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Abstract

Isochronal solution treatment in the 1,080-1,190 °C range 
for 4 h followed by air cooling has been performed to in-
vestigate the effects of solution temperature on the micro-
structure and stress rupture properties of a K439 Ni-base 
superalloy. The detailed as-cast and solution-treated micro-
structures were analyzed through optical microscopy, scan-
ning electron microscopy and differential scanning calo-
rimetry. The experimental results showed that the as-cast 
alloy exhibited a typical dendritic structure with five type 
microstructures of γ, γ´, γ/γ´, η and MC. After solution heat 
treatment at 1,080 °C, although all of the γ´ particles in the 
dendritic cores dissolved, there were some precipitates in 
the interdendritic regions beside the η phase. When the so-
lution temperature was raised to 1,150 °C, both of the γ´ and 
η solutioned and a uniform microstructure was observed. 
Furthermore, when the solution temperature was raised to 
1,210 °C, a small amount of incipient melting occurred in 
the alloy. The stress rupture lifetime of the K439 alloy at 760 
°C/530 MPa increased with the solution temperature, which 
reached to the maximum value at the solution temperature 
of 1,150 °C. The optimum solution treatment was consid-
ered to be 1,150 ºC/4 h followed by air cooling.

Keywords: K439 Ni-base superalloy; Solution treatment; Mi-
crostructure; Stress rupture property.

Introduction

Ascribing to its excellent mechanical properties, weldability 
and corrosion resistance, K4169 alloy, a Ni-Fe-based alloy, has 
been mainly used in the manufacture of large structural com-
ponents of aircraft engines, such as turbine casings and diffus-
ers (Whitmore et al., 2014; Demers et al., 2015). However, the 
coarsening of the γ´ precipitates above 650 °C always causes 
significant reductions in strength and ductility of K4169 alloy, 
which limits its applications only in the range within 650 °C 
(Cone al., 2001; Dong et al., 1993; Dong et al., 1995). Increas-
ing thrust and performance demands of advanced aircraft en-
gines require materials capable of operating at higher tempera-
tures. For example, the current generation of very high thrust 
commercial engines requires diffuser case materials with 56-
111 °C higher in operating capability over the alloy (cast + HIP 
Inconel 718) used for lower thrust models. Therefore, the K439 
Ni-based superalloy (Ni-Co-based alloy) with the service tem-
perature up to 800 °C was investigated by researchers at Beijing 
Institute of Aeronautical Materials, China, which could be used 
in casting large-size turbine casings.

The typical microstructure of the as-cast K439 alloy, consist-
ing of massive coarser γ´ precipitation and a small amount of 
γ/γ´ eutectic and η phase, leads to low mechanical properties 
(Wang et al., 2015; Long et al., 2009; Sajjadi et al., 2002). In or-
der to augment the mechanical properties, proper solution treat-
ment was carried out to improve the microstructure of K439 
alloy. He et al. (2005) studied the effect of solution treatment on 
the microstructure and tensile properties of alloy M963. Their 
results showed that the alloy M963 exhibited optimal combina-
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tion of strength and ductility after solution treatment at 1210 
°C/4 h/air cooling (AC). Silva et al. (2013) also reported that 
the microstructure of Nb-modified MAR-M247 superalloy pre-
sented a homogeneous γ matrix with fine γ′ precipitates after 
solution treatment at 1260 °C/8 h/AC.

Up to now, systematic analysis of the effect of heat treatment 
on microstructure and mechanical properties of alloy K439 has 
hitherto been limited. In the current work, the effect of isochro-
nal solution treatment on the microstructure of K439 alloy has 
been examined and correlated with the stress rupture properties, 
which determines the optimum solution treatment of this alloy.

Experimental Procedures

The cast polycrystalline Ni-base superalloy K439 chosen as 
the master alloy was re-melted in an induction furnace, and then 
casted into test bars. The as-cast samples were cut from the as-
solidified bars. Other samples were prepared by solution treat-
ment at 1,080, 1,120, 1,150 and 1,190 °C, respectively, for 4 h 
and cooled in air. After solution treatment, samples were treated 
using the same aging treatment conditions, as shown in Table 1.
Metallographic specimens for microstructural investigation 
were prepared following conventional metallographic tech-
niques and etched with a solution of 25 vol.% HNO3, 50 vol.% 
HF and 25 vol.% glycerin. Microstructural observations were 
conducted using an optical microscope (OM), and a ZEISS 
SUPRA 55 field-emission scanning electron microscope (FE-
SEM) equipped with an energy-dispersive spectrometer (EDS). 
The size and volume fractions of γ′ precipitates in various 
conditions were measured from the SEM micrographs using a 
semi-automatic image analyzer. For each studied condition, γ′ 
size and volume fraction were based on statistic measurements 
including three micrographs and at least 500 particles. Differen-
tial scanning calorimeter (DSC) experiments were carried out 
in order to determine the γ′ solvus, incipient melting, liquidus 
and solidus temperatures of the as-cast K439 alloy. The stress 
rupture bars with 5 mm in diameter and 25 mm in gauge length 
were tested under the condition of 760 °C and 130 MPa. 

Results and Discussion

As-Cast Microstructure

The as-cast microstructure of the K439 alloy, as shown in 
Fig. 1(a), contains γ-Ni (Cr, Co) solid solution, petal-like γ/γ´ 
eutectic and blocky MC carbide. The EDS analysis, as listed in 
Table 2, demonstrates that the MC carbide is enriched in Nb, 
Ta and Ti (M represents mainly Ti, Nb and Ta). Additionally, a 
plate shape phase exists in the interdendritic regions, as shown 

in Fig. 1(b). The EDS analysis in Table 2 shows that this plate 
shape phase is enriched in Ti. It could be determined to be η 
phase, with the same morphology observed in GTD-111 alloy 
(Sajjadi et al., 2006) and Ni-Co-based superalloy (Cui et al., 
2008). The γ´-Ni3Al particles at interdendritic (Fig. 1c) are 
coarse and disordered, while the γ´ particles at dendrite (Fig. 
1d) are fine and regular. 

DSC Analysis

The DSC testing results of the as-cast alloy is shown in Fig. 2. It 
indicates that the solidus and liquidus of K439 alloy are 1273.5 
and 1356.8 °C, respectively, and the majority of γ´ phase dis-
solve into solid solution in the temperatures range of 1,080-
1,150 °C. There is another endothermic peak at the temperature 
approximately 1,200 °C, induced by incipient melting.

Solution Heat Treatment Microstructure

Based on the results of the DSC analysis, the temperature of 
solution treatment is chosen as 1,080, 1,120, 1,150 and 1,190 
°C, respectively, for 4 h followed by air cooling, and then sub-
jected to the same aging treatment. Typical microstructures of 
the alloy after different heat treatment are shown in Fig. 3 and 
Fig. 4.

Examination of the microstructures of K439 alloy with the 
solution treatment of 1,080 °C/4 h, as shown in Fig. 3(a) and 
3(b), reveals that all of the γ´ precipitates in dendritic region 
have dissolved entirely, while the γ´ precipitates in the inter-
dendritic region, as well as η phase, are solutioned partly. When 
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Table 1. Heat treatment schedules of K439 alloy.

Fig. 1. SEM micrographs showing typical cast microstructures: 
(a) γ/γ´ eutectic and MC carbide; (b) η phase; (c) γ´ precipitates 
at interdendritic region; and (d) γ´ precipitates at dendritic core.

Table 2. EDS analysis result of MC carbide and η phase in the as-cast 
K439 (wt.%).

Solution Treatment Aging Treatment
1080 ℃ /4 h/AC 1000 ℃ /6h/AC+800 ℃ /16 h/AC
1120 ℃ /4 h/AC 1000 ℃ /6h/AC+800 ℃ /16 h/AC
1150 ℃ /4 h/AC 1000 ℃ /6h/AC+800 ℃ /16 h/AC
1190 ℃ /4 h/AC 1000 ℃ /6h/AC+800 ℃ /16 h/AC

Phase C Al Ti Cr Ni Nb Ta Co
η - 3.54 12.51 6.01 61.06 3.81 2.23 10.84

MC 4.09 0.15 31.68 1.32 2.57 33.83 26.36 -
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the solution temperature increases from 1,080 to 1,120 °C, the 
γ´ phase dissolves completely, but η phase is still observed in 
the interdendritic region, as shown in Fig. 3(c) and 3(d). Based 
on this observation, the solution temperature of γ´ phase is ap-
proximately 1,120 °C. 

In the case of solution treatment of 1,150 °C and 1,190 °C, 
the dendritic structure almost disappears and the area of inter-
dendritic region decreases, which can be readily understood by 
comparing Fig 3 and Fig 4. After the solution treatment at 1,150 
°C, a uniform microstructure is observed, and the fine γ´ precip-
itates with a mean size about 0.21 µm distribute homogenously. 
Furthermore, all of the γ´ and η are dissolved and a uniform 
microstructure is observed, as shown in Fig. 4(b) and 4(d).

Fig. 5 is a SEM image of K439 alloy after solution treat-
ment at 1,210 °C for 4 h. It can be seen that the melting point 
of K439 alloy is 1,210 °C, which is significantly lower than 
K4169 (1,343 °C) and Mar-M247 alloy (1,340 °C). Based on 
the above results, the fully solution treatment of K439 alloy 
may be estimated to be 1,150 °C. The solution treatment win-
dow, defined as the difference between the incipient melting 
and γ´ solvus temperatures, is about 60 °C (from 1,150 to 1,210 
°C).

The SEM micrographs of γ´ phase in the dendritic region 
with different solution temperatures are indicated in Fig. 6. The 
morphology of γ´ precipitates remain spheroidal for all testing 
conditions, mainly due to the smaller size. Bradley et al. (1988) 
and Calliari et al. (1999) reported a transition of γ´ precipitates 
from spherical to cubic shape in U720, which occurred when 
the average diameter of the particles exceeded 500 nm, a value 
higher than those reported for other types of superalloys (about 
300 nm).

The evolution of average size and volume fraction of γ´ phase 
with different solution temperatures followed by the same ag-
ing treatment is depicted in Fig. 7. As the solution temperature 
increases from 1,080 to 1,120 °C, the average precipitate size 
and volume fraction increase from 167 to 200 nm and from 
15.3 to 22.0%, respectively, due to the complete dissolution of 
γ´ phase. As the relative effect is less pronounced from 1,120 
to 1,150 °C, the γ´ size and volume fraction increase slightly 
from 22.0 to 23.0% and from 200 to 210 nm, respectively. This 
may be related to the further solution of η phase which provides 
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Fig. 2. DSC testing curve of K439 alloy.

Fig. 3. Microstructures of solution treated at 1080°C and 1120°C: (a) 
and (c): optical microstructure of dendritic structure after solution 
treated at 1080°C and 1120°C; (b) and (d): scanning electron micro-
graphs after solution treated at 1080°C and 1120°C.

Fig. 4. Microstructures of solution treated at 1150°C and 1190°C: (a) 
and (c): optical microstructure of dendritic structure after solution 
treated at 1150°C and 1190°C; (b) and (d): scanning electron micro-
graphs after solution treated at 1150°C and 1190°C.

Fig. 5. Microstructure of incipient melting after solu-
tion treatment at 1210°C/4 h.
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γ´-forming elements for subsequent aging. However, very little 
changes in the size and volume fraction are observed when the 
temperature is increased from 1,150 to 1,190 °C, indicating that 
a near equilibrium and steady state condition is reached.

Stress Rupture Properties

The stress rupture lifetime of alloy K439 with different solu-
tion temperatures while with the same aging is tested under the 
testing condition of 760 °C/130 MPa, as shown in Fig. 8, based 
on the average values of three measurements for each condi-
tion. The results in Fig. 8 demonstrate that the as-cast alloy has 
the shortest lifetime of 24.5 h. The stress rupture lifetime in-
creases remarkably with the solution temperature, which reach-
es to the maximum value at the solution temperature of 1,150 
°C for 85.4 h. However, the stress rupture lifetime shortens to 
76.4 h after solution treatment at 1,190 °C, which is a slightly 
lower than that after solution treatment at 1,150 °C.

The as-cast microstructures of alloy K439 contain a large 
fraction of coarsen γ´, γ/γ´ eutectic and η phase in the interden-
dritic regions, while solution treatment can refine the micro-
structure, and hence the creep resistance can be improved and 
the stress rupture lifetime can be prolonged, which is consistent 
with the previous studies on other superalloys (Li et al., 2011). 
With the solution temperature increases from 1,080 to 1,150 
°C, the coarsen γ´, γ/γ´ eutectic and η phase dissolve gradually, 
resulting in a uniform microstructure at 1,140 °C. On the other 
hand, the size and volume fraction of γ´ particles increase, so 
that the γ-γ´ interfacial area increases while the inter-particle 
spacing decreases, leading to increment of resistance to dis-
locations (Jackson et al., 1977; Park et al., 1995). Therefore, 
the stress rupture lifetime of K439 alloy at 760 °C/530 MPa 
increases with the solution temperature. The stress rupture life-
time after solution treatment at 1,190 °C was a slightly lower 
than that after solution treatment at 1,150 °C, which may be at-
tributed to the small difference in the size of the fine γ´ particles.

Conclusions

(1) The microstructure of K439 alloy is improved by the high-
temperature solution treatments. After solution treatment at 
1,150 °C, a uniform microstructure is observed, and the fine γ´ 
precipitates with a mean size about 0.21 µm distribute homog-
enously.
(2) The stress rupture lifetime of K439 alloy at 760 °C/530 MPa 
increased with the solution temperature and reached to the max-
imum value with the solution temperature of 1,150 °C.
(3) Based on the compromise of the microstructures and stress 
rupture properties of K439 alloy, the optimum solution treat-
ment is determined to be 1,150 °C /4 h followed by air cooling.
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Fig. 6. SEM micrographs of γ´ phase in the dendritic with different 
solution temperatures: (a) 1080°C; (b) 1120°C; (c) 1150°C; and (d) 
1190°C.

Fig. 7. Evolution of average size and volume fraction of γ´ 
phase in the dendritic with different solution temperatures.

Fig. 8. Stress rupture lives of K439 alloy at different solu-
tion temperatures after the same aging under the testing 
condition of 760°C/130 MPa.
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