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A B S T R A C T   

This study investigated the effect of powder-pack aluminizing treatment on the high-temperature oxidation of 
ER307 stainless steel components fabricated by wire arc additive manufacturing (WAAM) during isothermal 
oxidation at 1000 ◦C for 5 h, 25 h, and 50 h. Scanning electron microscopy (SEM), energy dispersion spec
troscopy (EDS), X-ray diffraction (XRD), X-Ray fluorescence (XRF), nanoindentation testing, and oxidation 
testing were used to characterize the aluminized and non-aluminized samples produced by WAAM. The results 
showed that the powder-pack aluminizing increased the surface nano-hardness up to 13.95 GPa and the modulus 
of elasticity up to 159 GPa, as well as improving the microstructure of WAAM ER307 stainless steel. Indeed, 
aluminide coatings remained stable up to temperatures exceeding 1000 ◦C, and the growth of hematite, the main 
oxide phase, was inhibited by a preferential alumina growth (Al2O3), resulting in an improvement in oxidation 
resistance in the range of 46–70 %. In addition, owing to the advantages of low-temperature aluminizing, the 
microstructure, mechanical properties, and oxidation resistance of these alloys have been improved without 
causing sigma phase formations, which constitute a significant problem in high-temperature heat treatment of 
stainless steels.   

1. Introduction 

Stainless steels, which started to be produced at the beginning of the 
20th century, are ferrous alloys containing at least 10.5 % chromium 
(Cr) in their composition [1–3]. In addition, other alloying elements 
such as nickel (Ni), molybdenum (Mo), manganese (Mn), titanium (Ti), 
nitrogen (N), and aluminum (Al) have been added in addition to Cr over 
time to make stainless steels more resistant to tribe-corrosive environ
ments. As a result, it is known that there are >150 stainless steel grades 
today [3–5]. 

Until the 2000s, stainless steels were first produced by casting or 
powder metallurgy methods; then, it was turned into the final product 
by secondary processes such as forging, subtractive processes (i.e., 
machining), and heat treatment, etc. [3]. Casting and powder metal
lurgy methods have advantages over each other. Although the casting 
method is an advantageous production process for mass production, 

solidification in the casting process often results in segregation [6,7]. 
This adversely affects the mechanical properties and corrosion resis
tance. On the other hand, powder metallurgy can effectively eliminate 
the solidification segregation of stainless steel, allowing for increases in 
alloy levels to further improve the overall mechanical properties. 
However, the high cost of powders, the necessity of mechanical alloying 
of powders, and multiple production processes such as pressing, sin
tering, and material inspection, as well as the size and complex geometry 
restrictions are the limitations of this method compared to the casting 
method [8,9]. In forging and machining, on the other hand, multiple 
production processes, such as removing chips or descaling (removal of 
the surface oxides), which are necessary for giving the final shape, 
prevent these alloys from being produced cost-effectively [10]. In 
addition, the necessity of model and mold preparation in the production 
by casting and forging cause these methods to be costly for producing 
final components. 
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In recent years, these limitations in traditional stainless steel pro
duction processes have led scientists and the industrial environment to 
work on the manufacturability of stainless steel through additive 
manufacturing. The 3D metal production studies, the trials of which 
started in 1991 [11], ensure the industrial production of stainless steels 
by the additive manufacturing method with the application of the direct 
laser sintering machine of the German EOS company towards the 2000s 
[12]. 

After the 3D model designed by a computer-aided design (CAD) 
software is decomposed into 2D layers with special software, afterwards, 
it is transferred to 3D printer to be fabricated layer by layer according 
the CAD design. Complex metallic parts that are difficult to manufacture 
by conventional production methods can be efficiently designed and 
produced quickly with additive manufacturing [13,14]. However, as 
with casting, forging, and powder metallurgy methods, the additive 
manufacturing method also has its limitations. The most important of 
these are the microstructural heterogeneities observed in the parts 
produced and the difficulty of reproducibility of the same mechanical 
properties [15]. It has been reported in many studies that polymeric 
materials, aluminum alloys, steels, superalloys, and ceramic matrix 
composites have been produced by additive manufacturing methods in 
recent years [16–20]. Due to their use in advanced engineering appli
cations such as aviation, space, nuclear, medical, and heat treatment 
equipment, stainless steels are among the alloys most produced by the 
additive manufacturing method [21,22]. 

There are currently seven additive manufacturing processes as 
defined in ASTM F2792-12A Standard. The fact that the arc power of the 
directed energy deposition-arc (arc-DED), also known as wire arc ad
ditive manufacturing (WAAM) process, is 5–10 times time-efficient (i.e., 
DED-GMA) than those of powder bed fusion (PBF-LB) and directed en
ergy deposition using laser beam (DED-LB) methods [23–25] makes it 
more cost-effective to manufacture stainless steels products [26]. 
However, stainless steel's low thermal conductivity and high thermal 
expansion make these alloys more susceptible to elemental segregation 
and solidification cracking during WAAM production [21]. 

Stainless steel types are frequently preferred in industrial applica
tions due to the thin but dense chromium oxide layer (Cr2O3) formed by 
the chromium element on the surface, providing high oxidation resis
tance in acidic environments and atmospheric conditions and having a 
bright surface appearance [1,3,4]. Their corrosion resistance at high 
temperatures is due to the protective oxides they form on the surface, 
such as NiO, Cr2O3, and NiCr2O4 [27]. Stainless steels are generally used 
in cutting tools, manufacturing of kitchen sinks, chemical storage tanks, 
hot water storage units, exterior cladding, kitchen utensils, surgical 
materials, car chassis components, seamless pipes, tubes, and at room 
temperature conditions such as food storage tanks [28–33]. However, 
except for some types of stainless steels (e.g., some ferritic stainless 
steels), the Cr2O3 layer on the other stainless steels, which provides 
satisfactory protection against many environments at room conditions, 
causes degradation as it loses its resistance to scaling at ~600–650 ◦C 
[34]. 

Alloying or surface modifications (boriding, titanizing, aluminizing, 
etc.) are used to improve the resistance of stainless steels, which are used 
in high-temperature applications due to their cost-effectiveness in harsh 
tribocorrosive environments [35,36]. Protective coatings are one of the 
main approaches within the scope of surface modifications. It is possible 
to improve the surface properties more cost-effectively by surface 
treatments and/or coating techniques without changing the chemical 
composition of the entire material [37–39]. The primary purpose of 
these processes is to improve the surface's mechanical properties and 
corrosion properties without causing a change in the material's micro
structure. Thus, the service life and functional efficiency are extended 
without changing the material's internal structure. Especially in appli
cations where high-temperature oxidation resistance is desired, alumi
nide coatings are applied effectively in the literature [40–42]. Because 
the Al in the content of aluminide coatings has a high affinity for oxygen, 

thus forms an Al2O3 layer on the surface which acts as a barrier for 
oxidation to penetrate the interior. Many publications in the open 
literature are on improving high-temperature oxidation resistance by 
pack aluminizing of stainless steel produced by casting and powder 
metallurgy methods [40–44]. On the other hand, it has been determined 
that aluminizing studies on stainless steels produced with different ad
ditive manufacturing methods since the 2000s have not yet been 
introduced to the literature. Therefore, their effects have yet to be 
discussed. 

Therefore, considering the oxidation problem of stainless steels in 
harsh conditions (above 650 ◦C) where high oxidation resistance is 
required, such as nuclear, coal, and biomass power plants [21,22], this 
study focuses on the use of aluminide coating for the improvement of 
oxidation resistance of stainless steels (e.g., AISI 307) parts fabricated by 
the WAAM techniques, which are increasingly used. The obtained 
coatings were characterized by SEM, EDS, XRD, and nanoindentation 
and compared with untreated as-built ER307 stainless steel by exposure 
to open air for 5 h, 25 h, and 50 h at 1000 ◦C. Therefore, this study has 
the potential to be an important reference for academic studies and in
dustrial applications of oxidation-resistant stainless steel with surface 
aluminizing for additively manufactured components. 

2. Materials and method 

2.1. Production of WAAM ER307 stainless steel component 

In producing ER307 stainless steel components, the WAAM method 
was used, which allows the production of complex-shaped and larger 
metallic components at lower costs compared to other additive 
manufacturing methods [17,26]. 1.2 mm diameter ER307 (acc. to AWS 
A5.9) solid wire was used to produce WAAM samples having a dimen
sion of 350 × 75 × 12 mm deposited on an AISI 304 stainless steel 
substrate. The chemical composition of the wire for WAAM method 
(modified ER307) was determined by XRF analysis as 17.05Cr, 8.95 Ni, 
6.18 Mn, 0.56 Si, 0.31 Cu, 0.05 C, 0.03 Mo, 0.019 P, 0.017 S (in wt%) 
and balance Fe. The component was produced by a GeKa-Tec WB 500 L 
welding machine with a water-cooled torch integrated into a 6-axis OTC 
Daihen D-V8L robot. The single passes were deposited by stringer mode 
on the previous layer to obtain the final component. A dwell time of 120 
s is employed to help the component transfer excessive heat to the 
environment. In addition, the pass direction was reversed each time to 
avoid build-up at the start and end of the paths. The following specifi
cations were employed to build the component: an arc voltage of 14.7 V, 
an arc current of 120 A, a scan rate of 50 cm/m, and a shielding gas 
mixture of 97.5 % Ar and 2.5 % CO2 with a flow rate of 15 L/min. 

The chemical composition of ER307 stainless steel produced with the 
parameters mentioned above was determined by XRF analysis as 16.97 
Cr, 8.11 Ni, 4.96 Mn, 0.58 Si, 0.20 Cu, 0.04C, 0.03 Mo, 0.023 P, 0.017 S 
(in wt%) and balance Fe. Since surface roughness (Ra) of an average of 
62.5 μm is relatively high for the coating process in the production parts 
with WAAM, the samples were machined with a CNC machine after 
production to obtain a surface roughness of <1 μm. Then, the surface 
was ground with 1000 SiC sandpaper to remove the residues on the 
surface. After these surface preparation processes, the samples were cut 
in dimensions of 20 × 20 × 5 mm for the coating processes and oxidation 
tests. 

2.2. Powder-pack aluminizing 

Based on the investigations existing in the open literature, it was 
decided that the best powders for the aluminizing process were 30 % 
pure metallic Al powder (25 μm), which supplies aluminum, 10 % NH4Cl 
(25 μm), which forms chloride gas, and 60 % Al2O3 (25 μm), which 
inhibits oxidation and prevents sintering [42]. During the pack alumi
nizing process, the cleaned sample surfaces were placed in the center of 
crucibles made of Inconel 718 Ni-based superalloys. The samples to be 
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coated were placed inside the container in a way that ensures a mini
mum of 10 mm of aluminizing powder covers all sides of the samples, 
and the containers with threaded mouths were tightly sealed to prevent 
air ingress. The studies in the literature were examined to select the 
aluminizing conditions. An aluminizing process at 700 ◦C for 3 h was 
chosen with the assumption that an aluminide coating layer of around 
40 μm could be obtained [40–42]. Aluminizing processes were carried 
out in a controlled atmosphere furnace environment due to its cost- 
effectiveness in industrial applications. The samples were taken from 
the furnace after aluminizing and left to cool in an open-air 
environment. 

2.3. Microstructural characterization and oxidation tests 

After powder-pack aluminizing, the samples' cross-sections were 
examined following the usual mechanical grinding and polishing pro
cesses. Since the aluminide coatings could be observed clearly under 
scanning electron microscopy (SEM) in the as-polished condition, no 
etching was required. The samples' cross-sectional views were examined 
using a Thermo Fisher Scientific Apreo S LoVac SEM apparatus. Circular 
Backscatter (CBS) detector, 15 kV accelerating voltage, and 11 mm spot 
size was used in SEM investigations, and EDS analyses to more precisely 
characterize the morphology, microstructure, and chemical composi
tion. With a Hysitron TI-950 TriboIndenter device, nanoindentation 
tests were performed utilizing a Berkovich-tip nanoindentation with a 
10 mN load, 30 s continuous loading rate, 15 s dwell time, and 30 s 
gradual unloading period [45,46]. A computer-controlled analytical 
empyrean apparatus was used to determine the phases present in the 
aluminide layers obtained by the aluminizing process and the oxide 
layers that formed on the surface following oxidation. Cu Ka radiation 
(1.5418 A) with a scan step size of 0.0525211 and 2 angles ranging from 
10 to 90◦ were identified as the XRD parameters. 

Isothermal oxidation tests were performed at 1000 ◦C, considering 
the maximum temperature that stainless steel may encounter in high- 
temperature applications in nuclear, coal, and biomass power plants 
[29,33–35]. The oxidation time was determined as 5, 25, and 50 h and 
oxidation tests were performed in an open-air environment in an electric 
oven (Protherm PLF 130/12), Turkey). Oxidation tests were performed 
on samples with an equal surface area of 15 × 15 × 5 mm3. The samples 
were weighed in alumina crucibles before and after the oxidation test 
with a precision of 1 × 10− 4 g, and the weight gains were determined in 
this way. Similarly, the average oxide layer thickness of each oxidized 
sample was determined by taking 5 measurements from each of the five 
different SEM images. Three samples from each sample were exposed to 
an oxidation test, and their averages were used to calculate oxidation 
weight gains. The oxide layers formed on the surface of the samples 

exposed to the oxidation test were examined by XRD and SEM, and EDS. 
In addition, the oxidation mechanisms formed on the surface were 
investigated. 

3. Results and discussions 

3.1. Microstructure of As-built WAAM ER307 

Figs. 1a and b show the microstructures of the middle region of the 
component manufactured with WAAM. The microstructural examina
tions indicated that the interface between layers was well bonded 
without macro-sized pores and solidification cracks. As a result, good 
metallurgical bonding was achieved. The white regions are austenite, 
while the dark regions confirm the existence of δ-ferrites. The amount of 
residual ferrite was measured using a ferrite scope and results were 
found as about 3.2 ± 0.1 % in the middle of the WAAM component 
whereas the root and top were 3.5 ± 0.2 and 3.5 ± 0.1 %, respectively. 

The top of the interface corresponding to the non-melted region 
mainly comprises a fine columnar structure with an acicular shape of 
δ-ferrites perpendicular to the deposition direction in an austenitic (γ) 
matrix. Since the remelted zone is the first area of the volume to solidify, 
the higher cooling rates there may account for this [47]. In contrast, the 
bottom part of the interface exhibits a decreased amount of δ-ferrite 
having globular, skeletal, and lathy morphologies due to lower cooling 
rates than the top section. The microhardness values in the middle of the 
WAAM 307 component varied between 168 and 179 HV, and the 
average along the building direction was 173 ± 3 HV. The highest 
hardness values through any of the layers were measured at remelted 
regions of the layers (top of the interface) where the higher amounts of 
δ-ferrites with small grain sizes existed. 

3.2. Characterization of aluminide layer 

The SEM micrograph of the coating layer formed on the sample 
surface exposed to the aluminizing process at 700 ◦C for 3 h and the 
result of EDS line analysis are presented in Fig. 2. 

Fig. 2 shows that the cross-sectional microstructure of WAAM ER307 
stainless steel component exposed to aluminizing consists of a 43 ± 2.5 
μm thick single-layer coating layer and a 2.5–3.5 μm thick transition 
zone between the coating layer and the matrix. This transition zone 
between the coating layer and the substrate allows the coatings to bond 
to the matrix with a high adhesion force [48,49]. When the result of EDS 
line analysis is examined, although the coating layer consists of Al, Fe, 
Cr, and Ni, the atomic ratios of these elements are in the range of 60–65 
%, 20–25 %, 5–6 %, and 0–5 %, respectively, and are close to stable. This 
indicates that the aluminizing time is sufficient. Because if the 

Fig. 1. Optical micrographs of the middle region of the ER307 stainless steel component fabricated by WAAM at different magnifications: a) 20× and b) 100×.  
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processing time were short in pack aluminizing processes, it would be 
expected that the aluminum ratio would decrease from the outer surface 
to the inner part [42,50,51]. As indicated in the literature, Li et al. [52] 
obtained a coating layer consisting of FeAl and Fe3Al with a thickness of 
80 μm on the surface of AISI 321 steel after aluminizing at 950 ◦C for 12 
h. Studies in the literature show that the tensile strength and elongation 
of the steel do not change with the variation of coating layer thickness in 
cases where the coating thickness obtained on stainless steel is <150 μm. 
However, the mechanical properties decrease with the layer thickness 
increase in cases where the aluminide layer thickness is >200 μm 

[52–54]. This phenomenon was expected regarding Cr23C6 precipitation 
in the microstructure due to the high temperature and long processing 
times, and sigma phase formation rather than the coating thickness. 
Many scholars have studied low-temperature aluminizing to overcome 
this limitations [42,55–57]. The coating thicknesses obtained in this 
study agreed with the studies on low-temperature aluminizing in the 
literature [43,44,55,56]. 

Fig. 3 shows the XRD patterns of untreated as-built WAAM ER307 
stainless steel samples and aluminide-coated samples at 700 ◦C for 3 h. 
When Fig. 3 is examined, the untreated as-built WAAM ER307 specimen 

Fig. 2. Cross-sectional SEM micrograph of the aluminide coating layer formed on the surface of the WAAM ER307 stainless steel alloy and the result of EDS 
line analysis. 
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consists of γ-austenite phase (FCC) with sharp peaks in the (111), (200), 
and (220) planes (JCPDS card number: 00–035-1375). As seen in 
Fig. 3a), only strong diffraction peaks of γ-austenite were observed in the 
XRD pattern of the as-built WAAM ER307 stainless steel while δ-ferrites 
were not observed. In previous studies in the literature, it was stated that 
delta-ferrite was not observed in XRD analysis, it was measured by the 
ferritoscope in the as-built structure, and δ-ferrites were almost 3.5–4.2 
% in the microstructure [58,59]. 

On the other hand, in the aluminide layer, in addition to the domi
nant phase FeAl3, there are minor phases Ni3Al4 and Fe2AlCr in the 
structure. Considering the Fe–Al binary phase diagram published by 
Murray 1992 given in Fig. 4, it is seen that the Al concentration of the 
FeAl3 phase is approximately 58–61 % [60]. Compared to the SEM-EDS 
line analysis results shown in Fig. 2, the Al concentration at 35 μm depth 
was found to be ~60 % by atomic weight. Therefore, the XRD results 
obtained showed excellent agreement with the results from the SEM- 
EDS line analysis shown in Fig. 2. 

Studies show that different phase formations may occur depending 
on variation of aluminizing temperature and time [40–42,50–57]. The 

general opinion in the literature is that only the Fe2Al5 phase will form in 
short aluminizing times, and as time increases, the phase structure will 
turn into the FeAl3 phase [57,61]. For instance, Sun et al. reported that 
the possible order of formation of the iron‑aluminum compounds in the 
aluminizing process is Fe2Al5 > FeAl3 > FeAl2 > FeAl, and the Fe3Al 
phase does not form when the temperature is higher than 400 ◦C because 
its free energy is greater than zero [55]. In addition, the fact that the Fe- 
aluminide phases (i.e., FeAl, FeAl2, FeAl3, and Fe2Al5), which may occur 
in the Fe–Al diagram shown in Fig. 4, maintain their stability up to 
temperatures up to 1100 ◦C, indicates that the aluminide phases formed 
on the surface of the as-built WAAM ER307 specimen act as protector for 
the substrate material against high-temperature damages. 

3.3. Nano-hardness and modulus of elasticity 

By conducting the aluminizing treatment at 700 ◦C for 3 h, a 
spheroidization heat treatment was also applied to the ER307 stainless 
steel component fabricated with WAAM at the same time. In addition, 
nanoindentation tests were performed to determine the effect of 

Fig. 3. XRD patterns taken from the surface of WAAM ER307 alloy: a) as-built specimen and b) specimen exposed to aluminizing at 700 ◦C for 3 h.  

Fig. 4. Fe–Al phase diagram and stability temperatures of FexAly phases [60].  
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aluminide coatings formed on the surface after the aluminizing process 
on the mechanical properties of the matrix phase in the as-built WAAM 
ER307 specimen after aluminizing, and the results are presented in 
Table 1. 

As seen in Table 1, the nano-hardness values of the as-built ER307 
sample are 3.15 ± 0.27 GPa, and the elasticity modulus values are 
126.09 ± 6.43 GPa. However, after aluminizing, the matrix region's 
hardness and the elasticity modulus values were determined as 5.02 ±
0.36 GPa and 130.32 ± 2.75 GPa, respectively. It is believed that this 
circumstance resulted from a heat treatment similar to the spheroid
ization heat treatment applied at 700 ◦C for 3 h, improving the material's 
microstructure (refining structures such as pores and inclusions). On the 
other hand, the nano-hardness value of the coating layer in alumina was 
determined to be 13.22 ± 0.64 GPa, and the modulus of elasticity was 
156.50 ± 3.28 GPa. 

3.4. Isothermal oxidation test results 

The XRD patterns of as-built WAAM ER307 samples measured after 
oxidation tests at 1000 ◦C for 5, 25, and 50 h are given in Fig. 5. The 
results of SEM and EDS line analyses of the samples exposed to oxidation 
tests are shown in Fig. 6 (5 h), Fig. 7 (25 h), and Fig. 8 (50 h). 

The XRD analysis results of WAAM ER307 alloy specimens exposed 
to different oxidation periods at 1000 ◦C provided quite important in
formation. As seen in Fig. 5a, while the XRD pattern of the as-built 
WAAM ER307 alloy consists of a sharp γ-austenite (FCC) phase, a 
noticeable decrease in the peak intensity of the γ-austenite structure was 
observed (especially the 111 plane) after the 5 h oxidation period 
(Fig. 5b). In addition, it was determined that the dominant phases 
□-Fe3O4 and ▴-α-FeCr (BCC) as well as ○-Fe2O3 minor phases were also 
formed together with the γ-austenite phase in the structure (see Fig. 5b). 
When this is compared with the SEM-EDS line analysis of the 5 h sample 
in Fig. 6, the oxide layer of the sample in question appears to be around 
~12 μm. When the EDS-line diagram is looked at, the atomic weight 
percentages of Fe, Cr, and O elements in the oxide layer with a thickness 
of ~12 μm are much higher than the other elements. Therefore, it can be 
said that the phases obtained in the XRD result perfectly agree with the 
SEM-EDS results. Because the oxide layer thickness is small, the peak of 
the γ-austenite phase comes from the substrate material or is caused by 
local breaks in the oxide layer. 

After the oxidation period of 25 h, the γ-austenite, Fe3O4, and Fe2O3 
peaks were observed as in the 5 h sample, the Fe2O3 peaks were 

observed more clearly, the intensity of γ-austenite peaks decreased and 
α-FeCr phases disappeared (Fig. 5c). Moreover, the oxide layer thickness 
formed on the surface of the WAAM ER307 sample increased to ~30 μm 
as a result of the 25-h oxidation period (Fig. 7). When the EDS analysis of 
the alloy exposed to 25-h oxidation period is examined, it can be seen 
that the Cr % is greatly reduced (Fig. 7). Therefore, the absence of α-FeCr 
phase in Fig. 5c can be associated with the increase in oxidation period 
and the penetration of % Cr in the structure from the oxide layer on the 
material surface to the inner regions. On the other hand, in the samples 
with an oxidation period of 50 h, it is seen that the Fe2O3 peaks become 
much more dominant compared to Fe3O4, the γ-austenite phase disap
pears entirely. Looking at the SEM-EDS line analyses of the 50 h sample 
(Fig. 8), it was seen that an oxide layer of ~45 μm was formed on the 
surface, and the atomic percentages of Fe and O elements were higher 
than the other elements. Therefore, it is expected that the γ-austenite 
phase, considered to be the base phase, is not seen in the XRD analysis 
and that the Fe2O3, Fe3O4 phases are observed. In addition, it can be 
seen from the Fe–O phase diagram (Fig. 9) that the Fe2O3 phase is 
observed when the percentage of oxygen increases [62]. Therefore, this 
can be associated with the increase in the oxidation time in the EDS 
analysis, with the atomic percentage of oxygen increasing immediately 
and the Fe2O3 phase being dominant in the XRD pattern. All the results 
obtained are fully compatible with SEM-EDS line analyses. 

According to the studies in the literature, the X-ray diffraction 
method is the technique with the highest accuracy among common 
phase quantification methods (EBSD, feritscope, etc.) [63] . Therefore, 
the quantitative phase analysis can be performed with the XRD device 
using the Debye-Scherrer technique. The average grain (crystallite) size, 
D, of the alloys was calculated using the Debye-Scherrer equation [64]: 

D =
Kλ

βcosθ
(1)  

where the K is a constant (0.94), λ is the X-ray wavelength (1.5406 Ao for 
Cu Kα), β is the full-width half maximum (FWHM) of the peak relating to 
2θ. In addition to the grain morphology of the alloys, the dislocation 
density and microstrain parameters are important parameters that 
determine the microstructure. Dislocations play a significant role in 
determining the strength and flow properties of metals and alloys. 
Dislocation density, δ is a function of average crystallite size from the 
XRD pattern; 

δ =
1

D2 (2) 

Table 1 
Nanoindentation test values of WAAM ER307 stainless steel samples.  

Specimen Nanoindentation testing 

Measurement Indent hc 

(nm) 
hmax 

(nm) 
Er 
(GPa) 

H 
(GPa) 

hf 

(nm) 

Aluminide layer Indent- 
1  

151.22  200.42  159.82  13.95  109.44 

Indent- 
2  157.59  207.05  153.27  12.94  116.94 
Indent- 
3  158.84  207.28  156.41  12.76  117.38 

Aluminized 
matrix 

Indent- 
1  256.56  293.96  129.17  5.28  224.35 
Indent- 
2  259.09  294.90  133.46  5.18  228.60 
Indent- 
3  275.79  310.84  128.33  4.61  244.98 

As-built WAAM 
ER307 

Indent- 
1  260.21  299.30  133.10  3.42  229.75 
Indent- 
2  275.64  315.49  124.73  3.15  237.71 
Indent- 
3  286.52  321.72  120.45  2.88  253.87 

Note: hc: contact depth, hmax: maximum depth, Er: Reduced elastic modulus, H: 
Nano-hardness, hf: final displacement. 

Fig. 5. XRD patterns of WAAM ER307 alloy specimens: a) as-built specimen, 
and after oxidation tests at 1000 ◦C for b) 5 h, c) 25 h, and d) 50 h. 
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The degree of distortion in the crystallite lattice of the structure is 
expressed as microstrain. Both average crystallite size and microstrain in 
the crystallite lattice affect the line broadening (FWHM) in the X-ray 
diffraction pattern. Therefore, determining the microstrain of the 
structure is important for the crystallography of alloys of different ori
entations. The microstrain, ε is given in the following Eq. 3; 

ε =
β

4tanθ
(3) 

In Table 2, the average crystallite size, dislocation density, and the 
micro tension values of the plane corresponding to the dominant peak of 
each phase obtained as a result of XRD measurements conducted on the 
as-built sample and the specimens exposed to oxidation test for 5 h, 25 h, 
and 50 h. 

When Table 2 is examined, as the oxidation time for the γ-austenite 

phase increases, a partial increase is observed in the microstrain value, 
which is the degree of deterioration in the crystal lattice or crystal 
defect. As the oxidation time increased, the crystal lattice structure of 
the γ-austenite phase deteriorated, causing the crystal structure to 
change and disappear completely (see XRD pattern of the specimen 
exposed to oxidation test for 50 h in Fig. 5d). It was observed that as the 
oxidation time increased, the average crystallite size of the Fe2O3 and 
Fe3O4 phases decreased and the residual stress values increased 
accordingly. The decrease in crystallite size may be due to the oxidation 
process applied at high temperatures above the recrystallization tem
perature. Normally, it would be expected that grain growth and a 
decrease in the dislocation density would occur when a material is held 
at high temperatures for a long time. The stresses in oxidation are caused 
by thermal expansion differences and the stresses arising from this dif
ference during cooling. This situation can be explained by the fact that 

Fig. 6. Cross-sectional SEM view and EDS analysis of the oxide layer grown on the surface of the as-built WAAM ER307 stainless steel component after a 5-h 
oxidation period. 
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the oxide layer does not expand sufficiently upon heating and has to 
contract too much while cooling. However, depending on the increase in 
oxidation time, it is seen that the microstrain values of the Fe3O4 phase 
decreased at 25 h oxidation period whereas it increased at 50 h oxida
tion period. This result can be explained by the FWHM values related to 
the grain distortion, dislocation density and residual stresses on the 
surface of the materials [65]. In the XRD pattern, the FWHM value of the 
dominant peak (35.23o) in the (311) plane of the Fe3O4 phase was 0.41 
in 5 h, 0.38 in 25 h and the peak completely disappeared in 50 h. 
Therefore, the decrease in the FWHM value at 25 h, that is, the nar
rowing of the diffraction peak, causes the defects in the structure to 
decrease and the microstrain values to reduce. As the oxidation time 
increased to 50 h, a defect occurred in the crystal lattice and the Fe3O4 
phase began to decompose. In addition, the microstrain values of the 
Fe2O3 phase decreased due to the increase in the oxidation period. In 
conclusion, the microstrain values of the Fe2O3 phase depended on the 
increase in the oxidation time, an improvement was observed in the 

crystal lattice structure of the Fe2O3 phase, while the crystal lattice 
structure deteriorated in the Fe3O4 phase. 

The oxide layers formed on the cross-sectional surfaces of untreated 
as-built and aluminized WAAM ER307 stainless steel specimens after the 
oxidation test were characterized, and the cross-sectional surfaces of the 
samples were examined with SEM to support the XRD (Fig. 5) results. 
EDS analyses were recorded (Figs. 6-8). 

When the SEM cross-section micrograph of the oxide layer grown on 
the surface of the as-built WAAM sample after a 5-h oxidation period is 
examined (Fig. 6), it was determined that the Pt1 region (the region 
where cracks are present), where the formed oxide layer is around ~12 
μm, contained 50.54 % O, 17.85 % Cr, 21.74 % Fe, and 8.32 % Ni (in 
atomic %). These findings indicated that this region consists of complex 
oxide layers (i.e., chromium and iron oxides), as indicated in XRD 
analysis. Moreover, these results align with Benafia et al.'s findings [66]. 
In the Pt2 region, the structure (the toothed structure formed towards 
the interior) is composed mainly of Cr and O. This situation, as Stott and 

Fig. 7. Cross-sectional SEM view and EDS analysis of the oxide layer grown on the surface of the as-built WAAM ER307 stainless steel component after a 25-h 
oxidation period. 
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Wei stated, indicates that Cr2O3 forms at the early stages of the oxidation 
due to the sufficient chromium content in stainless steels. Furthermore, 
in the later stages, depending on the duration of oxide growth, blisters of 
a certain scale form and, upon their contact with Fe, allow oxygen 
penetration into steel, in which chromium is completely depleted [67]. 
The remarkable point in the Pt3 region is the accumulation of Si content. 
It is understood from the EDS results that the Pt4 region is the matrix 
region. 

In the as-built WAAM sample, which was exposed to a 25 h oxidation 
treatment (Fig. 7), a thicker oxide layer was formed than in the 5 h 
oxidized sample. However, it was determined that a crack was formed 
between the oxide layer and the substrate, and the amount of Cr and Ni 
in the Pt1 region was relatively low compared to the 5 h sample. In 
contrast, there was an increase in the amount of Fe in this region. These 
results show that with increasing oxidation time, the Cr2O3 oxide layer 
turns into a volatile CrO3 phase, disappears, and is replaced by Fe2O3 
and Fe3O4 phases, as determined in XRD analyses. Furthermore, the fact 

that Cr increased from the surface to the inner part of the oxide layer, as 
detected in the EDS line analysis, supports this claim. 

When the SEM cross-sectional micrograph of the oxide layer grown 
on the surface of the as-built WAAM ER307 sample, for which the 
oxidation time was applied as 50 h, was examined (Fig. 8), it was 
observed that although the oxide layer was broken off, it was thicker (i. 
e., 45 μm) than 25 h oxidized sample. There was significant breakage 
and fall-off on most of the surface. It is seen that the oxide layer content 
was mainly composed of Fe and O (Pt1 and Pt2) near the surface, as in 
the 25 h oxidized sample, while the inner parts consist of an oxide layer 
containing Fe, O, Cr, Ni elements (Pt3). The Pt4 region, on the other 
hand, exhibited a composition close to the substrate alloy's content, 
which clearly showed that this part is not affected by oxidation expo
sure. The XRD patterns of the 50 h oxidized sample showed that Fe2O3, 
Fe3O4, and spinel (Fe0.6Cr0.4)2O3 phases were dominant in this sample. 
However, the Fe2O3 and Fe3O4 layers have a higher thermal expansion 
coefficient than the substrate, while the spinel phases are brittle. 

Fig. 8. Cross-sectional SEM view and EDS analysis of the oxide layer grown on the surface of the as-built WAAM ER307 stainless steel component after a 50-h 
oxidation period. 
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Therefore, they are undesirable due to the higher probability of frag
mentation [68]. 

The XRD patterns of the aluminized WAAM ER307 samples exposed 

to oxidation tests at 1000 ◦C for 5 h, 25 h, and 50 h are given in Fig. 10, 
and SEM cross-sectional micrographs and EDS results are shown in 
Figs. 11-13. 

As seen in Fig. 10, dominant phase FeAl3 is present, as well as minor 
phases (i.e., Fe2AlCr and Ni3Al4 phases) in the aluminide layer formed 
on the surface of the as-aluminized WAAM ER307 specimen (Fig. 10a), 
and this was discussed in detail in Section 3.1. 

After the 5 h oxidation process, it was determined that Al2O3 and 
CrO1.01 phases were formed in the as-aluminized WAAM sample struc
ture. The FeAl3 and Fe2AlCr phases preserved their structure with 
dominant peaks (Fig. 10b). It was mainly observed that Ni3Al4 phases 
disappeared due to the formation of Al2O3. There was a noticeable in
crease in the peak intensity of the plane corresponding to the FeAl3 and 
Fe2AlCr phases at ~44.47 o. In the 25 h oxidation period, it was deter
mined that the peak of the plane in question, which corresponds to the 
CrO1.01, FeAl3, and Fe2AlCr phases in the structure, was more pro
nounced than the 5 h oxidized sample. There was an approximately 20- 
fold increase in the peak intensity corresponding to the Al2O3 phase at 
~43.33 o (Fig. 9c). The formation of the CrO1.01 phase in the structure 
can be explained by the SEM-EDS line analysis results given in Fig. 11, 
namely, as it is moved from the material's surface towards the interior, 
the Cr concentration in atomic % increases and becomes evident in the 
structure. As seen in the XRD patterns of the 50 h oxidized sample, on 
the other hand, it was determined that the crystalline structure was 
severely damaged, the peaks were formed at wider and lower intensities, 
the structure was completely changed and turned into CrO, Fe3O4, and 
AlFe2O4 phases after the 50 h oxidation test. When the SEM-EDS line 
analysis results given in Fig. 12 are examined, it has been determined 
that Fe, Cr, O, and Al elements (in atomic %) are much higher than the 
others, and these findings are in full agreement with the XRD results. 

In Table 3, the average grain (crystallite) size, dislocation density, 
and the micro tension values of the plane corresponding to the dominant 
peak of each phase, obtained as a result of XRD measurements taken 
from the as-aluminized sample and aluminized + oxidized specimens 
(oxidized for 5 h, 25 h, and 50 h), are given. Interesting results were 
obtained on WAAM ER307 stainless steel specimens exposed to 5 h, 25 
h, and 50 h oxidation tests after aluminizing. Accordingly, although an 
increase was observed in the for the Al2O3 phase in the 5 h oxidation 
time, a sudden decrease was detected in the 25 h oxidation time. The 
most important reason for this is the increase in the average grain size of 
the phase in question by approximately 3.5 times, thus decreasing the 
dislocation density. The same is true for the FeAl3 phase. Therefore, the 
increase in the oxidation time from 5 h to 25 h for these two phases led to 
the improvement of the crystal structure and its transformation into a 
stable structure. For the CrO1.01 phase, with the increase of the oxidation 
time, the microstrain value decreased, and the average grain size 
increased. Therefore, the increase in the oxidation time also provided a 
positive effect on the CrO1.01 phase. With the increase of the oxidation 
time from 25 h to 50 h, the crystal lattice structure of the CrO1.01 phase 
completely changed and turned into the CrO phase. In addition, 
depending on the increase in oxidation time, different new oxidized 
Fe3O4, and AlFe2O4 phases were formed. Considering the obtained SEM- 
EDS results, the atomic percentage of oxygen value increased signifi
cantly due to the increase in the oxidation period. On the other hand, 
increasing the oxidation time to 50 h caused the structure to change 
completely, the phases formed in the 5 h and 25 h oxidation times to 
disappear and different new phases were formed. 

For the detailed analysis of the oxide layers formed in the aluminide 
layers as a result of the oxidation tests, the samples were examined by 
SEM, and EDS analyses were performed on some regions. After the 5 h 
oxidation period (Fig. 11), it was observed that the aluminide layer 
evolved from a single layer structure in the as-aluminized state into 4 
different microstructure appearances. These regions are: (i) the Pt1 re
gion, where the Al2O3 phase forms as a thin line (~10 μm), (ii) the 
region where Kirkendall voids (marked by black arrows in Fig. 11) are 
visible in the aluminide coating layer, (iii) the Kirkendall voids within 

Fig. 9. Iron‑oxygen binary equilibrium diagram [62].  

Table 2 
Dependence of average crystallite size, D, discolation density, δ, and microstrain, 
ε, values of the WAAM ER307 sample on oxidation duration.  

Sample name Phases D (nm) δ (nm)− 2 × 10− 3 ε 

As-built γ-austenite  25.6  1.53  0.20 
5 h γ-austenite  24.2  1.71  0.21 

Fe3O4  25.5  1.54  0.29 
25 h γ-austenite  23.6  1.79  0.22 

Fe2O3  23.5  1.81  0.28 
Fe3O4  23.8  1.77  0.25 

50 h Fe2O3  20.2  2.45  0.17 
Fe3O4  14.9  4.50  0.40  

Fig. 10. XRD patterns of as-aluminized WAAM ER307 specimens: a) as- 
aluminized specimen and as-aluminized samples exposed to oxidation tests at 
1000 ◦C for b) 5 h, c) 25 h and d) 50 h. 
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the aluminide coating layer which appear as dots (marked by white 
arrows in Fig. 11), and (iv) the substrate material region. Another 
remarkable point is that the aluminide coating layer, which is 40 μm and 
contains 60–65 % Al throughout the coating layer after the aluminizing 
process, increased up to 120 μm thickness at the end of the 5 h oxidation 
period. The Al ratio gradually decreased from 35.0 % to 0 % from the 
surface to the inner parts. 

In the SEM picture of the Al-25 h oxidized sample (Fig. 12), it is seen 
that the formation of a 4-layered region is also observed in this sample, 
as is the case in the Al-5 h oxidized sample. However, it was observed 
that a large part of the thin Al2O3 layer on the surface was fallen off. This 
can be explained as follows: the excessive growth of Kirkendall cavities, 
which are called Region II, took place and consequently led to the fall off 
of the coating layer on the surface. Increased oxidation time not only 

made the Kirkendal formations in Region III more prominent (marked 
by black arrows in Fig. 12) but also caused the aluminide coating layer 
to expand from 120 μm to 170 μm compared to the 5 h oxidized sample. 
The fact that the decrease of the Al ratio to below 10 % at the end of the 
25 h oxidation period, which was in the range of 60–65 % (atomic) on 
the surface after the aluminizing process, and the Al ratio of the alu
minide coatings being close to stable throughout the coating unlike the 
5 h oxidized sample, indicate that the aluminum diffusion is close to 
stopping after a certain stage. Wen et al. [69] reported that the forma
tion of Kirkendall cavities begins at the interface between the coating 
and the matrix, with the aluminide layer becoming more indistinct 
(unclear) and more irregular with increasing particles and micro-voids 
developing due to the oxidation of the Al on the surface as a result of 
increasing oxidation exposure. They explained this irregularity in the 

Fig. 11. Cross-sectional SEM view and EDS analysis of the oxide layer grown on the surface of the aluminized WAAM ER307 stainless steel component after a 5-h 
oxidation test. 
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structure as the precipitation of increasing carbides in a certain region or 
accumulation as bulk carbides and the formation of needle-like σ phases 
as a result. 

When the SEM image of the 50 h oxidized sample after aluminizing is 
examined (Fig. 13), it is seen that the 4-layered region observed in the 5 
h and 25 h oxidized samples did not form in this sample, the Kirkendall 
voids, which were evident in the 25 h oxidized sample, decreased in size. 
Instead, local Cr2O3 formations were observed in the top layer. In 
addition, smaller Kirkendall formations were observed to occur in the 
lower layer almost throughout the alumina coating layer. Therefore, it 
was concluded that the large-sized Kirkendall voids seen in the 25 h 
oxidized sample were not observed in the 50 h oxidized sample due to 
the fragmentation of the large-void structures due to exposure to 
increased oxidation time. Because long-term oxidation at high temper
atures consumes some of the Al on the surface and causes some of it to 

diffuse towards the interior and other may be evaporeted. Significantly 
decreasing Al at the surface creates an Al-depleted region under the 
scaling (surface oxide layer) interface. The void formation will be 
facilitated by the irregular internal diffusion of Al, Fe, Cr, and Ni; 
because elements in aluminide phases rich in Ni, Cr, and Fe diffuse faster 
than Al [70,71]. Kobayashi et al. [72] reported similar findings in the 
high-temperature diffusion of carbon steel immersed in a hot pure 
aluminum bath. The authors determined that void formation caused an 
increase in the oxidized surface area of the aluminide layer exposed to 
the oxidation atmosphere, which in turn increased the oxidation rate of 
the coatings. It has been reported in many studies that the thermal 
expansion difference between these irregular voids in the oxide layer 
and the substrate may cause high stresses in the structure, causing oxide 
fragmentation on the surface. This is in agreement with the weight gain 
results given in Fig. 14. 

Fig. 12. Cross-sectional SEM view and EDS analysis of the oxide layer grown on the surface of the aluminized WAAM ER307 stainless steel component after a 25-h 
oxidation test. 
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Fig. 13. Cross-sectional SEM view and EDS analysis of the oxide layer grown on the surface of the aluminized WAAM ER307 stainless steel component after a 50-h 
oxidation test. 
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As seen in Fig. 14, the aluminizing process enhanced the oxidation 
resistance of the samples without exception. This is explained by the fact 
that the dominant Fe–Al and minor Ni–Al, Cr–Al phases formed on 
the surface can maintain their stability up to temperatures exceeding 
1000 ◦C [60], as indicated in the section where the XRD analysis was 
discussed, and the A12O3 layer formed on the surface of the aluminide 
coating layer is resistant to the high-temperature oxidation [73–76]. 
Increasing oxidation time did not cause much loss in improving oxida
tion resistance. In other words, the aluminide coatings exhibited 1.46, 
1.7, and 1.60 times lower weight gains than the untreated sample after 
the oxidation test times of 5 h, 25 h, and 50 h, respectively. 

WAAM ER307 stainless steel could not form protective Cr2O3 after 
oxidation. Because the amount of Cr is low, the oxidation temperature is 
high and accordingly, protective Cr2O3 formation did not occur due to 
the formation of volatile CrO3 phases. Therefore, Fe3O4 and Fe2O3 
phases were formed. Iron-based oxides do not provide a good barrier to 
oxygen penetration as well as well adherence like chromia and alumina. 
Besides, thermal expansion mismatches between these oxides and the 
base material, spallation was observed in the oxide layers and as a result, 
sufficient oxidation resistance was not observed for these temperatures. 
The aluminide phases formed beneath the surface after the aluminizing 
process positively affected the oxidation resistance of WAAM ER307. 
However, since the aluminide phases formed were not stable alumi
nides, they showed rapid phase transformations depending on the 
oxidation temperatures. In addition, due to the high temperatures of the 
regions near the surface, Kirkendall porosities were formed in the 

subsurface regions as a result of rapid cation diffusion, and the adher
ence of oxides was weakened. In addition, spallation from the oxide 
layers was observed due to the brittleness of the unstable aluminum-rich 
phases under the surface, and the protective oxide layer could not show 
continuity. However, the alumina formed during the oxidation tests 
partially contributed positively to the oxidation resistance. In addition, 
as a result of long oxidation tests, the oxide layers showed a break-away 
oxidation trend due to the weakening of the subsurface regions. As a 
result, no alumina phases were found on the surface as the aluminum- 
rich phases were rapidly depleted. 

4. Conclusions 

In this study, a powder-pack aluminizing process was applied to 
WAAM ER307 stainless steel samples at 700 ◦C for 3 h to eliminate the 
inhomogeneity in the microstructure of ER307 stainless steel produced 
by the WAAM method and to improve their oxidation resistance. In 
addition, the effect of aluminide coating on the microstructure, some 
mechanical properties, and oxidation resistance of ER307 stainless steel 
components fabricated by the WAAM process were investigated. The 
outcomes can be summed up as follows: 

1- Aluminizing resulted in a continuous, homogeneous, dense alumi
nide layer on the surface of WAAM 307 samples, predominantly 
consisting of the FeAl3 phase, with minor amounts of Fe2AlCr and 
Ni3Al4 phases.  

2- The resulting coating layer is a single-layer coating with a thickness 
of 43 ± 2.5 μm, and there is a transition zone between (2.5–3.5 μm 
thickness) the coating layer and the matrix. The hardness value of the 
aluminide coating layer was determined to be 13.22 ± 0.64 GPa, and 
the modulus of elasticity was 156.50 ± 3.28 GPa. 

3- In addition to improving the surface hardness, the aluminizing pro
cess homogenized the inter-dendritic structures in the substrate, 
resulting in a microstructure with higher hardness and modulus of 
elasticity compared to the as-built samples.  

4- An improvement in oxidation resistance in the range of 46 %–70 % 
has been achieved compared to the untreated as-built sample 
because the aluminide phases forming the aluminide coating layer 
are stable up to temperatures exceeding 1000 ◦C, and the Al–O 
oxide layers formed on the surface containing these phases cut off the 
contact of oxygen with the substrate. 

Table 3 
Dependence of average crystallite size, D, discolation density, δ, and microstrain, 
ε, values of the as-aluminized WAAM ER307 sample and samples oxidized for 5 
h, 25 h, and 50 h after aluminizing on oxidation duration.  

Sample name Phases D (nm) δ (nm)− 2 × 10− 3 ε 

As-aluminized Al2O3  30.50  1.07  0.18 
FeAl3  37.79  0.70  0.18 

5 h Al2O3  23.6  1.79  0.22 
FeAl3  24.63  1.65  0.22 
CrO1.01  46.47  0.46  0.10 

25 h Al2O3  74.6  0.17  0.09 
FeAl3  61.68  0.26  0.08 
CrO1.01  58.75  0.28  0.07 

50 h CrO Fe3Al4 AlFe2O4  ~9.91  ~10.2  ~0.53  

Fig. 14. Variation of weight gains in the as-built and built + aluminized WAAM ER307 specimens with the oxidation test duration.  
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5- While the oxide layer grown on the surface after the 5 h and 25 h 
oxidation test of the as-built WAAM samples consisted mainly of 
Fe3O4, the oxidation test for 50 h resulted in the formation of an 
oxide layer comprising Fe2O3.  

6- Due to the increase in the oxidation time of the As-built WAAM 
ER307 samples in the oxidation tests, the crystalline properties of the 
structure increased in the Fe2O3, while a decrease was observed in 
the Fe3O4 phase. 

7- Regarding the micro-strain values, much more different and inter
esting results were obtained in the aluminized and oxidized WAAM 
ER 307 samples compared to the as-built and oxidized samples. In 
this context, the increase in oxidation time from 5 h to 25 h increased 
the crystallinity. In addition, it improved the structure for Al2O3 and 
FeAl3, and CrO1.01 phases, regarding the increase in average crys
tallite size and decrease in dislocation density. On the other hand, 
increasing the oxidation time to 50 h completely changed the crystal 
lattice structure and resulted in the formation of new phases, such as 
CrO, Fe3O4, and AlFe2O4.  

8- Unlike wrought and cast stainless steels, the oxidation of aluminized 
WAAM ER307 samples was realized in the form of regional Al2O3 
formations and Kirkendall voids within aluminide coatings instead of 
forming a continuous Al2O3 layer on the surface. This can be 
explained by the fact that the samples produced with WAAM are 
composed of non-homogeneous regions in the as-built condition. 
However, this did not cause any adverse effect on oxidation 
resistance. 

This study demonstrated that the applied heat treatment (i.e., 
aluminizing process) not only minimized the residual stresses and 
elemental segregation, which is one of the limitations of the WAAM 
method due to the high-temperature effect but also provided a better 
matrix in terms of mechanical properties as well as improving the 
oxidation resistance of stainless steel components produced with WAAM 
owing to the aluminide coating layer formed on the surface. In addition, 
the fact that the aluminizing process was performed at a temperature as 
low as 700 ◦C has shown that the surface hardness of these alloys can be 
improved without causing Cr23C6 precipitation and sigma (σ) phase 
formation, which are significant concerns in heat treatment of stainless 
steels. 
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