Rare Metal Materials and Engineering
Volume 55, Issue 10, October 2026
Available online at www.rmme.ac.cn

(1111 .
9‘3 Science Press

Cite this article as: Liu Wenli, Zhao Xia, Hou Kunlei, et al. Effect of Carbon Content on Microstructure and
Mechanical Properties of a Novel Wrought Nickel-Based Superalloy[J]. Rare Metal Materials and Engineering,
2026, 55(10): 2463-2475. DOI: https://doi.org/10.12442/j.issn.1002-185X.20250507.

Effect of Carbon Content on Microstructure and
Mechanical Properties of a Novel Wrought Nickel-Based
Superalloy

Liu Wenli"**, Zhao Xia*®, Hou Kunlei*?,
Hao Xianchao?’, Ou Meigiong?*

Wang Yifei, Wang Ping’, Ma Yingche*’,

"School of Materials Science and Engineering, Northeastern University, Shenyang 110819, China; ?Shi-changxu Innovation Center for
Advanced Materials, Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016, China; °Key Laboratory of Nuclear
Materials and Safety Assessment, Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016, China; *Sinotest
Equipment Co., Ltd, Changchun 130103, China

Abstract: Carbon (C), as a crucial trace element in nickel-based superalloys, exerts a significant influence on mechanical properties
even with minor variations in content. This study investigated the effect of C content on the microstructure and mechanical properties
of a novel nickel-based superalloy GH4750. The results demonstrate that with increasing C content from 0.024wt% to 0.042wt% and
then to 0.082wt%, the quantity and average size of M carbides increase. These carbides can effectively pin grain boundaries,
resulting in a progressive reduction in grain size from approximately 35 pum to approximately 31 pm and ultimately to approximately
22 pm. Both the room-temperature and 750 ° C tensile strengths initially increase and then decrease as the C content increases.
Conversely, the elongation displays the opposite trend. The differences in tensile properties are closely related to the carbide
characteristics. An appropriate increase in carbide content can inhibit the formation and coalescence of microvoids, effectively pin
grain boundaries, and prevent grain boundary slip at elevated temperatures. Excessive carbides act as preferential sites for microcrack
initiation. The stress-rupture life decreases with increasing C content, attributed to the larger grain size. Based on comprehensive

consideration, the optimal C content for the novel nickel-based superalloy GH4750 is determined to be 0.042wt%.
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1 Introduction

Nickel-based superalloys, owing to their outstanding high-
temperature properties, are extensively employed in the hot-
section components of aero-engines, accounting for 40%—60%
of engine mass"!. To achieve higher thrust-to-weight ratios,
advanced aero-engines require improved temperature
capability in structural materials”, driving the gradual
replacement of conventional alloy steels by superalloys” and
promoting the continuous upgrading of existing alloys.
Among them, IN718 is the most widely used y" -Ni,Nb
strengthened alloy, representing more than 45% of total

superalloy production™. It exhibits excellent strength from
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room temperature up to 650 °C and has been broadly applied
in turbine disks, cases, and other hot-section components (e.g.,
accounting for 57% in the PW4000 engine). However, the
y" — 0 phase transformation limits the long-term service
temperature of IN718 to below 650 °C, creating a bottleneck
to further improvements in engine performance. For
applications above 650 ° C, y' -strengthened alloys such as
Waspaloy and Inconel 939 are often adopted. Nevertheless,
these alloys typically contain 12wt%—20wt% Co" ¥, leading
to high manufacturing costs, while their high ' fraction makes
them prone to welding cracks. K4750 is a novel Co-free cast
nickel-based superalloy. It contains about 4.2wt% Al and Ti to
form the strengthening phase y'-Ni,(Al, Ti), about 4.3wt% Mo
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and W for solid-solution strengthening, and 0.08wt% —
0.13wt% C for grain boundary (GB) strengthening” ', K4750
exhibits excellent strength and good microstructural stability
at 750 ° C"" and has already been applied to load-bearing
frame components, such as struts, in advanced aero-engines.
In addition, it demonstrates good formability, providing cast/
forged dual applicability, similar to IN718 and Waspaloy.
However, the role of certain alloying elements may differ
significantly between wrought and cast alloys, particularly C.
Previous studies"*'” have shown that the C content in
wrought superalloys (<0.08wt%) is generally much lower than
that in cast alloys (0.08wt%—0.13wt% for K4750). Therefore,
it is necessary to investigate the influence of C on the
microstructure and mechanical properties of the new wrought
alloy GH4750 to determine its optimal addition level and
provide guidance for alloy design.

During processes such as casting and hot deformation
(forging, rolling), C significantly influences the microstructure
of alloys. First, the solubility of C in the Ni matrix is limited"”
(<0.4wt% ), and during casting and solidification, it tends to
dendrites  (with a

coefficient <1). It combines with other positively segregating

segregate  between segregation
elements (Ti, Nb, Mo, etc) to form primary carbides, such as
MC and M,C"™". As the C content increases, the degree of
segregation also increases, thereby altering the types,
quantities, and distribution of carbides. Second, during hot
deformation, carbide interfaces can accumulate dislocations
defects, which dynamic
recrystallization process. For instance, carbides may serve as
nucleation sites to promote intragranular discontinuous
recrystallization™. Carbides can also effectively pin GBs,
thereby hindering their migration and affecting grain growth
during solution heat treatment”. Finally, primary carbides
may undergo complex phase transformations during aging or
long-term service, such as MC—M,,C ** or MC—M C™,

The influence of C on the mechanical properties of alloys

and other influence the

can be divided into two aspects. On the one hand, C affects
the precipitation characteristics of carbides, thereby altering
the alloy’s mechanical properties. Blocky and rod-like MC
carbides distributed along GBs can effectively hinder
dislocation motion during plastic deformation, thereby

24]

strengthening the GBs' In contrast, M,,C, carbides,
precipitated as fine particles along the GBs, can effectively
impede the coalescence of defects such as voids and
microcracks, thereby preventing their aggregation and
interconnection. This delays the formation of intergranular
cracks and enhances the alloy’s durability!” *. However, large,
blocky, or skeleton-like primary MC carbides are prone to
fracture under stress, forming crack initiation sites and
promoting microcrack propagation**. When M,,C, carbides
form a continuous network along the GBs, they provide a
preferential path for crack propagation, thereby reducing the
overall performance of the alloy"**.

On the other hand, carbides influence hot deformation and
recrystallization, thereby affecting the alloy’s microstructure,
Gibbons””  and

particularly grain size; for instance,

Shingledecker™ et al reported that at low C contents

(0.03wt% ), larger grain sizes improve creep resistance and
lead to longer fracture lifetimes. Overall, the effect of C on
mechanical properties is complex, and its mechanisms need to
be analyzed in conjunction with the phase composition and
microstructural characteristics of specific alloy systems.

C content significantly influences processes such as
solidification, hot working, and heat treatment. The carbides
and secondary phases affect deformation and fracture
behavior, thereby significantly influencing the mechanical
properties of wrought nickel-based superalloys. In this work,
the effect of C content on the microstructure of the newly
developed wrought alloy GH4750 in the as-rolled and heat-
treated conditions was investigated. Furthermore, room-
temperature and high-temperature tensile tests, as well as
creep tests, were conducted to elucidate the underlying
mechanisms by which C content influences mechanical
properties. Finally, the appropriate C content for the alloy was
determined.

2 Experiment

The nominal chemical composition of the GH4750 alloy
(wt% ) was 20Cr-3W-4.5Fe-1.3Mo-1.2A1-2.8Ti-1.5Nb-xC,
with Ni as the balance. Three alloys with different carbon
levels were designed to investigate the effect of C on the
microstructure and mechanical properties. The designed C
contents were 0.02wt%, 0.04wt%, and 0.08wt% , which fall
within the typical range for deformation superalloys. Due to
unavoidable variations during vacuum melting and
processing, the measured C content of the alloy sheets was
0.024wt%, 0.042wt% , and 0.082wt% . The slight excess of
0.082wt% over the designed upper limit is attributed to
normal experimental variation during alloy preparation. A 25
kg ingot was prepared by vacuum induction melting and
subsequently homogenized at 1200 °C for 20 h. The ingot was
forged at 1180 °C into a slab measuring 1000 mm in length
and 50 mm in thickness, and then hot-rolled at 1150 °C into
plates measuring 1000 mm in length and 20 mm in thickness.
The plates were heat-treated at 1120 °C for 4 h, then air-
cooled, and subsequently held at 800 °C for 20 h, followed by
air cooling. After heat treatment, cylindrical specimens (@5
mmx10 mm) were machined perpendicular to the rolling
direction (RD) for room-temperature and high-temperature
(750 °C) tensile tests, as well as for creep testing. For tensile
testing, three parallel specimens were employed, and the
average values were used to determine the ultimate tensile
strength, yield strength, elongation, and reduction in area. The
creep tests were conducted at 750 °C under a constant stress
of 320 MPa until final fracture, from which strain-time curves
were obtained.

The phase constituents of the heat-treated GH4750 alloy
samples were characterized using an X-ray diffractometer
(XRD, Bruker D2). The microstructures of the rolled and heat-
treated alloys, including grain structures, carbides, and 9’
precipitates, as well as the post-fracture longitudinal cross-
sectional  grain  deformation and local stress/strain
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distributions, were characterized using scanning electron
microscope (SEM; ZEISS MERLIN and Hitachi S4800),
electron backscatter diffraction (EBSD), electron probe
microanalysis (EPMA; JXA-8530F), and transmission
electron microscope (TEM; FEI Talos F200X). EBSD data
were further processed and analyzed using AZtecCrystal
software.

The XRD sample surfaces were mechanically ground to
achieve a smooth, flat finish. The SEM samples were first
prepared with a smooth mirror-like surface using conventional
metallographic methods, followed by etching with two
techniques: chemical etching with a solution of 20 g CuSO,+
100 mL HCIH+5 mL H,SO,+100 mL H,0 for routine
microstructural observation, and electrochemical etching with
a solution of 13 mL H,PO,+42 mL H,SO,+45 mL HNO, for
the observation of y’ precipitates, at a voltage of 1.5V and
current of 0.2 A for approximately 40 s. EBSD samples were
prepared by argon ion polishing to eliminate surface stress.
TEM samples were prepared by cutting slices with thickness
of approximately 0.5 mm, grinding them to 50 pm in
thickness, punching out @3 mm discs, and thinning using an
RL-2 twin-jet electrolytic thinning device. The electrolyte
used for thinning was a mixture of 10vol% HCIO, and
90vol% C,H,OH, with the temperature controlled at
approximately — 20 ° C and an applied voltage of
approximately 18 V.

3 Results and Discussion

3.1 Thermo-Calc theoretical calculations

Based on the TTNI8 nickel-based superalloy database,
thermodynamic calculations were performed using Thermo-

Calc for GH4750 alloys with C contents of 0.024wt% ,
0.042wt%, and 0.082wt% (Fig.1). As shown in Fig.1a—1c, the
equilibrium phase types and precipitation sequences are
identical for the three alloys, including y matrix, MC carbides,
y" phases, M,,C carbides, and # phases. However, the
characteristic precipitation temperatures of these phases differ
significantly among the alloys (Fig.1d—1f and Table 1). With
increasing C content to 0.024wt%, 0.042wt%, and 0.082wt%,
the liquidus temperature (7,,,,,) decreases slightly to 1364,
1363, and 1361 °C and the solidus temperature (7, ,..) slightly
increases to 1265, 1266, and 1270 ° C, respectively;
consequently, the solidification range (A7, () becomes
narrower. For the three alloys with C contents of 0.024wt%,
0.042wt% , and 0.082wt% , the precipitation temperature of
MC carbides (T,,.) increases significantly to 1270, 1290, and
1310 °C, while that of M,,C, carbides (7, ) increases slightly
to 950, 953, and 958 ° C, respectively. The y’ precipitation
temperature (7,,) slightly decreases to 1000, 999, and 993 °C,
respectively. Notably, the dissolution temperature of MC
carbides exceeds the solidus, indicating that MC carbides
nucleate and precipitate in the solid-liquid coexistence region.
These carbides, often called primary carbides, are relatively
large and blocky in morphology. During subsequent heat
treatments, MC carbides cannot fully dissolve, and excessive
amounts may adversely affect the mechanical properties of
nickel-based superalloys™.
3.2 DSC Analysis

Fig.2 presents the DSC heating and cooling curves of the
alloys containing 0.024wt% C, 0.042wt% C, and 0.082wt% C.
As shown in Fig.2a, three major phase transformations occur
during heating. With increasing temperature, the y’ phase first
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Fig.1 Equilibrium precipitates of GH4750 alloys with different C contents calculated by Thermo-Calc software at 600—1400 °C: (a, d) 0.024wt%,

(b, €) 0.042wt%, and (c, f) 0.082wt%
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Table 1 Phase transition temperatures of GH4750 alloy with
different C contents calculated by Thermo-Calc software

dissolves into the y matrix, followed by the dissolution of MC
carbides, and finally melts into the y matrix. The DSC cooling

(°C) curves in Fig.2b reveal that solidification also involves three
Ceontentwt®% Ty T, To Ty AT, sequential tran.sformatlon ev$:nt§: (1) the y matrix nuclea'te':s
> and grows rapidly from the liquid phase to form a y dendritic
0.024 1364 1000 1270 950 1265 99 .
network, releasing a large amount of latent heat; (2) MC
0.042 1363 999 1290 953 1266 7 carbides precipitate; (3) y’ precipitates form. During the late
0.082 1361 993 1310 958 1270 o1 stage of solidification, the interdendritic
residual liquid solidifies slowly over a wide temperature
0.6 1.6
— 0.024wt% a Dendrite growth — 0.024Wt% b
0.4+ — 0.042wt% Lar — 0.042wt%
T — 0.082wt% 1.2} — 0.082wt%
%D 0.2r T, solvus 10k
£ T '
% 0.0k solidus 0sl
2-02¢ 0.6}
=04} ~ 0.4}
2 o6l T Qar |\ g 1, prec.
T 0.0 E
-0.8[ | pxo. , , 02 T , ,
600 800 1000 1200 1400 1400 1200 1000 800 600
Temperature/°C Temperature/°C

Fig.2 DSC curves of the alloys containing 0.024wt% C, 0.042wt% C, and 0.082wt% C: (a) heating process and (b) cooling process

range. For the alloys containing 0.024wt% C, 0.042wt% C,
and 0.082wt% C, the solidus temperatures are 1307, 1299, and
1303 °C, while their liquidus temperatures are 1347, 1346,
and 1337 °C, respectively. The transformation temperatures of
MC carbides and y' phase during heating and cooling,
summarized in Table 2, show discrepancies between heating
and cooling results for the same phase. This is attributed to the
thermal hysteresis associated with phase transformations
during heating and cooling. Therefore, the average value of
the two is typically taken as the transformation temperature.
Based on DSC analysis, the transformation temperatures of
MC carbide for the alloys containing 0.024wt% C, 0.042wt%
C, and 0.082wt% C are 1329, 1295, and 1298 °C, and the
corresponding y' phase transformation temperatures are 960,
955, and 976 ° C,
temperatures predicted by Thermo-Calc in the previous
section differ from the DSC experimental results. This
discrepancy

respectively. The transformation

mainly  arises because  thermodynamic
calculations assume equilibrium conditions, whereas real

Thus,
provide
theoretical guidance, but experimental validation is necessary
to ensure the accuracy of predictions.

3.3 Effect of C on microstructure

materials are not in complete equilibrium.

thermodynamic  equilibrium calculations can

Fig.3 presents the inverse pole figure (IPF) maps obtained
from EBSD analysis of hot-rolled alloys containing 0.024wt%
C, 0.042wt% C, and 0.082wt% C, with the IPF orientation
aligned along the RD (IPF//RD). During hot rolling, static
recrystallization between passes and dynamic recrystallization
during deformation lead to equiaxed grains with relatively
uniform size, orientation, and distribution. However, with
increasing C content, the average grain size gradually

Table 2 Characteristic phase transformation temperatures of
GH4750 alloys with different C contents obtained from

DSC measurements (°C)

Ccontent/wt%  Condition T\ o Tye  Toaws I, AT

Heating - 1329 1307 1024 -

0.024 Cooling 1347 - - 896 -
Mean value 1347 1329 1307 960 40

Heating - 1311 1299 1020 -

0.042 Cooling 1346 1279 - 890 -
Mean value 1346 1295 1299 955 47

Heating - 1324 1303 1022 -

0.082 Cooling 1337 1271 - 930 -
Mean value 1337 1298 1303 976 34

decreases, reaching 35.11, 31.52, and 22.05 pm for alloys
containing 0.024wt% C, 0.042wt% C, and 0.082wt% C,
respectively.

Fig.4 shows SEM micrographs of the hot-rolled alloys with
different C contents. During deformation, carbides, due to
their high modulus and poor deformability, fracture and are
refined; they are subsequently randomly distributed in the
deformed matrix as blocky particles that follow the metal
flow. With increasing C content, the number of carbides
increases significantly, with corresponding area fractions of
0.197%, 0.311%, and 0.701%. EPMA elemental mapping of
the hot-rolled microstructures (Fig. 5) reveals that these
dispersed blocky particles are Cr-depleted but enriched in Ti,
Nb, and Mo. Point analysis at the location indicated by the
arrow shows a composition of 3.46at% C, 25.80at% Ti,
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Fig.3 IPF maps showing the grain morphology of hot-rolled GH4750 alloy with different C contents: (a) 0.024wt% , (b) 0.042wt% , and

(c) 0.082wt%

Fig.4 SEM images of precipitates in hot-rolled GH4750 alloys with varying C contents: (a—b) 0.024wt%, (c—d) 0.042wt%, and (e—f) 0.082wt%

48.25at% Nb, 0.83at% Cr, and 2.58at% Mo, confirming that
the particle can be identified as an MC-(Ti, Nb)C. In addition,
a small amount of GB carbides is observed in the alloys
containing 0.024wt% C, 0.042wt% C, and 0.082wt% C
(Fig.4b, 4d, and 4f). These carbides, in contrast to the blocky
MC carbides, exhibit a fine short-rod morphology with
smaller dimensions and are inferred to be M,,C, (M=Cr) based
on their morphology and distribution.

Fig.6 shows EBSD IPF maps of solution-treated alloys with
different C contents (IPF//RD). Compared with the hot-rolled
condition, the grain sizes of the solution-treated alloys
increase significantly, with average grain sizes of 184.52,
161.96, and 92.39 pm for the alloys containing 0.024wt% C,
0.042wt% C, and 0.082wt% C, respectively. The grain size of
the 0.024wt% C alloy is more than twice that of the 0.082wt%
C alloy, indicating that grain growth is markedly suppressed
with increasing C content. According to the thermodynamic
calculations in Fig. 1, the precipitation temperature of MC
carbides is approximately 1300 °C, which is well above the
solution-treatment temperature (1120 ° C/4 h). Thus, MC

carbides do not dissolve during solution treatment and
continue to inhibit grain coarsening. With increasing C
content, the number of MC carbides increases, thereby
exerting a stronger pinning effect on grain growth.

Fig. 7 shows SEM microstructures of the alloys with
different C contents after solution treatment and aging. With
increasing C content from 0.024wt% to 0.042wt% and
0.082wt%, both the size and number of MC carbides increase,
and their area fractions are 0.165%, 0.307%, and 0.543%,
respectively. The carbides precipitated along the GBs during
aging are identified as M,,C,. As the C content increases, the
morphology of M,,C, gradually changes from a continuous
film-like distribution to a granular or chain-like distribution.
To quantitatively characterize the differences in the
distribution of M,,C, among three alloys, the M,,C, density (p)
at GB, average diameter (d), and average interparticle spacing
(d,,) are calculated using the following equations:

p=Sm (Sm s Sim)
a=(>'d,)lk
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Fig.5 EPMA image (a) and corresponding EDS elemental maps (b—f) of hot-rolled GH4750 alloy containing 0.082wt% C

“
.-

dp = ( 27’7, )/n
where m, represents the length of an individual M,,C, carbide
along the GB, d, is the diameter of M,,C,, and n, is the
interparticle spacing of M,,C,. With increasing C content, both
p and d increase, while d,, decreases, indicating that in high-C
alloys, the M,,C, carbides are larger in size and distributed
more densely. This suggests that higher C content promotes
the precipitation of M,,C, carbides at GB. In addition, high-
magnification SEM images reveal that spherical y’ phases are
uniformly dispersed within the y matrix (Fig.7¢c, 7f, and 71).
Their average diameter is approximately 45 nm, and no
significant differences in morphology, size, or distribution of
' phases are observed among alloys with different C contents.

Fig.8 shows XRD patterns of GH4750 alloys with different
C contents after solution and aging treatments. The three
strong diffraction peaks located at 26 =44°, 51°, and 75°
correspond to the (111), (200), and (220) planes of the face-
centered cubic (fcc) y matrix (¢=0.359 nm, JCPDS 47-1417),
indicating the presence of the y phase in the alloy. The ¢’ phase

VT

B

e

O o wid

Fig.6 IPF maps showing the grain morphology of solution-treated GH4750 alloy with different C contents: (a) 0.024wt%, (b) 0.042wt%
and (c) 0.082wt%

also exhibits an fcc structure (¢=0.358 nm, JCPDS 18-0872).
Because the lattice parameters of the y matrix and ' phase are
extremely close, their three main diffraction peaks overlap.
Within the XRD detection limit, no diffraction peaks
corresponding to MC or M,,C, precipitates are observed,
likely due to their relatively low volume fractions, which
render them undetectable by XRD.

The elemental distribution and crystal structure of MC,
M,,C, carbides, and y' phase in the GH4750 alloy are
characterized by TEM, as shown in Fig.9. Based on elemental
mapping and selected area electron diffraction (SAED)
analysis (Fig.9a, 9c, and 9e), the fine intragranular blocky MC
carbides are enriched in Ti, Nb, and C, and possess a fcc
structure. The fine-grained M,,C, carbides located at GBs are
enriched mainly in Cr and also exhibit a complex fcc
structure. The uniformly distributed intragranular spherical y'
phases are enriched in Al, Ni, and Ti and exhibit an L1,
ordered structure. From high-resolution TEM (HRTEM)
images of MC, M,,C, carbides, and y’ phase (Fig.9b, 9d, and



Liu Wenli et al. / Rare Metal Materials and Engineering, 2026, 55(10):2463-2475 2469

Fig.7 SEM images of precipitates in the heat-treated GH4750 alloys with varying C contents: (a—c) 0.024wt% , (d —f) 0.042wt% , and

(g-i) 0.082w%
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Fig.8 XRD patterns of precipitates in the heat-treated GH4750 alloys

with varying C contents

9f), the interplanar spacing is determined by measuring the
distance between adjacent bright fringes in locally magnified
regions. For MC carbides, the measured d,,, =0.223 nm,
corresponding to a lattice parameter of 0.434 nm. For M,,C,
carbides, d,,, =0.566 nm, yielding a lattice parameter of
0.973 nm. For the y" phase, d,,,=0.180 nm, giving a lattice
parameter of 0.358 nm. Moreover, the weak superlattice
diffraction spots observed in SAED pattern (Fig.9¢) indicate
that nanoscale y' phases precipitate dispersively from the

supersaturated y matrix during aging. The y’ phase is coherent
with the y matrix, with the orientation relationship of [100]y//
[100]y" and <010>y//<010>y". It is noteworthy that enrichment
of Al, Ni, and Ti is observed around the M,,C, carbides (blue
box in Fig. 9¢), indicating that y' phases surround M,,C,
carbides. From the perspective of elemental diffusion, this
phenomenon occurs because the precipitation of M,,C,
carbides consumes Cr and Mo, leading to local enrichment of
Al and Ti, which are key y' -forming elements, in the
surrounding matrix. The corresponding phase transformation
can be described as y—M,,C,+y'. Although the reaction MC+y
—M,,C+y' is also thermodynamically possible, no MC-type
carbides are detected in this study (Fig.9), suggesting that the
formation of M,,C, is unlikely to originate from MC
decomposition.
3.4 Tensile properties at room temperature and 750 °C

Fig. 10 presents the tensile properties of three C-modified
alloys after the standard heat treatment at room temperature
and 750 °C. The C content has only a minor effect on the yield
strength (YS) and ultimate tensile strength (UTS) of GH4750
alloy, although both generally show a trend of first increasing
and then decreasing. The 0.024wt% C and 0.082wt% C alloys
exhibit relatively lower tensile strengths. The elongation (A)
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Fig.9 Characterization of precipitates in the heat-treated GH4750 alloy containing 0.042wt% C: (a—b) MC carbides within the grain, (c—d) M,,C,

carbides at the GB, and (e—f) y' phase

values at room temperature and 750 ° C are relatively high,
ranging from 20% to 26% and from 18% to 27%, respectively.
The reduction of area (Z) shows only slight variation, ranging
from 18% to 22% at room temperature and from 25% to 32% at
750 °C. Overall, when the C content is 0.042wt%, the GH4750
alloy exhibits superior tensile strength at both room
temperature and 750 ° C while maintaining good tensile
ductility.

The variation in alloy strength results from the accumulation
and motion of dislocations. The underlying mechanism of the
grain size effect is that moving dislocations within grains are
blocked at GBs, where they pile up. Once a sufficient number
of dislocations accumulate, the resulting stress activates
dislocation sources in neighboring grains. This cyclic process
of dislocation motion gradually accumulates, ultimately
leading to plastic deformation. A reduction in grain size
increases the number of GBs, thereby introducing more
obstacles to dislocation motion. Consequently, a higher stress is
required to initiate plastic deformation, which macroscopically
manifests as enhanced alloy strength. In other words, smaller
grain size corresponds to higher YS, as described by the Hall-
Petch relationship. In the GH4750 alloy, the grain size
decreases with increasing C content. The GB strengthening

effect in the alloy containing 0.082wt% C is greater than that in
the lower-C alloys. Therefore, it might be expected that the
alloy containing 0.082wt% C will exhibit higher YS compared
with the other alloys. However, in practice, YS of the
0.082wt% C alloy is lower than that of the 0.024wt% C and
0.042wt% C alloys. This phenomenon indicates that multiple
factors, beyond grain size, influence the alloy’s tensile
strength. Among these, the role of second-phase particles,
particularly MC carbides, is of critical importance and often
competes with grain refinement in determining the overall
mechanical response.

The strengthening mechanism of the second phase is
generally similar to that of grain-size refinement, with its
effectiveness depending on factors such as particle number,
size, morphology, and crystallographic relationships with the
matrix. To clarify the primary crack initiation sites during
fracture, EBSD was performed on longitudinal sections slightly
away from the fracture region. The kernel average
misorientation (KAM) maps, which reflect dislocation density,
are used to evaluate the level of stress concentration””, In these
maps, blue regions represent lower dislocation densities,
whereas green and red regions indicate higher dislocation
densities. The significant atomic misfit at GBs makes them
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preferential sites for strain accumulation during plastic
deformation®". Once the local dislocation density reaches
saturation, void formation becomes almost inevitable in the
0.024wt% C alloy, and intergranular fracture features are
observed, which are associated with continuous dislocation
accumulation at GBs. GB cracking occurs through the
nucleation, growth, and coalescence of microvoids (Fig. 11a—
11d). Due to the large lattice mismatch between MC carbides
and the y matrix, stress concentration develops at the
interface®. deformation, dislocations
accumulate around MC carbides, further intensifying interfacial

During  plastic

stress concentration. This eventually leads to decohesion at the
MC/y matrix interface and the formation of voids. As these
voids expand and coalesce, larger cavities develop, and once a
critical size is reached or linkage occurs, fracture is initiated.

In contrast, in the 0.042wt% C alloy, MC carbides along the
GBs exhibit moderate size and spacing. No significant
interfacial microcracks are detected between MC carbides and
the matrix, with only a small number of microvoids observed.
This effectively alleviates stress concentration caused by
dislocation pile-up and separates voids, thereby impeding their
growth into microcracks (Fig. 11e—11h). The combined effects
of grain refinement strengthening and second phase
strengthening result in the superior strength of the 0.042wt% C
alloy compared with the 0.024wt% C alloy. In the 0.082wt% C
alloy, however, massive dislocation pile-up at MC/y interfaces
promotes the formation of voids. Some dislocations can shear
into MC carbides, which accelerates the nucleation of internal
microcracks originating from voids. Under applied stress, these
internal microcracks propagate, leading to the fracture of the
MC carbide and leaving cavities behind. This significantly

weakens the interfacial bonding between MC carbides and the y
matrix, thereby severely degrading the alloy’s properties
(Fig. 11i—111). Although grain refinement improves strength,
the data clearly show that the detrimental effect of MC carbides
outweighs the beneficial effect of grain-size reduction. Overall,
the tensile behavior of GH4750 alloys with different C contents
is governed by the interplay between grain size and MC carbide
characteristics: intergranular fracture dominates in the low-C
alloy, and optimized carbide distribution enhances strength in
the medium-C alloy. At the same time, excessive carbide-
induced damage deteriorates the mechanical performance in
the high-C alloy.

It is well known that at elevated temperatures, GBs are
weaker than the grain interiors, making them the weak link
during deformation. Due to thermal diffusion, the atomic
arrangement in the GB region is disrupted, leading to
vacancies, solute segregation, and other microdefects. Moving
dislocations pile up at the GB, but quickly interact with these
defects and vanish, meaning that the resistance of GBs to
dislocation motion decreases with increasing temperature. As
a result, GBs tend to slide and migrate, giving rise to
pronounced boundary deformation. The precipitation of M,,C,
carbides along GBs restricts GB sliding and migration, while
simultaneously healing microdefects and reducing the adverse
effects of solute segregation. Segregated impurity elements at
GBs are either divided by the carbides or incorporated into
them. The M,,C/y interfaces also serve as favorable sites for
dislocation pile-up; only after a sufficient number of
dislocations accumulate and stress concentration reaches a
critical level, does GB sliding occur, enabling grain
deformation and resulting in observable macroscopic strain.
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direction)

More importantly, M,,C, carbides

coalescence and reduce crack propagation rates. During

delay microvoid

tensile deformation, microvoids form in the GB region,
readily grow, link, and propagate into microcracks. However,
crack growth is hindered at M,,C/y interfaces, slowing the
overall propagation rate. In alloys with low C content, the
density of M,,C, carbides at GBs is low, and the interparticle
spacing is large, thereby weakening their ability to resist
microcrack growth and coalescence. Once cracks extend
beyond a critical threshold, fracture occurs, leading to poor
high-temperature strength in such alloys.

Furthermore, in low-C alloys, elongated carbides form film-
like structures that tend to rupture under external stress,
thereby serving as preferential sites for crack initiation. With
increasing C content, carbides predominantly exhibit a
granular morphology with thereby
significantly impeding crack propagation and enhancing high-
temperature strength. However, in alloys with 0.082wt% C,
M23C6
intergranular cracking and thereby degrading the alloy’s

reduced spacing,

chain-like carbides form at GBs, facilitating
mechanical performance.

Fig. 12 presents EBSD maps of fractured tensile samples
(750 ° C) for alloys with 0.024wt% C, 0.042wt% C, and
0.082wt% C. All three alloys exhibit intergranular cracks,
consistent with slip activation in high-Schmid factor (SF)
grains and limited plasticity in low-SF grains. At elevated
temperature, GB sliding further promotes crack formation. As

B generated by

reported  previously™,  voids sliding
preferentially nucleate along favorable boundary orientations

rather than strictly parallel to the stress axis, which explains
the inclined cracks observed (Fig. 12a, 12f, and 12k) in the
0.024wt% C alloy; insufficient carbide pinning allows
pronounced boundary sliding, facilitating crack initiation and
rapid failure, and increasing C content to 0.042wt% enhances
MC carbide precipitation, which strengthens boundaries and
delays void nucleation. In contrast, the 0.082wt% C alloy
contains a high volume fraction of carbides, but their
continuous morphology impedes stress transfer, concentrating
stress at MC/y interfaces and accelerating void formation. The
refined grain size further increases the boundary area,
providing additional crack-propagation paths and promoting
intergranular fracture.

3.5 High-temperature creep behavior

Fig. 13 shows the creep performance of the three
C-modified alloys after standard heat treatment under a
complex stress condition at 750 ° C/320 MPa. Creep life
decreases with increasing C content: the 0.024wt% C alloy
exhibits the longest life (964 h), the 0.042wt% C alloy shows
a comparable life (864 h), while the 0.082wt% C alloy has the
shortest life (631 h). All alloys display the typical three creep
stages: primary decelerating creep, secondary steady-state
creep, and tertiary accelerating creep. The 0.024wt% C alloy
exhibits the longest steady-state stage and the lowest steady-
state creep rate. Considering both tensile and creep
performance, a C content of 0.042wt% is identified as the
optimal composition.

Fig. 14 presents EBSD analysis results for the microstructure
parallel to the stress axis in creep-ruptured alloys containing
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Fig.13 Creep strain (a) and creep strain rate (b) versus time for GH4750 alloys with various C contents under 750 °C and 320 MPa

0.024wt% C, 0.042wt% C, and 0.082wt% C tested at 750 °C
and 320 MPa. As the C content increases from 0.024wt% to
0.082wt% , the average grain size of the heat-treated alloy
decreases significantly. The reduction in grain size increases
the number of GBs per unit volume, which in turn leads to a
higher quantity of GB carbides. The presence of coarse MC
carbides induces stress concentration at the MC/y interfaces,
promoting the formation of microvoids. This results in more
potential sites for microvoid and microcrack nucleation along
GBs, which is detrimental to stress-rupture life.

The formation of voids or cracks at MC carbides is
primarily attributed to their larger lattice constant relative to
the matrix, which weakens interfacial bonding and facilitates
decohesion. Excessive precipitation of MC carbides increases
their distribution along GBs, thereby raising the probability of
void or crack formation and promoting secondary cracking.

Moreover, studies™**** have reported that precipitation of GB
carbides depletes solid-solution strengthening elements from
the y matrix, thereby reducing the interfacial cohesion
between the matrix and carbides. Hence, MC carbides at GB
serve as potential nucleation sites for microvoids and
microcracks under stress accumulation.

Statistical results of the distribution and area fraction of MC
carbides indicate that the area fraction of MC carbides
increases with increasing C content. During creep
deformation, dislocations accumulate around MC carbides,
weakening the interfacial bonding and facilitating void
initiation. This accelerates void coalescence and crack
formation. A greater number and larger size of MC carbides
increase the number of potential void nucleation sites, thereby
raising the likelihood of crack formation. This explains the
relatively shorter stress-rupture life of the GH4750 alloy
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Fig.14 EBSD analysis results of longitudinal microstructure in GH4750 alloy samples after stress rupture test at 750 °C under the stress of
320 MPa: (a—c) 0.024wt% C; (d—f) 0.042wt% C, and (g—1i) 0.082wt% C

containing 0.082wt% C. More importantly, studies™ ** have
reported that larger grain sizes improve creep resistance and
lead to longer stress-rupture lives. As the grain size of the Ni-
Cr-W-Fe alloy decreases with increasing C content, the
rupture life of high-C alloys is adversely affected by finer
grain sizes.

4 Conclusions

1) As the C content increases from 0.024wt% to 0.082wt%,
the types of phases in the GH4750 alloy remain unchanged.
The liquidus temperature decreases from 1364 °C to 1361 °C,
the precipitation temperature of MC carbides increases from
1270 °C to 1310 °C, and the precipitation temperature of the )’
phase decreases from 1000 °C to 993 °C.

2) With the increase in C content from 0.024wt% to
0.082wt%, the area fraction of MC carbides in the hot-rolled
alloy increases from 0.197% to 0.701%, and their morphology
transitions from small blocky to large blocky or rod-like
shapes. The increased MC carbides enhance their pinning
effect on GB migration, thereby reducing the average grain
size of the hot-rolled alloy from 35.11 um to 22.05 pm.
Furthermore, higher C content promotes the precipitation of
M,,C, carbides during the heat treatment of GH4750 alloy,

changing their morphology from a continuous film to discrete
particles along the GBs.

3) The tensile strength at room temperature and 750 ° C
initially increases and then decreases with increasing C
content, while the elongation exhibits the opposite trend.
During room-temperature tensile tests, strength is influenced
by both grain refinement and second-phase strengthening;
however, in the 0.082wt% C alloy, the detrimental effect of
MC carbides outweighs the beneficial effect of grain
refinement. During high-temperature (750 ° C) tensile tests,
GB sliding becomes the dominant fracture mechanism.
Although increased carbide content can hinder GB sliding,
excessive continuous carbides can cause stress concentration
and decohesion, leading to microcrack formation and a
degradation of mechanical properties.

4) The creep life decreases with increasing C content. Finer
grain sizes increase the number of GBs per unit volume, which
in turn raises the quantity of GB carbides. The presence of coarse
MC carbides induces stress concentration at the MC/y interfaces,
promoting microvoid formation. Consequently, more potential
sites for microvoid and microcrack nucleation are present along

GBs, which is detrimental to stress-rupture life.
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