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ARTICLE INFO ABSTRACT

Handling Editor:P Rios The aim of this research is to compare the oxidation behavior and characteristics of oxide scale of 316L steel

produced by two methods: selective laser melting (SLM) and conventional casting and forming (wrought). To this

Keywords: end, the initial composition and microstructure of samples produced by those methods were first studied.
OX‘danon] Thermogravimetric analysis (TGA) and long-term isothermal oxidation tests were carried out on the samples and
316L stee

the oxidation kinetics were compared. The oxidized samples were then examined by scanning electron micro-
scopy (SEM), energy dispersive X-ray spectroscopy (EDS) and grazing incidence X-ray diffraction (GIXRD). The
results indicated that in the temperature range of 600 °C-900 °C, the oxidation resistance of the SLM alloy is
lower than that of the wrought alloy, especially at 800 °C. This is attributed to the combined effect of: i) smaller
grain size due to the rapid solidification in the SLM alloy that increases the paths of oxygen penetration, ii) lower
presence of chromium and manganese elements in the oxide layer and iii) preferential growth of iron oxide in the
form of hillocks on the surface. Surface and cross-section analysis of the oxide layers show that iron oxide is
dominant on the surface of the SLM sample at temperatures of 600 °C and 800 °C, and at 800 °C its extended hilly
growth leads to significant spallation of the oxide scale and an exponential increase in the oxidation rate.
However, at 900 °C, with the formation of a continuous oxide layer containing FeMnO4 and CrMnOg, the
oxidation rate significantly decreases in both alloys.

Oxide scale
Selective laser melting
Wrought alloy

1. 1- Introduction

Selective Laser Melting (SLM) has emerged as a revolutionary addi-
tive manufacturing technique, offering unprecedented flexibility and
precision in the production of complex metallic components [1]. Among
the myriad of materials used in SLM, the production of 316L steel is of
particular importance. A low-carbon variant of stainless steel, 316L steel
has exceptional tribological and mechanical properties, making it
indispensable in a range of critical applications [2]. Researchers have
studied various aspects of 316L produced by selective laser melting
(SLM), including its microstructure and mechanical properties [3,4],
corrosion resistance [5,6], wear properties [7,8], and fatigue behavior
[9,10]. The culmination of these efforts has not only deepened our un-
derstanding of the material’s behavior, but also paved the way for its
widespread adoption in critical sectors such as aerospace, automotive
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and biomedical engineering [11,12].

Among the many applications that require the use of 316L steel, its
oxidation properties at high temperatures stand out as a critical
consideration. Extensive research has been devoted to understanding
and optimizing its performance under such conditions, as oxidation
resistance has a direct impact on the longevity and structural integrity of
the material in demanding operating environments [13,14]. The
oxidation properties of 316L steel produced by conventional methods
have been extensively investigated in several articles [15,16]. These
studies have provided important insights into the oxidation behavior of
steel at elevated temperatures. For example, it has been observed that
the oxidation of 316L steel follows the parabolic relationship up to
approximately 700 °C. Beyond this temperature threshold, the steel
deviates from this equation and normally exhibits a non-compliance
with the parabolic evolution [15,16]. Nevertheless, Buscail et al. [17]
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reported that at higher temperatures such as 900 °C, the parabolic
behavior has still observed for the oxidation of 316L steel. From another
perspective, the composition of the oxide layer on the surface of 316L
steel has been reported differently in various research studies. In some
reports the CrpO3 compound has been proposed as the primary con-
stituent of the oxide layer with the presence of manganese-chromium
spinel in the form of MnyCrO4 [13] or in the form of Mn; 5Cry 504
[17,18] in the structure, while in other research the presence of Fe;O3
alongside Cry03 has been suggested as the main phases [19]. In addition,
there are research studies that discuss the formation of CrOs phase or
complex compounds such as FeyCrO4 within the oxide layer of 316L
steel [16].

The variation of publish research on the oxidation behavior of 316L
steel, particularly when considering potential differences due to SLM
production, underlines the importance of this issue. It is well known that
oxidation in alloys produced by additive manufacturing has its own
unique characteristics [20]. Despite the extensive studies on the various
properties of SLM produced 316L steel, there has been a notable lack of
published information on its oxidation resistance. Siri et al. investigated
the oxidation behavior of 316L steel under both SLM and wrought
conditions. They stated that the oxidation resistance of the SLM alloy
was superior to that of the wrought alloy in the temperature range of
700-1000 °C. They found that the oxidation curves for SLM followed the
parabolic equation at all temperatures, whereas the wrought sample
showed a linear law above 800 °C [21,22]. In this research, the authors
also highlighted discrepancies in reports on the oxidation behavior of
316L steel. They noted that their results contradicted those published in
the Benafia et al. [23] report, particularly in the temperature range of
650-750 °C-In another article, Dudziak et al. [24] compared the
oxidation behavior of 316L steel between additive manufacturing and
conventional methods, revealing fundamental differences from the
aforementioned research. This study reported that the composition of
the oxide layer in the SLM alloy becomes enriched with iron oxide as the
temperature increases up to 900 °C [24]. It is clear, therefore, that there
is no consensus among the few published articles on the oxidation of
316L steel produced by the SLM process. The varying results underline
the complexity of this phenomenon and highlight the need for further
research to elucidate the underlying factors influencing the oxidation
behavior of SLM produced components.

The remarkable aspect of parts produced by SLM is the significant
microstructural variations, including grain size, inherent in the wrought
state. These variations can directly affect the oxidation resistance. The
effect of microstructure on the oxidation behavior has been the subject
of several studies and reports in other alloys [25-27]. Contrary to the
mentioned studies which report an increase in oxidation resistance of
316L steel compared to its wrought state [22,24], there are studies
which show that reducing grain size and increasing the number of grain
boundaries actually reduces oxidation resistance [28,29]. Therefore,
given the well-established fact that SLM alloys exhibit small grain sizes
in the molten pool due to their rapid solidification rate [30-32], coupled
with the confirmed high stability of these grains at elevated tempera-
tures in 316L steel [33], there is a compelling need for further research.
It seems imperative to compare the results of oxidation in SLM produced
components with those in wrought counterparts. Also, potential differ-
ences in the initial composition of 316L steel produced by SLM and
conventional methods have not been considered in previous published
research. Due to the different production conditions, particularly the
high cooling rate inherent in SLM, small differences in the composition
of the primary powder are typically accounted for in the SLM process.
These variations have the potential to significantly affect the oxidation
behavior. Therefore, a comprehensive consideration of such composi-
tional variations is crucial for a thorough understanding of the oxidation
characteristics. Furthermore, a comprehensive elemental analysis of the
oxide layer and a structural study of the oxide scale to identify the
phases present at different temperatures are additional requisites that
have been overlooked in the limited published literature on the
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oxidation of 316L steel produced by SLM. However, these investigations
are imperative for a thorough understanding of the oxidation process
and its implications.

In this research, the oxidation behavior of 316L steel produced by
SLM and wrought, within the temperature range of 600 °C-900 °C, has
been thoroughly investigated. Complementing previous research efforts,
a comprehensive comparison of the primary chemical composition,
detailed elemental analysis of the oxide scale formed on the surface at
different temperatures, and structural investigation of the phases within
the oxide scale were carried out. This holistic approach provides a more
comprehensive understanding of the oxidation characteristics of SLM
produced 316L steel compared to the wrought counterpart.

2. 2- Experimental details

In this study, 316L steel was meticulously prepared and analyzed
using two different production methods. The first involved the use of as-
received steel in a wrought condition, prepared in accordance with the
ASTM-A240 standard. The wrought 316L steel was then carefully
compared with the 316L steel produced using the selective laser melting
(SLM) process. Rectangular cube-shaped parts with dimensions of 100
x 100 x 500 mm were produced using gas atomized 316L powder (<65
pm) with a particle size distribution of d10 equal to 5.7 pm as the
starting powder with a layer thickness of 30 pm. The process was carried
out on a Noura M100P machine with a maximum power of 300 W. The
number of slices during the build was 345 and a declining sequential
pattern was used for the laser scanning pattern. Additive manufacturing
was performed on a platform size (D-Z) of 124*150 mm. Quantitative
analysis was conducted to ascertain the composition of elements within
the alloy, utilizing an ARL 3560 Optical Emission Spectrometer (OES)
device. To examine the metallographic structure of the samples, the
surface of the test samples was examined according to the guidelines of
ASTM standards E3 and E407. As the morphology was not clearly visible
with traditional etching solutions, the electro-etching method was used
to improve visibility and obtain accurate images. The electro-etching
process is carried out in a 40% NaOH solution at a voltage of about 2
V for 15 s at room temperature. Differential scanning calorimetry (DSC)
and thermogravimetric analysis (TG) tests were conducted on the sam-
ples using an SDT Q600 model device. The tests were performed at a
heating rate of 5 °C/min from 25 °C to 1000 °C under air atmosphere. To
prepare the samples for the isothermal oxidation test, discs of 10 x 10
mm and 1 mm thick were produced by electrical discharge wire cutting.
Mass changes, including oxide spalls, were measured with an AND
balance to an accuracy of 0.1 mg. The isothermal oxidation mass-gain
measurements were conducted at temperatures ranging from 600 °C
to 900 °C for a duration of 100 h. To ensure repeatability, each test was
performed three times. The mass gain data were fitted with the parabolic
equation of oxidation to calculate the parabolic rate constant (k,) using
Sigmaplot software. The oxidation layers were carefully examined by
scanning electron microscopy (SEM) using a MIRA TE-Scan instrument
equipped with energy dispersive X-ray spectroscopy (EDS). For struc-
tural analysis of the oxide scale, grazing incidence X-ray diffraction
(GIXRD) was performed using an X-ray diffractometer (XRD). The phase
composition and crystal structures of both SLM and wrought samples
were investigated at room temperature using X-ray powder diffraction
measurements. X-ray powder diffraction data were acquired under
ambient conditions using a high-resolution laboratory X-ray powder
diffractometer (Bruker D8 ADVANCE) equipped with CuK,1 radiation
from a primary Ge (111)-Johannson type monochromator and a Vantag-
1 position sensitive detector (PSD) arranged in Debye-Scherrer geome-
try. Data acquisition was performed continuously in steps of 0.008 from
5 to 90 (2 theta) at a rate of 0.03° min~!. Qualitative phase analysis was
performed using the PDF-2 database (ICDD, 2016) in conjunction with
the X’pert High Score program for phase identification. Rietveld
refinement was performed using the TOPAS 4-2 program.
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3. 3- Results and discussions
3.1. 3-1 initial composition and microstructure

To compare the chemical composition of the SLM and wrought al-
loys, the OES analysis is shown in Table 1. The results show a lower
concentration of carbon, and a higher proportion of phosphorus and
sulfur can be observed in the SLM sample. Although OES cannot
determine these elements with precision, since the results were obtained
by repeated tests and averaging 4 tests with a standard deviation of less
than 5%, if we accept the difference in the direction obtained, it can be
interpreted as follows. According to the research of Andreata et al. [34],
the elevated levels of phosphorus and sulfur in the SLM samples have a
minimal effect on their electrochemical behavior compared to the
wrought samples. In addition, the lower C concentration is selected for
proper phase stability due to the rapid cooling rate promoted by the
laser beam of the SLM process. It is important to note that this
discrepancy results in the carbon content of the wrought alloy being
almost three times higher than that of the SLM alloy. While some studies
have demonstrated the detrimental effect of carbon on the oxidation
properties of chromium stainless steels [35], it is noteworthy that other
studies have suggested the opposite [36]. In particular, some studies
suggest that a slight increase in interstitial carbon content can actually
improve the oxidation resistance of stainless steels [36]. It should be
noted that with this method of analysis it is not possible to determine the
exact difference in the amount of carbon present. The comparison of the
two compositions also shows that the amount of manganese in the SLM
sample is slightly lower than in the wrought sample. Previous articles
have consistently reported the significant impact of manganese on the
oxidation properties of stainless steels [28]. In particular, the presence
of manganese is noted to facilitate the formation of the protective oxide
layer, thereby increasing the material’s resistance to oxidation [24].
While the difference in molybdenum content may seem small according
to Table 1, previous studies indicate that variations in chromium and
nickel content can influence oxidation properties. Chromium stands out
as the most important element influencing the oxidation resistance of
stainless steels, and there is widespread agreement that it plays a crucial
role in the oxidation properties [15-18]. Consequently, even a small
reduction in the amount of chromium present in the SLM alloy can
potentially affect its oxidation properties. The crucial aspect highlighted
in the comparison of the composition of the two samples shown in
Table 1 is the higher concentrations of the elements nickel, manganese,
and chromium in the wrought sample. These elements are known to
have a positive effect on oxidation resistance. It’s worth noting, how-
ever, that the lower levels of these elements in the SLM sample are offset
by an increased amount of the base element, iron, in the SLM sample.
This finding is particularly significant in selective oxidation processes,
where the competition between chromium and iron to form an oxide
layer on the surface plays a pivotal role.

These differences can indeed have a significant impact on the
oxidation properties and have not been adequately emphasized in pre-
vious published articles comparing the SLM and wrought oxidation
[21-24]. Some of the inconsistencies observed in previous research, as
discussed in the Introduction section, can be attributed to differences in
initial composition. Recognizing these differences is crucial as they can
profoundly affect the oxidation behavior of the alloy. Understanding the
elemental factors that influence oxidation properties can guide the
preparation of primary powders for the SLM process, ultimately
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improving the alloy’s resistance to oxidation.

Fig. 1 shows the microstructure images of the as-built SLM alloy
(Fig. 1-(a) and (b)) and the wrought alloy (Fig. 1-(c) and (d)) at two
magnifications. The microstructure of the SLM alloy is characterized by
the presence of melt pools that continuously form on top of each other.
In the microstructure of the SLM alloy, the first boundary of significant
energy that can be seen in etching is the boundary of the melt pools
formed during manufacture. These regions are created by the solidifi-
cation of molten droplets when the laser beam is positioned at any point
on the powder bed and then passed through it during the SLM process
[37]. However, it is important to note that in addition to the prominent
boundaries with significant energy that are visible in the etching, there
are secondary boundaries within the melt pools, indicated by arrows in
Fig. 1-(b). These boundaries, which are difficult to detect in the reso-
lution of the light microscope due to their small size, are grain bound-
aries created by the rapid solidification rate of the alloy during the SLM
process [38]. SEM images were also used to further investigate the
microstructure containing these small grains in the SLM sample. Fig. 1
(c) and (d) in two different magnifications clearly show the formation of
these small grains within the melt pools. It can be seen that a nanoscale
structure has formed in the SLM alloy. In this study, the effects of melt
pool boundaries and grain boundaries are investigated and evaluated as
part of the oxidation process investigations. In addition, voids can be
seen in the microstructure of the SLM alloy. These voids, which often
have a round and spherical appearance, are pinholes of gas porosity that
were present in the primary powder particles used for SLM. Previous
research has shown that such voids can form in SLM parts due to gases
dissolved in the initial powder due to the gas atomization process [39].

On the other hand, within the microstructure of the wrought alloy
(Fig. 1-(e) and (f)), at two different magnifications, the fine-grained
microstructure consists of twinned grains resulting from the deforma-
tion process. Previous work has shown that twin boundaries can form in
the microstructure of austenitic steels during hot working and anneal-
ing. Since 316L steels are typically processed at high temperatures, the
grain microstructure does not have a strong orientation and a relatively
equiaxed grain structure is usually produced. Overall, it can be said that
the microstructural comparison of the two alloys clearly shows the
primary difference. As it will be discussed later the oxidation behavior
between the SLM alloy, and the wrought alloy can be understood based
on these microstructural differences. The magnification of figure (e) is
200 times and corresponds to the magnification of figure (b) in the SLM
alloy, and therefore the contrast between these two images shows that
the average dimension of the melt pools in the SLM alloy is significantly
higher than the grain dimensions produced within the alloy. However,
the point to be highlighted here is that inside the melt pools, the grain
size of the SLM alloy is finer than that of the wrought alloy. Therefore,
from the boundaries created in the microstructure, which we know from
previous studies can be oxygen penetration paths [29], there are two
approaches including melt pools and grains inside these pools. Accord-
ing to the first view, the melt pools are larger than the grain dimensions
of the wrought alloy and thus there are fewer boundaries in the SLM
alloy from this perspective. On the other hand, according to the second
viewpoint, the grains within the melt pools in the SLM alloy are more
refined than in the wrought alloy and therefore the grain boundary area
in the SLM alloy is larger than in the wrought alloy. In other words, the
cellular and nanoscale structure formed in the SLM alloy, as seen in the
images of Fig. 1(d) and (e), provides more pathways for oxygen to
penetrate the SLM alloy, which can directly affect the oxidation

Table 1

Chemical compositions obtained from the wrought and SLM samples by optical emission spectrometer.
Element C Si Mn S P Cr Mo Ni Cu Fe
Wrought 0.03 0.53 1.79 0.005 0.008 16.94 2.79 12.69 0.03 Balanced
SLM 0.012 0.59 1.30 0.012 0.014 16.60 3.00 12.10 0.03 Balanced
ASTM-A240 0-0.03 0-1 1.25-2 0-0.03 0-0.04 16 - 18 2-3 10-14 0-1 Balanced
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Fig. 1. Optical microscopy images of the SLM alloy (a and b) together with SEM images of fine grains in the melt pool of this specimen (c and d) and optical
microscopy images of the wrought alloy (e and f).
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Fig. 2. Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA) of the alloy in blue and green color curves respectively in the (a) SLM and (b)
wrought samples. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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resistance. Our results show that this analysis is more appropriate to
interpret the observed differences in oxidation resistance between the
two alloys as follows. It is noteworthy that the intensity of the micro-
structural changes over time in the SLM and wrought samples was
investigated and the results showed that the microstructural changes in
both samples were completely negligible.

3.2. 3-2- oxidation behavior

The results of the non-isothermal oxidation test based on thermog-
ravimetric analysis (TGA) and differential scanning calorimetry (DSC) in
air atmosphere for SLM and wrought samples are shown in Fig. 2. These
graphs show that the thermal behavior of the two alloys (blue DSC
curves) is completely equivalent, suggesting that the change in
manufacturing process from traditional casting to SLM process has not
caused any change in the phase stability and phase transitions of the
alloy. The reason for the similarity can be attributed to the fact that
although the high cooling rate during SLM completely affects the
microstructure of the alloy, it does not influence the phase stability of
the 316L alloy, which is an austenitic steel. In fact, the presence of
austenite stabilizing alloying elements in 316L steel results in the for-
mation of a stable austenite phase within the structure, regardless of the
significant difference in cooling speed between the two manufacturing
techniques. Fig. 2 also shows the weight variations of the two alloys as
the temperature rises to 1000 °C in the green-colored curves. As can be
seen, the weight gain of the wrought alloy was greater than that of the
SLM alloy. According to the data, the amount of mass gain during the
temperature increase in the SLM alloy was 2.44% of the initial weight at
the beginning of the test, while in the wrought alloy this figure was
4.42% of the initial weight. This difference clearly shows that the SLM
alloy has a higher resistance to oxidation than the wrought alloy in the
case of non-isothermal testing (heating speed 5 °C/min). The subsequent
decrease in weight gain after the maximum mass increase is reached
may be due to the extraction of outgassed items or gases resulting from
oxidation reactions. Previous research has shown that when Fe, rather
than chromium, begins to oxidize on the surface of stainless steel, carbon
is also removed through interaction with oxygen in the form of CO,
which can lead to a reduction in mass [40]. In other words, if there is a
loss of mass due to the emission of CO gas as an indicator of greater
oxidation of the Fe element compared to Cr, we can see that in the SLM
alloy, where the weight loss was greater, the rate of iron oxidation would
perhaps be more dominant than in the wrought alloy. This idea will be
used in the following discussions to compare the long-term oxidation
capabilities of the two alloys.

To understand the result, it can be stated that in the wrought form of
316L steel, the microstructure is made up of small grains and, conse-
quently, the number of grain boundaries is extensive. The notion that the
grain boundary in austenitic stainless steels can act as a penetration path
has been raised in previous research, including that of Kim et al. [25].
However, as mentioned above, although the number of boundaries
within the melt pools of the SLM alloy is lower (as these pools are
coarse), the grains enclosed within the pools are extremely small.
Consequently, it appears that in the non-isothermal oxidation test,
which is performed in a short time (about 200 min), the greater number
of grain boundaries in the wrought alloy, as opposed to the intense
boundaries of the melt pools, may be the reason for more oxygen
entering through the surface, which ultimately results in the higher
oxidation of the wrought alloy. Furthermore, the TG results show that
the total mass gain of the wrought alloy is greater than that of the SLM
alloy, but at the same time the weight loss rate at high temperatures is
less than that of the SLM alloy. Putting these two results together, and
considering that previous studies have shown that the main cause of
weight loss at high temperatures in steels is the combination of oxygen
with carbon, and that this phenomenon occurs when iron oxidation is
dominant, it can be concluded that the higher mass gain observed in the
wrought alloy may be caused by the formation of an oxide layer with less
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iron and more chromium (discussed below).

Fig. 3 summarizes the mass gain of specimens after isothermal
exposure. As can be seen from the figure, the initial temperature studied
was 600 °C, where the amount of oxidation was low and the oxidation
behavior of the two alloys, whether SLM or wrought, was almost iden-
tical particularly in the first hours of the test. However, in more pro-
longed periods, the SLM produced specimen showed greater weight gain
than the wrought specimen. As this observation seems to contradict the
result of the non-isothermal oxidation test, where the mass gain of the
wrought sample was much higher, a more thorough investigation is
required. From the graphs of the two alloys at 600 °C, the progression of
oxidation within the initial periods is relatively similar and in the longer
periods the wrought sample showed less oxidation. Admittedly, the
difference between the two samples at 600 °C was not distinctive, even
in the biggest spots. In addition, the amount of oxidation and mass gain
is also quite small. When the temperature was increased to 700 °C, a
similar tendency to the 600 °C test conditions was observed, and the
change process and rate of mass increase were not significantly different
from the 600 °C curve, therefore the 700 °C is not shown in Fig. 3.

The oxidation results at the temperature of 800 °C show a significant
difference in the amount of oxidation between the SLM and wrought
samples. This difference in the trend of the curves has two stages. In the
first stage and early times, the oxidation curve of the SLM alloy is
significantly lower than that of the wrought alloy sample. By approxi-
mately 45 h, the amount of mass gain in both samples is equal, and as
time progresses, the mass gain in the SLM sample tends to be higher than
in the wrought sample, and the graph becomes steeper. In the wrought
sample at this temperature, the mass variations over time have reached a
considerable consistency and the intensity of the mass increase is
significantly lower compared to the SLM case. The reproducibility of
these results, as mentioned in the experimental details section, has been
confirmed by several tests. This finding shows that the oxidation
behavior of 316L steel consists of intricate details which require inten-
sive investigation to analyze and interpret, including structural analysis
(Grazing) as well as microstructural and elemental chemical composi-
tion studies (SEM, EDS). The point that can be concluded so far is that it
appears that in the short times the main paths of oxygen diffusion were
the boundaries of the melt pools in the SLM alloy and the boundaries of
the grains in the wrought alloy, and because the grain boundary of the
wrought alloy (which is a relatively fine-grained alloy) is more than the
boundary of the melt pools in the SLM alloy, the amount of oxidation in

0.012

SLM-800 °C
0.01
—— Wrought-800 °C

SLM-600 °C
0.008 —&— Wrought-600 °C
SLM-900 °C

—e— Wrought-900 °C
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Mass Gain (g/Cm?)

0.004

0.002

20 40 60

Time (h)

80 100

Fig. 3. Results of isothermal oxidation tests at different temperatures for the
316L steel in SLM and wrought forms.
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the wrought alloy was greater. This part of the curves concurs with the
results of the TG experiment where the oxidation rate of the wrought
alloy was higher (see Fig. 2). However, the point is that over longer
periods of time, with the likelihood of altering the constitution of the
oxide layer, the relative oxidation habits of the two alloys evolve and the
curve of the wrought alloy becomes like that of the alloy that formed the
passive layer. This is consistent with the result of the TG analysis which
showed that the weight loss of the wrought sample was less, indicating
that the decarburization and release of CO gas and the oxidation of iron
(compared to chromium) in the oxide layer were less in this alloy.

It is interesting to note that by raising the temperature to 900 °C, the
oxidation behavior of the SLM alloy and the wrought alloy are very
close, and the marked difference in oxidation behavior observed at
800 °C is absent. In addition, the numerical value of the mass gain at
900 °C on the vertical axis is reduced to values much lower than at
800 °C. The results show that the total mass gain at 800 °C after 100 h is
higher for both samples, especially for the SLM sample, which is
approximately 1.7 times higher than 600 °C and 2.8 times higher than
900 °C.

The outcome of fitting the results obtained at different temperatures

2
with the parabolic equation ((ATm) = kpt is given in Table 2, where Am/

s is the mass gain per area, k;, is the oxidation coefficient, and t is time),
which is a common equation for the oxidation of metal alloys controlled
by the diffusion mechanism of their oxidation [41-43]. The results ob-
tained show a higher k; value for the SLM sample compared to the
wrought at all temperatures, and a higher value at 800 °C compared to
the other temperatures. The first result can be attributed to the smaller
grains formed within the melt pools in the SLM alloy. Studies show that
the diffusion coefficient of oxygen in grain boundaries can be tens of
times greater than that of bulk diffusion [28]. The microstructural study
revealed that the high solidification rate results in fine grains in SLM
alloys. In fact, the cellular and fine-grained microstructure with a size in
the nanometer range of the SLM alloy revealed by the SEM results
(Fig. 1-(d)) may increase the possibility of oxygen penetration and
further expose the alloy to oxidation. Another aspect that may be
effective in increasing the oxidation rate of the SLM alloy, in addition to
being fine-grained, is the lower amount of manganese element in the
SLM alloy compared to the wrought alloy. The results of the composi-
tional analysis of the two alloys in Table 1 show that the manganese
element in the SLM alloy is lower than that of the wrought alloy. Studies
on grain boundary oxidation in steels have shown that increasing the
amount of manganese has a direct role in reducing the grain boundary
oxidation [28]. In addition to manganese, less chromium, and nickel in
the composition of the SLM alloy, which was discussed in the explana-
tion of Table 1, can also be effective in the difference in the oxidation
behavior. To interpret the second finding revealed by the comparison of
the kj, results, i.e. the higher oxidation rate at 800 °C compared to other
temperatures, the analysis of the oxide layer should be considered,
which will be discussed in detail in the rest of this article.

It is worth noting that the degree of agreement of the behavior of the
changes in weight gain with time can be measured by the value of R2.
The closer this value is to 1, the better the agreement between the
oxidation results and the above equation. The value of R? for the SLM
sample at 800 °C is significantly lower than the other conditions and

Table 2
The values obtained by fitting the oxidation results in different samples and
temperatures with the parabolic equation.

Temperature (°C) Sample ky R-squared

600 SLM 51078 0.95
Wrought 2.5%10°8 0.98

800 SLM 1*107° 0.86
Wrought 1*1077 0.98

900 SLM 1.25*1078 0.98
Wrought 1*1078 0.97
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shows a weak fit to the above equation. The reasons for this discrepancy
are, on one hand, the dependence of the oxidation rate on the spallation
rate (which, will see in the following section, was very significant in the
SLM sample at 800 °C) and, on the other hand, the presence of cracks
and holes in the oxide layer, which has reduced compliance with the
equation for interpreting the process with diffusion. Non-compliance
with parabolic oxidation kinetics has been reported for 316L steel in
previous investigations [16]. Therefore, it seems that the comparison
and study of the oxidation process in the SLM and wrought conditions,
requires the investigation of factors affecting it, including the constitu-
tion of the oxide layer and the porosity/compactness of the layer pro-
duced, which will be addressed in section 3-3.

3.3. 3-3- oxidized morphology and structure

The SEM image of the top surface of the oxide scale after 100 h of
oxidation at 600 °C for the SLM alloy is presented in Fig. 4. As can be
seen in the figure, several regions with different morphologies in the
surface oxide layer have been identified by the secondary electron de-
tector, named from A to D. The composition of the regions A to D that
were examined by the EDS is also depicted in the figure. The elemental
analysis of the specified regions revealed that, despite the different
appearance of these regions in the oxide layer, labelled A to D, they all
contain the elements Fe, Cr, O and a limited amount of Ni, Mo, Mn. This
indicates that the oxide phases of iron have taken the lead in the oxide
layer of the SLM alloy. In the case of areas C, it can be observed that they
are similar in composition to the matrix; however, carbon has also been
absorbed due to surface contamination, resulting in not being a discrete
part of the oxide scale. Furthermore, the difference in the amount of
carbon determined using EDS is not certain. Therefore, it can be
assumed that these regions have the same composition. It is also worth
noting that the areas marked with the letter D, which form hillocks on
the surface of the oxide scale, contain more iron and oxygen, while the
amount of chromium and other alloying elements is reduced. Fig. 4-c
shows another example of the formation of these hills at a point far from
where Fig. 4-a was taken, at different magnifications. The EDS study of
these hills also showed that they have a very similar composition to
region D in Fig. 4-a. Considering the reproducibility of this result in
other parts of the sample where the height of the oxide surface was
greater, it appears that the formation of these hills on the outer surface
of the oxide layer is directly related to the composition of the oxide
produced. In fact, the iron oxide in the oxide scale of the SLM alloy can
form hills on the surface and grow in a heterogeneous manner. Another
point that can be seen in Fig. 4-c is that the morphology of the back-
ground oxide scale is also uniformly distributed over the entire surface,
but it is not very dense, and many pores can be seen in it. Interestingly,
the formed hills have a less porous morphology than the matrix, as can
be seen in the second and third parts of Fig. 4-c. The importance of the
formation of these hills in the oxide layer of the SLM alloy is that pre-
vious studies have shown that during the oxidation process, the for-
mation of oxide hills with preferential growth over the entire surface of
the scale reduces the adhesion of the oxide layer to the surface and
causes spallation [41,44].

Fig. 5 shows the SEM images of the upper surface of the wrought
sample, which has been oxidized in air at the temperature of 600 °C,
taken from two different points. It is clear from this image that the grain
boundaries of the wrought microstructure have been retained in the
outer oxide layer and this shows that the grain boundaries had different
oxidation conditions, which is the reason that they are visible in the SEM
after oxidation because they have different heights. Fig. 5-a shows the
hill-like regions, which are smaller in volume than the SLM sample but
similar in microstructure, at two different magnifications. Other regions
where the morphology of the oxide scale and its height are different are
shown in Fig. 5-b. Based on this, the analysis of the four areas identified
in the oxide layer of the wrought alloy, which have different shapes, are
labelled A, B, C, D and placed next to the corresponding pictures. As can
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Fig. 4. (a) SEM image of the top surface of the oxide layer of the SLM alloy that was oxidized at 600 °C after 100 h, (b) EDS analysis of the regions marked in part (a),

and (c) another SEM image and magnifications from a distant point.

be seen in Fig. 5, the hill-like areas marked A are oxide-rich regions of
iron, and comparison of the composition of this region with region D in
Fig. 4, associated with the SLM alloy, clearly demonstrates that they
have a similar constitution.

The elemental composition of the oxide layer in the wrought alloy,
labelled B in Fig. 5, differs from that of the oxide base in the SLM alloy,
also labelled B in Fig. 4. Examination of this area, and of the other points
of the oxide layer on the wrought sample, reveals that the amount of
chromium in the oxide layer was reduced. The elemental analysis of
areas A and C in the oxide layer of the part has the same composition and
is similar except for a few elements such as Cr. In the areas of the oxide
layer of the wrought material marked with the letter D, the combination
of iron oxide predominates, but the mixture of oxides of other elements,
has also developed, forming a complex mixture of oxides.

To investigate this further, a large area of the outer surface of the
oxide layer was analyzed by EDS on two samples, one SLM and one
wrought, and the result of such an operation can be seen in Fig. 6-(a) and
(b). As can be seen from this figure, the oxide scale of the SLM sample
contains Cr, Mo, and Ni elements in addition to iron oxide to a greater
extent than the wrought alloy. It is known that chromium oxide forms a
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more resistant layer on the outside against further oxidation but
combining the result of the variation in the composition of the oxide
layers (Fig. 6-(a) and (b)) with the result of the mass gains (Fig. 3) shows
that this small change in the composition of the oxide layers was not able
to reduce the amount of oxidation. The key point in interpreting the
apparent contradiction is that at 600 °C the oxidation rate of both
samples is almost similar and its numerical value on the vertical axis in
Fig. 3 is extremely diminished. In fact, the amount of oxidation on the
two specimens is not so great that a small variance in the composition of
the oxide layer would result in a difference in the rate of oxidation. In
addition, the amount of chromium required to form protective phases on
the surface, as we will see in the rest of the article, should be greater than
the amount formed in the oxide layer of the SLM sample at 600 °C. In
other words, the dissolution of this insignificant number of alloying el-
ements in the oxide layer of the SLM alloy at 600 °C did not act as a
barrier to oxygen penetration. In contrast, as can be seen from Figs. 4
and 5, in the oxide layer of the SLM specimen, the preferential growth in
the form of a hill is more pronounced and the compactness of the oxide
layer is less. In fact, the results show that these factors were more
effective at this temperature and caused the oxidation rate in the SLM
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Fig. 5. The SEM images of the top surface of the wrought sample oxidized at 600 °C at two different magnifications (a) and (b) together with the EDS analysis of the

marked areas.

alloy to be slightly higher.

However, the results obtained from oxidation at a temperature of
800 °C are of particular importance. At this temperature it is easier to
distinguish the difference between the oxidation curve of the SLM
sample and the wrought sample, and in both samples the rate of mass
increase is higher than at other temperatures (see Fig. 3). Fig. 6-(c) and
(d) shows the results of large area EDS analysis of the oxide scale in the
SLM and wrought samples oxidized at 800 °C. These pictures show the
top view of the oxide surface of two samples analyzed together with the
results of the EDS analysis. The images, taken at low magnification,
indicate that after 100 h of oxidation, the oxide layer for the SLM sample
has partially been detached and the noticeable surface difference is a
result of oxide spallation. This was despite the wrought sample having a
uniform oxidized surface with much less spalling. This finding is
consistent with the results of the oxidation kinetic curves (Fig. 3) and
practical observations during the oxidation test. The data indicated that
at this temperature, the mass increase (the sum of the oxide layers
formed on the sample and the detached oxides) was greater for the SLM
sample at 800 °C.

On the other hand, the result of the total elemental analysis of the
oxidized surface in Fig. 6-(d) shows that in the wrought alloy there is a
high amount of chromium element in the oxide scale. This amount is
almost three times as high as the amount observed in the SLM sample
shown in Fig. 6-(c). Previous studies have revealed that the presence of
chromium in the oxide layer increases oxidation resistance by lowering
the diffusion coefficient [21]. The amount of manganese in the oxide
layer of the wrought alloy is also significantly higher than that of the
SLM alloy. Given the positive role of manganese in increasing oxidation
resistance, this change is important. Therefore, the significantly higher
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amount of chromium and manganese elements in the oxide layer of the
wrought sample compared to the SLM sample may be one of the main
reasons for the higher oxidation resistance of the wrought sample
compared to the SLM sample at a temperature of 800 °C. Comparison of
the elemental analysis of the two samples also shows that the amount of
Fe in the oxide scale of the wrought sample is significantly lower, in
other words it appears that in the wrought sample chromium and
manganese have replaced iron in the composition of the oxide layer. It is
noteworthy that the amount of chromium in the oxide layer of the
wrought sample was significantly higher than the amount of chromium
in the SLM sample at a temperature of 600 °C. It seems that this increase
in the amount of chromium has enabled this element to play a role in
reducing the diffusion coefficient of the oxide layer and to act as a
barrier oxide. Another notable difference in the surface elemental
analysis of the two alloys is the significant presence of nickel in the oxide
scale of the SLM alloy. Manganese is also observed to be more abundant
in the oxide scale of the wrought alloy than in the SLM alloy. It has been
mentioned that a higher presence of manganese in the composition of
the wrought alloy can lead to a higher resistance to oxidation [28]. The
sum of these changes in the composition of the oxide scale, particularly
the change in the amount of chromium, has resulted in a higher oxida-
tion resistance in the wrought alloy.

Furthermore, Fig. 6-(e) and (f) shows the comparison of the
elemental analysis of a relatively large area above the oxide layer of the
SLM and wrought alloys at a temperature of 900 °C. The main visible
difference in the analysis obtained compared to lower temperatures is
the significant increase in the amount of chromium on the surface of the
oxide scale. By increasing the amount of chromium, it has been possible
to form a uniform oxide layer of chromium oxide which can act as a
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Fig. 6. The EDS analysis of a relatively large area on the surface of the oxide scale for (a) SLM sample at 600 °C, (b) wrought sample at 600 °C, (c) SLM sample at
800 °C, (d) wrought sample at 800 °C, (e) SLM sample at 900 °C, (f) wrought sample at 900 °C.

barrier to further oxidation. As can be seen in Fig. 3, the rate of oxidation
at 900 °C is significantly lower than at the other two temperatures. Also
of note is the large increase in the amount of manganese in the oxide
layer of both alloys at a temperature of 900 °C. In fact, this research
clearly confirmed the role of increasing the presence of manganese and
decreasing the presence of iron in the oxide layer in reducing the
oxidation rate. This shows the importance of paying attention to the
amount of manganese in the initial powder materials used for SLM
production, especially for applications involving high temperatures.
Fig. 7 illustrates the Rietveld analysis results of the grazing analysis
of the outer surfaces of the alloys at different temperatures after 100 h
oxidation. The patterns obtained were deciphered using the Rietveld
method due to the high background and the location of the peaks was
carefully checked using reference cards. Fig. 7-(a) and 7-(b) confirm that
at a temperature of 600 °C iron oxide was the predominant phase in both
alloys. In addition, a minor peak of chromium oxide is observed in the
oxide layer of the SLM alloy, consistent with the EDS results shown in
Figs. 4 and 6-(a). However, despite the presence of chromium, the
oxidation kinetics (Fig. 3) and surface images of the oxide layer suggest
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that chromium does not significantly alter the oxidation resistance at
this temperature. It is also noteworthy that the oxide layer of both alloys
contains the Fe-O phase, indicating a compound with a lower oxygen
content compared to conventional iron oxides. This is attributed to the
limited penetration of oxygen into the oxide layer due to the slower
diffusion rate at this temperature. The contrast between the patterns
obtained for the two alloys after oxidation at 800 °C is striking (Fig. 7-(c)
and (d)). A key difference is the appearance of a complex oxide phase of
iron and manganese in the surface layer of the wrought alloy, which is
absent in the oxide layer of the SLM alloy. This is consistent with pre-
vious discussions on the role of manganese in mitigating oxidation rates
and explains the lower oxidation rate observed in the wrought sample,
as shown in Fig. 3. The phase analysis results are also consistent with the
compositional results shown in Fig. 6-(c) and 6-(d). At this temperature,
while the chromium oxide phase is evident in the patterns of both alloys,
its presence is more pronounced in the wrought alloy, in agreement with
the results of the EDS analysis. Conversely, within the structure of the
oxide layer of the SLM alloy, the Fe-O phase is also detected, with a
higher contribution of iron oxide phases compared to the wrought alloy.
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Fig. 7. Grazing incidence X-ray diffraction results with Rietveld refinement for the oxide layers formed after 100 h of isothermal oxidation. (a) SLM sample at 600 °C,
(b) wrought sample at 600 °C, (c) SLM sample at 800 °C, (d) wrought sample at 800 °C, (e) SLM sample at 900 °C, (f) wrought sample at 900 °C".

This discrepancy can be attributed to the absence of manganese oxide in Fig. 3, which indicates a marked decrease in the oxidation rate at
and the lower amount of chromium oxide in the oxide layer of the SLM 900 °C. In addition, the prevalence of phases containing chromium and
alloy, which facilitates higher iron oxide formation. However, as shown manganese in the oxide layer is consistent with the results of the EDS
in Fig. 7-(e) and (f), the oxide phases formed in the oxide layers of both analysis shown in Fig. 6-(e) and (f). In essence, the results suggest that
alloys at 900 °C are almost identical. It is worth noting that the forma- changes in the oxide phases and the chemical composition of the oxide
tion of two complex oxide phases containing Cr and Mn, such as CrMnO4 layer are the main factors contributing to the reduction in the oxidation
and Fe;MnOy, significantly increases the protective ability of the oxide kinetics at the temperature of 900 °C.

layer. This is in accordance with the results of the oxidation test shown The results of the cross-sectional analysis of the oxide layer of the
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samples are also consistent with the interpretation of the oxide surface
image. Fig. 8-(a)-(c) show the cross-sectional images of the oxide layer
of the SLM alloy at different temperatures. Fig. 8-(d) also shows the
image of the oxide layer of the wrought sample at the critical temper-
ature of 800 °C for comparison. From each of the oxidized samples at
different temperatures, images were taken from two areas and the EDS
analysis obtained from a relatively large area of that oxide layer is dis-
played alongside. Firstly, it can be seen from this figure that the thick-
ness of the oxide layer at 800 °C was significantly greater than at 600 °C
and 900 °C. Meanwhile, at the same temperature of 800 °C, the thickness
was higher in the SLM sample than in the wrought sample. These results
agree with the results obtained from the oxidation kinetics (Fig. 3). It
can also be seen from this figure that the amount of chromium in the
sample oxidized at 900 °C (Fig. 7(c)) is significantly higher than the
oxide layer of the SLM alloy at 800 °C and 600 °C. A higher amount of
manganese is also observed in the cross section of the oxide layer at this
temperature. This result confirms that the reduction in the oxidation rate
in the alloy is due to the formation of a continuous layer of chromium in
the oxide layer and the presence of more manganese in this layer.
Comparison of the cross section of the oxide layer of the SLM and
wrought alloy at 800 °C also confirms that the amount of chromium in
the oxide layer is higher in the wrought sample and has led to a
reduction in the thickness of the oxide layer in this sample, but the
amount of chromium is not high enough to form a continuous layer of
chromium oxide and iron oxide is still dominant. The results of the cross-
sectional analysis, including the thickness and composition of the oxide
layers, closely match the results of the surface analysis (Fig. 6) and the
structural phase analysis (Fig. 7).

The investigation of the oxide/substrate interface in two samples was
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also carried out using EDS map analysis. Fig. 9 shows the result of this
analysis for the critical temperature of 800 °C. The result again confirms
that the thickness of the oxide layer in the SLM sample was greater at
this temperature.

It can also be seen from this figure that chromium oxide is dominant
in the oxide layer immediately after the substrate. This can be seen by
comparing the decrease in iron concentration in this area (formation of a
dark layer within the green distribution in the Fe map) and the increase
in chromium concentration in this area. Comparing the concentration of
elements with their color distribution, it can also be seen that in the
wrought sample, which had a higher oxidation resistance at this tem-
perature, firstly, the concentration of manganese distribution in the
oxide layer of the wrought alloy was higher. Secondly, an increase in the
concentration of chromium is again observed on the outer surface of the
oxide layer of the worked sample. This can be seen by comparing the
chromium distribution in the SLM alloy and the wrought alloy, as the
concentration of pink dots in the wrought sample has increased again on
the outer surface of the oxide layer in the wrought sample. In the SLM
sample, only iron oxide dominates in this region. This result, in agree-
ment with the results examined in Fig. 8, confirms that the increase in
the concentration of the two elements chromium and manganese in the
oxide layer of the worked alloy was the reason for the higher oxidation
resistance in this sample.

Moreover, as can be seen from Fig. 6-(c), the amount of oxide scale
spallation in the SLM alloy was much higher. Since the spallation of the
oxide scale by increasing the exposure of the substrate to the atmosphere
has a direct effect on increasing the oxidation rate, it is important to
consider the issue of oxide detachment at 800 °C. Fig. 10 shows images
of the detached oxides and their elemental analysis from the SLM and

10000 10000

Region D2

Fig. 8. Cross-sectional images of SLM samples oxidized for (a)100 h at 600 °C, (b) 900 °C and (c) 800 °C and (d) wrought sample oxidized for 100 h at 800 °C.
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Fig. 9. EDS Map of the oxide/substrate interface zone of SLM (a) and wrought (b) samples oxidized at 800 °C for 100 h.
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Fig. 10. SEM image and EDS analysis of oxides stripped from the surface of (a) SLM and (b) wrought samples at a temperature of 800 °C.
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the wrought alloy at 800 °C. As can be seen on the surface of the de-
tached pieces of oxide, there is hilly and preferential growth in some
places, the thickening of which can weaken the bond with the substrate
and eventually lead to the oxide scale flaking off at that point. The EDS
results also indicate that the composition of the detached oxides in the
alloy after 100 h of oxidation are relatively the same, suggesting that
iron oxide has less adhesion and can be detached during oxidation in
both alloys. But the important point is that the amount of chromium
element in the detached oxides in the SLM alloy is greater than in the
wrought alloy, indicating that the spallation of the oxide layers has
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caused more useful oxides such as chromium oxide to fall off in the SLM
alloy, and these falls cause the oxidation resistance of this alloy to be
further reduced at a temperature of 800 °C. It appears that the finer
grains in the SLM alloy compared to the wrought alloy as discussed in
Fig. 1, and the lower amount of manganese in the composition have
increased the oxidation rate of the SLM alloy. Moreover, the predomi-
nance of iron oxide in the composition of the oxide layer at this tem-
perature has led to more spallation in the SLM alloy, which has led to an
exponential increase in the oxidation rate.

To further investigate the reason for the difference in spallation rate
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Fig. 11. (a) Top surface image of the oxide layer of the SLM sample oxidized at 800 °C for 100 h, (b) higher magnification image of the area where oxide spallation
has occurred, (c) higher magnification image of the area that has not yet detached, (d) higher magnification image of a specified region of the figure in part (b), and

(e) the results of the EDS analysis of the labelled regions in the figure.
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between the two samples, the top surface of the oxide layer of the SLM
sample was examined in the region where there is both a stripped and
non-stripped surface. Fig. 11 shows an example of this region in the top
surface of the SLM sample after 100 h at 800 °C. Fig. 11-(a) at low
magnification clearly shows the hillock growth of the oxide surface in
the SLM sample prior to spallation. The higher magnification image in
the area where the oxide layer has been removed (area B) shows the cut
oxide grains, which have the appearance of brittle fracture due to the
low toughness of metal oxides. By further increasing the magnification
in the part that has not yet detached (area A), it can also be seen that
these areas, which appear as hills on the surface at low magnification,
consist of angular oxide particles with pores and porosity between them.
Many of these can be seen to provide a pathway for oxygen atoms to
penetrate the substrate and increase the rate of oxidation in the SLM
sample. This figure also shows the elemental analysis of region A (the
region where the oxide has not yet detached) and region B (the region
where the surface oxide has detached). By comparing the analysis of
these two regions, the surface oxide that grows in hills and then falls is
an iron-rich oxide. In fact, in the area where the hillocks have formed,
the concentration of iron has increased in all samples, showing that the
increase in the oxidation rate of this element leads to more intense
formation of hillocks in the oxide scale and more fall. Fig. 11-d is a
higher magnification image of Fig. 11-b, which shows more clearly that
there are particles with a different appearance from the matrix, labelled
C and D. The EDS analysis of these particles is also shown in section 10-e.
From this analysis, these particles contain a significant amount of
chromium, manganese and nickel and a small amount of iron. In other
words, in this region, the oxide layer contains a background with a
dominant composition of iron oxide and discontinuous segregated ox-
ides containing other elements. This shows that prior to the formation of
a uniform oxide on the surface of the SLM sample at 800 °C, the scale
begins to detach as the oxide becomes hilly and its adhesion to the
substrate decreases. As a result, the re-oxidation of the substrate has
caused a sharp increase in the oxidation rate. This interpretation pro-
vides a good explanation for the shape of the graph of mass gain versus
time for the SLM alloy at 800 °C (Fig. 3). In this figure it was observed
that at the initial oxidation times the oxidation curve of the SLM alloy at
800 °C is very similar and close to the oxidation at 600 °C. As discussed
earlier, the dominant composition in the oxide layer of the SLM alloy at
600 °C was iron oxide. The difference is that due to the higher oxidation
kinetics of iron at 800 °C and the greater difference between the thermal
conductivity coefficients of oxide and substrate at 800 °C compared to
600 °C, the adhesion of the oxide scale to the substrate is less and has
caused the spallation of iron oxide hillocks at 800 °C. As a result of this
phenomenon, a step-like curve can be interpreted in the oxidation of the
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SLM sample at 800 °C (Fig. 3).

For a more detailed study on the spallation phenomena, grazing tests
were carried out on the SLM and wrought samples after 35 h oxidation at
800 °C, which were prepared separately. The reason for this was that
this period was immediately prior to the dramatic increase in the
amount of mass gain for the SLM sample compared to the wrought
sample (Fig. 3). Fig. 12 presents the grazing results of this analysis on
two samples. Comparison of the two XRD patterns shows that the oxide
products for the wrought piece after 35 h of oxidation includes Fe;MnO4
and Fe;O3 and Fe3O4 phases, whereas there are only FeO peaks in the
SLM specimen. The other difference with the 100-h grazing patterns is
that here the FeO phase rather than the Fe3O4 phase is noticeable in the
structure of the oxide layer, which may be due to the shorter oxidation
period, as the abundance of oxygen in the oxide compounds Fe;O3 and
Fe30y4 is greater than the proportion of oxygen in FeO. The non-presence
of iron and manganese complex oxide in the phase configuration of the
oxide layer for the SLM alloy after 35 h is an important point. It implies
that the oxide layer of this alloy was almost free of manganese oxide just
before the start of the stage of increased oxidation and severe spallation
of the oxide layer. It was mentioned earlier that manganese has a pos-
itive effect on the protectiveness of the oxide layer. Therefore, the oxide
layer of the SLM alloy has a higher diffusion rate than the oxide layer on
the surface of the wrought sample and this has caused a higher tendency
for hilly growth of the oxide layer, which can simultaneously lead to
higher spallation and higher mass gain as observed in the kinetic dia-
gram (Fig. 3). Furthermore, the plot of the wrought sample at 800 °C
(Fig. 3) is consistent with the results presented here (Fig. 12-(b)).
Initially, the oxidation rate of this sample exceeded that of the SLM
sample in the early hours, resulting in the formation of iron oxide phases
with a higher oxygen contribution (Fe3O3 and Fe3O4 compared to FeO).
However, due to the non-hilly growth of these phases and the formation
of the manganese containing oxide phase (FeaMnQOy), a protective oxide
layer has formed on the surface.

Fig. 13 shows the top view of the oxidized surface of the wrought s
sample at a temperature of 800 °C after 100 h. The arrows in this figure
indicate the increase in magnification of the images. The microstructure
of the oxide scale of the wrought alloy is completely different from that
of the SLM alloy (Fig. 11). A smooth layer has formed on the surface,
referred to as region A, and magnifications of this zone have been dis-
played up to 10,000 times. As can be seen, the microstructure of the
oxide scale of the wrought alloy consists of angular particles, but with a
high-density level, so that no void formation could be spotted within the
oxidation surface. It is also observed that the tendency to form oxide
hillocks with preferential growth in certain areas observed on the sur-
face of the SLM sample is very low in the wrought sample. The results
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Fig. 12. Grazing incidence X-ray diffraction patterns along with Rietveld analysis of (a) SLM and (b) wrought samples at 800 °C after 35 h.
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Fig. 13. The top view of the oxidized surface of the wrought sample at 800 °C after 100 h together with the EDS analysis of the labelled areas. The arrows indicate

the direction of increasing magnification of the image.

show that the area marked A in the oxide layer of the wrought sample
has a relatively high amount of chromium (about 40%) and manganese
(about 10%) and a low amount of iron. The areas marked B in the
microstructure do not differ significantly from areas A and it is only in
these areas that more contamination has been absorbed after the end of
oxidation, changing the compositional balance of these areas. However,
the ratio of 4 times Cr to Fe is also seen in these areas, showing that these
areas are not significantly different from other areas. The notable
presence of chromium in the oxide layer of the wrought sample, together
with a higher concentration of manganese compared to the SLM alloy
after 100 h at a temperature of 800 °C, is consistent with the results of
the grazing test (Fig. 7(d)) and the oxidation kinetic results (Fig. 3). In
fact, the results of the microstructural study and the grazing test confirm
that, at this temperature, the difference in oxidation behavior between
the two samples is the result of the formation of FeosMnOy in the early
stage of exposure and the continuous formation of an oxide layer con-
taining CrOg in the remaining time of up to 100 h on the surface of the
wrought alloy.

Finally, regarding the temperature of 900 °C, as mentioned in the
explanation of Figs. 6-8, the most important factors affecting the
reduction of the oxidation rate are the increase in the amount of chro-
mium and manganese in the oxide layer and the formation of a
continuous oxide scale which acts as a barrier to oxygen penetration. For
a more accurate validation of this analysis, the top view of oxidized
samples at this temperature was also examined. Fig. 14 shows the top
view of the oxidized surface of the wrought alloy at a temperature of
900 °C after 100 h. In the first part of this figure the uniformity of the
oxide layer formed on the surface can be clearly seen. The few places
where hillock-like growth can be seen are shown at two higher magni-
fications in this figure. In contrast to the 800 °C temperature, the lack of
excessive growth of oxide hillocks was one of the most important factors
in reducing the spallation of the oxide scale at this temperature. The EDS
analysis consists of the matrix of the oxide layer (labelled A) and one of
the few places where there is hilly growth (labelled B) is also shown in
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the figure. The result of the matrix analysis confirms the previous
interpretation of a significant increase in the amount of chromium and a
relative increase in the amount of manganese in the oxide layer. The
analysis of region B in the figure also shows that preferential and non-
uniform growth occurs where the amount of iron in the oxide layer is
higher. This is also consistent with the previous findings mentioned in
this article. In fact, the formation of complex oxides rich in chromium
and manganese on the surface of the oxide layer at 900 °C not only
contributes to the formation of a comparatively protective barrier
against further oxygen penetration, but also leads to a reduction in the
amount of iron oxide within the oxide layer. As a result, there is a sig-
nificant reduction in the occurrence of hilly growth and subsequent
detachment of the oxide layer.

4. Conclusions

1 A comparison of the oxidation behavior of 316L steel in SLM and
wrought condition in the temperature range of 600 °C-900 °C shows
that the SLM alloy has a lower oxidation resistance, especially at
800 °C. The main reasons are the increase in penetration paths due to
the reduction in grain size and the lower amount of chromium and
manganese in the oxide layer of the SLM alloy compared to the
wrought sample. The results indicate that a reduced presence of
alloying elements critical for oxidation, particularly chromium and
manganese, in the composition of the SLM alloy can result in the
failure to form phases that increase oxidation resistance, such as
Cr30 and FeyMnOy, particularly at 800 °C. This consequently ac-
celerates the oxidation rate of the SLM alloy.

2 The oxidation kinetics in both SLM and wrought conditions are close
to each other at 600 °C and in both alloys iron oxide dominates in the
oxide layer and the amount of chromium present in is low. At this
temperature, preferential hillock growth is observed in the oxide
scale, but the amount of oxidation and the stresses resulting from
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hillock growth are not at a level to result in significant spallation of the work reported in this paper.
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