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Abstract: Complex solidification process, severe chemical segregation and large amounts of secondary phases with low 
melting point between dendrites deteriorate the hot workability of as-cast GH4061 superalloy. The effects of the 
homogenization temperature and time on the dendritic segregation, dissolution behavior of Laves phase with low 
melting point intermetallic phases and hot workability of the alloy were investigated using OM, SEM, EPMA and TEM. 
The results show that in the as-cast sample, severe compositional segregation is found among dendritic structures and 
the highest segregation coefficient of Nb is 2.435, followed by Ti of 1.346 and Mo of 1.200. After homogenization at 
1160 °C for 20 h, the segregation among dendritic structures has been fully eliminated and the segregation coefficient of 
Nb declines to 1.098. Meanwhile, Laves and δ phases are mostly dissolved and no any localized grain boundary 
re-melting was observed. Increasing annealing temperature accelerates the speed of chemical homogenization and 
dissolution of intermetallic compounds. High-temperature mechanical properties testing results demonstrate that 
two-step homogenization treatment promotes the plasticity up to 1150 ℃. Fracture analysis reveals that the dissolution 
of Laves and δ  phases reduces the probability of crack initiation and fracture, resulting in a good hot workability. 
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1 Introduction 
 

Nickel-based superalloys are widely used in 
aero engines [1], industrial gas turbines [2] and high 
temperature nuclear power plant [3], because     
of their excellent mechanical properties, high- 
temperature creep properties and oxidation 
resistance [4]. In order to improve the mechanical 
properties at higher service temperatures, many 
elements, such as Mo, W, Nb, Ti and Al are added 
to enhance the solid solution and precipitation 
strengthening effects in superalloy [5]. On the  
other hand, the addition of so high number of 

strengthening solutes leads to the severe chemical 
segregation and formation of harmful inter- 
metallics, thereby deteriorating the processability 
and mechanical performance at elevated 
temperatures [6,7]. Homogenization treatment plays 
a key role in eliminating segregation and obtaining 
homogenized microstructure so as to improve the 
formability of ingots for further processing or hot 
workability [8−11]. Optimizing homogenization 
parameters of Ni-based superalloys becomes more 
important task for the industrial applications [12−14]. 

Niobium (Nb) is an important strengthening 
element for wrought superalloys, which can 
concentrate in γ matrix, γʹ, γʹʹ, δ phases and MC 
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carbide [15]. MIGNANELLI et al [16] found   
that Nb addition is able to enhance the mechanical 
performance of superalloy via refining the γʹ  
phase. Additionally, Nb was found to enhance the 
oxidation resistance of Ni-based superalloy through 
accelerating the formation of compact oxidation 
layer, which is able to inhibit the interdiffusion [4]. 
However, with increasing the Nb content, the 
segregation becomes serious and many detrimental 
phases are precipitated during solidification. PAN  
et al [17] reported that Nb was seriously segregated 
into the interdendritic regions with segregation 
coefficient as high as 4.30, accompanied by the 
formation of Nb-enriched phases including Laves 
phase, δ, MC and M6C carbides in the as-cast 
GH742y alloy. 

GH4061 superalloy is a highly alloyed Ni- 
based superalloy with total content of V, Mo, Nb 
and Al up to 9 wt.%, resulting in the formation of 
highly complicated precipitates, brittle intermetallics, 
as well as serious elemental segregations, which 
significantly degrade the hot workability [18]. 
However, the segregation behavior and the 
homogenization process in the large sized ingot 
have not been fully investigated. In the present 
study, the evolution of elemental segregation and 
microstructure of GH4061 ingot with a diameter of 
508 mm was systemically investigated through 
undertaking heat treatments at different 
temperatures and holding time. The effect of 
homogenization treatment on the hot workability 
was studied by multi-scaled characterization 
methods and the fracture mechanism was discussed. 
A two-step homogenization treatment technology 
without incipient melting was established to 
eliminate the segregation and promote the higher 
plasticity at temperature up to 1150 ℃. 
 
2 Experimental 
 

GH4061 ingot with a diameter of 508 mm 
used for the present investigation was prepared  
via vacuum induction melting plus vacuum arc 
re-melting. The overall chemical composition was 
measured using electron probe microanalysis 
(EPMA) and the result is listed in Table 1. Total 
content of Cr, Nb, Mo, Al, Fe, Ti and V additional 
elements is about 41.27 wt.%. In order to weaken 
the effect of the microstructural dependence on the 
location along the radial direction, all the samples 

for the current study were cut from the region about 
half radius to keep the results comparable. 
Homogenization heat treatment was carried out in 
muffle furnace at 1130, 1100, 1135, 1160, 1175, 
1190, and 1200 °C in atmosphere for various 
holding time (1, 10 and 20 h), followed by water- 
quenching. 
 
Table 1 Main chemical composition of as-cast GH4061 
superalloy (wt.%) 

Ni Cr Fe Nb Mo Al V C B 

Bal. 17.78 13.45 4.87 4.00 1.17 0.44 0.028 0.0052 

 
The microstructure characterization was carried 

out using confocal laser scanning microscope 
(VL2000DX−SVF17SP), scanning electron micro- 
scope (SEM, JEOL JSM−7800F) and transmission 
electron microscope (TEM, JEOL JEM−2100F). 
Elemental segregation and distribution were 
characterized using a JXA−8350F electron probe 
microanalyzer. Samples for optical microscope 
(OM) and SEM observations were mechanically 
ground, polished and electro-chemically etched. 
Gleeble tensile test was carried out at elevated 
temperatures with a constant strain rate of 0.1 s−1 to 
clarify the effect of homogenization on the 
mechanical properties and thermoplasticity. The 
sample with a gauge length of 10 mm and a 
diameter of 8 mm was heated up to the designed 
temperature with a constant heating rate of 
10 °C/min, followed by isothermal holding for  
60 s before testing. The fracture surface was 
characterized using SEM. 
 
3 Results and discussion 
 
3.1 Chemical segregation in as-cast sample 

Chemical and microstructural variations are 
normally present in the large ingot, especially for 
the superalloys containing higher number of 
alloying elements, thus all the samples used for the 
following study were cut from the identical radius. 
Figure 1 shows the typical dendritic microstructure 
of as-cast GH4061 superalloy. The bright dendrite 
and black interdendritic regions shown in the 
longitudinal and transverse sections of as-cast 
sample (Figs. 1(a) and (b)) are typical structure of 
Ni-based superalloys [19]. SEM image with a  
large magnification (Fig. 1(c)) reveals the variation 
of phase configuration from dendritic core to inter-  
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Fig. 1 OM images of longitudinal (a) and transverse (b) sections of as-cast GH4061 superalloy; SEM images (c−f) of 
dendritic structure with different kinds of precipitates γ′ (d), γ′ + γ″ (e) and γ″ (f) (The inset in (f) is TEM image of γ″ 
precipitates with corresponding selected area diffraction pattern) 
 
dendritic region. Dendritic core (Region D marked 
in Fig. 1(c)) is mainly composed of the spherical γʹ 
precipitates with an average diameter  of 
10−20 nm, while disc-shaped γʹʹ precipitates 
(Fig. 1(f)) are domain in the interdendritic region 
(Region F marked in Fig. 1(c)). Bright field TEM 
image and corresponding selected area diffraction 
pattern (inset in Fig. 1(f)) confirm that the disc- 
shaped γʹʹ precipitate is ordered bct (DO22) Ni3Nb, 
following the orientation relation with γ matrix: 
(100)γ″//(100)γ, [001]γ″//〈001〉γ [20]. A composite 
structure of γ′ and γ″ (Fig. 1(e)) precipitates is 
shown in the transition region from dendritic core 
to interdendritic region (Area E marked in 
Fig. 1(c)). 

It is known that dendritic phase solidifies 
firstly during the solidification and solutes are 
partitioned into the retained liquid, which finally 
transfer into interdendritic regions. Elemental 
mapping was carried out to clarify the distribution 
of solutes in the as-cast sample and the typical 
results are shown in Fig. 2. It can be seen that 
dendritic core is enriched by Fe, Cr and Al, while 
depleted by Ti, Mo and Nb. Interdendritic regions 
exhibit an opposite phenomenon. Thus, the purpose 
of homogenization treatment is to eliminate the 
segregation of Fe, Cr, Ti, Mo and Nb and obtain   
a uniform chemical composition. The point 
measurements were performed to evaluate the 
segregation degree and the calculated segregation 



Guo-hua XU, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1792−1802 1795 

 

 

Fig. 2 Elemental distribution mapping of dendritic structure in as-cast sample 
 
coefficients (K) of each alloying element    
between interdendritic region and dendritic core (K=

inter core / ,i iC C  inter iC  is the concentration of element 
i in interdendritic region, and core

iC  is the 
concentration of element i in dendritic core) are 
listed in Table 2 [21]. Nb owns the largest 
segregation coefficient of 2.435, followed by     
Ti of 1.346 and Mo of 1.200. The segregation 
coefficient of Nb, Ti and Mo is larger than 1, 
suggesting that these elements preferably segregate 
around interdendritic regions during solidification. 
In comparison, Fe and Cr with K less than 1 are 
enriched in dendritic cores, consisting with EDS 
mapping shown in Fig. 2. 
 
Table 2 Segregation coefficient (K) of main alloying 
elements of GH4061 superalloy 

Ti Cr Fe Nb Mo 
1.346 0.901 0.859 2.435 1.200 

 
Solutes are easily segregated around the 

interdendritic regions and grain boundaries, and 
preferably promote the formation of some complex 
phases and microstructure during solidification [22]. 
Figure 3(a) shows the representative SEM image of 
interdendritic region, where carbide (MC), Laves 
and δ phases are present. High magnification 
images shown in Figs. 3(b) and (c) reveal the 
island-shaped Laves and needle-shaped δ phase 
with an average length of 10−15 µm and the 
chemical analysis indicates that these δ particles are 
Ni3Nb. However, the high volume fraction of 
intermetallics, i.e. MC, Laves and δ phases, are 
harmful to the mechanical properties and degrade 
the hot manufacturing abilities. DU et al [23] 

reported that tensile cracks tend to initiate at MC 
and Laves phase and then propagate along the 
phase boundary, resulting in the brittle fracture. 
Therefore, it is important to understand the chemical 
segregation trend and formation mechanism of 
brittle intermetallics. The representative elemental 
distribution mapping of Laves/γ structure is shown 
in Figs. 3(d−i). It is obvious that Nb and Mo are 
enriched heavily, while Al, Fe and Ni are depleted 
in Laves phase. Additionally, there are a few boride 
intermetallic compounds randomly distributed 
among Laves/γ eutectic structures. Previous works 
have reported that these boride phases do less 
impact on the mechanical properties due to the 
quite low volume fraction [23,24]. Therefore, the 
dissolution of boride phase is not discussed in the 
present study. 
 
3.2 Compositional homogenization 

The solidification simulation of GH4061 
superalloy was carried out using the JmatPro 
software and the results indicated that liquidus 
temperature was 1361 °C, carbide formed at 
1249 °C and Laves/γ eutectic phases formed at 
1124 °C, and these results have been verified with 
microstructure observation by confocal laser 
microscopy (not shown). In order to eliminate the 
chemical segregation and dissolve all the 
intermetallic compounds, but avoid local re-melting 
of grain boundaries, a series of homogenization 
heat treatments were performed at different 
temperatures for different holding time to evaluate 
the proper parameters. The representative images 
shown in Fig. 4 demonstrate that either higher 
annealing temperature or longer holding time is 



Guo-hua XU, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1792−1802 1796 

 

 

Fig. 3 SEM image of interdendrite region (a) and co-existence of Laves and δ phases (b), EPMA image (c) with 
corresponding elemental distributions of Nb (d), Mo (e), B (f), Al (g), Fe (h) and Ni (i) 
 
beneficial to the dissolution of Laves and δ phases, 
but MC phase is still present even after annealing  
at 1200 °C for 20 h. Dissolution of MC usually 
requires even higher annealing temperature and 
longer holding time [25]. At lower temperature of 
1100 °C, Laves and δ phases mostly dissolve   
after 20 h. In comparison, Laves/γ eutectic structures 
disappear after 10 h at 1160 °C and 1 h at 1200 °C. 
PAN et al [17] has reported that the interdiffusion 
coefficient of Nb at 1160 °C is two times higher 
than that at 1120 °C, thus increasing annealing 
temperature is an effective approach to decrease the 
segregation degree. Meanwhile, no any localized 
grain boundary re-melting is observed even 
annealing temperature up to 1200 °C for 20 h. 

Elemental segregation in the dendritic region 
is very important for the mechanical properties.  
The evolution of elemental distribution was 
characterized using EPMA. Figure 5 shows the 
distribution of Nb among dendritic phases after 
different heat treatments. It is clearly shown that the 
higher homogenizing temperature and longer time 

accelerate the redistribution of Nb, eliminating the 
degree of segregation (uniform contrast in Fig. 5). 
In order to quantify the elemental segregation 
degree, the segregation coefficient was calculated 
based on the EPMA measurements, and the 
segregation coefficient variations of Ti, Fe, Cr, Nb 
and Mo are plotted as a function of annealing 
temperature and holding time (Figs. 6(a) and (b)). 
As the homogenizing time is fixed to be 20 h and 
annealing temperature varies from 1100 to 1200 °C, 
the lowest temperature to eliminate the chemical 
segregation is 1160 °C (Fig. 6(a)), where the 
segregation coefficients are close to 1 for most 
elements. When the temperature is fixed at  
1160 °C, the segregation coefficient K continuously 
decreases with the increase of annealing time 
(Fig. 6(b)) and the shortest time of 10 h is needed to 
eliminate the elemental segregation. In Figs. 6(a) 
and (b), Nb exhibits the largest declining speed. The 
segregation coefficient of Nb declines to 1.098 after 
20 h at 1160 °C. The lowest segregation coefficient 
of Nb is about 1.082 at 1200 °C for 20 h. 
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Fig. 4 Morphologies of Laves phases in annealed alloy samples at different temperatures and time 
 

 
Fig. 5 EMPA mapping of Nb distribution in as-cast and different annealing treatment samples: (a) As-cast; (b) 1100 °C 
for 20 h; (c) 1135 °C for 20 h; (d) 1190 °C for 20 h; (e) 1160 °C for 1 h; (f) 1160 °C for 10 h; (g) 1160 °C for 20 h 
 

In order to dissolve the Laves and δ phases as 
much as possible, two heat treatment processes 
were chosen to evaluate the effect of chemical 
homogenization on the mechanical properties. The 

first sample (HT1) was solution-treated at 1160 °C 
for 20 h and then at 1190 °C for 50 h, followed   
by furnace cooling. The second sample (HT2)  
was solution-treated at 1190 °C for 20 h and then at  
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Fig. 6 Segregation coefficient variations of samples under different heat treatment conditions at different annealing 
temperatures for 20 h (a) and at 1160 °C for different holding time (b) 
 

 

Fig. 7 OM (a, d) and SEM (b, c, e, f) images of HT1 (a−c) and HT2 (d−f) samples 
 
1200 °C for 50 h, followed by furnace cooling. 
Microstructural difference between HT1 and HT2 
processes is shown in Fig. 7. It can be seen that all 
the Laves/γ structure has been fully dissolved 
(Figs. 7(a) and (d)) and the retained particles    
are corresponding to MC. The morphologies of MC 
phase after two different heat treatments are shown 
in Figs. 7(b) and (c), which indicate that heat 
treatment parameters do not alter the size and 
distribution of MC phase obviously. Compared to 
the as-cast sample shown in Fig. 1(d), γ′ particles 
become coarser and average diameter is about 
40 nm in both HT1 and HT2 conditions (Figs. 7(c) 
and (f)). Additionally, EPMA measurements  
reveal that the chemical separation among the 

interdendritic regions and grain boundaries has 
been eliminated. 
 
3.3 Mechanical properties at elevated temperature 

The Gleeble hot tensile tests were carried out 
at four different temperatures (1050, 1100, 1150  
and 1200 °C) and the mechanical properties are 
summarized in Fig. 8. It can be seen that the 
ultimate tensile strength (UTS) of both as-cast and 
homogenized samples decreases linearly with 
increasing temperature (Fig. 8(a)), while the 
reduction of cross-sectional area of homogenized 
samples nearly keeps stable as temperature is lower 
than 1200 °C compared to the as-cast one 
(Fig. 8(b)), suggesting that the workability at higher 
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temperature has been improved. Both UTS and 
reduction of cross-sectional area of the samples 
after HT1 and HT2 heat treatments exhibit the 
similar trend, which are in agreement with the 
similar microstructure in Fig. 7. As the temperature 
approaches 1200 °C, reduction of cross-sectional 
area abruptly declines to zero in HT1 and HT2 
samples, indicating the worst thermoplasticity. In 
comparison, the as-cast sample exhibits brittle 
failure when the temperature is higher than 
1050 °C. 

Fracture surface analysis demonstrates that the 

as-cast sample owns brittle feature (Fig. 9(a)) when 
the testing temperature is 1150 °C, and lots of 
Laves phases (Fig. 9(b)) are randomly distributed 
on the fracture plane. In comparison, the obvious 
necking feature appears in HT2 sample (Fig. 9(c)) 
coupled with a large number of dimples (Fig. 9(d)), 
suggesting the ductile fracture mode. Fracture 
induced by the retained MC phase in both HT1 and 
HT2 samples has not been found in the present 
study. However, SHENG et al [26] have reported 
that MC phase also contributes to the intermediate- 
temperature brittle structure in the directionally 

 

 
Fig. 8 Evolution of ultimate tensile strength (UTS) (a) and reduction of cross-sectional area (b) of as-cast and different 
heat-treated samples as function of annealing temperature 
 

 

Fig. 9 Fracture surface morphologies of as-cast (a, b) and HT2 (c, d) samples tested at 1150 °C 
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solidified nick-based superalloy. The mechanical 
test and facture morphology analysis results 
demonstrate that the homogenization heat treatment 
promotes the workability at elevated temperature by 
eliminating the quenched-in chemical segregation 
and dissolving the brittle intermetallics, i.e. Laves 
and δ phases. 

Elemental segregation is normally related to 
the competition between atomic diffusion and 
solidification speed, resulting in the formation of 
intermetallic compounds, i.e. Laves, MC, boride 
and δ phases. Under applied stress, the cracks are 
easily initiated at the interface between coarse 
intermetallic compounds and matrix due to different 
elastic moduli, leading to the brittle fracture and 
poor hot workability [23,27]. In the present study, 
the improvement of hot workability at elevated 
temperature is attributed to the dissolution of brittle 
δ phase, Laves phase and the reduction of       
the nucleation sites for cracks under stress.    
More uniform microstructure reduces the strain 
localization, contributing to the higher plasticity.  
On the other hand, the lower plasticity of the as-cast 
sample is also related to the Laves phase, which 
owns lower melting temperature of 1124 °C and can 
be possibly partially re-melted or softened at 
elevated temperature, leading to the earlier failure. 
Recently, SUI et al [28] have reported that the 
granular and sub-micron scale Laves phase can 
induce the formation of sub-grains (dislocation cells) 
and enhance the softening effect during high- 
temperature tests, while fine Laves phase is able to 
increase the alloy operating temperature. However, 
it has been proved that the coarse Laves/γ structure 
deteriorates the hot workability in the present study. 
 
4 Conclusions 
 

(1) Severe chemical segregation occurs in the 
as-cast GH4061 superalloy. Nb, Ti and Mo solutes 
are enriched in the interdendritic regions, in  
which high amount of Laves phase, MC and δ 
intermetallic compounds are present. The highest 
segregation coefficient of Nb is 2.435, followed by 
Ti of 1.346 and Mo of 1.200. 

(2) The chemical segregation among dendritic 
structures has been fully eliminated after 
homogenization at 1160 °C for 20 h and the 

segregation coefficient of Nb also declines to 1.098. 
Meanwhile, Laves and δ phases are mostly 
dissolved after 10 h at 1160 °C, but MC phase, 
owning higher dissolution temperature, is still 
retained even after being annealed at 1200 °C for 
20 h. 

(3) The elimination of chemical segregation 
and dissolution of brittle intermetallic compounds 
through two-step homogenization treatment 
remarkably improve the plasticity up to 1150 °C. In 
comparison, the as-cast sample exhibits a brittle 
failure as testing temperature is higher than 1050 °C. 
The improvement of workability at elevated 
temperatures is attributed to the reduction of 
nucleation sites for cracks and fracture via 
homogenization treatment. 
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摘  要：针对镍基 GH4061 高温合金凝固过程复杂、铸态组织偏析严重、枝晶间生成的大量低熔点第二相、严重

降低合金的热加工性能的问题，采用 OM、SEM、EPMA 和 TEM 系统研究均匀化处理温度和时间对 GH4061      

合金枝晶偏析、低熔点 Laves 相等回溶行为及合金热加工性能的影响。结果表明，铸态合金中发生严重的枝金偏

析，Nb、Ti 和 Mo 元素枝晶间偏析系数分别高达 2.435、1.346 和 1.200。经 1160 ℃保温 20 h 均匀化处理后，枝

金偏析得到充分消除，Nb 元素枝晶间偏析系数降低到 1.098；同时，Laves 和 δ 相基本回溶，且无晶界熔化现象；

提高热处理温度显著加速成分均匀化与低熔点第二相的回溶速度。高温力学性能研究结果表明，两级均匀化热处

理能够有效地提高合金热加工塑性至 1150 ℃；断口分析表明，低熔点的 Laves 相和 δ 相的回溶降低了裂纹萌生与

断裂的几率，提高了合金的塑性变形能力。 

关键词：GH4061 高温合金；枝晶偏析；Laves 相；热加工性能 
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