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Abstract Revealing the oxidation behavior of superalloys is

crucial for optimizing material properties and extending service

life. This study investigated the oxidation behavior of superalloy

GH4738 under stress states at 850 �C. High-throughput speci-
mens were fabricated to withstand different stresses at the same

time. Isothermaloxidationsampleswereanalyzedusing themass

gainmethod to obtain oxidation kinetic curves. The results show

that the external stress below 200 MPa could improve the oxi-

dation resistance of the GH4738. With tensile stress increasing,

the oxide layer becomes thinner, denser and more complete,

while internal oxidation decreases. The tensile stress alters the

structure of the external oxide layer from a two-layer to a three-

layer configuration. The Cr2O3 oxide layer inhibits the outward

diffusion of Ti, leading to Ti enrichment at the oxide–matrix

interface and altering the oxidation mechanism of GH4738.

Keywords Ni-based; Superalloy; Oxidation behavior;

Tensile stress; Oxide layer

1 Introduction

GH4738, a precipitation-hardened superalloy, possesses

excellent oxidation resistance, corrosion resistance and

superior creep strength at high temperature, which is

widely used in aerospace, petrochemical and power gen-

eration fields [1–3]. Harsh service environments can lead

to severe oxidation, consuming alloy-strengthening ele-

ments and initiating microcracks, thereby weakening

mechanical properties and shortening the service life of

superalloy [4–6]. Furthermore, the interaction between

external stress and superalloy oxidation is complex and

controversial [7, 8].

Previous studies focused on the high-temperature

mechanical properties and microstructure of GH4738, such

as creep [9–11], fatigue crack extension and structural

stability [12–14]. Ma et al. [15] employed room tempera-

ture machining (RTM) and low-temperature burnishing

(LTB) surface treatment techniques to improve the

microstructure of GH738 superalloy. The results proved

that nanograins and higher twins density generated on LTB

specimen triggered the formation of protective Al2O3 layer,

thereby inhibiting the diffusion of elements and signifi-

cantly improving oxidation resistance of specimen. Wang

et al. [16] investigated the oxidation behavior of GH738 in

static air between 800 and 1000 �C for 100 h, and believed

that the oxidation process was controlled by the diffusion

of alloying elements in metal matrix and chromia. How-

ever, the oxidation behavior of GH4738 under stress still

needs systematic and embedded investigation.
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Owing to the coupling effects of multiple elements in

superalloys, the oxidation mechanism under different

external stress would be complex. Some researches proved

that the tensile stress would aggravate the oxidation. Zhou

et al. [17] proved that both the applied tensile stress and

compressive stress would diminish the oxidation resistance

of pure Ni during 20 h of oxidation at 973 K, and the effect

of the compressive stress was more significant. Ramsay

et al. [8] verified that tensile stress accelerated the internal

oxidation of RR1000 under 900 MPa at 700 �C, which was

consistent with the stress-assisted grain boundary oxidation

(SAGBO) phenomenon, and a verification model had been

developed. Ma et al. [7] applied 330 MPa to the single-

crystal superalloy at 1150 �C and found that the diffusion

of Al increased, leading to an increase in oxidation rate.

However, several researchers found that stress could

improve the oxidation resistance of superalloys under

specific circumstances. Ye et al. [18] applied different

small tensile stresses on the novel powder metallurgy

superalloy at 900 �C, while the results showed that the

internal oxidation decreased with pressure. At the same

time, the external stress would hinder the outward diffusion

of Ti. Similarly, the oxidation behavior of DZ125 under

100 MPa at 980 �C showed that the oxidation rate

decreased with the increasing applied pressure [19].

The above researches indicate that although the inter-

action between oxidation and external stress at high tem-

peratures has received extensive attention, the coupling

effects of the oxidation temperature and tensile stress on

the oxidation behavior of superalloy have not been sys-

tematically studied. The corresponding oxidation mecha-

nism has not been deeply investigated. In this study, the

oxidation experiments of GH4738 superalloys under dif-

ferent tensile stresses at 850 �C were carried out. The

influence of external pressure on oxidation behavior and

mechanism of GH4738 was analyzed in detail, which

would contribute to the development of superalloys ser-

vicing under harsh environment.

2 Experimental

GH4738 alloy, provided by Wuxi Paike New Materials

Technology Co., Ltd., with the chemical composition

shown in Table 1, was used in this study. The samples

were cut into 30mm 9 10mm 9 2 mm slices for the sub-

sequent experiment. The surface of the samples was ground

with metallographic sandpaper up to 2000 mesh. The

samples were polished and ultrasonically cleaned in etha-

nol. After drying, the samples were measured in detail with

an electronic Vernier caliper.

Before the oxidation experiment, the pristine corundum

crucibles underwent drying at 50 �C, a temperature above

the predetermined experimental temperature, until a con-

stant mass was achieved. Subsequently, the samples were

weighed and placed into the high-temperature chamber

furnace (Nabertherm GmbHN11/H) to conduct the

isothermal oxidation experiment. To minimize temperature

errors, an external thermocouple was employed for tem-

perature correction before each experiment. The oxidation

experiments were conducted at 850 �C for varying dura-

tions of 1, 5, 10, 25, 50 and 100 h, respectively. An elec-

tronic scale with an accuracy of 0.01 mg was utilized to

measure the sample’s weight before and after the oxidation

experiment. The oxidation weight gain per unit area was

then calculated based on the sample’s weight gain and

surface area to generate the oxidation kinetic curve. The

composition, surface and cross-sectional morphologies of

the oxide film were analyzed using X-ray diffractometer

(XRD, MiniFlex600/600-c, Rigaku), tungsten filament

scanning electron microscope (SEM, VEGA, Tescan) and

focused ion beam-scanning electron microscope (FIB-

SEM, Amber, Tescan).

The GH4738 superalloy, supplied by Fushun Special

Steel, underwent mechanical processing to form a 66 mm

high-throughput stepped axial tensile sample, as illustrated

in Fig. 1. This design allows a single sample to withstand

different stresses in the same state. Following manufac-

turing, the samples were ultrasonically cleaned in ethanol

and dried. Subsequently, the samples were oxidized for

50 h at 850 �C under constant tensile stress, with real

stresses of 200, 112.50 and 72.00 MPa at the center of

cylinders with a diameter of 6, 8 and 10 mm, respectively.

The samples were heated to the specified temperature and

loaded with target pressure. After being oxidized for 50 h

Table 1 Measured chemical composition of GH4738 (wt%)

Cr Co Mo Al Ti C B Zr Ni Fe Mn P S Si

18–21 12–15 3.5–5.0 1.20–1.60 2.75–3.25 0.02–0.08 0.003–0.01 0.02–0.08 Bal. B 2.0 B 0.1 B 0.015 B 0.015 B 0.15

Fig. 1 Shape and size of high-throughput specimen under
tensile stress (unit: mm)
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under constant tensile stress, the samples were unloaded

and air-cooled. The composition, structure and morphology

of the oxide film were analyzed by XRD and SEM.

3 Results and analysis

3.1 Oxidation kinetics

Figure 2 illustrates the oxidation kinetic curve of GH4738

alloy in static air at 850 �C for 100 h. Figure 2 shows that

the oxidation kinetic curves of the samples at 850 �C pri-

marily followed the parabolic law. The kinetic curve

reveals a rapid mass gain during the initial oxidation stage,

a gradual slowdown with extended oxidation time, and

eventually reaches a relatively stable stage.

Previous studies indicate that the oxidative mass gain

over time can be approximately expressed as Eq. (1)

[20, 21]:

ðDm=AÞ2 ¼ kpt ð1Þ

where 4m is the oxidative mass gain, A is the surface area

of the sample, kp is the oxidation parabolic rate constant

and t is the oxidation time.

Analyzing the oxidation kinetic curves provides insights

into the alloy’s behavior at different stages of the oxidation

process [22, 23]. Initially, chemical and physical combi-

nation of oxygen and alloy matrix elements occurs, leading

to the nucleation of defects such as grain boundaries and

dislocations on the alloy surface, forming an oxide film.

The oxide growth rate is rapid during this stage. With

increased oxidation time, the curve gradually slows down,

indicating a transition from interface reaction control to an

element diffusion mechanism due to the continuous for-

mation of a compact and continuous oxide film.

3.2 Analysis of oxidation products

XRD patterns of GH4738 oxidized at 850 �C with no stress

and under different tensile stresses are presented in Fig. 3.

GH4738 exhibits a distinct oxidation pattern at 850 �C.
XRD patterns in Fig. 3a demonstrate changes in the peak

strength of oxidation products over time. Oxides such as

Cr2O3, Al2O3 and TiO2 were generated at 850 �C. With the

extension of oxidation, the peak strength of the matrix

decreased, while the peak value of the oxide increased,

indicating that the thickened oxide layer gradually covers

the matrix.

The effect of tensile stress on the phase structure of

GH4738 after 50 h oxidation is shown in Fig. 3b. A new

phase NiCr2O4 generates under stress, and the diffraction

peaks of various oxidation products become more promi-

nent. Increased tensile stress results in weaker diffraction

peaks of oxides and a stronger matrix, attributed to a

thinner oxide layer.

3.3 Morphology and composition analysis
of oxides

Figure 4 displays the isothermal oxidation surface mor-

phology of GH4738 at 850 �C for 100 h. Figure 4a reveals

the formation of a thick, continuous oxide film on the

sample surface, with more severe oxidation in grain

boundary areas than intragranular regions. No obvious

defects such as cracks, micropores and oxide spalling are

observed. The oxidation products are relatively simple, and

the primary oxidation products are irregular spherical

(Fig. 4b) and granular (Fig. 4c) particles. Combined with

the data in Table 2, the irregular spherical particles are

TiO2. As shown in region II (Fig. 4c), the oxide products

are dense, uniform and irregular particles. The results in

Table 2 demonstrate that the granular particles are mainly

composed of titanium oxide and chromium oxide, which is

consistent with XRD results. The extremely low content of

Ni indicates that the oxide layer thickens. The strong

adhesion between the oxide film and the substrate is evi-

denced by the absence of apparent peeling of the oxide

layer at 850 �C.

3.4 Cross-sectional morphology and composition
of samples under constant stress

Figure 5 depicts the cross-sectional morphology structure

and element distribution of GH4738 oxidized at 850 �C for

50 h under different stresses. Internal and external

Fig. 2 Oxidation kinetic curve of GH4738 at 850 �C
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oxidation zones of samples under different states are dis-

tinguished by the interface between oxides and the

superalloy matrix. As shown in Fig. 5a, the internal

oxidation products are discrete or semi-continuous. A

portion of internal oxides extend into the metal matrix

along the grain boundary of about 4 lm. Compared with

the samples under constant stress, the structure of the

external oxidation is relatively simple. As shown in

Fig. 5a, the external oxides are divided into two sections,

an outermost dark gray Ti-rich layer and a light gray

CrTi-rich layer adjacent to the metal matrix with thick-

ness of * 2 lm. The oxide composition perpendicular to

the interface direction was analyzed by energy-dispersive

spectrometer (EDS) (Fig. 5a). Combined with XRD pat-

terns, the oxides of the outermost layer I are supposed to

be TiO2, and the composition of the inner layer II is

Cr2O3 and TiO2. The surge of Ni content distinguishes

the metal matrix from the outer oxide scales. The peaks

of Al and Ti contents indicate the inner oxidation

diffusion.

The external oxidation structure of samples under stress,

which is different from the samples without stress, contains

three layers (Fig. 5b–d). The outermost non-continuous

dark gray layer I was determined as TiO2 based on XRD

and line scanning analysis. The subouter thick light gray

layer II was mainly composed of Cr2O3 and TiO2. The

inner oxide scale III contained a large amount of Ni, Ti and

O and a small amount of Cr, which was supposed to be

NiCr2O4 and TiO2 according to XRD results. In the internal

oxidation region IV, the Al2O3 oxides extended into the

metal matrix, diffusing uniformly and continuously along

the grain boundary. Interestingly, with the increase in the

stress, the thickness of the oxide layer decreased from

15.25 to 7.67 lm.

Combined with the comparative data under four differ-

ent stress states, as the tensile stress increased, the micro-

pores in the external oxide film decreased unexpectedly

(Fig. 5), indicating a decrease in the compressive stress

inside the oxide films [18]. The increasing tensile stress

contributed to the formation of dense and continuous Cr2O3

oxide film, which effectively prevented the mutual diffu-

sion of metal elements and oxygen. This can be verified by

the reduced external oxide layer thickness and internal

Fig. 3 XRD patterns of GH4738 oxidized at 850 �C with a no stress and b tensile stress

Fig. 4 a Surface morphology of GH4738 oxidized at 850 �C for 100 h; magnification of b Region I and c Region II

Table 2 Compositions of oxides in Fig. 4 after oxidation tests at
850 �C for 100 h (at%)

Position O Ti Cr Al Ni

I 66.1 31.0 1.9 0.2 0.5

II 58.7 38.2 2.2 0.2 0.4

III 59.0 4.8 34.3 0.5 1.4

IV 63.6 17.9 17.3 0.3 0.9
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oxidation depth, as shown in Fig. 6, indicating improved

oxidation resistance through external tensile stress.

4 Discussion

Based on the aforementioned findings, it can be inferred

that an increase in tensile stress (0–200 MPa) enhances the

oxidation resistance of GH4738 superalloy. Moreover,

stress impedes the diffusion of Ti through the Cr2O3,

leading to the accumulation of more Ti beneath the Cr2O3

oxide layer.

The schematic illustration of the oxidation mechanism,

with and without stress, is shown in Fig. 7. External force

altered the structure of the external oxide layer from

TiO2 ? CrTi-rich oxide to TiO2 ? CrTi-rich oxide ?

NiCrTi-rich oxide configuration. The internal oxides shif-

ted from Al/Ti-rich oxide to Al2O3. The thickness of the

Fig. 5 Cross-sectional morphology and element distribution of GH4738 oxidized at 850 �C for 50 h under a 0 MPa, b 72 MPa,
c 112.5 MPa and d 200 MPa
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external oxide film and the depth of the internal oxidation

decreased with increasing tensile stress from 0 to 200 MPa.

These above results confirmed the positive effect of tensile

stress on the oxidation resistance of GH4738 within the

200 MPa range.

The cross-sectional elements distribution of GH4738

oxidized at 850 �C for 50 h under 0 and 200 MPa is shown

in Fig. 8. As shown in Figs. 5 and 8, regardless of the

presence of stress, Ti always appears in the outermost layer

and Cr is located in the secondary outer layer. As Cr2O3 is

a P-type semiconductor oxide, cations are mainly trans-

ferred through the oxide layer to the oxide/air interface to

react with oxygen [24]. The high diffusion rate of Ti led to

the formation of discrete TiO2 particles in the outermost

layer [25]. Ti-rich oxides generated adjacent to the metal

matrix under stress. The external stress increased the dis-

location density, thereby facilitating ion diffusion, and

elevating oxygen vacancy concentration, which

Fig. 6 External oxide scale thickness and internal oxidation depth of GH4738 after oxidation at 850 �C for 50 h under different stress
states

Fig. 7 Schematic illustration for oxidation mechanism of GH4738 a without and b with tensile stress

Fig. 8 Cross-sectional elements distribution of GH4738 oxidized at 850 �C for 50 h under a 0 MPa and b 200 MPa
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significantly contributed to the formation of Cr2O3 layer

[26]. As the applied tensile stress increased, the micropores

in the oxide layer became less and smaller, which meant

the oxide layer got denser. Continuous dense Cr2O3 oxide

film effectively prevented the outward diffusion of Ti, and

the diffusion rate of Ti in Cr2O3 oxide layer was slower

than that in metal matrix, thereby resulting in accumulation

of Ti beneath the Cr2O3 layer. Furthermore, the thickness

of the external oxide scale decreased, due to that the con-

tinuous dense Cr2O3 oxide layer effectively inhibited the

reaction of metal elements with oxygen, therefore elevating

the oxidation resistance of the samples.

As shown in Fig. 5, the interface (samples under stress)

between the external oxides and metal matrix exhibits

wavy morphology and cracks. The phenomenon is mainly

attributed to the presence of the spinel phase and TiO2 in

the innermost oxidation layer adjacent to the matrix. The

volume ratio of metal atoms to oxide molecules, known as

the Pilling–Bedworth ratio (PBR), for TiO2 and NiCr2O4

is[ 1. Therefore, internal compressive stress existed in the

oxide layers. Additionally, the growth of the oxide layer

itself, coupled with the difference in thermal expansion

between the alloy substrate and the oxide film, led to the

offsetting of part of the compressive stress in the oxide film

against specific external forces. Excessive stress resulted in

the observed wavy morphology [27, 28].

In summary, during the creep stretching process at high

temperatures, the initial applied tensile stress primarily

served to counterbalance the compressive stress present in

the oxide layers. This allowed the oxide layer to withstand

a certain amount of tensile stress, ensuring its growth in

parallel with the matrix under relatively low stress. How-

ever, once the elastic strain energy in the oxide film sur-

passed the fracture resistance between the alloy and matrix,

the oxide film would flake off. Furthermore, as oxidation

progressed, the effective cross-sectional area of the sample

decreased, causing the actual stress value of the matrix to

exceed the theoretical stress value. The increasing tensile

stress accelerated the formation of microcracks and spal-

ling of oxide scales.

The main oxidation product of internal oxidation was

Al2O3. It is proved that when the Cr/Al ration is high,

Al2O3 mainly presents as an internal oxide. Only when the

Al content exceeds 3 wt%, an Al2O3 protective layer would

form in the external oxide layer [29]. As shown in Fig. 5,

with increasing tensile stress, the depth of internal oxida-

tion decreases. The diffusion rate of Cr accelerated due to

the increasing stress, resulting in the rapid formation of

protective chromium oxide layer. The dense Cr2O3 oxide

layer effectively prevented the permeation of oxygen into

metal matrix, thereby reducing the depth of internal oxi-

dation [30].

5 Conclusion

High-throughput oxidation experiments were conducted on

GH4738 superalloy under varying stresses at 850 �C for

50 h. The results showed that the tensile stress had great

impact on the oxidation resistance of the superalloys, and

the conclusions were drawn as following: The application

of constant tensile stress reduced internal stress within the

oxide film and induced structural changes in the film. As

the tensile stress increased, the diffusion rate and disloca-

tion of elements also rose, resulting in the rapid formation

of protective Cr2O3 layer, and thus, in turn, contributed to a

reduction in the oxidation rate. Under constant tensile

stress, the rapid formation of Cr2O3 layer effectively

impeded the outward diffusion of Ti, resulting in the

accumulation of Ti beneath the Cr2O3 layer.
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