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EffEct of HEat trEatmEnt tEmpEraturE on IsotHErmal oxIdatIon  
of ni-basEd fe-33ni-19cr alloy

this project studies the influence of different grain sizes of Ni-based Fe-33Ni-19Cr alloy obtained from heat treatment pro-
cedure on high temperature isothermal oxidation. Heat treatment procedure was carried out at two different temperatures, namely 
1000℃ and 1200℃ for 3 hours of soaking time, followed by quenching in the water. These samples are denoted as T1000 and 
T1200. The heat-treated Ni-based Fe-33Ni-19Cr alloy was subjected to an isothermal oxidation test at 950℃ for 150 hours expo-
sure. Oxidized heat-treated alloys were tested in terms of oxidation kinetics, phase analysis and surface morphology of oxidized 
samples. Oxidation kinetics were determine based on weight change per surface area as a function of exposure time. Phase analysis 
was determined using the x-ray diffraction (XRD) technique and surface morphology of oxidized samples was characterized using 
a scanning electron microscope (Sem). As a result, the heat treatment procedure shows varying grain sizes. the higher the heat 
treatment temperature, shows an increase in grain size with a decrease in hardness value. The oxidation kinetics for both heat-treated 
samples showed an increment pattern of weight change and followed a parabolic rate law. the oxidized t1000 sample recorded 
the lowest parabolic rate constant of 3.12×10–8 mg2cm–4s–1, indicating a low oxidation rate, thus having good oxidation resistance. 
Phase analysis from the XRD technique recorded several oxide phases consisting of Cr2o3, mnCr2o4, and (ti0.97Cr0.03)o2 oxide 
phases. in addition, a uniform oxide layer is formed on the oxidized t1000 sample, indicating good oxide scale adhesion, thereby 
improving the protective oxide behavior.
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1. Introduction

Ni-based alloy have a variety of complex properties, includ-
ing creep strength over width temperature range, high tensile and 
yield strength, and resistance to oxidation and corrosion [1-7]. 
usually, high temperature oxidation and corrosion resistant 
Ni-based alloys are used at temperatures above 500°C [4-6]. 
the microstructure, thermal stability, and mechanical stability 
of Ni-based alloys were strongly influenced by the complex 
characteristic of this alloy [8]. Several alloying elements, were 
commonly added in alloy containing up to ten alloying elements 
[9-10]. Alloying method has been the dominant design technique 
for stabilizing compositions, microstructures, thermal proper-
ties and mechanical characteristics [8,11-13]. Because of its 
excellent high temperature oxidation resistance, and mechanical 
performance, Ni-based alloys have been widely used for produc-
tion of component in hot stage conditions in the manufacture 

of  aircraft engine, engine valves, gas turbine materials and 
chemical industry [2,4]. 

the ability of Ni-based alloys to resists oxidation in high 
temperature environments is mostly determined by their aptitude 
to form oxide scales that adhere specifically to metal surfaces. 
maintains high adhesive oxide scale on heat resistant surfaces 
material is critical for long range oxidation resistance [14]. When 
subjected to high temperatures and harsh conditions, this alloys 
form oxide scales on the surface of the material. on the other 
hand, the presence of these oxides has the potential to slow the 
rate of oxidation and stop any further oxidation of the base mate-
rial. in addition, oxide exfoliation was found to be a potentially 
dangerous process in prolonged service conditions, with the 
potential to cause significant structural damage [14].

on the other hand, the production of oxide scale is in-
fluenced by the exposure environment [15] as well as the 
oxidation temperature [16-17] and alloy composition [18-20]. 
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this is because the formation of the oxide phase is a complex 
process. the build-up has the potential to harm the component 
or prevent its function. in conclusion, the stability of oxide 
scale formation during oxidation is important to how this alloy 
behaves because it can increase scale adhesion and reduce scale 
exfoliation, which causes an oxide layer to form on the surface 
and protect it. extensive research on high temperature oxidation 
investigates oxidation kinetics during oxide scale growth to 
further understand their behaviour. oxide scale formation dur-
ing the high temperature oxidation test is expressed in a plot of 
weight change per surface area versus exposure time. this plot 
shows the development of oxide scale during high temperature 
exposure at different temperature [21-22], alloy structure via 
different treatment parameter [23-24], exposure environment 
[25], composition [26-27].

the Ni-based Fe-33Ni-19Cr alloy is a heat-resistant alloy 
typically used at high temperatures. upon exposure to high tem-
perature conditions, a thin oxide layer is developed on the surface 
of the alloy which perform as a blockade between the environment 
and the alloy. therefore, the alloy is protected by the oxide layer. 
However, during high temperature exposure and extended service 
time, oxide scale exfoliation may occur due to stress generation 
between the oxide layer and the alloy. this phenomenon will 
reduce the protective behavior of the oxide scale on the surface 
of the alloy. one possible method of reducing oxide exfoliation 
during service includes the use of fine-grained alloy. Fine-grained 
alloys are recorded to reduce the effect of oxide exfoliation and 
reduce oxidation rates [2,14,28]. one of the ways to obtain a fine 
grain size of the alloy is through a heat treatment procedure. 

therefore, in this study, a heat treatment procedure was 
implemented on the Ni-based Fe-33Ni-19Cr alloy to change the 
grain size. then, alloys with different grain sizes accomplished 
from the heat treatment procedure were subjected to isothermal 
oxidation tests to investigate the oxidation behavior of the alloys. 

2. Experiment 

Ni-based Fe-33Ni-19Cr alloy was used in this study. 
Chemical composition was measured using optical emission 
spectroscopy (Oes) technique. The chemical composition is 
recorded in weight percent (wt.%), consisting of 33 wt.% Ni, 
19 wt.% Cr, 0.08 wt.% C, 0.05 wt.% Al, 0.49 wt.% ti, 0.31 
wt.% si, 0.56 wt.% Mn and the rest Fe. This alloy is also known 
as incoloy 800H alloy. the sample size used in this study is 
10 mm × 10 mm × 3 mm.

the Fe-33Ni-19Cr alloy underwent a heat treatment proce-
dure at two different temperatures namely 1000°C and 1200°C. 
the sample is held at the desired heat treatment temperature for 
3 hours of soaking time followed by quenching in water. The 
two samples are designated as t1000 and t1200, respectively. 
the average grain size of the heat-treated samples was measured 
using the AStm e112 method, which is the linear intercept 
method. The Rockwell hardness test is made to measure the 
hardness of heat-treated samples.

the heat-treated Fe-33Ni-19Cr alloy were underwent an 
isothermal oxidation test at temperatures of 950℃ for 150 hours 
exposure time. The curve of the oxidation kinetics was projected 
based on the weight change per surface area as a function of 
time. the sample preparation for the oxidation test was con-
ducted through a grinding method until the P600 grit surface 
finished. the initial weight and dimension measurement of each 
sample was documented prior the oxidation test. the isothermal 
exposure was done for selected interval duration of 30 hours. 
the final weight was determined after each interval of exposure 
duration. the oxidized samples were examined in terms of phase 
analysis using the x-ray diffraction (XRD) technique and surface 
morphology analysis using scanning electron microscope (Sem).

3. results and discussion

3.1. Heat treatment procedure

Heat-treated samples t1000 and t1200 exhibit fine and 
coarse grain structures of 71.88 µm and 128.94 µm, respectively. 
these results shows that, as the heat treatment temperature in-
creases, the grain structure is growth. Additionally, the Rockwell 
hardness test is inversely proportional to grain size. the hardness 
value decreases as the heat treatment temperature increases. the 
t1200 sample recorded a lower hardness value of 78.7 HrB, 
while the t1000 sample recorded a higher hardness value of 
83.73 HrB. this finding is in line with previous studies, showing 
that when the heat treatment temperature increases, the average 
grain size will increase and the hardness value will decrease [29].

3.2. oxidation Kinetics

Fig. 1 displays the oxidation kinetics of samples T1000 
and t1200 after exposure for 150 hours expressed in a plot 
of weight change per surface area versus exposure time. Both 
samples showed a pattern of growing weight gain as the period 
of exposure increased. Similar weight gain curves were recorded 
for both samples from initial to 120 h exposure. Starting at 120 
hours of exposure, the sample weight gain showed a slight 

Fig. 1. Plot of weight change per surface area versus time during iso-
thermal oxidation at 950°C for 150 h
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decreasing trend, indicating a slower oxidation reaction. this 
downward trend in weight gain indicates formation the oxide 
layer begins to stabilize over a longer period of time. this trend 
is likely to resemble the parabolic rate law, whereas the exposure 
time of an alloy increases, the growth rate of the oxide layer 
begins to decrease. to find out the growth rate of the oxide 
layer, the determination of the oxidation rate law is done. the 
kinetics of this oxidation was further analyzed using a double log 
plot to identify the oxidation rate law of this sample, as shown  
in Fig. 2. 

Fig. 2. A double log plot of weight change per surface area versus time 
indicating parabolic rate law (m = 2)

The oxidation rate law is calculated according to equation 
(1), where x is the weight change per surface area, t is time, 
c is constant and m shows the oxidation rate law. A quantity  
of m equivalent to 1 or 2 respectively indicates a linear or para-
bolic rate law. From Fig. 2, the curve analysis of both samples 
recorded m values equal to 2.46 and 2.08 for T1000 and T1200 
samples, respectively. these results show that this sample follows 
a parabolic rate law. the parabolic rate law is supposed in this 
work because of their diffusion-controlled mechanism. As the 
oxidation time lengthens, the oxidation rate begins to decrease, 
increasing the optimum oxide scale thickness. The weight of the 
sample begins to plateau, developing good oxidation protection 
and preventing further forms of oxidation from occurring. this 
trend was also recorded from our previous study which showed 
a decrease in the oxidation rate as the exposure duration increased 
due to the diffusion-controlled mechanism from the parabolic 
rate phenomenon [2]. 

Fig. 3 displays the analysis of the parabolic rate law ac-
cording to equation (2), where Kp is the parabolic rate constant. 
the t1000 sample exhibited a lower parabolic rate constant 
of 3.12×10–8 mg2cm–4s–1, while the t1200 sample exhibited 
a higher parabolic rate constant of 3.33×10–8 mg2cm–4s–1. lower 
parabolic rate constant recorded by t1000 sample indicates 
a lower oxidation rate, therefore having good oxidation protec-
tion of the sample. on the other hand, the fine grain structure 
exhibits good oxidation protection by enhancing the optimal 
thickness of the protective oxide scale. similar findings have 
been recorded by other researchers, with a refinement of the 
structure reduced the oxidation rate [28].

in addition, the t1200 sample with coarse grain size re-
corded a higher parabolic rate constant, indicating a high rate 
of oxidation occurred in this sample. if seen from the oxidation 
kinetics on the red line in Fig. 1, the T1200 sample started with 
a lower weight change, but started to increase in weight change 
after 120 hours, indicating that the oxide scale formation was 
relatively slow at the beginning but it increased as the exposure 
time increases. it recorded that the t1200 sample had a lower 
weight change when compared to the t1000 sample from the 
beginning of the exposure time until the exposure time of 
120 hours. However, starting from an exposure time of 120 hours, 
the weight gain of the t1200 sample began to be rise. this ex-
plains why this t1200 sample records a continuous reading of 
high parabolic rate, where the increase in weight indicates that 
the oxide layer is still forming. 

 logx = 1/m log t + c (1)

 x2 = Kpt + c (2)

3.3. phase analysis

The XRD technique was carried out to identify the oxide 
phase present in the oxidized sample. The XRD peaks for the 
t1000 sample at 30 and 150 hours are depicted in Figs. 4 and 5, 
respectively. the t1000 sample presented in this paper, shows 
a significant peak of both sample in this study. The main no-
ticeable peak is Fe-Ni-Cr alloy base metal at 2 theta 43.9° and 
51.1°. A higher intensity of this phase was recorded at 30 hours 
exposure compared to 150 hours exposure indicating a thin ox-
ide layer formed after 30 hours. the thin oxide layer formed on 
the surface of this alloy results from the x-ray beam being able 
to penetrate deep into the base metal, which records the higher 
intensity of this base metal phase.

On the other hand, the lower intensity peak of Fe-Ni-Cr base 
metal after 150 hours of exposure indicates that a thicker oxide 
phase is present on the surface of the sample. moreover, simi-
lar oxide scales are present in both samples t1000 and t1200, 
recording the existence of a mnCr2o4 spinal structure, a Cr2o3 

Fig. 3. A square plot of weight change per surface area versus time 
indicating parabolic rate constant, Kp value
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corundum structure and a(ti0.97Cr0.03)o2 fluorite structure with 
the addition of Ni-based Fe-Ni-Cr alloy peaks detected as the 
austenite phase. the establishment of a protective oxide phase 
containing mn and ti elements in the Cr-based oxide phase is 
desired because the mn and/or ti elements can delay the forma-
tion of active Cr2o3 which can lead to volatilization effects that 
can diminish the protective behavior of the oxide scale. the 
establishment of mn-Cr and ti-Cr oxides is said to reduce the 
effect of Cr evaporation, thus increasing the likelihood of oxide 
exfoliation [3,9,14,28,30].

3.4. surface morphology

Figs. 6 and 7 show Sem images of t1000 and t1200 
samples after 150 hours of exposure, respectively. it can be 
seen that both samples display a uniform and continual oxide 
scale developed on the surface of the alloy. the grain boundary 
oxides are clearly noticeable on the t1200 sample, presented as a 

network-like structure with a notch shape as shown in Fig. 7. The 
formation of a network-like structure due to grain boundaries is 
a short-circuited pathways that contributes to the rapid diffusion 
of ions through the metal-oxide interface. When rapid ion diffu-
sion occurs, it provides a higher source of metal ions to combine 
with oxygen ions in the environment to form oxide scale. this 
mechanism is also contributed by the vertical oxide growth 
mechanism that thickens the oxide layer. This phenomenon will 
cause the formation of a notch structure because it forms a thick 
oxide scale in a localized area at the grain boundary.

on the other hand, the t1000 fine-grained sample produced 
well-distributed oxides over the entire surface due to smaller 
grains having adjacent grain boundaries that formed a uniform 
oxide scale. this uniform oxide structure is contributed by the 
growth mechanism of uniform vertical oxide and uniform hori-
zontal oxide to form an even oxide layer.

However, sample t1200 displays evidence of oxide ex-
foliation occurring at grain boundary oxides. this analysis is 
consistent with the higher parabolic rate constant recorded for 

Fig. 4. Xrd pattern of t1000 sample subjected to isothermal oxidation at 950°C for 30 h

Fig. 5. Xrd pattern of t1000 sample subjected to isothermal oxidation at 950°C for 150 h
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this sample, indicating a higher oxidation rate occurred. Higher 
oxidation rates will cause uncontrolled oxide scale formation that 
supposedly protects the base metal. A high oxidation rate will 
cause the diffusion mechanism to also be high, causing reduced 
oxide scale adhesion leading to exfoliation.

4. conclusions

the heat-treated sample t1000 fine grain structure of Ni-
based Fe-33Ni-19Cr alloy exhibits good oxidation protection 
with a uniform oxide layer of lower parabolic rate constant. 
While the coarse grain t1200 sample showed a higher parabolic 
rate constant indicating a higher oxidation rate with evidence of 
oxide exfoliation on the oxidized surface.
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