
The effect of heat treatments on the creep–rupture properties
of a wrought Ni–Cr heat-resistant alloy at 973 K

Manabu Tanaka • Ryuichi Kato

Received: 26 January 2010 / Accepted: 5 April 2010 / Published online: 20 April 2010

� Springer Science+Business Media, LLC 2010

Abstract The effect of heat treatments on the creep–

rupture properties was investigated on a wrought Ni–Cr

heat-resistant alloy at 973 K. Short-time aging (aging for

3.6 ks (1 h) at 973 K) was made on the solution-treated

specimens with different grain sizes. The fine-grained

specimen (the grain diameter, d = 45.2 lm) produced by

short-time solution treatment exhibited almost the same

rupture life and superior creep ductility as those of the

medium-grained specimen (d = 108 lm) produced by

normal solution treatment. The fine-grained specimen and

medium-grained specimen showed the longer rupture life

compared with the specimen with recommended aging.

The principal strengthening of specimens was attributed to

the precipitation hardening by c0 phase particles. The fine-

grained specimen had the highest hardness, and the

increase of the hardness was observed in both the fine-

grained and the medium-grained specimens during creep at

973 K. However, coarse-grained specimen (d = 286 lm)

with high-temperature long-time solution treatment

exhibited significantly short rupture life owing to insuffi-

cient precipitation hardening after the short-time aging and

during creep. Ductile intergranular fracture with dimples

occurred in the fine-grained specimen, while brittle inter-

granular fracture was observed in the medium-grained

specimen and in the specimen with recommended aging.

Both transgranular fracture and brittle intergranular frac-

ture were observed in the coarse-grained specimen. A

simple heat treatment composed of short-time solution

treatment and short-time aging is applicable to high-

temperature components of wrought Ni–Cr alloys.

Introduction

A wrought Ni–Cr (Inconel X-750 type) heat-resistant alloy

has been used for rotor blades and wheels, bolts, and other

structural components in gas turbines or high-temperature

components in rocket-engine thrust chambers. This alloy is

also used from sub-zero to about 923 K for springs and

fasteners. Depending on the application and the properties

desired, various heat treatments are employed. The higher

solution temperature seems to give optimum creep–rupture

properties, while the lower solution temperature is favorable

for improved fatigue resistance (by finer grain size) or

improved resistance to notch sensitivity [1]. Solution treat-

ments plus double aging are generally employed for

improved creep properties in wrought Ni–Cr heat-resistant

alloys [2–6]. For a long-term service at temperatures above

about 873 K, optimum properties of a wrought Ni–Cr alloy

are believed to be achieved by solution treatment (about

1,423 K), plus stabilization treatment (about 1,123 K), plus

precipitation treatment (about 973 K) [3]. It is well known

that c0 phase with L12 crystal structure (typically (Ni,

Co)3(Al, Ti)) is the principal strengthening phase in Inconel

X-750 alloy [7, 8]. Large precipitates of M23C6 carbide or

c0 phase generally decorate the grain boundaries [7, 8].

The effect of grain size on creep properties has been

investigated on many heat-resistant alloys [1, 4, 9–13]. The

fracture mechanisms may also depend on the grain size and

may affect the rupture properties of these alloys [10],

although intergranular fracture is generally observed in

high-temperature fracture of the heat-resistant alloys. In this

study, the effect of heat treatments on the creep–rupture
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properties was investigated using a wrought nickel-base

(Inconel X-750 type) heat-resistant alloy at 973 K. The

fracture mechanism was examined using an optical micro-

scope and a scanning electron microscope (SEM) on the

ruptured specimens with different grain sizes. The micro-

structure and precipitated phases were also examined using a

transmission electron microscope equipped with EDS

(TEM-EDS), or a scanning electron microscope equipped

with EDS (SEM-EDS). The relationship between rupture

properties and the microstructure was discussed.

Experimental procedure

A wrought Ni–Cr heat-resistant alloy was used in this

study. The main alloy chemical composition is 0.06 mass%

C–15.03 mass% Cr–2.43 mass% Ti–1.26 mass% Al–

1.01 mass% Nb (?Ta)–7.48 mass% Fe–71.80 mass% Ni

(?Co). The alloy was supplied in the form of hot-forged

alloy bars of 20 mm in diameter. Heat treatments were

performed on specimens of *90 mm in length. Table 1

reports the heat treatment, the grain diameter, and the

hardness of the heat-treated specimens of the Ni–Cr alloy.

Specimens were water quenched after solutioning to pre-

vent precipitation during cooling. Specimens with different

grain sizes were obtained by solution heating for different

durations at 1,423 K or 1,473 K, while solution heating for

7.2 ks (2 h) at 1,423 K is normally employed for this

wrought Ni–Cr alloy. Solution treatments plus double

aging are recommended for improved creep properties in

wrought Ni–Cr heat-resistant alloys [2–6]. The heat treat-

ment of the specimen with recommended aging for

improved creep properties is also listed in Table 1. The

solution-treated specimens and the specimen with recom-

mended aging were then machined into creep specimens of

5 mm in diameter and 30 mm in gauge length. Creep–

rupture experiments were conducted using single lever-

type creep–rupture equipment with an electric furnace

under the initial stress of 294, 343, or 392 MPa at 973 K in

air. It took about 9.0 ks (2.5 h) to heat the creep specimens

from room temperature to 973 K (test temperature). Short-

time aging (aging for 3.6 ks (1 h) at 973 K) on the solu-

tion-treated creep specimens with fine, medium. or coarse

grain was made in the electric furnace of the creep–rupture

equipment before loading. Some of the specimens were air-

cooled after the short-time aging for microscopic obser-

vation and hardness test. The hardness of the heat-treated

specimens was measured using a Vickers hardness tester

(the applied load was 4.9 N). The fine-grained specimen

(d = 45.2 lm) has the highest hardness among the heat-

treated specimens (Table 1).

Figure 1 shows the optical micrographs of the speci-

mens of the Ni–Cr alloy aged for 3.6 ks at 973 K after

solution treatment. In the fine-grained specimen (Fig. 1a),

Table 1 Heat treatment, grain diameter, and hardness of the heat-treated specimens of the Ni–Cr alloy

Specimens Heat treatment Grain diameter,

d (lm)

Hardnessa,

HV (kgf/mm2)
Solution treatment Aging

Fine grain 1,423 K, 1.8 ks (0.5 h) ? W.Q. 973 K, 3.6 ks (1 h) ? A.C. 45.2 409

Medium grain 1,423 K, 7.2 ks (2 h) ? W.Q. 973 K, 3.6 ks (1 h) ? A.C. 108 360

Coarse grain 1,473 K, 14.4 ks (4 h) ? W.Q. 973 K, 3.6 ks (1 h) ? A.C. 286 358

Recommended aging 1,423 K, 7.2 ks (2 h) ? W.Q. 1,123 K, 86.4 ks (24 h) ? A.C. 108 359

?973 K, 72 ks (20 h) ? A.C.

W.Q. water-quenched, A.C. air-cooled
a Vickers hardness number (load 4.9 N)

Fig. 1 Optical micrographs of the specimens of the Ni–Cr alloy aged for 3.6 ks at 973 K after solution treatment: a fine-grained specimen

(d = 45.2 lm), b medium-grained specimen (d = 108 lm), c coarse-grained specimen (d = 286 lm), and (d: grain diameter)
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a large amount of residual precipitates can be seen either

along the grain boundaries and within the grains. Grain

boundaries are slightly serrated with large residual pre-

cipitates in the fine-grained specimen. The amount of the

residual precipitates is smaller in the medium-grained

specimen (Fig. 1b) and in the coarse-grained specimen

(Fig. 1c). Precipitates of c0 phase and M23C6 carbide were

also found in these specimens. Chemical analysis of pre-

cipitates observed in heat-treated specimens was made

using a TEM-EDS or a SEM-EDS. Dislocations and c0

phase in the grains were also examined using a TEM on

some heat-treated specimens. Fracture mechanism was

examined using an optical microscope and a SEM on the

ruptured specimens. The hardness was also measured at the

grip part of the ruptured specimens to evaluate the pre-

cipitation hardening during creep at 973 K.

Experimental results

Creep–rupture properties

Figure 2 shows the rupture-life mechanical properties of

the Ni–Cr alloy at 973 K. The fine-grained specimen

(d = 45.2 lm) has almost the same rupture life as the

medium-grained specimen (d = 108 lm). The coarse-

grained specimen (d = 286 lm) shows significantly short

rupture life under all stresses tested and small stress

dependence of the rupture life compared to other speci-

mens. The specimen with recommended aging exhibits a

slightly shorter rupture life compared to the fine-grained

and medium-grained specimens with short-time aging.

Further c0 phase precipitation occurred in the fine-grained

specimen (d = 45.2 lm) and in the medium-grained

specimen (d = 108 lm) during creep at 973 K. In fact,

hardness increased from 409 HV (the heat-treated speci-

men) to 435 HV (the specimen ruptured at 91.4 h under a

stress of 392 MPa) in the fine-grained specimens, and

increased from 360 HV (the heat-treated specimen) to

396 HV (the specimen ruptured at 355.4 h under a stress of

343 MPa) in the medium-grained specimens. On the other

hand, the hardness was equal to or smaller than 357 HV in

the specimen with coarse grain (d = 286 lm) ruptured at

14.8 h under a stress of 294 MPa, and this value was

almost the same as the hardness of the heat-treated speci-

men (358 HV). The elongation in the fine-grained speci-

men is larger than that in the medium-grained specimen,

and comparable with that in the specimen with recom-

mended aging. The coarse-grained specimen also shows a

little larger ductility than the medium-grained specimen.

This may be related to the insufficient precipitation hard-

ening during creep and to the creep fracture mechanism in

the coarse-grained specimen. The specimen with recom-

mended aging (the hardness of the heat-treated specimen

was 359 HV) may be in an over-aged state before creep–

rupture experiments.

Figure 3 shows the creep curves in the specimens of the

Ni–Cr alloy at 973 K. Long secondary creep regime fol-

lows after short primary creep regime in the fine-grained

specimen (d = 45.2 lm) and medium-grained specimen
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(d = 108 lm), while premature failure occurs in the

coarse-grained specimen (d = 286 lm). Final fracture

seems to occur after a relatively short tertiary creep regime

(accelerated creep regime), whereas the specimen with

recommended aging exhibits a well-defined accelerated

creep regime. Figure 4 shows the change in the creep rate

with time in the specimens of the Ni–Cr alloy crept under a

stress of 294 MPa at 973 K. The creep rate decreases at

first with increasing time (the primary creep regime) and

reaches almost constant value (the minimum creep rate),

and then increases abruptly to final fracture in these spec-

imens. The minimum creep rate is higher in the coarse-

grained specimen (d = 286 lm) in which premature fail-

ure occurred. The creep rate of the fine-grained specimen

(d = 45.2 lm) is a slightly larger than that of the medium-

grained specimen (d = 108 lm). Furthermore, the speci-

men with recommended aging shows a slightly higher

minimum creep rate compared to these conditions. As

described above, the hardness of the grip part of the rup-

tured specimens was a slightly higher than that of the heat-

treated specimens in the fine-grained specimen. Relatively

high creep resistance of the fine-grained specimen

(d = 45.2 lm) may be attributed to further c0 phase pre-

cipitation caused during creep at 973 K.

Fracture mechanism

It is well known that creep ductility decreases with

increasing grain size in metallic materials [11–13]. The

elongation in the fine-grained specimen (d = 45.2 lm) was

larger than that in the medium-grained specimen

(d = 108 lm) (Fig. 2). However, the creep ductility of the

coarse-grained specimen (d = 286 lm) was not small

compared to that of the medium-grained specimen. This

implies that the fracture mechanism changes as the grain

size increases [10], although the principal fracture

mechanism is generally intergranular fracture in polycrys-

talline metals and alloys at high temperatures. Figure 5

shows the optical and scanning electron micrographs after

failure under a stress of 294 MPa at 973 K. Tensile

direction is horizontal in the optical micrographs (Fig. 5a,

c, e). Grain-boundary cracks linked to the fracture surface

are observed both in the fine-grained specimen (Fig. 5a)

and in the medium-grained specimen (Fig. 5c), and a

transgranular crack is visible in the vicinity of a grain

boundary in the coarse-grained specimen (Fig. 5e). A

secondary crack can be seen on grain boundaries in the

fine-grained specimen (Fig. 5a), while no secondary cracks

are detected in the medium-grained specimen and coarse-

grained specimen. The fine-grained specimen shows a

ductile intergranular fracture surface with dimples which

are associated to large residual precipitates on grain

boundaries (indicated by arrows in Fig. 5b), while the

medium-grained specimen exhibits a brittle intergranular

fracture surface (Fig. 5d). The fracture surface of the

coarse-grained specimen consists of transgranular fracture

region with small dimples (indicated by TG in Fig. 5f) and

brittle intergranular fracture region (indicated by IG in

Fig. 5f). Therefore, a relatively large creep ductility in the

coarse-grained specimen is attributed to the occurrence of

transgranular fracture. However, the double aging did not

increase the rupture life of the specimens in comparison

with short-time aging for 3.6 ks at 973 K (Fig. 2) in the

Ni–Cr heat-resistant alloy because of over-aging of the

specimen. Brittle intergranular fracture also occurred in the

specimen with recommended aging, although this speci-

men exhibited a relatively large elongation owing to over-

aging (Fig. 2).

Discussion

The hardness of fine-grained specimen (d = 45.2 lm) is

higher than that of other specimens after short-time aging

(aging for 3.6 ks at 973 K) (Table 1). This may be related

to precipitation of c0 phase [7, 8] or formation of disloca-

tion substructure [14–16], although residual precipitates,

M23C6 carbide and grain refinement may also have some

effects on the hardening of specimens. Figure 6 shows the

transmission electron micrographs of the specimens of the

wrought Ni–Cr alloy aged for 3.6 ks at 973 K. According

to the results of the TEM-EDS analysis on the heat-treated

specimens, grain-boundary precipitates are considered to

be M23C6 carbide [7, 8] (Fig. 6a, b). Dislocation density is

very low and characteristic dislocation substructure is not

observed in the interior of grains in both the fine-grained

specimen (d = 45.2 lm) (Fig. 6a) and the medium-grained

specimen (d = 108 lm) (Fig. 6b). Thus, the high hardness

of the fine-grained specimen cannot be obtained from
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dislocation substructure. Very fine precipitates are visible

in the grains of the heat-treated specimens at the higher

magnifications (Fig. 6c), and are identified as c0 phase from

the selected area electron diffraction pattern (Fig. 6d).

It is considered from the results of the SEM-EDS and

TEM-EDS analyses that the residual precipitates are pri-

marily MC-type carbide containing large amounts of Nb

and Ti in the wrought Ni–Cr alloy [7, 8]. It is known that c0

particles are also formed by heat treatments at high tem-

peratures above about 1,033 K from MC-type residual

precipitates by the following chemical reaction (c is the fcc

matrix) [7, 8].

MCþ c! M23C6 þ c0 ð1Þ

The above chemical reaction may promote the precipitation

of c0 particles in specimens which involve the larger

amount of residual precipitates during aging for 3.6 ks at

973 K. The highest hardness (409 HV) in the fine-grained

specimen in the as-heat-treated condition (Table 1) is

attributed for the most part to the larger amount of c0

precipitates (Fig. 6). The above chemical reaction is more

likely to occur in the specimens with the smaller grain sizes

during short-time aging, because grain-boundary diffusion

facilitates the migration of atoms. The hardness increased

in the fine-grained specimen (d = 45.2 lm) and in the

medium-grained specimen (d = 108 lm) during creep.

The separate nucleation and growth of c0 phase particles as

well as the above chemical reaction may occur in the

specimens during creep at 973 K. Specimens with the

smaller grain sizes generally exhibit the better creep duc-

tility [11–13]. Thus, the fine-grained specimen has a

combination of high creep resistance and good creep duc-

tility (Figs. 2 and 4). The amount of MC-type residual

carbide is smaller, and the effect of grain-boundary diffu-

sion on the migration of atoms is smaller in the specimens

with the larger grain sizes. Therefore, the chemical reaction

(Eq. 1) is less likely to occur in the coarse-grained speci-

men during short-time aging or during creep at 973 K. This

Fig. 5 Optical and scanning

electron micrographs after

failure under a stress of

294 MPa at 973 K. a, b shows

fine-grained specimen

(d = 45.2 lm); c, d medium-

grained specimen

(d = 108 lm); and e, f coarse-

grained specimen (d = 286 lm)

(d: grain diameter) (arrows
indicate residual precipitates,

TG shows the transgranular

fracture region, and IG indicates

the brittle intergranular fracture

region)
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may lead to insufficient precipitation hardening in the

coarse-grained specimen and may result in a premature

creep failure (Fig. 2).

Many large residual precipitates were observed on the

fracture surface of the fine-grained specimen (Fig. 5b),

although some of them may have disappeared by the above

chemical reaction during aging and creep at 973 K. Using a

micromechanics model, K. Tanaka et al. [17] showed that

the crack can initiate by stress concentration at non-

deforming particles embedded in a ductile matrix owing to

plastic deformation under a uniaxial tensile stress. They

found that the fracture strain (plastic strain to crack initi-

ation) is inversely proportional to the square root of the

particle size. Therefore, large residual precipitates are also

expected to become potential nucleation sites for grain-

boundary cracks at high temperatures where the effect of

grain-boundary sliding on the creep deformation becomes

prominent [18]. Nevertheless, the residual precipitates did

not deteriorate the creep–rupture properties in the fine-

grained specimen at 973 K (Fig. 2). According to another

micromechanics model in which the effect of recovery by

atomic diffusion is taken into account [19, 20], the stress

concentration at the residual precipitates can be reduced by

diffusion of atoms and the creep strain to crack initiation

can increase as deformation temperature increases.

Decrease of the stress concentration may be more promi-

nent in specimens with the smaller grain sizes, in which the

recovery process can be enhanced by grain-boundary dif-

fusion of atoms. These conditions can qualitatively explain

why the residual precipitates did not impair the rupture

properties in the fine-grained specimen.

According to Garofalo et al. [9], if grain boundaries act

as sources and sinks of dislocations, then the steady-state

creep rate is proportional to 1/d (d: grain diameter). This

explains why the minimum creep rate of the fine-grained

specimen is larger than that of the medium-grained speci-

men (Fig. 4). The rupture life of the fine-grained specimen

is almost equal to that of the medium-grained specimen

(Fig. 2). The product of minimum creep rate _esð Þ and

rupture life (tr), _es � tr; gives a measure of creep ductility,

and this value is larger in the fine-grained specimen than in

the medium-grained specimen. Further, ductile intergran-

ular fracture with dimples occurred in the fine-grained

specimen, while brittle intergranular fracture was observed

in the medium-grained specimen (Fig. 5). These are

responsible for the better ductility of the fine-grained

specimen.

It is known that serrated grain boundaries are formed by

heat treatments [2, 21–24] and can improve creep proper-

ties in heat-resistant alloys [2, 22, 23]. The strengthening

effect of serrated grain boundaries results from the inhi-

bition of grain-boundary sliding which governs the initia-

tion and growth of cracks and the retardation of brittle

intergranular fracture [22, 23]. It is also known that discrete

MC carbides and dendritic c0 phase which form serrated

grain boundaries are responsible for the improved creep

resistance of a nickel-based alloy containing Hf [25]. In the

fine-grained specimen, grain boundaries are slightly

Fig. 6 Transmission electron

micrographs of the specimens of

the wrought Ni–Cr alloy aged

for 3.6 ks at 973 K. a, c, d fine-

grained specimen

(d = 45.2 lm), b medium-

grained specimen (d = 108 lm)

((a)–(c) are bright field images,

and (d) is the selected area

electron diffraction pattern of

(c)) (d: grain diameter)
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serrated with large residual precipitates (Fig. 1a) and

ductile intergranular fracture with dimples occurred in

creep at 973 K (Fig. 5b). Therefore, the strengthening

mechanism similar to serrated grain boundaries may

operate in the fine-grained specimen. Fine grain size is also

favorable for improved creep strength [1]. The fine-grained

specimen that is produced by combination of short-time

solution treatment and short-time aging, exhibited better

creep properties than the specimen with recommended

double aging. Such a simple heat treatment is applicable to

high-temperature components of wrought Ni–Cr alloys.

Conclusions

The effect of heat treatments on the creep–rupture prop-

erties was investigated using a wrought Ni–Cr (Inconel

X-750 type) heat-resistant alloy at 973 K. Short-time aging

for 3.6 ks at 973 K was made on the solution-treated

specimens with different grain sizes. The results obtained

are summarized as follows:

(1) The fine-grained specimen (d = 45.2 lm) with short-

time solution treatment exhibited a combination of

high creep resistance and good creep ductility. The

fine-grained specimen had almost the same rupture

life and superior creep ductility as those of the

medium-grained specimen (d = 108 lm) with nor-

mal solution treatment. The fine-grained specimen

and medium-grained specimen showed the longer

rupture life compared with the specimen with

recommended aging. The coarse-grained specimen

(d = 286 lm) with high-temperature long-time solu-

tion treatment had very short rupture life because of

insufficient precipitation hardening after short-time

aging and during creep at 973 K.

(2) Ductile intergranular fracture with dimples occurred

in the fine-grained specimen, while brittle intergran-

ular fracture was observed in the medium-grained

specimen, and in the specimen with recommended

aging. Both transgranular fracture and brittle inter-

granular fracture were observed in the coarse-grained

specimen with short-time aging.

(3) The principal strengthening of specimens was attrib-

uted to the precipitation hardening by c0 phase

particles. The fine-grained specimen had the highest

hardness in all the specimens, and the increase of the

hardness was observed both in the fine-grained

specimen and in the medium-grained specimen dur-

ing creep. A simple heat treatment composed of short-

time solution treatment (heating for 1.8 ks (0.5 h) at

1,423 K) and short-time aging (aging for 3.6 ks at

973 K), is applicable to high-temperature components

of wrought Ni–Cr alloys.
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