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Abstract
The effects of substituting Co for Fe on the microstructure and stress rupture properties of K4750 alloy were studied. The 
microstructure of the alloy without Co (K4750 alloy) and the alloy containing Co (K4750-Co alloy) were analyzed. Sub-
stitution of Co for Fe inhibited the decomposition of MC carbide and the precipitation of η phase during long-term aging 
treatment. In K4750-Co alloy, the morphology of MC carbide at the grain boundary (GB) remained dispersed blocky shape 
and no η phase was observed after aging at 750 °C for 3000 h. However, in K4750 alloy, almost all the MC carbides at GBs 
broke down into granular M23C6 carbide and needle-like η phase. The addition of cobalt could delay the decomposition of 
MC carbides, which accordingly restricted the elemental supply for the formation of η phase. The stress rupture tests were 
conducted on two alloys at 750 °C/430 MPa. When Co is substituted for Fe in K4750 alloy, the stress rupture life increased 
from 164.10 to 264.67 h after standard heat treatment. This was mainly attributed to increased concentration of Al, Ti and Nb 
in γ′ phase in K4750-Co alloy, which further enhanced the strengthening effect of γ′ phase. After aging at 750 °C for 3000 h, 
substitution of Co for Fe can also cause the stress rupture life at 750 °C/430 MPa to increase from 48.72 to 208.18 h. The 
reason was mainly because MC carbide degradation and η phase precipitation in K4750 alloy, which promoted the initiation 
and propagation of micro-crack during stress rupture testing.
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1 Introduction

Nickel-based superalloys are widely used for manufacturing 
critical components of aero engines due to their excellent 
mechanical properties and good resistance to oxidation and 
corrosion at elevated temperatures [1–3]. To meet the needs 
of high aero engine thrust–weight ratio and high-tempera-
ture performance, as one of the common methods, massive 
refractory elements such as Co, W and Mo are added into 
the alloys.

Previous works have reported that Co addition can affect 
the stacking-fault energy (SFE) and the features of precipi-
tates like γ′ and TCP phases in the alloys, which could gen-
erally induce changes in alloys’ mechanical properties. For 
example, the substitution of Co for a part of Fe in In718 
alloy inhibits the transition of γ″ phase to δ phase during the 
process of long-term aging at 650 °C, which is meaningful 
for the development of In718Plus alloy to meet the higher 
serving temperature requirements [4]. Wang et al. [5] stated 
that Co addition could retard the formation of TCP phase 
by accelerating the diffusion of elements in single-crystal 
superalloys. Yuan et al. found that the SFE of γ matrix is 
related to Co content in the Ni–Co-based superalloys. Lower 
SFE could enhance the ability to introduce more twin struc-
tures into the materials, which in turn improves the mechani-
cal properties [6]. Zhuang et al. [7] believed that replacing 
Ni with Co in the Fe–Cr–Ni–Co superalloy (Refractoloy 
26) increases the stability of MC carbides during aging 
treatment.

Recently, a new cast Ni-based superalloy K4750 has 
been developed for aircraft applications with operating 
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temperature up to 750 °C, but the coarsening of γ′ phase, 
the degradation of MC carbide and the precipitation of η 
phase during long-term aging cause the decrease in stress 
rupture properties [8–10].

As is known, Co is effective to increase the strength 
of γ phase and improve the creep properties of nickel-
based superalloys, which can be attributed to the follow-
ing aspects. Firstly, Co has an effect on the mismatch of 
γ/γ′ phases, even though many researchers [1, 11] have 
suggested that the addition of Co does not significantly 
affect the lattice constants of γ and γ′ phases and the mis-
match between them. Nathal and Ebert [12] found that 
the γ/γ′ mismatch increases with the increase in cobalt 
content in single-crystal superalloys. Secondly, Co affects 
the stability of MC carbides and γ′ phases during long-
term aging treatments. Some researchers have found that 
the addition of cobalt could reduce the coarsening rate of 
γ′ phase and delay the decomposition of MC carbides [7, 
12–14]. However, there is still no clear conclusion on the 
mechanism of the influence of Co on the microstructure 
stability of superalloys. Thirdly, Co improves the creep 
properties of superalloys by reducing the stacking-fault 
energy of γ matrix [15–17]. The stacking-fault energy sig-
nificantly influences the creep process due to the climb 
and cross slip of the dislocations in γ matrix or the intro-
duction of more twin structures in superalloy [6]. Finally, 
Co inhibits the precipitation of topologically close-packed 
phases (TCP) in superalloy. One explanation was that Co 
can promote the diffusion of elements and prohibit the 
formation of elemental segregation, which in turn reduce 
the tendency to form TCP phases [5]. Another explana-
tion was that the addition of Co can also increase the lat-
tice constant of γ and the mismatch of γ/σ surface, which 
reduces the nucleation rate of σ phase [18]. Therefore, the 
μ phase, where σ phase was the growth site, would also 
be suppressed.

Based on the above analysis, Co is beneficial to the 
mechanical properties of the superalloy, but the strength-
ening mechanism varies with the alloy system. Until 
now, the influence of Co on the microstructure stability 
of K4750 alloy is still unclear. Therefore, the effects of 
Co on the microstructure and stress rupture properties of 
K4750 alloy were studies in this work, and after stress rup-
ture testing, the relationship between the microstructure 
evolution and the stress rupture properties of K4750 and 
K4750-Co alloys was explained.

2  Experimental

The cast ingots of the alloy without Co (K4750 alloy) and 
the alloy containing Co (K4750-Co alloy) were melted in a 
vacuum induction melting (VIM) and then were cast into the 
bars with a diameter of 15 mm. The chemical compositions 
of two alloys were determined using the inductively coupled 
plasma atomic emission spectrometer (ICP-AES), as shown in 
Table 1. In this study, all bars of K4750 and K4750-Co alloys 
were firstly subjected to a standard heat treatment (SHT), 
which includes the hot isostatic pressing at 1165 °C/135 MPa 
for 4 h followed by furnace cooling, the solution annealing at 
1120 °C for 4 h followed by air cooling and the aging treat-
ment at 800 °C for 20 h followed by air cooling. After the 
standard heat treatment, three bars of each alloy were car-
ried out long-term aging treatments at 750 °C for 3000 h 
(SHT + 750 °C/3000 h). Two bars were taken from two alloys 
in SHT and SHT + 750 °C/3000 h condition for processing 
into stress rupture samples with a gauge diameter of 5 mm 
and a gauge length of 25 mm, and then, the samples were 
tested at 750 °C and 430 MPa. The average value of two stress 
rupture samples was used to determine the stress rupture life 
and elongation.

The microstructure of the samples in SHT and 
SHT + 750  °C/3000 h condition was studied by an Axio 
Observer ZIm optical microscope (OM), an INSPECT F50 
field emission scanning electron microscope (SEM), a JEOL 
JXA-8230 electronic probe (EPMA), a Tecnai 30 transmission 
electron microscope (TEM) equipped with energy dispersive 
spectroscopy (EDS) and a LEAP5000XR three-dimensional 
atom probe tomography (3D-APT). The fracture surface and 
the longitudinal microstructure of stress ruptured samples were 
studies by SEM.

The OM, SEM and EPMA samples were etched by a solu-
tion with 20 g  CuSO4, 100 ml HCl, 5 ml  H2SO4 and 100 ml 
 H2O. In order to investigate the morphology and distribution 
of γ′ phase, a kind of deep etching method was employed using 
a solution with 13 ml  H3PO4, 42 ml  H2SO4 and 45 ml  HNO3. 
TEM samples were mechanically thinned down to about 
60 μm and were electro-polished in a chemical solution of 
10% perchloric acid in ethanol solution at − 15 °C and 20 V. 
The 3D-APT samples were cut into 0.5 mm × 30 mm cylindri-
cal type from the K4750 and K4750-Co alloys after the stand-
ard heat treatment, and then, samples were electro-polished 
into needles with an approximate tip diameter of 100 nm. The 
electro-polishing was conducted in two steps: a coarse polish 

Table 1  Chemical compositions 
of K4750 and K4750-Co alloys 
(wt%)

Alloy C Cr W + Mo Ti + Al + Nb B Ni Fe Co

K4750 0.12 20.18 4.75 5.50 0.0093 Bal. 4.33 0
K4750-Co 0.12 19.36 4.53 5.60 0.0070 Bal. 0 3.99
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using the 10% perchloric acid in acetic acid solution at about 
20 V and a fine polish using the 4% perchloric acid in butox-
yethanol solution at about 10 V.

3  Results and Discussion

3.1  Microstructure Evolution During Standard Heat 
Treatment

After standard heat treatment, the typical microstructures of 
K4750 and K4750-Co alloys contain γ matrix, γ′ phase, MC 
and M23C6 carbides are shown in Fig. 1. The morphology 
of MC carbide is blocky, and most of them distribute in γ 
matrix and a few distribute at the grain boundaries (GBs). 
M23C6 carbides are in a fine granular shape and discretely 
distribute at GBs. γ′ phase is fine spherical and homogene-
ously distributes in γ matrix.

3.2  Microstructure Evolution During Long‑Term 
Aging

Figure 2 shows the microstructure of K4750 and K4750-Co 
alloys after long-term aging at 750 °C for 3000 h. Figure 2a 
displays the decomposition of MC carbides in K4750 alloy 
and the needle-like phases around MC carbides and in the 
vicinity of GBs. In contrast, MC carbides in K4750-Co alloy 
remained blocky and there was no evidence of the generation 
of needle-like phase. The M23C6 carbides of two alloys were 

still fine granular and discretely distributed on GBs. When it 
comes to the γ′ phases, it kept its spherical morphology and 
the uniform distribution, but the size obviously increased 
after long-term aging. In order to quantitatively determine 
the coarsening of γ′ phase, the average radii of γ′ phases 
for all specimens were measured by the Image-Pro Plus 
software. After standard heat treatment and the long-term 
aging at 750 °C for 3000 h, the average radius of γ′ phase 
in K4750 alloy was about 61.71 nm and 103.69 nm, while 
in K4750-Co alloy it was about 57.85 nm and 98.75 nm. 
In other words, the size, distribution and morphology of γ′ 
phases of these two alloys were basically identical regardless 
of heat treatment condition. The reasons for the difference 
in the degradation of MC carbide and the precipitation of 
needle-like phase between two alloys during long-term aging 
treatment would be discussed below.

Figure 3 shows the EPMA analysis of degenerated MC 
carbide in K4750 alloy after long-term aging at 750 °C for 
3000 h. The SEM and EPMA images of K4750 alloy after 
long-term aging (Figs. 2b, 3a) indicated that the MC decom-
position resulted in the formation of decomposition zone. 
To be specific, degraded MC carbides were surrounded by 
a kind of discrete particles and the needle-like phases. As 
could be seen from the EPMA analysis results in Fig. 3, C, 
Ti and Nb were enriched in the center of the decomposition 
zone, which could be identified as the original MC carbides. 
The discrete particles at the edge of degraded MC were iden-
tified by EPMA as Cr-rich M23C6 carbides, which can be 
verified by the TEM analysis in Fig. 4. The needle-like phase 

Fig. 1  Microstructures of K4750 alloy a–c, K4750-Co alloy d–f after standard heat treatment: a, d MC carbide; b, e M23C6 carbide; c, f γ′ phase
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Fig. 2  Microstructures of K4750 alloy a–c, K4750-Co alloy d–f after long-term aging at 750 °C for 3000 h: a, d decomposed MC; b, e needle-
like phase; c, f γ′ phase

Fig. 3  EPMA analysis of degenerated MC carbide in K4750 alloy after long-term aging at 750 °C for 3000 h: a secondary electron image; b Ni; 
c Fe; d C; e Ti; f Nb; g Cr; h Mo; i W
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was identified to be η phase by means of selected area dif-
fraction pattern and EDS spectra. The decomposition of MC 
carbides resulted in the formation of granular M23C6 and 
needle-like η phases, and this reaction can be written as:

Figure  5 shows the distribution of carbon element in 
degraded MC carbide from the center to the edge by EPMA. 
A significant reduction in carbon content suggested that the 
carbon element of original MC carbides diffused from the 
center to the edge during long-term aging treatment. Then, 
carbon at the edge of MC carbides combined with the chro-
mium in γ matrix to form Cr-rich M23C6 phase. Due to the 
high concentration of Ti in decomposition zone and its low 

(1)MC + � → M
23
C
6
+ �.

diffusivities, the composition requirement for the forma-
tion of η phase was easily satisfied [19]. Finally, granular 
M23C6 and needle-like η phases were precipitated near the 
degenerated MC carbide. The degradation of MC carbide 
was accompanied by the formation of M23C6 and η phases by 
combining the Cr and Ti, which can be described in Fig. 6. 
This conclusion is consistent with other studies [19–22].

Figure 7 shows the EPMA analysis of MC carbide in 
K4750-Co alloy after long-term aging at 750 °C for 3000 h. 
Although MC carbides were still blocky in shape, there were 
some small particles at the edges of MC carbides that were 
hard to be distinguished, as indicated by the arrows in Fig. 7a. 
The TEM image in Fig. 8 also shows that there is smaller 
phase next to blocky MC carbide. Chromium enriched in 

Fig. 4  TEM analysis of K4750 alloy after long-term aging at 750 °C for 3000 h: a, b decomposition zone images; selected area diffraction pat-
tern of c MC, d M23C6 and e η phase; f EDS spectrum of η phase
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small granular phases could be preliminarily determined by 
the Cr element distribution map. It was further identified as 
Cr-rich M23C6 phase by selective electron diffraction and 
energy spectrum analysis, as shown in Fig. 8c and d. The 
results show that the degree of MC carbide degeneration in 
K4750-Co alloy was slighter than that in K4750 alloy during 
long-term aging treatment. The addition of cobalt inhibited 

Fig. 5  Distribution of C in MC carbide of K4750 alloy after long-term aging at 750 °C for 3000 h

Fig. 6  Schematic diagrams of MC carbide degradation in K4750 
alloy during long-term aging

Fig. 7  EPMA analysis of MC carbides in K4750-Co alloy after long-term aging at 750 °C for 3000 h: a secondary electron image; b Ni; c Fe; d 
C; e Ti; f Nb; g Cr; h Mo; i W
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MC carbides degradation. Besides, no needle-like η phase 
was observed in K4750-Co alloy after long-term aging. The 
formation of η phase was closely related to the atomic ratio of 
(Ti + Ta + Nb + Hf)/Al in superalloy [23]. With the increase 
in the decomposition degree of primary MC carbides, the 
atomic ratio of (Ti + Ta + Nb + Hf)/Al near the interface of MC 
increased, which could promote the generation of η phase [24]. 
The decomposition of MC carbides in K4750-Co alloy was 
restrained, which accordingly restricted the elemental supply 
for the formation of η phase.

3.3  Stress Rupture Properties of Two Alloys

After SHT or SHT + 750 °C/3000 h, K4750 and K4750-Co 
alloys were carried out stress rupture tests at 750 °C and 
430 MPa. The stress rupture life and elongation of these two 
alloys are listed in Table 2.

In the condition of SHT, the stress rupture lives of 
K4750 and K4750-Co specimens are 164.10  h and 
264.67 h, and the elongations are 10.4% and 9.7%, respec-
tively. After being aged at 750 °C for 3000 h, the stress 
rupture life increased from 48.72 to 208.18 h and the elon-
gation decreased from 16.0 to 7.4% when the Fe in K4750 
alloy was replaced by Co.

The above results indicate that K4750-Co alloy pos-
sesses a longer stress rupture life than K4750 alloy in SHT 
and SHT + 750 °C/3000 h conditions. However, K4750 
alloy without Co displays better ductility after long-term 
aging. After Fe was replaced by Co in K4750 alloy, the 
change of stress rupture lives and elongation may be 
related to microstructure evolution. The following sections 
would focus on the effect of microstructure on the stress 
rupture properties.

Fig. 8  a TEM morphology of K4750-Co alloy after long-term aging at 750 °C for 3000 h, selected area diffraction pattern of b MC, c M23C6, d 
EDS spectrum of M23C6

Table 2  Stress rupture properties of K4750 and K4750-Co specimens in SHT and SHT + 750 °C/3000 h conditions

Alloy Heat treatment Life (h) Elongation (%) Heat treatment Life (h) Elongation (%)

K4750 SHT 164.10 10.4 SHT +
750 °C/3000 h

48.72 16.0
K4750-Co 264.67 9.7 208.18 7.4
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3.4  Correlation Between Microstructure and Stress 
Rupture Property

There was little difference in the morphology, size and distri-
bution of precipitates between K4750 and K4750-Co alloys 
after standard heat treatment. However, the stress rupture 
life of K4750-Co alloy was about 100 h higher. In order to 
investigate the reasons behind the change of stress rupture 
life, the composition of γ′ phase was studied. Figure 9 dis-
plays the concentration variation of Al, Ti and Nb at the 
γ/γ′ phase surface of K4750 and K4750-Co alloys in the 
condition of standard heat treatment obtained by atomic 
probe analysis. The contents of Al and Ti in the γ′ phase 
of K4750-Co alloy were higher than that of K4750 alloy. 
Al and Ti were the main forming elements of γ′ phase in 
nickel-based superalloys, and the strengthening effect of γ′ 
phase could be enhanced by the increase in Al and Ti content 
[25]. Maniar et al. [26, 27] found that the dissolution tem-
perature of γ′ phases increases with the increase in Ti and Al 
content, thus improving the high-temperature strength of the 
Ni20Cr base heat-resistant alloy. Besides, Nb was detected 
in γ′ phase of K4750-Co alloy, but not in K4750 alloy. Nb 
atoms entering the γ′ phase could significantly increase the 
lattice constant of γ′ phase and thus improved the lattice 
mismatch between γ matrix and γ′ phase, which could play a 
mismatch strengthening effect in nickel-based alloy [28, 29]. 
Substituting Co for Fe increased the concentration of Al, Ti 
and Nb in γ′ phase and improved the strengthening effect 
of γ′ phase, which resulted in a longer stress rupture life of 
K4750-Co alloy after standard heat treatment.

After long-term aging at 750 °C for 3000 h, the longi-
tudinal microstructure near ruptured surface of K4750 and 
K4750-Co specimens was investigated, as shown in Fig. 10. 
Micro-cracks and micro-voids were found in K4750 and 
K4750-Co alloys at GBs. The degradation of MC carbides 
at GBs resulted in a decomposition zone with granular 
M23C6 and needle-like η phases in K4750 alloy after long-
term aging. Micro-cracks are mostly formed in decompo-
sition zone, and some micro-cracks were connected with 

each other to form long cracks (Fig. 10b). The production of 
micro-cracks could accelerate the fracture process of super-
alloys [30]. Therefore, MC degeneration in K4750 alloy 
resulted in a much larger cracking incidence than intact MC 
in K4750-Co alloy, which could significantly reduce stress 
rupture life. The reason why cracks can easily produce and 
expand in the decomposition zone was that the decomposi-
tion products of primary MC carbides provided higher inter-
facial energy [31]. Besides, there was needle-like η phase in 
K4750 alloy after long-term aging (Fig. 3). Needle-like η 
phases obviously impeded the gliding of dislocations, and 
the existence of dislocation pileup would induce the stress 
concentration at η phase/matrix interface, which was able to 
promote the nucleation of micro-cavities and micro-cracks 
[32, 33]. On the contrary, the blocky MC carbides remained 
intact and no η phase was observed in K4750-Co alloy after 
long-term aging. The blocky MC carbides at the GBs pre-
vented the micro-void from further expanding into micro-
crack, as shown in Fig. 10d. From this point of view, the 
K4750-Co alloy after long-term aging had a longer stress 
rupture life than K4750 alloy.

When Co was substituted for Fe, there was little differ-
ence in the stress rupture elongation between two alloys 
after standard heat treatment, but the stress rupture elon-
gation decreased from 16.0 to 7.4% after long-term aging 
at 750 °C for 3000 h. Figure 11 shows the fracture sur-
faces and the longitudinal microstructures of stress rupture 
samples (K4750 and K4750 alloys after long-term aging). 
The fracture surfaces with dimples and micro-cracks of 
two alloys exhibited a mixed mode of transgranular and 
intergranular fracture. Among them, the dimples in K4750 
alloy were more obvious, which indicated better plasticity. 
The SEM images of longitudinal sections showed that the 
micro-voids in the decomposition zone near the GBs of 
K4750 alloy were difficult to coalesce into micro-cracks, 
which were blocked by dispersed granular M23C6 carbides. 
However, the continuous M23C6 carbides in K4750-Co alloy 
were very hard to restrain the propagation of micro-cracks 
along GBs. During stress rupture tests, continuous M23C6 

Fig. 9  Concentration variation of a Al, b Ti,c Nb at γ/γ′ interface of K4750 and K4750-Co alloy after standard heat treatment
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Fig. 10  Longitudinal microstructures of stress rupture specimens in long-term aging condition: a, b K4750 alloy; c, d K4750-Co alloy

Fig. 11  Fracture surfaces and longitudinal microstructures of stress ruptured specimens in long-term aging condition: a, c K4750 alloy; b, d 
K4750-Co alloy
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carbides resulted from long-term aging of K4750-Co alloy 
impeded the dislocation movement and produced stress rup-
ture concentrations at GBs [34, 35], thus lowering the stress 
rupture plasticity. Conversely, granular M23C6 carbides in 
decomposition zone of K4750 alloy after long-term aging 
were benefit to release the GBs stress concentrations [36], 
and thus, the stress rupture plasticity increased. Therefore, 
the main reason for the increase in plasticity was the large 
amount of dispersed granular M23C6 phase produced by the 
decomposition of MC carbides in K4750 alloy after long-
term aging.

4  Conclusions

(1) The effects of substituting Co for Fe on the micro-
structure and stress rupture properties of K4750 alloy 
were investigated. After long-term aging at 750 °C 
for 3000 h, MC carbide was decomposed obviously 
and needle-like η phase were formed in K4750 alloy. 
The MC decomposition reaction could be written as: 
MC + γ→M23C6 + η. Specifically, the decomposition of 
primary MC carbide resulted in a decomposition zone 
with granular M23C6 carbides and needle-like η phases. 
On the contrary, MC carbides remained blocky and no η 
phase was precipitated in K4750-Co alloy. The addition 
of cobalt could delay the decomposition of MC car-
bides in the long-term aging process and thus inhibited 
the formation of η phase.

(2) When Co was substituted for Fe in K4750 alloy, the 
stress rupture lives increased from 164.10 to 264.67 h 
after standard heat treatment. This was mainly attrib-
uted to the increase in concentration of Al, Ti and Nb in 
the γ′ phase of K4750-Co alloy, which further enhanced 
the strengthening effect of γ′ phase.

(3) After long-term aging at 750 °C for 3000 h, the stress 
rupture life of K4750 and K4750-Co alloys was 48.72 h 
and 208.18 h, respectively. However, the stress rup-
ture elongation of K4750-Co alloy was lower than that 
of K4750 alloy. The tendency of crack formation at 
the decomposed MC carbide in K4750 alloy is greater 
than the intact MC carbide in K4750-Co alloy, which 
could significantly reduce stress rupture life of K4750 
alloy. The formation of needle-like η phase at the edge 
of the degenerated MC would facilitate the nucleation 
and propagation of micro-crack. The dispersed granular 
M23C6 phases produced by MC degradation could not 
only release the stress concentration but also hinder the 
crack propagation and thus improved the stress rupture 
plasticity of K4750 alloy.
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