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A B S T R A C T   

High-temperature oxidation of additively manufactured (AM) Ni-base alloy IN625 has been studied in air and Ar- 
5%H2-3%H2O at 900–1000 ◦C. AM material is found to oxidize faster than the conventionally manufactured 
(CM) IN625 due to severe intergranular oxidation observed in the former. The AM IN625 was heat treated at 
1100–1250 ◦C and hot rolled at 980 ◦C in order to modify the AM microstructure, primarily grain size, and 
analyze its role in alloy oxidation behavior. Grain size is shown to affect overall oxidation kinetics but not the 
intergranular oxidation morphology.   

1. Introduction 

Materials designed for applications at elevated temperatures in cor-
rosive environments, e.g., aerospace technology, jet-engines and sta-
tionary gas turbines, offshore industries, heat processing and furnace 
linings etc., must provide good creep strength as well as corrosion 
resistance at high temperatures [1]. Ni-base superalloys remain up to 
date a superior commercial material of choice for these applications still 
outperforming emerging high-temperature alloys such as refractories 
[2], high-entropy alloys [3], Co-base γ/γ’-superalloys [4,5] and 
alumina-forming austenites [6]. Their oxidation/corrosion resistance 
relies on their ability to exclusively form external, protective Cr2O3 
and/or Al2O3 oxide scales on the surface of components [7]. 

Wrought Ni-based alloy Inconel 625 (IN625) was developed in the 
1960 s as a novel, high-strength steam-line piping material [8]. Further 
modifications were undertaken to improve creep-resistance and weld-
ability of IN625 [9,10] resulting eventually in the development of 
IN718, the most spread Ni-base alloy in the aeronautic technology [11]. 
Alloyed by Mo, Nb and Cr, original IN625 provides an optimum com-
bination of creep as well as corrosion resistance expanding its applica-
tion field to numerous industries with temperatures ranging from 
cryogenic to around 1000 ◦C [12–15]. 

Very good mechanical properties of Ni-base superalloys attract in-
dustries to fabricate components from them using additive 

manufacturing (AM) technologies [16]. Additive manufacturing is the 
layer-by-layer formation of a 3D-material based on a computer design 
[17–19]. Compared to conventional manufacturing methods such as 
casting or forging, additive manufacturing has more freedom in the 
component design providing the production of very complex-shaped 
geometries without relying on secondary manufacturing processing 
techniques such as welding or machining [16]. Powder bed fusion (PBF) 
is a subset of AM in which powders are melt and fused by employing a 
laser (SLM: selective laser melting) or an electron beam (EBM: electron 
beam melting) in a powder bed system. 

In the SLM technique, layer thickness values range from 20 to 100 µm 
[20]. Contrary to EBM, SLM eliminates the need for vacuum, is more 
versatile in terms of material selection, provides high cooling rates thus 
allows the formation of a fine-grained microstructure and easy removal 
of powder, better surface finish [21,22]. The AM alloy printing has two 
important features: fast cooling rates and directional solidification. In 
addition to scanning parameters such as beam size, scanning speed, 
hatch distance, energy density of the laser, powder characteristics such 
as purity, powder particle size distribution and morphology may also 
affect the end properties on an AM alloy, e.g., surface finish [20,23]. 

Although the microstructure of AM alloys strongly depends on the 
AM process type, numerous similarities were found in several studies on 
AM IN625 [24–31]. Both EBM and SLM deposition techniques produce a 
columnar grain structure of IN625 along the build direction [24–26]. 
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The dendritic microstructure within the columns aligned to the build 
axis was found along with Ni3Nb precipitates decorating these dendritic 
lines [27,28]. Nano-sized Ni3Nb precipitates (about 50 nm) grow into 
needle-shaped precipitates with an average length of 1 µm during 
exposure at 870 ◦C for 1 h [27]. The AM production route of IN625 
resulting in a textured microstructure leads to anisotropic mechanical 
properties, primarily hardness [27,30,31]. 

Much effort has recently been dedicated to a better understanding of 
the effect of AM microstructure on the high-temperature oxidation 
behaviour of the Ni-base alloys [32–41], including alloy IN625 [33,36, 
39,41–44]. Most authors agree on three important facts: i) AM 
high-temperature alloys oxidize faster than their CM versions; ii) 
structural anisotropy has a limited effect on oxidation kinetics; iii) the 
origin of higher corrosion attack in AM alloys, mainly intergranular 
oxidation, is still not well understood. The data on AM high-temperature 
alloys generated and reported up to date still cannot provide a conclu-
sive answer to the fundamental question: are these differences in 
oxidation behaviour governed by a specific AM microstructure or rather 
minor deviations in chemical composition resulting from the AM 
process? 

The ambition of the present work is to elucidate the role of the AM 
microstructure, specifically grain size and texture, in oxidation behav-
iour of an SLM manufactured alloy IN625. The AM material was 
compared with a hot-forged IN625 (CM IN625) as well as heat treated 
and hot rolled versions of the same AM IN625 in order to retain the 
original chemical composition of AM material while changing its grain 
structure. 

2. Experimental 

2.1. Materials 

Cubes of AM IN625 measuring 15×15×15 mm3 were additively 
manufactured by SLM and provided by Siemens Energy AB (Finspång, 
Sweden) in the as-built condition. In order to analyze the microstruc-
tural anisotropy of the obtained AM material, the AM IN625 cubes were 
sectioned in 2 directions: parallel (AM-X and AM-Y) and perpendicular 
(AM-Z) to the build axis (see Fig. 1). As no differences between the 
longitudinal X and Y cuts were detected, both in parallel to the build 
direction, hereinafter only AM-Y is compared vs the transversal AM-Z 
cut. 

The chemical composition of AM IN625 obtained by SEM-EDS is 
given in Table 1. It should be noted that carbon is beyond detection limit 
of the SEM-EDS technique. The conventionally manufactured (CM) alloy 
IN625 was a forged bar supplied by Huntington Alloy Corp. The same 
CM alloy batch was studied in [13]. The chemical composition of CM 

IN625 obtained by ICP-OES and IR spectroscopy for carbon [13] is also 
given in the Table 1. 

Heat treatments of AM IN625 to remove the original AM micro-
structure and obtain bigger grains were carried out at 1100, 1200 and 
1250 ◦C in vacuum (10− 5 mbar). The sectioned alloy coupons were 
sealed in evacuated quartz ampullas and annealed in a tube furnace for 
24 h at 1200 ◦C (AM-HT1), 200 h at 1100 ◦C (AM-HT2) and 100 h at 
1250 ◦C (AM-CG), respectively, and quenched in water. The heat 
treatment parameters such as temperature and duration were selected to 
obtain a moderate (up to 100 µm) and very large grain size (some mil-
limeters) [45]. The latter specimens were literally bicrystals having only 
one single grain boundary per 10 mm wide cross-sections. 

3 AM IN625 cubes were hot rolled by HMW Hauner GmbH 
(Röttenbach, Germany). The as-built AM alloy cubes were heated to 
980 ◦C and rolled to 2.5 mm thickness. 

The alloy coupons of all IN625 variants were machined to 15×15×2 
or 20×10×2 mm3 dimensions. The surfaces were ground with SiC pa-
pers and polished to 0.25 µm with diamond pastes. Table 2 summarizes 
the different materials and heat treatments investigated in this study. 

2.2. Exposures 

Isothermal exposures were performed in tube furnaces (⌀ 44 mm) at 
800–1000 ◦C under 1000 sml/min flow rate for up to 300 h in labora-
tory air. The specimens, degreased in ethanol and acetone prior to 
exposure, were directly introduced into the hot zone of the tube furnace. 
The temperature calibration was performed by an external Pt/Rh- 
thermocouple placed next to the specimens. After exposures, the speci-
mens were removed from the hot zone of the furnace and cooled down in 
air. The mass gains curves were obtained by gravimetric measurements 
prior and after the exposures using Mettler Toledo XP6 microbalance 
with a 1 µg resolution. Each thermogravimetric measurement corre-
sponds to an individual isothermal exposure without re-heating the 
same sample. 

The exposures in Ar-5%H2-3%H2O were performed in a closed, gas- 
tight quartz tube. The Ar-5%H2 gas mixture supplied by Linde gas was 
bubbled through a humidifier kept at 24.4 ◦C to obtain 3% absolute 
humidity (30 mbar of H2O). The flow rate of the humidified gas was 200 
sml/min. Unlike the air exposures, the specimens were introduced into a 
cold furnace, flushed with the gas mixture for 1 h and heated at 10 ◦C 
per minute to reach 900 ◦C. The cooling rate was 10 ◦C per minute as 
well. 

2.3. Microstructural characterization 

A Siemens D5000 X-ray diffractometer (Cu Kα radiation) was 

Fig. 1. AM IN 625: additively manufactured cube (a), schematic of sample cuts (b).  
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employed for grazing incidence X-ray diffraction (GI-XRD). A grazing 
incidence angle of 0.5–2◦ was used and a 2θ range of 20◦− 90◦ was 
measured with a step size of 0.05◦. 

Electron backscatter diffraction (EBSD) maps were obtained on as- 
received materials using a Zeiss Ultra 55 field emission gun (FEG) 
scanning electron microscope (SEM) equipped with an HKL Channel 5 
EBSD detector. An FEI Quanta 200 SEM equipped with an Oxford X-max 
80 energy dispersive X-ray spectrometer (EDS) was employed for pre- 
and post-exposure analysis. Aztec software was used to evaluate the EDS 
data. Cross-sections were made on exposed samples by the broad-ion 
beam (BIB) technique using a Leica EM TIC 3X, as well as by conven-
tional polishing with diamond pastes (0,25 µm) and colloidal silica 
(≈50 nm) after hot mounting into Bakelite. The surfaces of the samples 
prior to BIB were coated with gold by DC magnetron sputtering to 
enhance the contrast between the oxide and the insulating glue. Some 
specimens prepared by conventional metallographic polishing demon-
strated poor oxide adherence and had to be electroplated with nickel to 
prevent the oxide scale from spalling during the sample preparation. 

3. Results 

3.1. Microstructure of as-built AM IN625 

The microstructure obtained in AM IN625 after SLM is shown in  
Figs. 2 and 3. The EBSD inverse pole figure (IPF) maps in Fig. 3 show that 
non-equiaxed columnar grains were formed in AM IN625 as a result of 
rapid solidification. The elongated grains are aligned along the build 
axes with an average width of 30 µm (Fig. 3a). The grains in Z-cut are 
inclined at 45◦ as a result of the SLM process. Similar IN625 micro-
structures obtained by SLM were reported in [28]. The CM IN625 con-
sists of equiaxed grains with the average grain size of 12 µm (Fig. 3c.). 

Apart from the columnar grains in AM IN625, melt pool lines, 
another specific microstructural feature of the AM material, were pre-
sent (Fig. 2a). They form along the build direction as a result of local re- 
melting and rapid-solidification of a previously deposited layer together 
with the new powder portion (Fig. 2a) [46–48]. 

Higher magnification SEM-SE images of AM IN625 (Fig. 2b and d) 
reveal a dendritic microstructure with an average dendrite spacing of 
2.5 µm in both directions, in good agreement with literature [27]. 
Intermetallic precipitates were found along the dendritic boundaries for 
both Y and Z cuts, identified as δ-Ni3Nb, which are typical for IN625 
microstructure [12,13,27]. On the other hand, the AM variant of IN625 
did not contain M6C carbide common for CM IN625. The as-built AM 
IN625 was compact and did not contain any voids in the as-received 
microstructure. 

Additionally, SEM-BSE images of heat treated (AM-HT1 (1200 ◦C, 
24 h) and AM-HR are also illustrated in Fig. 2 while IPF maps 

corresponding to same materials were given in Fig. 3. After the heat 
treatment (AM-HT1), melt pool lines were no longer visible and the AM 
microstructure was replaced by a coarse-grained microstructure (Fig. 2e, 
Fig. 3d) typically observed in cast materials. The average grain size of 
this material is approximately 100 µm. Although not presented here, the 
AM IN625 heat treated at 1100 ◦C (AM-HT2) is composed of 60 µm sized 
grains, while the one heat treated at 1250 ◦C for 100 h (AM-CG) con-
sisted of gigantic grains measuring mm in size. AM-HR (Fig. 2f, Fig. 3e) 
consisted of equiaxed grains with the average grain size of 15 µm, 
similar to CM IN625. 

3.2. Oxidation behavior in air 

Fig. 4 shows area specific weight change curves for AM and CM 
IN625 exposed in air at (a) 900 ◦C and (b) 1000 ◦C. The kinetic curves 
for both materials follow a parabolic rate law, the lines in Fig. 4 repre-
senting ideal parabolas. The anisotropy of the AM material does not 
affect oxidation kinetics, i.e., both Y- and Z-cuts show equal oxygen 
uptakes within the measurement errors. After 100 h at 1000 ◦C, mass 
loss due to oxide spalling on cooling was detected for the AM IN625 
specimens. The latter is not surprising: reaching a critical oxide scale 
thickness 10 µm (1.7 mg/cm2), 1–2 mm thick CM IN625 specimens are 
also prone to oxide spallation in air at 1000 ◦C [13]. 

The CM IN625 tested in the present study is the same bar from [13]. 
The oxidation kinetics data for the CM alloy were in good agreement 
with the previous measurements [13] as well as with available literature 
data [33,49–51] (Fig. 5). The oxidation kinetics of both AM and CM 
IN625 demonstrated high reproducibility at all temperatures and in all 
environments. Figs. 4 and 5 indicate faster oxidation kinetics of AM 
IN625 compared to CM IN625, while the trend increases with increasing 
temperature. Higher oxygen uptakes were previously reported for AM 
IN625 [33,36] and IN718 [34,35]. 

3.2.1. Oxide scale morphology in air 
Fig. 6 shows top view SEM images of AM IN625-Z (a), AM IN625-Y 

(b) and CM IN625 (c) along with the corresponding EDS maps after 
300 h in air at 900 ◦C. Both AM and CM alloys form protective external 
Cr2O3. Sporadic NiCr2O4 spinel protrusions were found on the surface of 
both materials. XRD analysis (not shown here) detected Cr2O3 (PDF 
01–074–6677), NiCr2O4 spinel (PDF 00–023–1271) and rutile TiO2 (PDF 
04–003–0648) on the oxidized surface of the specimens. The main dif-
ference between AM IN625 and CM IN625 is the network of oxide ridges 
on all surfaces of the AM alloy. The ridges were decorated with Ti 
(Fig. 6). 

Fig. 7 shows SEM-BSE overview images of the BIB cross-sectioned 
AM IN625 (a,b) and CM IN625-Z (c,d) after 168 h exposure at 900 ◦C. 
The oxidation morphology of the tested CM IN625 is in agreement with 

Table 1 
Chemical composition of CM IN625 and AM IN625 in wt%.   

Material Ni Cr Mo Fe Nb Al Mn Si C   

AM IN625 Bal.  21.49  8.7  0.8  3.9  0.3  0.1  0.12 DL*   
CM IN625 Bal.  21.6  8.9  3.6  3.5  0.3  0.11  0.25 0.02  

*DL – detection limit 

Table 2 
Overview of materials and heat treatments used in this study.  

AM IN625 Additively manufactured INCONEL 625 in the as-built condition 
AM-Y Y-cut of AM parallel to build axis in the as-built condition 
AM-Z Z-cut of AM perpendicular to build axis in the as built condition 
AM-HT1 AM after heat treatment for 24 h at 1200 ◦C 
AM-HT2 AM after heat treatment for 200 h at 1100 ◦C 
AM-HR AM after hot rolling at 980 ◦C 
AM-CG AM after annealing for 100 h at 1250 ◦C to obtain coarse-grained structure 
CM IN625 Conventional forged INCONEL 625  
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the previously reported microstructural features [13–15,50]. The oxide 
scale is smooth, compact and consists of slightly undulating chromia 
followed by a subscale of intermetallic δ-Ni3Nib and δ-depletion zone. 
The alloy grains in the δ-dissolution zone have coarsened and are bigger 
(15–20 µm) compared to those in the alloy bulk (7–12 µm). The alloy 
grain boundaries in the immediate vicinity of the oxide-alloy interface 
are decorated with internal Al2O3 precipitates. On the other hand, no 
complete δ-dissolution was observed in AM IN625. The δ-phase pre-
cipitates were found at the oxide-metal interface as well as at the GBs 
and in the voids that formed in the oxidation-affected zone (Fig. 7b). The 
studied batch of AM IN625 presumably contained slightly higher con-
centrations of Nb and/or Mo resulting in a δ-denuded zone rather than in 
δ-dissolution. 

The smooth part of the chromia scale grown over an entire big grain 
of AM IN625 (see Fig. 7a) is equally thick to that on CM IN625 (3.5 µm) 
matching well the oxygen uptake by the latter (0.54 mg/cm2). At the 
same time, the AM IN625 specimens took up 30–35% more oxygen after 
300 h in air at 900 ◦C (0.75–0.80 mg/cm2). The oxide scale grown on 
AM IN625 (Fig. 7a and b) revealed a number of different microstructural 

features suggesting the source of the excessive oxygen uptake. Oxide 
ridges observed in top-view SEM (Fig. 6) are located exactly over the 
grain boundaries (Fig. 7b). The ridges are accompanied by coarse 
elongated voids located at the respective grain boundaries. Such 
oxidation morphologies, hereafter termed as ridge-void (RV) associates, 
have been reported for AM IN625 [33,41] and AM 718 [34,35]. 

SEM BSE images and their corresponding-EDS maps of the BIB cross- 
sectioned AM IN625-Z, AM IN625-Y and CM IN625 after 168 h air 
exposure at 900 ◦C are displayed in Fig. 8. Both cuts show similar 
oxidation morphologies, showing that the oxide morphology is not 
affected by the microstructural anisotropy. The oxide scale thickness is 
also independent of cutting direction and was found to be approximately 
3.5 µm. The ridges were thicker than the continuous scale by a factor of 
2.0–2.5. Numerous submicron pores were detected in the chromia layer. 
Similar to CM IN625, a δ-Ni3Nib layer formed underneath the chromia 
scale. The mechanism of the oxidation-induced δ-Ni3Nib subscale pre-
cipitation was elaborated in [13]. In the Nb map of AM IN625-Z and AM 
IN625-Y (Fig. 8), the topmost layer corresponds to the gold layer 
deposited after the exposures and not to a Nb containing compound. The 

Fig. 2. SE images of AM IN 625, Y-cut (a,b) and Z-cut. (c,d), AM-HT1 (e), AM-HR (f).  
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characteristic X-ray lines of Gold (Mα: 2.12 keV) and Nb (Lα: 2.166 keV) 
are close and often overlap in the EDX analysis. The Ti-rich precipitates 
observed in the oxide scale were attributed to TiO2. Minor amounts of Al 
and O were detected at the grain boundaries of both AM and CM IN625 
corresponding to internal oxidation of Al. 

Fig. 9 presents a collage of BSE images demonstrating the dynamics 
of the oxide scale evolution on both cuts during early stages of air 
oxidation at 900 ◦C (a) and 1000 ◦C (b). Clearly, ridges and voids are 
correlated and appear already after 2 h of exposure. It is evident from 
the SEM images that the chromia is corrugated by the growth stress and 
buckles over the grain boundaries, resulting in the formation of voids 
below the buckled scale. Oxide delamination opens up the voids leading 
eventually to their oxidation. The latter is far more pronounced at 
1000 ◦C (Fig. 9b): some voids are completely filled with oxide. After 
100 h at 1000 ◦C, the oxide scale is smooth and uniform, and the ridges 
are overgrown. A horizontal crack can be observed in the oxide scale on 
the Z-cut specimen, suggesting approaching oxide spallation, in agree-
ment with the thermogravimetric measurements (Fig. 4b). 

Fig. 10 shows a schematic of an approximate oxygen uptake quan-
tification method comprising four contributions: 1) mscale, oxygen in 
smooth oxide scale; 2) mridge, oxygen in ridges; 3) mvoid, oxide in voids, 4) 
malumina oxygen tied-up by internal alumina. For the total oxygen uptake 
mtotal

O is given thus by Eq. 1: 

mtotal
O = mscale +mridge +mvoid +malumina (1) 

Analysis of the SEM images suggests that mscale can be reasonably 
equated to the oxygen uptake by CM IN625, since no ridges and voids 
are found in the oxide scale and in the zone beneath it, respectively. The 
oxide scale thickness over a grain is Xox. Assuming the width and height 
of the oxide ridge, counting from the oxide-metal interface, being as 
2Xox, the second term mridge can be roughly estimated as 2mscale

Xox
LGB

, here 

LGB is the spacing between GBs, i.e. the grain size. Taking Xox = 5 µm and 
LGB = 50 µm, the ridge contribution can be estimates as approximately 
20% for AM IN625. According to this approach, increasing the grain size 
to 100 µm (heat treatment) would diminish this contribution to 10% 
while decreasing it to 15 µm (hot rolling) would increase the excessive 
oxygen uptake to 40%. No such effect of grain size is observed during air 
oxidation of AM IN625. The overall excessive oxygen uptake amounts to 
30–35% at 900 ◦C and even 100% at 1000 ◦C (Fig. 4). Obviously, 
oxidation of voids significantly contributes to the oxidation kinetics. 

The contribution mvoid can neither be directly measured nor 
reasonably estimated based on the pore volume since the extent of void 
oxidation is unknown. However, mvoid can be estimated from the 
experimental value of mtotal

O which is 30% higher than mscale at 900 ◦C in 
air (Fig. 4a). Thus, the excessive oxygen uptake consists of two contri-
butions: 2/3 in ridges and 1/3 in voids. The last term malumina can be 
ignored due to low Al concentration in IN625. 

3.3. Oxidation behavior in Ar-5%H2-3%H2O 

It is well known that hydrogen/water atmospheres promote inward 
growth of chromia on chromia-forming alloys [13,52,53]. This inward 
grown chromia scales adhere better to the metal, preventing thus the 
oxide from delamination and oxidation of voids. Fig. 11 shows weight 
change curves for both cuts of AM IN625, CM IN625 and AM-HR in 
Ar-5%H2-3%H2O for up to 300 h at 900 ◦C. CM IN625 oxidizes faster in 
Ar-5%H2-3%H2O compared to air (Fig. 4a). Once again, the gravimetric 
measurements showed very good agreement with the previous data for 
Ar-4%H2-4%H2O at 900 ◦C reported in [13]. 

Conversely to air, in Ar-5%H2-3%H2O, AM IN625 revealed a clear 
dependence of oxidation kinetics to the microstructural anisotropy 
(Fig. 11). Having a higher grain boundary (GB) density on the surface, 

Fig. 3. Inverse pole figure maps of as-built AM-Y (a), AM-Z (b) and CM IN625 (c) AM-HT1 (d), AM-HR (e).  
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the Z-cut specimens showed systematically higher oxygen uptake albeit 
the effect is not too strong (10% difference between Z-cut and Y-cut). 
More surprisingly, the difference between oxidation rates of AM IN625 
and CM IN625 dramatically decreased in Ar-5%H2-3%H2O compared to 
that in air (see Fig. 4). In addition, AM-HR exhibited the fastest oxida-
tion rate in Ar-5%H2-3%H2O. 

Such a big difference in oxidation kinetics can be understood from 
electron microscopy. Fig. 12 shows the temporal evolution of the oxide 
scale morphology in Ar-5%H2-3%H2O for AM IN625 and the AM-HR 
IN625 variant. First of all, the chromia scale grown in Ar-5%H2-3% 
H2O is smoother, significantly more adherent and shows no signs of 
buckling and/or stress-induced delamination. Chromia scales are known 
to grow predominantly inward in H2/H2O and adhere much better to the 
metals. For example, the IN625 batch used in the present study showed 
no oxide spallation in Ar-4%H2-4%H2O for up to 1000 h at 1000 ◦C, 
oxide scales reaching 30 µm thickness), while in air chromia started 
spalling after 300 h at 1000 ◦C [13]. 

As the oxide scale doesn’t buckle, the voids remain closed and intact. 
According to Eq. (1), the ridges contribute most to the excessive oxygen 
uptake. Oxidation in voids being eliminated, the excessive oxygen up-
take reduces to mridge (note that ridges form in Ar-5%H2-3%H2O as well) 
and amounts to 10–15% for AM IN625, in good agreement with the 
approximative model (Eq. 1). If the oxidation kinetics in Ar-H2-H2O is 
thus dominated by the mridge contribution, the oxidation rate should 
increase with decreasing grain size. This trend is fully confirmed by the 
thermogravimetric data (Fig. 11); the oxidation rate increases as follows 
for the alloy with the same chemical composition: AM-Y (10%), AM-Z 
(20%), AM-HR (30%). The elimination of mvoid from Eq. (1) thus 
allowed deconvoluting quantitively the excessive oxygen uptake con-
tributions. Fig. 13 shows the SEM-EDS maps of AM-Z and AM-Y exposed 
in Ar-5%H2-3%H2O for 300 h at 900 ◦C. The elemental distribution 
patterns were very similar to those of the air exposed specimens (see 
Fig. 8). 

3.4. Effect of grain size 

Fig. 14 shows a comparison of the weight change curves for AM 
IN625, hot rolled AM IN625 (AM-HR), CM IN625 and homogenized AM 
IN625 with highly coarsened grains exposed in air for up to 300 h at 
900 ◦C. Hot rolling, which resulted in a fine-grained alloy (AM-HR) 
microstructure similar to that of CM IN625, did not appreciably affect 
the oxidation rate. However, the heat treatment at 1250 ◦C resulting in 
gigantic grains of a few mm in size, virtually bi-crystals, lead to a sig-
nificant drop of the oxidation kinetics below that of CM IN625 (Fig. 14).  
Fig. 15 illustrates the temporal evolution of the oxide scale morphology 
in air for AM-HR IN625. The SEM-BSE images in Fig. 15 demonstrate the 
typical ridge-void (RV) oxide scale morphologies of AM IN625 
(Figs. 7–10). The ridges are more frequent in the AM-HR as the GB 
density after hot rolling is significantly higher compared to AM IN625. 
The other extreme in this system, which is illustrated in Fig. 16, is the 
alloy with gigantic grains (AM-CG) that revealed no ridges in the oxide 
scale. This finding clearly corroborates the main working hypothesis: the 
RV associates appear exclusively at GBs. In the exposed AM IN625 “bi- 
crystals”, only one GB was found for per cross-section. Fig. 17 demon-
strates such GBs facing the oxidized specimen surfaces. It is evident that 
the oxidation morphology over these GBs is that of the RV type. 

Finally, moderately heat treated AM IN625 specimens to obtain 
acicular grains 60–100 µm (AM-HT1 and AM-HT2) in size revealed 
neither higher oxidation rates (oxygen uptakes comparable with those 
on both cuts of the as-built AM IN625) nor any different oxidation 
morphology. Both specimens pre-annealed at 1100 ◦C or 1200 ◦C 
developed RV associates at the GBs after 168 h of post-exposure in air at 

Fig. 4. Weight change curves for AM IN625 and CM IN625 in air at 900 ◦C (a) 
and 1000 ◦C (b). AM samples exhibited spallation at after 100 h at 1000 ◦C. 

Fig. 5. Temperature dependence of parabolic rate constant for air oxidation of 
AM and CM IN 625: literature data and present study. The fit refers to all re-
ported CM data. 
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Fig. 6. SEM plan view images as well as EDS maps of AM-Z (a), AM-Y (b) and CM IN625 (c) after exposures for 168 h in air at 900 ◦C.  

Fig. 7. Comparison of oxide scale morphologies after 168 h oxidation in lab air at 900 ◦C: AM IN625 (a,b) and CM IN625 (c,d).  
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Fig. 8. SEM micrographs and EDS maps on BIB cross-sections of AM-Z (a), AM-Y (b) and CM IN625 (c) after air exposure for 168 h at 900 ◦C. Note the different 
magnifications. 
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900 ◦C (Fig. 18). It is evident that the RV morphology is not a specific 
feature of the AM microstructure and is not affected by grain size, 
although its contribution becomes more pronounced with smaller grain 
size. 

4. Discussion 

4.1. Oxide ridges 

Faster high-temperature oxidation of AM Ni-base alloys, mainly due 
to internal and intergranular oxidation, is a well-documented experi-
mental fact [32–35,37,54]. The biggest difficulty in interpreting this 
observation is an obvious dilemma: are these differences caused by the 
AM microstructure or rather minor changes in alloy chemistry adopted 
to facilitate the AM process? To the best knowledge of the authors, this 
question remains to be solved up to this date. The goal of this study was 
to analyze the role of the microstructure on the oxidation behavior of 
AM IN625, i.e., kinetics, formation of RV associates, intergranular 
oxidation, etc. The AM microstructure was modified via hot rolling and 

Fig. 9. SEM images of the temporal evolution of the oxide scales on AM IN625 during air oxidation at 900 ◦C (a) and 1000 ◦C (b).  

Fig. 10. Schematic of oxygen uptake quantification.  
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various heat treatments, while the chemical composition remained the 
same. 

The main highlight of the present study is the RV associate forming at 
GBs facing the oxidized surface (Figs. 7–10), which is never observed for 
CM IN625 [13,15,50] (see also Fig. 7d), however, recurring in all 
possible conditions such as change of temperature (Fig. 9b), change of 
atmosphere for H2/H2O instead of air (Fig. 12a), hot rolling (Figs. 12b 
and 15), grain coarsening (Fig. 18) and severe heat treatment to obtain 
one single GB per specimen (Fig. 17). Thus, the RV associate formation is 
a specific feature of this AM IN625 alloy batch under investigation and 
presumably, is related to alloy chemical composition. 

Parizia et al. [41] observed oxide buckling, as well as RV associates, 
at alloy GBs forming in the oxide scale on IN625 produced by laser 
powder bed fusion (LPBF) method after 96 h of air oxidation at 900 ◦C. 
Ramenatte et al. [33] observed moderate oxidation of subsurface voids 
in laser beam melted (LBM) IN625 at 1050 ◦C but not at 900 ◦C. How-
ever, the AM variant oxidized systematically faster than CM IN625, 
especially at 1050 ◦C. More commonly, the RV morphologies were re-
ported for AM IN718 fabricated by SLM [37,55], EBM and LBM [34,35] 
and even for wrought IN718 [34] and alloy 690 [56]. 

Oxide thickenings above GBs in the form of outward ridges and/or 
inward grooves were often reported in literature for Ni-30Cr [57,58], 
AM IN718 [37], FeCrAl after wedge grinding of the oxide scale [59] and 
even pure nickel [60]. This phenomenon is commonly discussed in terms 

Fig. 11. Weight change curves for additively manufactured IN 625 (AM), AM- 
HR (hot-rolled AM) and CM IN625 exposed in Ar-5%H2-3%H2O for up to 300 h 
at 900 ◦C. 

Fig. 12. Temporal evolution of oxide scales on AM IN625 during exposure in Ar-5%H2-3%H2O at 900 ◦C: SEM-BSE images of (a) AM IN625, (b) AM-HR (hot- 
rolled AM). 
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of three main hypotheses: i) higher density of short-circuit paths in the 
oxide scale over alloy GB promoting the outward cation transport [57], 
ii) GBs serving as a very efficient vacancy sink [60] and iii) better supply 
of Cr over the GB. The latter interpretation appears the most plausible in 
the present case for two reasons. In Ar-5%H2-3%H2O, the outward 
cation diffusion is not the dominant scaling mode while the space 
created by injected vacancies is filled with inward growing chromia. Yet, 
the oxide ridges, albeit smoother ones, form in Ar-H2-H2O as well 
(Fig. 12). Even more convincing is the fact that the oxide scale formed on 
AM IN625 “bi-crystals” (Fig. 16) is twice as thin compared to that on 
as-built (Fig. 9a) and hot rolled AM IN625 (Fig. 15) and even thinner 
than that on CM IN625 (Fig. 14). Without grain boundaries in the 
microstructure, the chromia scale growth dramatically slows down 
(Fig. 13). 

4.2. Voids 

Voids often form in the surface-near region of chromia- and alumina- 
forming high-temperature alloys during oxidation. The principal void 
formation mechanisms such as vacancy injection [61] and the Kirken-
dall effect [62,63] are comprehensively reviewed in [64]. One should 
distinguish between interfacial voids [65,66], voids in the bulk and 
voids at grain boundaries [67]. All three types of voids were observed in 
AM IN625 (Figs. 7–10). The interfacial voids can be filled with inward 
growing oxide [65,66], which clearly takes place in Ar-5%H2-3%H2O 
(compare e.g. Figs. 12b and 15). 

Bulk spherical voids become more abundant at higher temperatures, 
e.g. (Fig. 9), which was previously observed for IN625 [13,33]. Notably, 
bulk void formation can be exacerbated by higher Cr consumption [15, 

Fig. 13. SEM micrographs and EDS maps of BIB cross-sections of AM-Z (a), AM-Y (b) after Ar-5%H2-3%H2O exposure for 300 h at 900 ◦C.  
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68,69] due to reactive Cr-evaporation [70,71] or oxide spallation [72]. 
Bulk voids are susceptible to the Cr-depletion gradient in the surface 
near region or, in other words, to the kp/DCr ratio. Hence, both mech-
anisms, vacancy injection (Cr consumption rate, kp) and the Kirkendall 
effect (interdiffusion coefficient, DCr) are operative and can be affected 
by the experimental parameters such as temperature, gas composition 
and surface finish. Most importantly, the former Cr-consumption effect 
was responsive to the grain size modification. While virtually no bulk 
voids were found in the most fine-grained AM-HR (Fig. 12b, and 15), 
numerous spherical voids were detected in the moderately heat treated 
alloys AM HT1 and AM-HT2 (Fig. 18) and especially in “bi-crystals” 
(AM-CG) (Fig. 16). The latter is extremely remarkable since the oxygen 
uptakes, and thus Cr-removal rate, dropped by a factor of two after 
homogenization of AM IN625 at 1250 ◦C (Fig. 14) due to elimination of 
GBs. However, the GB-free microstructure resulted in also in slower 
Cr-diffusion and a steeper Cr-depletion profile. 

Finally, the elongated voids at GBs are present in all variants of AM 
IN625 but not in CM 625. Clearly, these voids are related to the chromia 
ridges above them. In the fine-grained hot rolled alloy variant the GB 
voids are not elongated but form a streak of spherical voids as a result of 
geometrical constraints (Figs. 12b and 15). Similar to the bulk voids, the 
GB voids originate from a faster local Cr-consumption by the accelerated 
growth of chromia ridges above them. Alternatively, Harris [73] argued 
that intergranular voids form and grow via creep under stresses imposed 
by a growing oxide scale. However, only thin-walled components prone 
to plastic deformation were discussed in [73], which is why this argu-
mentation does not apply to the present results. Intergranular voids play 
a crucial role in oxidation kinetics of AM IN625 as their oxidation pro-
vide up to 1/3 of excessive oxygen uptake in air (see Eq. 1) and they 
pertain in all testing conditions. 

4.3. Microstructure or chemical composition 

The key question to answer in this study is why no RV associates 
appear in the chromia scale grown on CM IN625? The original AM 
microstructure resulting from recurring melting-solidification cycles 
during manufacturing can hardly be an explanation. The RV associates 
reappeared in the oxide scales after all heat treatment procedures which 
completely remove the AM microstructure (Figs. 16–18). Neither the 
fine-grained microstructure of CM IN625, and thus enhanced Cr trans-
port to the surface, can be a satisfying explanation. The AM-HR IN625 
developed RV associates in the oxidation morphology (Figs. 12 and 15) 
albeit the void pattern was different: no elongated voids at the GBs due 
to the smaller grain size. 

It is evident that the RV associates originate from a complex and 
dynamic interplay of the solid-state transport phenomena: i) the oxide 
grows faster over the GBs, presumably due to a higher Cr supply through 
the GB; ii) enhanced Cr consumption over the GB leads to a local su-
persaturation of vacancies and their coalescence at the GB. Depending 
on the gas composition, the oxide scale may buckle and delaminate (air) 
or not (Ar-H2-H2O), thus accelerating the overall oxidation kinetics, i.e. 
excessive oxygen uptake (Figs. 4 and 11). 

Since the RV mechanism is not susceptible to the alloy microstruc-
ture, the answer should be sought elsewhere, e.g., alloy chemical 
composition, GB chemistry and/or segregations at GBs. Minor alloying 
elements such as Ti, Mn, Si, Al, C and S may affect chromia growth as 
well as GB diffusion in the alloy. Titanium is known to accelerate 
chromia growth and have a deleterious effect on oxidation resistance of 
chromia-formers [74,75]. Manganese can form an external layer of 
MnCr2O4 over the chromia scale reducing thus Cr-evaporation [76]. 

Fig. 14. Effect of grain size on oxidation kinetics of AM IN 625 in air at 900 ◦C: 
AM (as-built), CM (conventionally manufactured), AM-HR (hot rolled AM), AM- 
CG (coarse-grained AM). 

Fig. 15. SEM micrographs illustrating the temporal evolution of oxide scales on 
AM-HR during air oxidation at 900 ◦C. 

Fig. 16. SEM micrographs illustrating the temporal evolution of oxide scales on 
AM-CG (annealed for 100 h at 1250 ◦C) during air oxidation at 900 ◦C. 
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Silicon and aluminum [77] are prone to internal oxidation underneath 
the chromia scale, while the former can, in certain circumstances, form a 
SiO2 subscale [78–81] partially blocking the Cr transport into the scale, 
thus reducing the overall oxide growth rate. Carbon along with other 
interstitial impurities, such as N, S, P, tend to segregate to the GBs and 
dramatically affect GB diffusion [82]: the purer the metal, faster the GB 
diffusion. Therefore, a thorough analysis of the minor differences in 
chemical composition between AM and CM IN625 is required to shed 
light on the role of alloy chemistry, fine-tuned to optimize the AM 
process, in the oxidation behavior of AM Ni-base alloys. 

5. Conclusions 

5.1. Oxidation kinetics 

Additively manufactured (AM) Ni-base alloy Inconel 625 demon-
strated faster oxidation kinetics (up to 30%) compared to its conven-
tionally manufactured (CM) counterpart when exposed in lab air at 
900–1000 ◦C.  

• The faster growth kinetics is largely caused by oxide ridges growing 
over the alloy grain boundaries (GB) as well as intergranular 
oxidation of the voids forming immediately underneath the ridges.  

• A clear morphological pattern was established: oxide ridges form 
above GBs correlating with an elongated void in the alloy subsurface 

in the immediate vicinity of the oxide-metal interface. Oxide buck-
ling and delamination is shown to induce oxidation of the voids.  

• Oxidation kinetics of AM IN625 has three main contributions: i) 
chromia oxide scale over the grain, ii) oxide in the ridge over the GB, 
iii) oxides in the void.  

• Exposures in Ar-H2-H2O suppressed oxide delamination and, hence, 
oxidation of the voids at the GBs (contribution iii) significantly 
diminished the discrepancy between the AM and CM oxidation rates. 
However, AM IN625 still oxidized faster due to the ridge 
contribution.  

• As long as all three oxidation contributions are active, e.g., during air 
oxidation, no detectable effect of the AM microstructure, specifically 
the anisotropy and GB density, on oxidation kinetics is observed. In 
Ar-H2-H2O, the Z-cut specimens, the ones with the highest GB den-
sity, systematically oxidized faster than the Y-cuts due to the larger 
ridge contribution. 

5.2. AM microstructure 

Manipulations with the AM microstructure such as various heat 
treatments and hot rolling were shown to affect the overall oxidation 
kinetics to some extent. However, the principal oxidation morphology 
was grain size independent. The ridge-void (RV) associate over the GB 
appeared in the oxide scale structure after all microstructural 
treatments. 

Fig. 17. SEM-BSE images of oxide scale above a grain boundary in AM-CG (heat treated for 100 h at 1250 ◦C) after (a) 8 h and (b)24 h air oxidation at 900 ◦C.  

Fig. 18. BSE images of oxide scales on heat treated AM IN 625 after 168 h of air oxidation at 900 ◦C: (a) AM-HT1 (annealed for 24 h at 1200 ◦C) (b) AM-HT2: 
(annealed for 200 h at 1100 ◦C). 
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• Hot rolling of AM IN625, resulting in a fine-grained microstructure, 
did not affect the oxidation kinetics in air while accelerated it in Ar- 
H2-H2O due to a thicker GB network and a larger ridge contribution 
to the oxidation kinetics.  

• Moderate heat treatments to coarsen the grains up to 100 µm neither 
changed the oxidation rate nor the oxide scale morphology. The 
characteristic RV associate formation was not affected by heat 
treatment.  

• An ultrahigh-temperature homogenization at 1250 ◦C resulting in 
grains coarsened to a few mm in size revealed significantly lower 
oxidation kinetics, even lower than that of CM highlighting thus the 
crucial role of GBs in the oxidation/Cr supply dynamics. 

Accelerated oxidation kinetics of AM Inconel 625 resulting from the 
additional oxidation contributions, such as ridge growth and oxidation 
of the void underneath, does not originate from the characteristic AM 
microstructure, specifically, grain size. Minor differences in alloy 
chemistry are thus more likely to be responsible for this oxidation 
behavior of the AM material compared to CM. 
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