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ABSTRACT

The impact of heat treatment on the high temperature oxidation of Ni-based superalloys, specifically the Fe-33Ni-19Cr series, is discussed
in this study. This alloy, designated LT950 and HT1160, is heat treated at two distinct temperatures, 950 °C and 1150 °C, for three hours
of soaking time, followed by a water quench. Rockwell hardness tests and optical microscopy were used to characterize the heat-treated
samples. An isothermal oxidation test was performed on the heat-treated samples for 200 hours at 900 °C. The oxidation kinetics were
ascertained by measuring the weight change of the oxidized sample. Oxidized samples were characterized by morphological analysis of
the oxide scale using a scanning electron microscope (SEM) and oxide phase analysis using x-ray diffraction (XRD). As a result, the sample's
grain size increases with increasing heat treatment temperature. The results of the Rockwell hardness test indicate that the Rockwell
hardness number decreases as the heat treatment temperature rises. However, every heat-treated sample that was put through the
isothermal oxidation test displayed a pattern of weight gain as the length of exposure increased. Because fine-grained LT950 has a lower
parabolic rate constant, it indicates a lower rate of oxidation and therefore has good resistance to oxidation. XRD analysis shows that

several oxide layers have formed on the surface of the oxidized sample consisting of Cr-containing oxides from the Cr203 and MnCr204
phases, SEM analysis of fine-grained LT950 showed uniform oxide scale, while coarse-grained HT1150 showed the formation of cracked

and porous structures.
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1. INTRODUCTION

Superalloys are often used by engineers and metallurgists
to describe a class of metal alloys intended to work at high
temperatures [1]. This alloy can withstand an average
temperature of 1050 °C with exposure to temperatures as
high as 1200 °C, which is near the melting point of the
material. In addition to their general strength, superalloys
are renowned for their capacity to retain high strength and
creep rupture resistance up to their high melting point. The
foundation of these alloys is a face-centered cubic (FCC)
matrix, which can withstand substantial alloying for
strengthening and increased resistance to oxidation and
other impacts from the environment [2].

One type of Ni-based superalloy is the Fe-33Ni-19Cr series.
This alloy resists corrosion and oxidation at high
temperatures and has exceptional mechanical qualities
[3,4]. It is commonly used in power generation and heat
processing applications involving high temperature
exposure [5,6].

The Fe-33Ni-19Cr series Ni-based superalloy has a greater
concentration chromium where acts as an oxide-forming
element [3]. A high concentration of Cr, usually between 15
and 25 percent, causes the surface to form a slowly
developing oxide scale of Cr203 [7,8]. The mechanical

qualities and oxidation resistance of the alloy improve when
the nickel content is higher than that of stainless steel. In
general, the density of the scale and its capacity for adhering
to the substrate at high temperatures have a significant
impact on an alloy's resistance to oxidation. The oxide scale
formed on the surface of the alloy acts as a protective
barrier between the alloy and the environment.

Because the alloy and oxide scales have different thermal
expansion coefficients, these alloys experience oxide
exfoliation at high temperatures and over extended periods
of service [9,10]. The protective layer of oxide that had
previously developed on the alloy's surface has diminished
as a result of this phenomenon. Further studies have been
recorded to minimize oxide exfoliation such as shoot
exfoliation, surface treatment and grain refinement. Grain
modification from the heat treatment process is one of the
suitable ways to refine the grain structure [11,12]. The heat
treatment method successfully refined the alloy grain
structure from our previous work [3,10,13]. A higher grain
boundary area found in fine grain sizes serves as a fast
diffusion path for metal ions to reach the alloy surface and
quickly form an oxide scale. As a result, in this study, the
alloy underwent a heat treatment process to alter its grain
structure and size. This was followed by an isothermal
oxidation test to examine how oxide scale forms on the
alloy.
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This study highlights the effect of different two heat
treatment temperatures of Fe-33Ni-19Cr superalloy on
isothermal oxidation test at 900 °C. The analysis also
highlighted the effect on oxidation kinetics and phase
analysis of the solution treated Fe-33Ni-19Cr superalloy
after high temperature isothermal oxidation.

2. MATERIALS AND METHODS

The material used in this study is commercially available
INCOLOY 800H from the Fe-33Ni-19Cr series Ni-based
alloy. The composition of this material determined using an
optical emission spectrometer in weight percent (wt%) is
33.0Ni, 19.0Cr, 0.078 C,0.053 AL, 0.489 Ti, 0.001 S, 0.315 Sij,
0.556 Mn, 0.082 Cu and the remaining Fe. The sample was
cut to dimensions approximately 10 mm x 10 mm x 3 mm.
The heat treatment process is performed at two different
temperatures, which were 950 °C and 1150 °C for 3 hours
of soaking time. The sample was immediately quenched in
water. These samples are marked as LT950 and HT1150,
respectively. The heat-treated samples were characterized
in terms of grain size measurements using the ASTM E112
linear intercepts procedure and the Rockwell hardness
tests.

Samples need to be ground first before undergoing the
oxidation test. The grinding process is carried out using a
grinding machine and silicon carbide (SiC) paper. SiC paper
is used with grit sizes ranging from P180 to P600. The
weight and dimensions of the sample were recorded after
the sample went through the grinding process. Analytical
balances are used for weighing operations and vernier
calipers are used to obtain dimensional measurements.
Oxidation tests are performed to determine oxidation
behavior. This test is carried out isothermally at a
temperature of 900 °C. In this study, a muffle furnace was
used for high temperature oxidation. A quartz boat is used
as a sample holder. The samples were subjected to the
oxidation process in a furnace, followed by weight
evaluation every 25 hours up to a total time of 200 hours.
Oxidation kinetic graphs were plotted from the data of
weight change for each interval exposure period.

Using x-ray diffraction (XRD) methods, the phases
contained in oxidized samples were identified. The sample
was exposed for 200 hours, and an XRD analysis was done
to find out which oxide phase had formed. A scanning
electron microscope (SEM) was employed to examine the
structure of the oxide scale that developed on the alloy's
surface. Samples exposed for 100 and 150 hours were
subjected to SEM analysis to see the oxide phase that had
developed on the alloy's surface. In this analysis, exposures
of 100 and 150 hours were chosen in accordance with the
oxidation kinetic pattern.

Equation (1), where x is the change in weight per surface
area, t is the time, and ¢ and m are constants, is used to
compute the oxidation rate law. When m equals 1 or 2, it
denotes a linear rate law or a parabolic rate law,
respectively. For analytical purposes, m is set in a range of
values; that is, the linear rate law is represented by a value

of m between 0.50 and 1.49, and the parabolic rate law is
represented by a value of m between 1.51 and 2.49.
Equation (2) can be used to determine the parabolic rate
constant, Kp. Equation (3) can be used to calculate the linear
rate constant, K.

logx = (%) logt + ¢ (D
x?=Kyt+c (2)
x=Kt+c (3)

3. RESULTS AND DISCUSSION
3.1. Heat treatment

The determination of the average grain size was carried out
as shown in Figure 1. Grain size calculations were measured
by averaging grain diameters based on at least five optical
micrographs using the ASTM E112 linear intercept
procedure. The results show that increasing the heat
treatment temperature will increase the grain size. The
LT950 sample, heat-treated at 950 °C, recorded a fine grain
size of 81.41 pm, while the HT1150 sample, heat-treated at
1150°C, recorded a coarse grain size of 166.12 pm. This
result is different from the hardness test, which shows a
pattern of decreasing hardness values when the heat
treatment temperature increases as shown in Figure 1. The
LT950 sample showed the highest hardness value of 81.04
HRB compared to HT1150 sample which is 69.06 HRB. As a
result, increasing the heat treatment temperature has
decreased the hardness value. These results prove that if
the heat treatment temperature of the sample increases, the
grain size increases and the hardness of the sample
decreases. These findings, which show that grain size
increases with heat treatment temperature, are in line with
earlier research [11,12,13].
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Figure 1. The effect of heat treatment on grain size and hardness.
3.2. Isothermal oxidation
All samples heat-treated from 950 °C and 1150 °C that

underwent oxidation at 900 °C were included in the
calculation for the determination of oxidation kinetics. By
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dividing the weight change of each sample by its unique
surface area, oxidation kinetics were computed. The weight
change graph over time for each surface area is displayed in
Figure 2. The graph demonstrates how the weight value
changes as the oxidation time increases. Similar findings
have been recorded by other researchers regarding the
pattern of weight gain during prolonged exposure to high
temperature conditions [3,4,10].
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Figure 2. Oxidation kinetic.

The determination of the oxidation rate law was determined
from the graph for the log of weight changesover surface
area versus the log of time in hours shown in Figure 3. This
graph is very important because it analyzes the type of
oxidation rate of the samples tested in this research. The
value of the constant, m as stated in equation (1) obtained
from the graph in Figure 3 seat between 1.3 to 1.9 for
HT1150 and LT950, respectively. These results show that
the HT1150 follows a linear rate law, while the LT950
follows a parabolic rate law.
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Figure 3. Oxidation rate law.

The parabolic rate constant for LT950 is determined using
equation (2) as plotted in Figure 4. The parabolic rate
constant of LT950 is 1.79 x 10-¢ mgZcm-s-1. Since the oxide
growth rate in this study is governed by a diffusion-
controlled mechanism, a parabolic rate constant is
preferred. This mechanism will cause oxide growth to slow
down as exposure time increases. This is due to the
development of protective oxide behavior that prevents
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further oxide scale formation. The oxide will act as a
protective layer on the surface of the alloy that will stop the
massive growth of oxide, thus enhancing the oxidation
resistance.
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Figure 4. Parabolic rate constant.

As seen in Figure 5, a graph based on equation (3) was
plotted to find the linear rate constant for HT1150. This
result shows that the coarse grainsize of heat-treated
samples at 1150 °Cexperienced a higher oxidation rate that
recorded a linear rate constant of 1.66 x 10-¢ mgcm-2s-1. This
results from the extensive oxide scale that forms during the
oxidation process. The alloy's surface keeps developing an
oxide scale as the oxidation time is extended, creating an
oxide layer that serves as a barrier between the metal alloy
and the environment, enhancing the alloy's protection. This
phenomenon will be represented by a linear rate law,
indicating the formation of oxide scale continues to grow as
the duration of the oxidation test increase. These results
indicate that the fine grain size (for LT950) of this alloy has
recorded optimal oxide growth with a lower oxidation rate.
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Figure 5. Linear rate constant.

Figures 6 and 7 represent the XRD test results for the LT950
and HT1150 samples after going through the oxidation test
at 900 °C for 200 hours. The main phase observed that has a
high intensity peak is the base metal label as Fe-Ni-Cr-
During XRD analysis, a high intensity peak was found on the
sample's surface, indicating the formation of a thin oxide
layer.
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Two main Cr containing oxides have been formed consisting
of oxide phases Cr203 and MnCr204. The incorporation of Mn
elements into Cr improves the protective behavior of Cr
oxides. This is due to the rapid diffusion of Mn in Cr203 oxide
[7,9]. Because this oxide will lessen the formation of volatile
Cr species at high temperatures, the formation of a Mn-Cr
spinel layer will positively impact the formation of oxide
scale [8,14].
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Figure 6. XRD analysis of LT950 samples.
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Figure 7. XRD analysis of HT1150 samples.

The main finding in the XRD analysis is the detection of the
Ti-Cr oxide phase on the LT950 sample. The peak at 27.5°
(110) verified the presence of this oxide. According to some
reports, the production of Ti-rich oxide significantly affects
oxidation protection and decreases oxide exfoliation [9,10].
Itis believed that the creation of Ti-Cr rich oxide lessens the
impact of Cr evaporation because (Ti,Cr)Oz has a lower
vapor pressure than Cr203 oxide [9]. The formation of this
peak is consistent with the oxidation kinetics of this sample
which shows a parabolic rate constant indicating a
controlled oxide growth mechanism that forms a protective
oxide scale. The formation of Ti-Cr oxide will reduce the
oxidation rate to increase the optimum oxide thickness on
the surface, thus following the parabolic rate law. Previous
studies have successfully investigated the formation of Ti
rich oxide, demonstrating a positive impact on the alloy's
oxidation resistance [10].

On the other hand, the formation of Ti-Cr rich oxides on the
HT1150 sample was not detected. This observation

indicates that the Ti-Cr rich oxide formed on the surface of
fine-grained LT950 has a protective behavior that can
control the oxide growth rate to increase the optimum
oxide thickness, thereby following a parabolic rate
constant. This phenomenon does not occur in the coarse-
grained HT1150 sample which records a linear rate law. A
linear rate law indicates that the rate of oxide growth
continues to increase as the exposure period is prolonged.

Oxidized LT950 and HT1150 sample were further analyzed
using the SEM method to further examine the morphology
of the oxides formed on the alloy surface. Analysis was
performed at exposure periods of 100 hours and 150 hours
based on the oxidation kinetic patterns at that time showing
a steady state pattern for the LT950 sample and a significant
increase pattern for the HT1150 sample. Figure 8 shows
SEM images of both samples after isothermal oxidation test
for 100 hours. Meanwhile, Figures 9 and 10 show SEM
images of LT950 and HT1150 samples after exposure to
isothermal oxidation for 150 hours, respectively.

SEM images for LT950 and HT1150 samples after 100 hours
of exposure are shown in Figure 8 showing uniform and
incessant oxide scale formation. As observed, there is the
formation of network-like oxide structures such as grain
boundary paths. Because of the higher diffusion rate that
predominates in the grain boundary region, which acts as a
short-circuit diffusion that promotes the formation of oxide
scales, network-like oxides are formed.

(b)
Figure 8. SEM images after isothermal oxidation for 100 hours:
(a) LT950 and (b) HT1150 samples.
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Figure 9 displays the SEM analysis of the fine-grained LT950
sample resulting from a 150 hour exposure. The image in
Figure 9 (a) shows how several oxide styles combine to
form an oxide scale with a uniform oxide structure. A close-
up view at a high magnification of 10,000x analyzed in
Figure 9 (b) shows a dense oxide structure has formed. This
observation is consistent with the steady state condition in
the oxidation kinetics of the LT950 sample after 150 hours
exposure. Analysis of this fine-grained LT950 sample has
shown that it follows a parabolic rate law. Exposure at 150
hours showed that this sample had reached a steady state
where weight change was stable without dramatic weight
gain.

1mm

(b)
Figure 9. SEM images of LT9 50 samples after isothermal
oxidation for 150 hours.

Figure 10 displays the SEM analysis of the coarse-grained
HT1150 sample, with Figure 10 (a) and (b) displaying low
magnification at 1,000x. The image in (a) shows the
formation of cracks in the network-like structure that forms
the grain boundary oxide. As previously shown in the SEM
image after 100 hours, these oxides tend to have a higher
oxidation rate due to high diffusion in the grain boundary
short circuit region. In contrast, the image in (b) shows the
co-formation of dense and porous oxide structures. The
dense oxide structure has been highlighted in rectangular
red lines with further analysis in a close-up view of higher
magnification at 10,000x as shown in image (c) showing a
spherical oxide-like structure. There is no evidence of
cracks and voids occurring in this oxide area. Meanwhile,
the porous oxide structure has been highlighted in
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rectangular blue lines and further analyzed in a close-up
view in image (d), showing the formation of pores around
the oxide. This observation indicates that the pores in the
porous structure contribute to the extension of oxide
formation. This is because the pores act as a pathway for the
migration of oxygen ions towards the surface of the alloy to
further develop the oxide scale. This phenomenon is
consistent with the oxidation kinetics (Figure 1) of this
coarse-grained HT1150 sample that records a higher
weight gain and also obeys the liner rate law, indicating that
continuous oxide scale will form as long as the alloy is
exposed to high temperature conditions.
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(d)
Figure 10 SEM images of HT11 50 samples after isothermal
oxidation for 150 hours.

From our previous research [10], this linear rate law trend
will slowly change to a parabolic rate law as the exposure
period increases, when the oxide scale on the surface of the
alloy reaches a protective property that begins to protect
the base alloy form further oxidation process.

4. CONCLUSION

The heat treatment process successfully formed a fine-
grained LT950 sample with grain size of 81.41 pm and
hardness value of 81.04 HRB. Whereas, heat-treated
HT1150 sample recorded a coarse-grained of 166.12 pm
and a hardness value of 69.06 HRB. Isothermal oxidation
tests on heat-treated LT950 and HT1150 were successfully
studied. Fine-grained LT950 shows good results according
to the lower parabolic rate constant of 1.79 x 106 mgzcm*s!
indicating a low oxidation rate, thus good oxidation
resistance. On the other hand, XRD analysis on LT950
sample detected the presence of Cr-containing oxides of the
Cr203 and MnCr204 phases, with the addition of Ti-Cr oxide.
These oxides will improve the protective behavior of the
oxide scale that is formed. In conclusion, the fine-grained
structure of the LT950 sample exhibits good oxidation
resistance.
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