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Abstract
The influences of heat treatment and test condition on the microstructure and stress rupture properties of a Ni–Mo–Cr–Fe

base corrosion-resistant superalloy have been investigated in this paper. Optical microscope and scanning electron

microscope were employed for the microstructure observation, and X-ray diffraction, electron probe micro-analyzer, and

transmission electron microscope were used for phase determination. It was found that the grain size increased and the

volume fractions of initial M6C carbides decreased along with the increase in solution treatment temperature. When tested

at 650 �C/320 MPa, the stress rupture lives decreased with the increase in solution treatment temperature, but the stress

rupture lives increased slightly at first and then decreased for the samples solution heat treated at 1220 �C when tested at

700 �C/240 MPa. The elongations showed the descendent trends under these two conditions. The stress rupture life and

elongation for the aged samples all showed a noticeable improvement at 650 �C/320 MPa, but there was no noticeable

improvement at 700 �C/240 MPa. The reasons can be attributed to the grain size, test conditions, and the initial and

secondary carbides.
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1 Introduction

As one of the most promising next generation reactors,

molten salt breeder reactor (MSBR) has attracted more and

more attentions in recent years [1, 2]. The polycrystalline

Ni–Mo–Cr–Fe superalloy (Hastelloy N), which was

developed at Oak Ridge National Laboratory (ORNL) in

1960s, is the most important structural materials used in

this system [3, 4]. However, the investigation was termi-

nated in 1970s, and there are still many problems [5].

Driven by the materials demand of MSBR, a novel Ni–

Mo–Cr–Fe alloy with excellent corrosion resistance and

good high-temperature strength was developed [6]. It was

reported by Shingledecker et al. [7] that the coarse grain is

beneficial to the stress rupture properties of the alloy. But

the results of Jayakumar et al. [8] showed that fine grain is

beneficial to the stress rupture properties. It was also pre-

sented by Yao et al. [9] that it is not good for the stress

rupture properties if the grain size is too large or too small.

Heat treatment will change the microstructure and the

stress rupture properties of the alloy [10–17]. Therefore,

heat treatment optimization is considered as an important

method to improve the properties of the alloy. In addition,

the properties of the alloy were not only affected by the

microstructure but also influenced by the service conditions

[18, 19]. However, no papers could be found in the open

literature concerning the effect of heat treatment on the

microstructure and stress rupture properties of the alloy. In

addition, the service temperature and stress level are dif-

ferent for different components in MSBR [20]. Thus, it is

necessary to investigate the influence of heat treatment on

the microstructure and properties under different test

conditions.

In this paper, different solution heat treatment temper-

atures were applied. The effect of heat treatment
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temperature on the microstructure and stress rupture

properties of the alloy has been investigated, and the

mechanisms were also discussed.

2 Experimental Details

Ni–Mo–Cr–Fe base superalloy was prepared by a vacuum

induction melting and followed by vacuum consumable

remelting. The ingot (508 mm in diameter) was homoge-

nized at 1180 �C for 2.5 h and subsequently forged into

bars of U60 mm. Then, it was hot-rolled into round bars of

16 mm in diameter. The chemical composition (in wt%) of

the alloy is given in Table 1.

The bars were subjected to the solution heat treatment at

1140 �C, 1180 �C, and 1220 �C, respectively, for 1 h fol-

lowed by water quenching. In order to find out the effect of

aging, some bars solution heat treated at 1180 �C were

aged at 900 �C for 2 h followed by water quenching. The

samples for microstructure observation were cut vertical to

the as-forged direction from the as-forged and heat-treated

bars. All the bars were machined into cylindrical creep

samples with gauge size of 5 mm in diameter and 30 mm

in length. Stress rupture tests were conducted at 650 �C/
320 MPa and 700 �C/240 MPa based on the prospective

service temperature of the alloy and the early studies of the

alloy. These experimental conditions can control the stress

rupture lives within 1000 h. The fracture surfaces and the

longitudinal sections along the diameter within 10 mm

from the fracture surfaces were observed.

All these samples were ground by SiC abrasive papers

and then fine polished with 2.5-lm diamond suspensions.

Finally, the samples were all etched by a solution of

3 g CuSO4 ? 10 ml H2SO4 ? 40 ml HCl ? 50 ml H2O.

The grain size and volume fractions of the carbides in the

samples before stress rupture tests are measured. Each

measured value is the average of 50 readings obtained from

50 different fields per sample. OM and SEM (HITACHI

S-3400 N) were employed for the microstructure

observation.

EPMA and XRD were employed for composition

determination and phase identification, respectively. Some

samples were mechanically dimpled and then ion-milled

for TEM observation. A Tecnai G2F20 TEM with combi-

nation of energy-dispersive spectrum (EDS) was used in

the present experiment, and the accelerating voltage was

200 kV.

3 Results and Discussion

3.1 Microstructure

The microstructure of the as-forged samples is presented in

Fig. 1. It can be seen that the grain size is small, and there

are lots of the blocky carbides and twin boundaries in the

microstructure (Fig. 1a). Most of the carbides were located

along the grain boundaries. The average diameter of the

blocky carbides is about 2–7 lm. These carbides were

M6C carbides determined by TEM (Fig. 1b).

Microstructures of the samples after solution treatment

at different temperatures are shown in Figs. 2 and 3. It was

shown that the grain size increased gradually with the

increase in solution temperature, but the aging heat treat-

ment at 900 �C for 2 h has no noticeable influence on the

grain size (Fig. 2).

The primary carbides mainly located along the grain

boundaries for the as-forged samples, as shown in Fig. 3a.

Some of the carbides were dissolved after solution heat

treatment, and the distribution of the remained carbides

mainly located in the grain interior. Because the carbide

was difficult to migrate, the distribution change of the

primary carbides can be attributed to the grain boundary

migration and grain mutual annexation. After aged at

900 �C, fine secondary carbides precipitated along the

grain boundaries rather than twin boundaries or grain

interior, as shown in the inserted picture in Fig. 3e. The

statistical analysis showed that the carbide volume fraction

decreased noticeably after solution heat treated at 1220 �C
(Fig. 3f).

XRD patterns of the aged samples are shown in Fig. 4.

Compared with those of the as-forged and solution heat-

treated specimens, a new diffraction peak appeared in the

aged specimens except the diffraction peak of c matrix and

initial M6C carbides, and it was identified as M12C carbide.

Fine secondary carbides distributed homogeneously

along the grain boundaries in the aged samples (Fig. 5).

The SAED pattern reveals that the secondary carbides are

M12C carbides, and the lattice parameter is determined to

be 10.86 Å. The M12C carbides exhibit a coherent orien-

tation relationship with c matrix.

Element distribution of the aged samples shows that the

fine phase precipitated at the grain boundaries is rich in

Mo, C, Si and depleted of Cr and Fe compared with the

matrix (Fig. 6b–f).The quantitative element analysis

showed that the mole ratio of the metal atoms and carbon

atoms is nearly 12:1 (Table 2), which is consistent with the

Table 1 Nominal chemical

composition of the experimental

alloy (wt%)

Element Mo Cr Fe C Si Mn Ti ? Al ? Ta Ni

Content (wt%) 16 7 4 0.04 0.45 0.5 \ 2 Bal.
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XRD and TEM results that the secondary carbides pre-

cipitated along the grain boundaries were M12C carbides.

3.2 Effect of Heat Treatment on Stress Ruptures
Properties

Stress rupture life and elongation of the samples with dif-

ferent heat treatment histories tested at 650 �C/320 MPa

and 700 �C/240 MPa are shown in Fig. 7. It can be seen

that the stress rupture life showed different trends with the

increase in solution temperature under different test con-

ditions (Fig. 7a). At 650 �C/320 MPa, the stress rupture

life of the solution treated samples showed a noticeable

decrease compared with that of the as-forged samples, and

decreased gradually along with the increase in solution

temperature. However, the different trends were presented

at 700 �C/240 MPa. The stress rupture life increased from

140 h for the as-forged samples to 180 h for the 1140 �C
solution treated samples, and then increased gradually with

the increase in solution temperature to 1180 �C, but a

noticeable decrease appeared after solution treated at

1220 �C. Under each test condition, the elongation

decreased after solution heat treatment, and the elongation

decreased gradually with the increase in solution temper-

ature (Fig. 7b). After aging heat treatment, both the stress

rupture life and elongation doubled compared with that of

Fig. 1 Microstructure of the as-forged GH3535 alloy: a SEM image, b the TEM photographs with SAED pattern of the initial carbides inserted

Fig. 2 Grains of the specimens after different heat treatments: a as-forged, b 1140 �C/1 h, c 1180 �C/1 h, d 1220 �C/1 h, e 1180 �C/
1 h ? 900 �C/2 h, f the grain size changes with heat treatment

118 T. Liu et al.

123



the solution treated samples when tested at 650 �C/
320 MPa, but no noticeable improvement was detected

when tested at 700 �C/240 MPa (Fig. 7a, b).

The fractographs of the samples tested at 650 �C/
320 MPa are shown in Fig. 8. There were lots of the cav-

ities in the as-forged sample, but the amount of the cavities

decreased gradually with the increase in solution temper-

ature (Fig. 8a–e). The 1180 �C solution treated sample

exhibited intergranular fracture. However, the cavities

appeared again after aged at 900 �C. The morphologies of

longitudinal sections are shown in Fig. 8f–o. Lots of sec-

ondary cracks appeared in the as-forged samples, and the

grains were noticeably elongated. Along with the increase

in heat treatment temperature, the amount of secondary

cracks decreased gradually and elongation of the grain also

decreased. After aging treatment, the grains were greatly

elongated and less secondary cracks were observed com-

pared with the corresponding solution treated samples.

Combining the morphology of the fracture surfaces and

longitudinal sections, it can be concluded that the fracture

mode of the samples is the mix of transgranular and

Fig. 3 Carbide morphology of the alloys under different heat treatment states: a as-forged, b 1140 �C/1 h, c 1180 �C/1 h, d 1220 �C/1 h,

e 1180 �C/1 h ? 900 �C/2 h, f volume fractions of primary carbides in the alloys with different heat treatment histories

Fig. 4 X-ray diffraction patterns of a as-forged, b solution heat-

treated and c aged samples

Fig. 5 Carbides precipitated along the grain boundaries in the 900 �C
aged specimens: the morphology of the carbides and its SAED pattern
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intergranular fracture except the samples after solution heat

treatment at 1180 �C and 1220 �C.
The fractographs of the samples tested at 700 �C/

240 MPa are shown in Fig. 9. It can be seen that there were

lots of cavities in all the samples except the 1220 �C
solution treated sample. The morphology of the

longitudinal sections of the samples is shown in Fig. 9. It

can be seen that lots of secondary cracks in the as-forged

samples and the grains were elongated noticeably (Fig. 9f–

o). Along with the increase in solution temperature, the

amount of secondary cracks decreased gradually and the

grain elongation decreased remarkably. After aging treat-

ment, the grains were greatly elongated, and few secondary

cracks could be observed. Combining the morphologies of

the fracture surfaces and longitudinal sections of the sam-

ples, it can be concluded that the fracture mode is the mix

of transgranular and intergranular fracture for all the

samples except these samples solution treated at 1220 �C,
which only exhibited intergranular fracture character.

The details of the secondary carbides precipitated along

the grain boundaries of the samples after creep tests are

Fig. 6 EPMA results of the 900 �C aged specimen: a BEI image and the area distribution of b C, c Si, d Mo, e Cr, f Fe, g Ta, h Mn

Table 2 Quantitative elemental analysis of primary and secondary

carbides of aged alloy (at%)

Elements (at%) C Si Mo Ni Cr Fe

Primary carbide 13.05 9.01 36.98 31.04 5.79 2.15

Secondary carbide 7.52 11.73 39.02 37.94 1.75 1.28
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shown in Fig. 10. After creep test at 650 �C/320 MPa, only

a few fine carbides precipitated along the grain boundaries

for the as-forged and solution heat-treated samples com-

pared with those of the aged samples (Fig. 10a–d). How-

ever, large amount of secondary carbides were observed for

all creep samples at 700 �C/240 MPa with different heat

treatment regimes. This difference may be attributed to the

formation of secondary carbide at high temperature during

stress rupture test.

During 650 �C/320 MPa creep test, with the increase in

solution temperature the grain size increased, while the

creep rupture life decreased. The longer creep rupture life

for the samples with smaller grains may be due to

impediment effect of the grain boundaries on the disloca-

tion movement [21–23]. When the samples were aged at

900 �C for 2 h, the creep rupture lives almost doubled

compared with those of the corresponding solution treated

samples. This is probably due to the precipitation of fine

M12C along the grain boundaries during aging. These

carbides exhibited a coherent orientation relationship with

the c matrix, which is beneficial for the stress rupture

properties of the alloy [24–26]. It was reported that the fine

carbides along the grain boundaries can prevent the dislo-

cation movement and grain boundary sliding, and there-

fore, improve the stress rupture properties [11, 12, 27, 28].

Thus, the longer creep rupture life of the aged sample was

mainly attributed to the reinforcement of the secondary

carbides along the grain boundaries. However, the creep

rupture life of the aged sample is shorter than that sample

solution treated at 1140 �C, from which it can be deduced

that under this test conditions the grain size is much

important than grain boundary reinforcement secondary

particles.

When the test condition changed, the stress rupture life

increased gradually with the increase in the solution tem-

perature, but decreased for the samples solution treated at

1220 �C. On the one hand, creep temperature is an

important factor. The equicohesive temperature (the tem-

perature when the grain boundary strength be equal to grain

interior strength) of the present alloy may be between

650 �C and 700 �C, and when creep tested at 700 �C, the
grain boundaries were easy to become crack sources, which

would lead to shorter stress rupture life [29, 30]. This is in

agreement with the Shingledecker et al. and Yao et al.

[7, 31]. Thus, the stress rupture life of the samples may

increase with the increase in the grain size when tested at

700 �C/240 MPa. On the other hand, the grain size also has

disadvantageous effect that should be considered. The

better deformation coordination was resulted from the finer

grains, the fine grains was easier to rotate, and the slip

systems start in most grains which result in more grains can

participate in deformation, the dislocations would not pile

up seriously in finer grains, while coarse grains would

generate stress concentration and initiate cracks more

easily [32–34]. Another reason for this result can be

attributed to the change in the grain boundary amount. The

grain boundary amount decreased along with the increase

in solid solution temperature, and the opportunity to form

crack source in the alloy would decrease remarkably;

therefore, the stress rupture properties increased along with

the improvement in solid solution temperature. Therefore,

the stress rupture life decreased with the increase in solu-

tion temperature. The stress rupture life decreased with the

increase in solution temperature, and the decreased stress

rupture life of the samples solution treated at 1220 �C can

be attributed to the combined effect of the test temperature

and grains size. Additionally, the amount of the carbides

also has great influence on the stress rupture life [35–37].

The decrease in the initial carbide volume fraction of the

samples solution treated at 1220 �C may be another reason

for the decrease in stress rupture life. It may be probably

due to the fast precipitation of the secondary carbides along

the grain boundaries for other samples during 700 �C/
240 MPa creep, and the stress rupture life of the sample

Fig. 7 Influence of heat treatment history on a stress rupture life, b elongation at 650 �C/324 MPa and 700 �C/241 MPa
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Fig. 8 Fracture morphologies of the samples tested at 650 �C/324 MPa: a, f, k as-forged, b, g, l 1140 �C/1 h, c, h, m 1180 �C/1 h, d, i,
n 1220 �C/1 h, e, j, o 1180 �C/1 h ? 900 �C/2 h. a–e Fracture surfaces, f–o morphologies near the fracture surface on the transverse section
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Fig. 9 Fracture morphologies of the samples tested at 700 �C/240 MPa: a, f, k As-forged, b, g, l 1140 �C/1 h, c, h, m 1180 �C/1 h, d, i,
n 1220 �C/1 h, e, j, o 1180 �C/1 h ? 900 �C/2 h. a–e Fracture surface, f–o morphology near the fracture surface on the transverse section
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aged at 900 �C did not increase noticeably compared with

that of the sample only solution treated at 1180 �C.
The elongation of solution heat-treated samples all

decreased with the increase in heat treatment temperature

under both test conditions which can be attributed to the

better deformation coordination of the samples with the

fine grains [38]. The grain size distributions of the alloy

after different solid solution heat treatments are shown in

Fig. 11. The grain size for the alloy after 1180 �C/1 h heat

treatment has the smallest standard deviation (std) com-

pared with the alloys after 1140 �C/1 h and 1220 �C/1 h.

The grain size for the alloy after 1180 �C/1 h heat treat-

ment also has the smallest coefficient of variation (CV)

compared with other alloys (Fig. 11a–d). Additionally,

large amount of fine M12C carbides precipitated along the

grain boundaries during 700 �C/240 MPa creep. That may

be the reason why the samples at 700 �C/240 MPa exhibit

higher elongation compared with that of the samples tested

at 650 �C/320 MPa. The precipitation of secondary car-

bides along grain boundaries after aged at 900 �C should

be responsible for the higher elongation of the aged sam-

ples compared with 1180 �C solution treated samples

Fig. 10 Cross section images of the samples with different heat treatment histories after creep tests: a As-forged, b 1140 �C/1 h, c 1180 �C/1 h,

d 1220 �C/1 h, e 1180 �C/1 h ? 900 �C/2 h, tested at 650 �C/320 MPa; f As-forged, g 1140 �C/1 h, h 1180 �C/1 h, i 1220 �C/1 h, j 1180 �C/
1 h ? 900 �C/2 h, tested at 700 �C/240 MPa

Fig. 11 Distribution of grain size: a As-forged, b 1140 �C/1 h, c 1180 �C/1 h, d 1220 �C/1 h

124 T. Liu et al.

123



under test condition of 650 �C/320 MPa. The influence

mechanism of the secondary carbides on elongation can be

explained that the grain boundaries were strengthened by

the precipitation of secondary M12C carbides, that can

cause the grain interior produce more deformation, and the

higher elongation was obtained eventually.

From the above results, it can be concluded that dif-

ferent heat treatment histories will resulted in different

microstructures, such as the grain size, carbides size,

morphology, and distribution, which will lead to different

stress rupture properties. At the same time, the test tem-

perature (above or below equicohesive temperature) also

has great influence on stress rupture properties.

4 Conclusions

1. The grain size of the Ni–Mo–Cr–Fe base corrosion-

resistant superalloy increased with the increase in

solution temperature, the carbide’s distribution chan-

ged from mainly along grain boundaries to mainly in

grain interior, and its amount decreased noticeably

after 1220 �C solution heat treatment. Fine M12C car-

bides precipitated along grain boundaries after 900 �C
aging treatment.

2. The stress rupture life of the Ni–Mo–Cr–Fe base

corrosion-resistant superalloy decreased with the

increase in solution heat treatment temperature in

650 �C/320 MPa creep test, but the stress rupture life

increased at first and then decrease for the samples

solution treated at 1220 �C in 700 �C/240 MPa creep

test. The elongation decreased with the increase in

solution temperature for all samples under both test

conditions. The stress rupture properties increased in

both test conditions for all the samples after aged at

900 �C for 2 h. These phenomena can be attributed to

equicohesive temperature of the alloy (about between

650 �C and 700 �C), grain size and the precipitation of

secondary carbides.
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