys in as-received condition is shown in Table 1. Prior 

to the hydrothermal surface treatment, the samples were cut into 20 mm x 15 mm test coupons and 

ultrasonically cleaned for 5 min, by using analytical grade acetone as a solvent. After being cleaned in 

acetone, they were rinsed in deionised water and dried using an air gun. 
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2.2 Sample preparation 

 In order to identify various intermetallic particles and to locate the analysis area before and after 

the steam treatment, a set of micro-hardness indents were made using a Vickers micro hardness 

indentor (FutureTech FM 700 micrhardness tester) with a load of 50g.  Using these indentation marks, 

the same intermetallics particles could be analysed before and after the hydrothermal steam treatment. 

Prior to the steam treatment, the samples were degreased for 1 min in 5 wt. % commercial Alficlean 

(weakly alkaline detergent pH =7.5-8) aqueous solution at 30 °C followed by rinsing in distilled water 

and dried in ambient air.  

2.3 Steam treatment  

The samples were exposed to high temperature steam, generated from deionised water in an 

autoclave (All American Pressure Canners, USA) at 107 ºC and 130 kPa vapour pressure, for a period 

of 30, 60, 120, 240 and 600 seconds, respectively. After the steam treatment, the samples were rinsed 

with deionised water and dried in ambient air. 

2.4 Microstructural characterization  

2.4.1 Glow discharge optical emission spectroscopy (GD-OES) 

After the steam treatment, the thickness and relative chemical composition of the surface layers 

were analysed using GD-OES (GD-2 profiler, Horiba Jobin YVON). The instrument is equipped with a 

radio frequency generator, a standard discharge source with an anode of 4 mm internal diameter, a 

monochromator and polychromator optical spectrometers, and Quantum XP software. Calibration of 

the GD-OES profiler was carried out at optimised discharge condition of 850 Pa pressure and RF 

power of 40 W by sputtering the sample surface for a specific time and then measuring the depth of the 

resulting sputtered crater using a surface profilometer. 
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2.4.2  Scanning electron microscopy (SEM) 

The morphology and composition of intermetallic particles present at the surfaces of aluminium 

alloy before and after the steam treatment were investigated using field emission gun (FEG) SEM 

(Quanta 200 FEG MKII, FEI) with an Oxford Instrument INCA EDS analyser. The EDS analysis has 

been performed with an acceleration voltage of 15 keV and Cu calibration. 

2.4.3 Transmission electron microscopy (TEM), Electron energy loss (EELS) and energy 

dispersive X-ray (EDS) spectroscopies 

Thin film lamella from the steam treated surfaces were prepared using in-situ lift-out technique 

using a dual beam focused ion beam SEM (FIB-SEM) (Quanta 200 3D DualBeam, FEI) and were 

further thinned down to approximately 120 nm thickness for electron transparency in a FIB-SEM 

(Helios Nanolab DualBeam, FEI). A FEI Tecnai G2 T20 TEM was used at 200 keV to investigate the 

prepared lamellae. The EELS spectra were acquired with a dispersion of 0.05 eV/channel and an 

energy resolution of 1 eV in TEM diffraction mode. The EELS spectra were processed using Digital 

Micrograph software from Gatan. EDS was performed at 200 kV using the Tecnai TEM equipped with 

an Oxford  Instruments X-MaxN 80 T silicon drift detector. The EDS spectra were processed using 

TIA software from FEI Company. 
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3 Results and Discussion  

3.1 Microstructural characterization 

3.1.1 Glow discharge optical emission spectroscopy (GD-OES) analysis 

Figure 1 shows a typical GD-OES depth profile and an average oxide thickness on AA3102 and 

AA9108 after steam treatment for 30, 60, 120, 240, and 600 seconds. The X-axis in Figure 1(a) shows 

the sputter time converted into sputter depth using regulated sputter rate vs. depth data for aluminium 

oxide and aluminium substrate. This data was obtained by calibrating sputter depth of the craters using 

GD-OES for a specific time. The average sputter rates for the steam generated oxide and aluminium 

substrate at a given pressure (850 Pa) and RF power (40 W) were 30 nm/s and 65 nm/s respectively. 

The concentration of elements shown by the GD-OES profile were relatively compared, a decrease in 

the intensity of oxygen (O) counts is related to an increase in the intensity of aluminium, indicating the 

interface between the steam generated oxide layer and the aluminium substrate as presented in Figure 

1(a). Although not shown here, a similar GD-OES profile was obtained for steam treated AA3102 

surface except for the slight shift in the position of various interfaces, which is summarized for both 

alloys in Figure 1(b). In general, the average thickness of the oxide film generated by steam treatment 

on the AA9108 surface was higher by about 100 nm than that on the AA3102 surface after 600 s. The 

initial growth of the oxide on both alloys was similar up to 120 s, while with an increase in the process 

time, slight increase in the thickness of oxide was evident for AA9108. Overall, the results indicated 

that the thickness of the oxide layer was also a function of the type of alloy, after 600 s of steam 

treatment. Further, the thickness of oxide was slightly lower than the reported data where relatively 

pure aluminium alloys were treated under similar conditions [54,59]. Moreover, previous studies [54] 

reported that the thickness of oxide layer was a function of steam vapour pressure although the growth 
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rate of oxide as a function of steam treatment  time at 130 kPa pressure was less pronounced, which is 

in agreement with the data reported in the present study. The increase in the content of Si at the surface 

is reported to inhibit the formation of aluminium hydroxide [53,60].This can explain the lower 

thickness of the oxide on AA3102 where amount of Si was two times higher than AA9108. Further, the 

presence of Mg at the aluminium surface may induce this phenomenon, where higher levels of Mg is 

reported to facilitate kinetics of the reaction as well as oxide thickness [48]. 

3.1.2 Surface morphology before and after steam treatment   

Figure 2 (a) and (b) show the AA3102 and AA9108 surfaces prior to the steam treatment. The 

surface of both alloys showed the presence of rolling streaks and bright intermetallic particles. The size 

of the bright intermetallic particles varied from 0.3 µm up to 10 µm. The EDS analysis (not shown 

here) of the intermetallic particles of size between 1-10 µm showed the presence Al, Fe, Mn, and Si 

corresponding to an Al(Fe)Mn and Al(Fe-Si)Mn type intermetallic particles. 

Figure 2I and (d) show the typical coverage of the AA3102 and AA9108 alloy surfaces after 

steam treatment. It is evident that the steam treatment resulted in the formation of dark areas in the 

SEM micrograph where the contrast difference indicates the formation of a lighter material with either 

a lower mean atomic number or lower density. Further, the dark areas were concentrated around the 

intermetallic particles. The EDS analysis (presented in Table 2) of the aluminium matrix and the 

intermetallic particles showed the presence of significant amount of oxygen suggesting the formation 

of an oxide layer over the entire aluminium alloy surface. Further, the EDS measurements from the 

intermetallic particles might contain signals from the substrate where the interaction volume is 
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normally 3 x 3 x 3 µm for light materials at 20 keV. Although not shown here, the short steam 

treatment times also resulted in the similar coverage oxide layer on the surface.  

 In order to identify the behaviour of Al(Fe)Mn and Al(Fe-Si)Mn type intermetallic particles 

under hydrothermal treatment conditions, certain areas of the alloy surfaces were marked using micro-

hardness indentations and analysed under SEM, before and after the steam treatment as presented in 

Figure 3 (marked by arrows). The results indicated that the steam treatment resulted in the removal of 

some of the large intermetallic particles (marked by circle in Figure 3 (a) and Figure 3 (c)), whereas the 

rest of intermetallic particles were entrapped in the oxide layer and appeared as circular regions. 

However, in some circular regions no intermetallic particle was detected. Further, the EDS analysis 

(presented in the Table 3) of these intermetallic particles also showed the presence of Si and Mn in the 

oxide layer present close to the edge of the circular regions.  

Figure 4 shows the secondary electron SEM images that represent the surface morphology of 

steam treated AA3102 and AA9108 aluminium alloys. In general, both surfaces after the steam 

treatment showed the presence of needle-like structure, which was homogenously covering the 

aluminium matrix (Figure 4 (a) and Figure 4 (d)) and intermetallic particles ((Figure 4 (b) and Figure 4 

I)). However, the growth of the oxide appeared to be higher around the intermetallic particles. The FIB 

cross section images (Figure 4 (c) and Figure 4 (f)) of these intermetallic particles revealed that the 

particles were covered with an oxide layer having needle structured oxide at the top and compact oxide 

at the bottom. Further, in some areas intermetallic particles were not observed, which suggested that the 

intermetallic particle had been dissolved/dislodged during the steam treatment. Additionally, the 

growth of the compact oxide beneath the intermetallic particles was 5-6 times higher than at the top, 
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which led to the entrapment of intermetallic particles into oxide layer. This will electrochemically 

isolate them from the aluminium matrix.     

The typical growth mechanism of oxide layer under steam conditions is governed by the 

hydration of the aluminium surface [51], where the formation of the layer takes place due to 

electrochemical process occurring at the aluminium metal surface. During this electrochemical process, 

the anodic and cathodic half reactions can be summarised as presented in equation 1 and equation 2.  

Al + 2H2O  AlOOH + 3H
+ 

+ 3e
─ 

 (1)
 

3H2O + 3e
─  

1.5 H2+ 3OH
 ─   

(2) 

During this process the anodic reaction takes place all over the surface whereas the cathodic 

reaction takes place at the intermetallic particles [61]. In the early stages of the reaction, the dissolution 

of aluminium was accompanied by the simultaneous precipitation of hydroxide film that can be 

transformed into aluminium hydroxide. After initial formation of hydroxide, the growth mechanism of 

these films shifts towards the solid-state diffusion of water, through the already present oxide layer. 

Under such conditions, the formation of new film takes place beneath the existing film [50,61,62]. The 

formation of thicker oxide layer around the intermetallic particles was greater, which can be attributed 

to the localised potential difference provided by the cathodic nature of the iron enriched intermetallic 

particles [16,63,64]. This potential difference resulted in the formation of micro-galvanic couples that 

led to the localized attack near the particles promoting rapid anodic dissolution of aluminium and 

formation of a cavity around the particles, which was reported under steam conditions [55].  



11 

 

3.1.3 Transmission electron microscopy  

Figure 5 shows the bright field transmission electron micrographs of the cross sections of the 

aluminium matrix and intermetallic particles after the steam treatment. In general, the cross sections 

showed clearly distinguishable layers; namely, a layer with needle structure, a compact layer at the 

bottom as presented in Figure 5 (a) and Figure 5 (b). The compact layer was close to the aluminium 

substrate interface and contained no porosity. Further, the intermetallic particle was completely 

embedded into the oxide layer with needle structure. However, the intermetallic particle clearly showed 

the presence of two distinct areas namely; “core” marked as (1) and “rim” marked as (2) in Figure 5 

(b).  

The diffraction patterns and dark-field images obtained from these regions indicated that the core 

was composed of an amorphous-like phase coexisting with a small amount of a crystalline phase, while 

the rim showed the crystalline nature with preferential crystal orientations, as shown in Figure 6 (a). 

The crystals of the rim have <10 nm in size and appear to be embedded in the amorphous-like phase. 

The crystallinity and crystal size changes may occur by the oriented attachment mechanism, which is 

occasionally observed in the crystal growth of iron oxides/hydroxides [65–67]. Several number of 

diffraction patterns acquired from different regions showed the similarity among them. The contrast 

variation between the regions 1 and 2 in the bright-field images would be originated from the crystal 

size and crystallinity differences (i.e. diffraction contrast). 

Further, in order to identify the elemental composition of the intermetallic particle an EDS line 

scan from points A to B (marked in Figure 5 (b)) was performed and presented in Figure 6 (b). Overall, 

the line scan showed the presence of O, Al, Si, Mn, and Fe from both the “core” and “rim” regions, 

suggesting the oxidised Al-Fe-Si phase. Furthermore, the outside area of the intermetallic particle, 
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showed mainly the presence of Al, O while low intensities of Mn, and Si was noticeable. In general, the 

results clearly showed that the steam treatment resulted in the oxidation of intermetallic particle while 

some of the elements from the intermetallic particles leached out and incorporated into the surrounding 

oxide.  

 The results of the present work clearly show that the Fe-containing particles i.e. Al-Fe-Si phase 

incorporated into the steam generated oxide film because of the cathodic nature of these intermetallic 

particles as discussed in the section 3.1.2, which caused the rapid anodic dissolution of aluminium and 

formation of a cavity around the particles. Further, the acidification of pH inside the cavity because of 

the hydrolysis may lead to the partial dissolution or de-alloying of the intermetallic particles because of 

selective leaching of aluminium or other active elements [60,68]. The high temperature of steam 

produced rapid oxidation of the leached elements, ultimately incorporating these elements into the edge 

of the oxide present at the intermetallic particles [55,56]. Furthermore, the incorporation and partial 

oxidation of Fe enriched particles into anodic oxide film have been reported  by many researchers [69–

71] in the anodising process, which was in an agreement with the oxidation of intermetallic particles by 

steam treatment [54–56].  

3.1.4 Electron energy loss spectroscopy (EELS) 

The line scan results showed that the intermetallic particle was oxidised, therefore, EELS studies 

were carried out on region 1 and region 2 as marked on Figure 5 (b) and EELS spectra of iron and 

oxygen edge is presented in Figure 7. In general, it is difficult to distinguish between the various iron 

oxide phases using only the iron edge spectrum, therefore more information can be generated by the 

oxygen edge, which also gives information on the oxidation state of iron and the iron oxide phase to 
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which the oxygen atoms belong [72,73] . Some characteristic features from the EELS measurements of 

regions 1 and 2 are as follows:  

(i) The pre-peak below 530 eV is clearly visible in most of iron oxides/hydroxides except for 

FeO, suggesting that the both regions do not contain FeO. 

(ii) A weak peak at 540-550 eV for which position and shape vary between different compounds 

is exhibited in Fe3O4 and gamma-Fe2O3 and less pronounced in alpha-Fe2O3 and FeO. The oxygen K 

edge spectrum from the region 2 shows a distinctive peak at 543 eV. 

 (iii) The intensity ratios of Fe L3/Fe L2 (~8.2 for region 1 and ~9.4 for region 2), which were 

calculated according to literature [67], which suggest that the iron oxidation states in the both regions 

would be mostly Fe
3+

. 

Thus, the region 2 is most likely to be composed of gamma-Fe2O3 along with the amorphous-like 

material that is filled in between the gamma-Fe2O3 crystalline phase. The diffraction pattern of the 

region 2 also supports the formation of gamma-Fe2O3. The region 1 consists mainly of an amorphous-

like phase, which has some similarity to gamma-Fe2O3 and Fe2O3 in its local structure. Our EELS 

measurements show no clear evidence of formation of metallic Fe, FeO or Fe3O4. 

Moreover, in the present analysis, the identification of iron oxide was carried out by the analysis 

of oxygen edge spectra which provides better information on the oxidation state instead of only iron 

edge spectra as reported by others in literature [72,74]. Further, there was no prior EELS study was 

reported in literature on the microstructural changes of intermetallic particles after steam treatment. 

However, study related to the oxidation of intermetallic particles after anodising was reported in 

literature [75]. Where, the EELS study of anodic films developed on aluminium chromium alloy were 
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characterised morphologically by transmission electron microscopy, with precise composition, and 

valence states of relevant species determined by EELS analysis and other nano-scale techniques [75]. 

Overall EELS analysis of intermetallic particle oxidation after steam treatment provides 

fundamental understanding about the conversion coating performance under the polymer-coated 

specimen, where formation of mix oxide plays a vital role in the adhesion mechanism as well as overall 

performance of the conversion coating during service.      

4 Conclusions 

The steam treatment of aluminium alloys resulted in the cleaning of the aluminium alloy surface 

by the removal or oxidation of Al (Fe) Mn and Al (Fe-Si) Mn type intermetallic particles. 

Furthermore, the steam treatment also formed an oxide layer on AA3102 and AA9108 surface 

while the thickness of the oxide was dependent on the presence of various elements in the alloy i.e. 

Fe, Si and Mn. The elemental compositional profile across the intermetallic particles showed that 

after steam treatment certain elements leached from the intermetallic particles i.e. Si and Mn, and 

incorporated in the surrounding oxide layer. Moreover, the EELS analysis of the oxide present at 

Al-Fe-Mn-Si intermetallic particle after steam treatment showed formation of gamma-Fe2O3 and 

Fe2O3 phases.  
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Table 1 Chemical composition of alloys in wt. % (Remaining percentage Al), measured by GD-

OES. 

Alloy Si Fe Cu Mn Mg Cr Zn Ti 

AA3102 0.40 0.70 0.10 0.40 - 0.10 0.30 0.10 

AA9108 0.20 0.30 0.20 1.00 0.05 0.10 0.20 0.15 
 

  

Tables (if any)
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Table 2 EDS analysis in wt. % of AA3102 and AA9108 alloy surface before and after steam treatment.   

Alloy Area Treatment O Al Si Mn Fe 

AA3102 Al matrix 
As received - 100 - - - 

Steam treated 29.2±2.0 70.8±3.0 - - - 

AA3102 Intermetallic particle 
As received - 81.0±2.0 2.6±0.5 9.7±1.0 6.8±2.3 

Steam treated 42.3±2.0 53.9±3.0 0.5±0.2 1.7±0.5 1.5±0.3 

AA9108 Al matrix 
As received - 100 - - - 

Steam treated 27.8±1.2 72.2±2.0 - - - 

AA9108 Intermetallic particle 
As received - 86.5±2.0 1.4±0.5 3.3±0.5 8.9±1.2 

Steam treated 42.1±2.0 46.2±2.0 0.6±0.2 1.5±0.4 9.6±2.8 
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Table 3 EDS analysis in wt.% of different areas marked in Figure 3. 

 

 

 

Figure Area O Al Si Mn Fe 

3 (b) 
1 35.9 45.1 1.0 10.1 7.6 

2 41.6 56.7 - 1.8 - 

3 (d) 
3 30.9 51.2 1.3 8.4 8.2 

4 48.1 50.0 0.5 1.3 - 
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Figure 1 Relative chemical compositional profile of steam treated aluminium alloy surface acquired 

using RF-GDOES: (a) AA9108 surface after 10 min and (b) the average thickness of the oxide layer on 

AA3102 and AA9108 surfaces after various steam treatment times.  

  

Figures (if any)
Click here to download Figures (if any): Figures.docx

http://ees.elsevier.com/tsf/download.aspx?id=1779436&guid=5de0a13f-38e7-49ff-91c0-d3316379d4f0&scheme=1
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Figure 2 Backscattered electron SEM images of the surface of the aluminium alloys as received 

conditions, (a) AA3102 and (b) AA9108. (c) and (d) show after steam treatment for 600 s to AA3102 

and AA9108, respectively. 
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Figure 3 Backscattered SEM images of different marked areas on aluminium alloys before: (a) AA3102 (c) 

AA9108; and after steam treatment (b) AA3102 (d) AA9108 for 600 s, subsequently. The intermetallic particles 

marked by arrows show change in microstructure of same intermetallic particles before and after steam 

treatment, while circles represents the dislodged intermetallic particles. 
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Figure 4 Secondary electron SEM images of aluminium matrix on (a) AA3102 and (d) AA9108 and 

coverage of intermetallic particles on (b) AA3102 and (e) AA9108 after steam treatment of 600 s. (c) 

and (f) represent the FIB cross sections of the intermetallic particles presented in (b) and (e), 

respectively.    
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Figure 5 Bright field TEM images showing cross-section of (a) steam generated oxide layer (b) 

coverage of Al-Fe-Si intermetallic particle after 600 s of steam treatment. 
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Figure 6 (a) Electron diffraction patterns from corresponding areas of regions 1 (core) and 2 (rim) 

which are also marked in Figure 5 (b) and (b) shows the EDS line profile from point A to B as marked 

in Figure 5 (b). 
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Figure 7 EELS spectra of the Fe L2,3 edge and oxygen K edge acquired from regions 1 and 2 marked in 

Figure 6 (b).  




