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Abstract Some existing wrought Ni–Cr–Co-based superalloys are being evaluated as the candidate materials for

advanced ultra-supercritical power plant applications beyond 700 �C due to their high creep strength. But they are all

prohibitively expensive due to the addition of Co, Mo and W. Here we developed a new Ni–Fe–Cr-based superalloy

(named as HT700 alloy) with low cost and high strength. This paper reports the mechanical properties and fracture modes

of HT700 alloy to support its high temperature applications and to understand prospective failure mechanism. Fracto-

graphic examinations indicate that the fracture modes shift with test condition change. In addition, the HT700 alloy has

relatively stable microstructure at 750 �C. Compared with IN740 and GH2984 alloys, this new alloy has higher yield

strength in the temperature range from room temperature to 800 �C. The creep life of this new alloy is much longer than

that of the Ni–Fe-based superalloy GH2984. The results suggest that this new alloy is a promising material for advanced

ultra-supercritical power plant applications beyond 700 �C.
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1 Introduction

In the twenty-first century, the world faces the critical

challenge of providing abundant and cheap electricity to

meet the needs of growing global population while at the

same time preserving environmental values [1]. But tradi-

tional methods of coal combustion emit environmental

pollutants and CO2 (approximately 10 billion tons per year)

at high levels compared to other energy generation options

[1–3]. Therefore, the requirements for higher efficiency,

less energy consumption and reduced environmental

impact are pushing fossil-fired power plants to advanced

ultra-supercritical (A-USC) conditions with steam tem-

perature of up to 700–760 �C and pressure of up to

35–37.5 MPa [4–7]. The key to higher operating temper-

atures and stresses in A-USC technology lies in the avail-

ability of appropriate materials with enhanced creep

strength at intermediate temperature and with costs of

manufacture and fabrication that will yield a cost of elec-

tricity acceptable to consumers [8]. The requirements

imposed by these conditions are obviously beyond the

temperature capacity of the presently widely used ferritic

and austenitic steels for USC power plants, as steels are

limited to temperature below 680 �C [5]. It is thus likely

that nickel-based superalloys with higher temperature

capacity will be needed, and some existing wrought Ni–

Cr–Co-based superalloys such as IN740 [6], IN617 [5],

Nimonic263 [9] are being evaluated as the candidate

materials for USC. Despite of possessing excellent

mechanical properties, they are all prohibitively expensive

due to the addition of Co, Mo and W. Compared with those

Ni-based superalloys, HR6W and GH2984 alloys have
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attracted much attention due to their low costs; however, it

does not show high enough creep strength at high tem-

perature of up to 700 �C. Therefore, a new superalloy with

combination of low cost and enhanced strength beyond

700 �C has to be used. In present study, a new wrought Ni–

Fe–Cr-based superalloy (named as HT700 alloy) with

improved strength beyond 700 �C and with low cost was

successfully developed.

2 Experimental

The nominal chemical compositions (wt%) of HT700 alloy

are Ni-18Cr-2.8(W ? Mo ? Nb)-2.4Ti-1.8Al-0.15Si-

0.5Mn-20Fe-0.06C-0.02P. The 1.8% Al in conjunction

with 18% Cr is for the consideration of good oxidation

resistance at high temperatures beyond 700 �C. Further-

more, the high contents of Al (1.8%) and Ti (2.4%) are

expected to produce enough c’ precipitates which are

beneficial to the creep strength and the yield strength. The

additions of W and Mo are for the consideration of solid

solution strengthening. The addition of 0.02% P is expec-

ted to increase the creep strength due to the enhancement

of the grain boundary strength [10–14].

HT700 alloy was vacuum melted using high purity raw

materials, homogenized at 1200 �C for 24 h and air-

cooled. Then, the ingot was forged into block at 1160 �C.

The HT700 alloy was aging heat treated at 750 �C for 16 h

and then air-cooled. Tensile test specimens with 3 mm in

gauge diameter and 15 mm in gauge length were machined

from as-aged samples and tested in the temperature range

from room temperature to 800 �C with a strain rate of

3 9 10-4 s-1. Tensile creep tests were carried on speci-

mens with 5 mm in gauge diameter and 25 mm in gauge

length at various conditions. The microstructure was ana-

lyzed by scanning electron microscopy (SEM) equipped

with EDS and transmission electron microscopy (TEM).

The c0 was examined before and after creep-rupture test by

SEM. Thermal-calc software, of which the database is

TTNi7, was used to calculate theoretically the total volume

fraction of c0 in HT700 alloy.

3 Results and Discussion

The microstructure of HT700 alloy is shown in Fig. 1. The

microstructure mainly consisted of c matrix, spherical c0

precipitates and carbides. Annealing twins in the c grains

were also observed. Carbides distributed at the grain

boundaries and within the grains. Energy Dispersive Spec-

troscopy (EDS) analysis of the carbides identified the car-

bides formed within the grains mainly as MC type carbides,

in which M is mostly substituted for Nb, Ti. The carbides

observed at the grain boundaries are mainly M23C6 type

carbides in a form of ellipsoid (Fig. 1b), in which M is

mainly substituted for Cr and Fe. Although 0.02 wt% of

phosphorus is contained in HT700 alloy, no phosphide was

observed both by SEM and by TEM. At higher magnifica-

tion, spherical c0 particles within the grains were observed.

The total volume fraction of the c0 in HT700 alloy was

nearly 20% according to theoretical calculation based on

thermal-calc software. The total volume fraction of the c0 in

HT700 alloy is about 15% higher than that of GH2984

(about 6%), which might result in higher creep strength.

The tensile stress–strain curves of HT700 alloy at room

temperature, 700, and 800 �C are shown in Fig. 2a. The

tensile elongation of HT700 alloy at room temperature,

700, 800 �C was 16.3%, 15.5%, and 14.3%, respectively.

Fig. 1 a Image of the HT700 alloy illustrating twin boundaries and MC carbides within the grains, b TEM morphology and SAED pattern of

grain boundary precipitation
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The ductility just had a mild decrease in the 700–800 �C
range of interest and the tensile ductility at the temperature

range from 700 to 800 �C was comparable to that at room

temperature. The yield strength (YS) of HT700 alloy as a

function of temperature is shown in Fig. 2b. The YS of

IN740 and GH2984 alloys tested at different temperatures,

which was obtained from Ref. [15], is also shown in

Fig. 2b. The YS of HT700 alloy remained relatively con-

stant at the temperature range from room temperature to

600 �C and even showed a small maximum at the tem-

peratures in the vicinity of 650 �C and then decreased

sharply with the temperature increasing. It is widely

accepted that the flow stress of the c0 precipitates increases

with the temperature increasing, but the c0 precipitates will

soften when the temperature is high enough. Therefore, the

relatively stable YS of HT700 alloy from room temperature

to 600 �C could be explained based on the fact that the

softening of c matrix is compensated by the strengthening

of c0 precipitates until about 600 �C. With temperature

increasing further, strengthening of c0 precipitates is just

partly offset by the softening of c matrix and therefore the

net effect will result in the YS of HT700 alloy increasing in

the temperature range from 600 to 650 �C and even

reaching the maximum at about 650 �C. However, suffi-

cient thermal activation at high temperatures will lead to

the softening of c0 precipitates and therefore the strength

decrease in both c matrix and c0 precipitates would result in

the YS of HT700 alloy decreasing sharply in the temper-

ature range from 650 to 800 �C. Compared with IN740 and

GH2984 alloys, HT700 alloy had higher YS in the tem-

perature range from room temperature to 800 �C. During

650–800 �C, the YS of HT700 alloy decreased sharply

with the temperature increasing, resulting in the YS inter-

vals between HT700 alloy and IN740 alloy to become

increasingly narrow, but were still 300–400 MPa higher

than that of GH2984. This may be attributed to the fact that

HT700 alloy has higher c0 content (about 20%) and finer

grain size (56 lm) than that of GH2984 alloy. The

microstructural parameters of GH2984 and IN740 were

obtained from Refs. [6, 13, 16, 17], as shown in Table 1.

The fracture surfaces for the tensile tests subjected to

different temperatures were examined by SEM. The frac-

ture surfaces obtained at room temperature and 700 �C
were selected to show the fracture transformation with test

conditions changing, as shown in Fig. 3. Tensile specimen

had a transgranular failure mode at room temperature, as

clearly illustrated in Fig. 3a, b. The fracture surface

obtained at 700 �C was similar to the fracture surface

obtained at room temperature, but had a small portion of

intergranular area on the edge of the tensile specimen. And

secondary grain boundary cracking could be detected on

the intergranular area, which demonstrates the grain

boundary adhesion decreases when the temperature is high

enough. It is worth noting that the intergranular area just

occupied a small fraction of the entire fracture surface,

demonstrating HT700 alloy still possesses relatively good

grain boundary strength at 700 �C.

Creep curves of HT700 alloy tested at 750 �C and

200 MPa, at 750 �C and 250 MPa and at 800 �C and

200 MPa are shown in Fig. 4a. Creep curves tested at

750 �C and 250 MPa and at 800 �C and 200 MPa showed

Fig. 2 a Tensile engineering stress strain curves of HT700 alloy tested at room temperature, 700 and 800 �C, b comparison of tensile yield

strength for HT700, IN740 and GH2984 alloys from room temperature to 800 �C

Table 1 Microstructural parameters of HT700, GH2984 and IN740

alloys

Content of Al ? Ti

(wt.%)

Grain size

(lm)

c0 content

(%)

HT700 4.2 56 20

GH2984 1.1–1.7 65 6

IN740 2.3–2.7 200 13
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the same tendency with a short primary creep stage fol-

lowed by a relatively little steady-state condition and then a

very extended accelerating stage leading to failure. Creep

curve tested at 750 �C and 200 MPa showed a relatively

longer steady-state condition, and therefore creep-rupture

life at 750 �C and 200 MPa was longer (about 940 h). The

Larson-Miller parameter (LMP) plot of GH2984 alloy

which was obtained from Ref. [15] and that of HT700 are

shown in Fig. 4b, which shows the creep resistance of

HT700 alloy is much better than that of GH2984 alloy.

Fig. 3 Typical fracture surfaces for tensile tests at room temperature a, b, 700 �C c, d. Note the fracture surface transformed from transgranular

(room temperature) to predominantly transgranular but with small range intergranular area with grain boundary cracking

Fig. 4 a Creep curves of HT700 alloy tested at 750 �C and 200 MPa, at 750 �C and 250 MPa and at 800 �C and 200 MPa; b LMP of HT700

alloy plotted as a function of stress, together with that of GH2984 alloy
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Creep life and elongation of HT700 alloy tested at various

conditions are listed in Table 2. Creep life decreased with

increasing test temperature and applied stress level. For

example, creep life of HT700 alloy decreased from 940 to

122 h when the temperature increased from 750 to 800 �C.

At 750 �C, the creep life dropped from 940 to 215 h when

the applied stress increased from 200 to 250 MPa. It is

worth noting that creep-rupture life of HT700 alloy tested

at 750 �C and 200 MPa was still two times longer than that

of GH2984 alloy (444 h) tested at 750 �C and 150 MPa

[15]. The longer creep-rupture life of HT700 alloy may be

attributed to higher content of c0 (20%) and the addition of

trace P as grain boundary enhancement element. Although

phosphorus has normally been regarded as a detrimental

element in the cast superalloys, it draws attention in recent

years that moderate addition of phosphorus as an alloying

element could markedly prolong the creep life for some

wrought superalloys such as GH761 [18, 19], IN718 [11,

12] and GH2984 [13]. Most researchers attributed the

improvement in the creep life to the strengthened grain

boundaries caused by phosphorus segregation on the grain

boundaries which has already been confirmed by atom

probe tomography [20]. So it is logical to deduce that

phosphorus also segregates on the grain boundaries and

strengthens the grain boundaries in HT700 alloy, thus

prolonging the creep life of HT700 alloy. It must be also

noted that HT700 alloy has relatively lower content of W

(1 wt%) as compared with GH2984 alloy (*2 wt% W). W

is generally regarded as a typical solid solution element and

decreases the stacking fault energy (SFE) in the superal-

loys, thus improving creep properties of superalloys.

Obviously, however, the decrease in creep life due to less

W content in HT700 alloy is not able to contend with the

Table 2 Creep life and elongation of HT700 alloy tested at various

conditions

Condition Life (h) Elongation (%)

750 �C/200 MPa 940 12

750 �C/250 MPa 215 16

800 �C/150 MPa 192 18

800 �C/200 MPa 122 10

Fig. 5 Typical fracture surfaces of the alloy crept at 750 �C/200 MPa a, c, 750 �C/250 MPa b, d

S. Guan, C.-Y. Cui: Acta Metall. Sin. (Engl. Lett.), 2015, 28(9), 1083–1088 1087
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increase in creep life caused by higher volume fraction of

c0 (20%) and the addition of trace P as grain boundary

enhancement element.

Figure 5 shows typical creep fracture surfaces tested at

750 �C and 200 MPa and at 750 �C and 250 MPa. Creep

specimens failed in an intergranular mode, which are dif-

ferent from tensile fracture mode. The appearance of

fracture surface became rougher when the applied stress

level increased, clearly shown in Fig. 5a and b, because the

increased stress level would lead to more grain boundary

cracks, thus leading to the linkage of cracks and conse-

quently the fracture of the specimen.

The microstructure examinations of HT700 alloy before

and after creep rupture by SEM showed that the c0 main-

tained its spherical morphology but coarsened during creep

test. The size of c0 precipitates for as-aged HT700 alloy was

less than 40 nm, however lots of c0 precipitates reached

70 nm after creep rupture tested at 750 �C and 250 MPa and

110 nm after creep rupture tested at 800 �C and 150 MPa, as

shown in Fig. 6. The creep life of HT700 alloy tested at

750 �C and 250 MPa and at 800 �C and 150 MPa was 215

and 192 h, respectively. However, the size of c0 was much

smaller after creep rupture tested at 750 �C and 250 MPa

than that after creep rupture tested at 800 �C and 150 MPa,

demonstrating HT700 alloy has more stable microstructural

stability at 750 �C than at 800 �C.

4 Summary

A newly developed HT700 alloy has higher yield strength

than GH2984 and IN740 alloys from room temperature to

800 �C. The creep-rupture resistance of this new alloy is

much better than that of the Ni–Fe-based superalloy

GH2984 due to higher volume fraction of c0. Good

mechanical properties beyond 700 �C combined with low

cost make this new superalloy appropriate for advanced

ultra-supercritical power plant applications beyond 700 �C.
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