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INTRODUCTION 

Low� and high�cycle fatigue is an important char�
acteristic of metals and alloys, since it inferences the
service life of severely loaded parts and constructions
[1–4]. Precipitation�hardening nickel�based superal�
loys, which are intended for producing the structural
members of gas turbine engines, have attracted the
particular attention of researchers. These alloys are
characterized by a complex alloying system, are hard�
ened by the intermetallic γ' phase of a complex com�
position, and contain disperse carbide and boride
phases [5–11]. Although the low�cycle fatigue of next�
generation nickel�based superalloys was studied in
many works [12–18], some aspects related to the
influence of the structural state on the new precipita�
tion�hardening nickel superalloys and their low�cycle
fatigue are still poorly understood. 

The purpose of this work is to study the low�cycle
fatigue of a VZh175 superalloy, which is used in a gas
turbine engine under various loading conditions,
namely, various deformation temperatures and tem�
peratures. 

EXPERIMENTAL 

A VZh175 alloy (Ni base; alloying elements Co, Cr,
W, Mo, Al, Ti, Nb, C) was studied. In the initial state,
its structure was represented by γ solid solution grains
15–25 μm in size, and primary γ'�phase particles 2–
7 μm in size and hardening (Nb,Ti)C carbides and
(Mo,Cr,W,Co)3B2 borides were located along grain
boundaries (Fig. 1a). Hardening inclusions of the sec�
ondary and tertiary γ' phases of composition
(Ni,Co,Cr)3(Al,Ti,Nb,Mo,W,V) 10–700 nm in size

were detected inside the grains (Fig. 1b) [19]. The
mechanical properties of the alloy determined upon
static tension are given in Table 1. 

Low�cycle fatigue tests consisted in uniaxial cyclic
tension–compression of smooth cylindrical speci�
mens 5.0 mm in diameter with a gage length of 15 mm
using a servohydraulic LFV�100 machine at a constant
total (elastic and plastic) deformation per loading
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Fig. 1. (a) Structure and (b) substructure of VZh175 alloy. 
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cycle at a frequency ν = 1 Hz and a deformation asym�
metry coefficient R

ε
 = 0 in an initial cycle. Mechanical

hysteresis loops were recorded with an Epsilon exten�
simeter having a gage length of 12.5 mm. The series of
experiments differed in the total strain amplitude per
loading cycle (εa = 0.4–0.6%) and temperature
(20, 650°C). The time to failure was Nf = (1–13) ×
103 cycles (Table 2). 

RESULTS AND DISCUSSION 

A nonstationary change in the cycle shape and con�
tinuous formation of an asymmetric tension–com�
pression cycle are detected at the chosen initial regime
of low�cycle elastoplastic deformation with a cycle
asymmetry R

ε
 = 0 during the first N = 100 cycles. The

average cycle stress is always located in the range of
tensile stresses. As an example, Fig. 2 shows the
mechanical hysteresis loops recorded in N = 5 cycles
at εa = 0.4% and various test temperatures. It should be
noted that the compressive stresses at the beginning of
loading are relatively low, 250 and 150 MPa for test
temperatures of 20 and 650°C, respectively. After N =
20 cycles, they are 400 and 350 MPa, respectively.
When a stationary deformation cycle regime is
reached, the difference between the tensile and com�
pressive stresses in one cycle decreases substantially.
Nevertheless, the average cycle stress is always in the
range of tensile stresses. 

Figure 3 shows the typical mechanical hysteresis
loops of VZh175 alloy specimens tested up to N =
1/2Nf at εa = 0.4% and temperatures of 20 and 650°C
(under the chosen conditions, the difference in the
numbers of cycles to failure is insignificant). Note a

Table 1. Mechanical properties of VZh175 alloy

T, °C σu, MPa σ0.2, MPa δ, %

20 1600 1190 14

650 1530 1080 12

Table 2. Results of low�cycle fatigue tests of VZh175 alloy 

Parameter

Test temperature, °C

20 20 650 650 650 650

εa, % 0.6 0.4 0.5 0.5 0.4 0.4

Nf, cycles 2483 10251 894 1040 4222 13063
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Fig. 2. Mechanical hysteresis loops of the VZh175 alloy
subjected to low�cycle tests at εa = 0.4, N = 5 cycles, and
T = (a) 20 and (b) 650°C. 
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Fig. 3. Mechanical hysteresis loops of the VZh175 alloy
subjected to low�cycle tests at εa = 0.4 and fatigue lifetime
N = 1/2Nf: (1) T = 20°C, N = 5100 cycles; (2) T = 650°C,
N = 6500 cycles. 
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slightly higher slope of the mechanical hysteresis loop
to the deformation axis under the test conditions at
room temperature. Moreover, the strain accumulated
at room temperature is εac = 0.03%, which is slightly
higher than the strain accumulated at 650°C (εac =
0.02%). Figure 4 shows the kinetics of mechanical
hysteresis loops at εa = 0.5% and a test temperature of
650°C (Nf = 1040 cycles). 

When comparing the cyclic hardening/softening
curves of the VZh175 alloy tested at εa = 0.4%, we were
able to detect a certain increase in the maximum cyclic
tensile stress at N = 3 × 103 cycles and a loading tem�
perature of 20°C (Fig. 5a). Then, the maximum tensile
stress and the minimum compressive stress decrease
up to failure; that is, cyclic softening takes place. At a
test temperature of 650°C, the maximum and mini�
mum stresses remain stable (1050 and 450 MPa,
respectively) up to N = 2 × 103 cycles, and sharp soft�
ening then occurs (Fig. 5b). The beginning of sharp
softening during low�cycle fatigue tests at constant εa
is related to the appearance of a fatigue crack [20]. 

A slightly different picture is observed during tests
at higher deformation amplitudes. At εa = 0.6% and
room temperature, the maximum cyclic tensile stress
decreases continuously after N ≈ 80 cycles, and the
compressive stress first reaches 1000 MPa and then
decreases insignificantly up to failure (Fig. 6a). At a
temperature of 650°C and εa = 0.5% after N ≈
120 loading cycles, the tensile stresses also decrease
continuously (Fig. 6b), but this decrease is less intense
than that at εa = 0.6% and room temperature (see
Fig. 6a). The compressive stresses reach 680 MPa and
then decrease continuously up to failure (see Fig. 6b). 

Thus, the tensile stresses reach a maximum and
then decrease continuously in N ≈ 100 cycles at high

elastoplastic deformation amplitudes (εa = 0.6, 0.5%)
and all test temperatures. Here, the compressive
stresses change ambiguously: they either increase (at
650°C) or decrease (at 20°C) as the number of test
cycles increases after the end of a nonstationary seg�
ment (N ≈ 100 cycles). In both cases, the compressive
stresses change gradually. 

It is interesting to compare the stresses that appear in
the alloy at the same deformation amplitude and differ�
ent test temperatures. For comparison, we chose the
samples tested at εa = 0.4% and withstood a large num�
ber of cycles to failure, namely, 10500 and 13000 cycles
at 20 and 650°C, respectively (Table 3). It was found
that, depending on the test temperature, the stresses in a
specimen have different values and peak�to�peak ampli�
tudes after the initial loading segment (N ≈ 100 cycles).
The difference in the peak�to�peak amplitudes is rela�
tively small, 1610 and 1530 MPa at 20 and 650°C,
respectively. The difference in the maximum tensile
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Fig. 4. Mechanical hysteresis loops of the VZh175 alloy
subjected to low�cycle tests at εa = 0.5%, T = 650°C, and
Nf = 1040 cycles. 
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Fig. 5. Cyclic hardening/softening curves of VZh175 alloy
specimens tested at εa = 0.4%: (a) T = 20°C, Nf =
10275 cycles; (b) T = 650°C, Nf = 4222 cycles. (1) Maxi�
mum tensile stresses and (2) minimum compressive
stresses. 
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and compressive stresses is more significant, namely,
200 and 115 MPa at 20 and 650°C, respectively. The
average stress in both cases is positive, 325 and
115 MPa, respectively. 

When studying the fracture surfaces of VZh175
alloy specimens, we found that the mechanism of their
low�cycle fatigue fracture at 20°C weakly depends on
the deformation amplitude: a rather rough ductile
character of fracture, which is caused by a polycrystal�
line structure of the material, is detected in all cases. A
microcrack nucleates from several sources (Fig. 7a).
The zone of initial fatigue crack propagation is charac�
terized by a developed ductile fracture character with
ridges and fatigue grooves (Fig. 7b). The zone of stable
crack growth has a pronounced groove relief, and the
direction of fatigue crack propagation across grooves
changes as a function of the orientation of matrix
grains (Fig. 7c). The accelerated development of
fatigue cracks and static rupture are related to devel�
oped ductile fracture (Fig. 7d). 

The fracture surfaces of the specimens tested at
650°C and the same deformation amplitude (εa =
0.4%) have the main zone of fatigue crack nucleation,
from which ridges with fatigue grooves move (Fig. 8a).
We studied two specimens under these loading condi�
tions: one specimen withstood 4222 cycles to failure
and the other specimen, 13063 cycles. In the former
case, a crack nucleated from hardening�phase parti�
cles on the specimen surface (Fig. 8a); in the latter
case, a crack nucleated from the surface of brittle
cleavage, which was likely to form due to the fracture
of carbide (Fig. 8b). As in the case of room tempera�
ture, the zone of initial crack development has a duc�
tile groove relief with fatigue grooves elongated in the
direction of fatigue crack propagation (Fig. 8c). Sec�
ondary cracking is observed along fatigue grooves,
which can be caused by partial embrittlement of the
alloy at the test temperature. The accelerated develop�
ment of a fatigue crack is related to ductile fracture,
and the static rupture surface consists of ductile and
quasi�brittle fracture areas (Fig. 8d). 

As at εa = 0.4%, the fracture surface at a deforma�
tion amplitude εa = 0.5% and a temperature of 650°C
(1040 cycles to failure) has a pronounced zone of
fatigue crack nucleation and a zone of stable crack
growth (Fig. 9a). A ductile relief with fatigue grooves and
microcracks between them is observed near the crack
nucleation zone (Fig. 9b). The stage of stable crack
growth corresponds to a specific structure in the form of
elongated plates or plateaus, between which cracks are
observed in some cases. Aggregates of carbides are also
visible (Fig. 9c). The fracture in the section of acceler�
ated crack growth is mainly ductile (Fig. 9d). 

Thus, the fracture during low�cycle elastoplastic
deformation at room temperature is mainly ductile
with the presence of typical fatigue grooves. At a test
temperature of 650°C, the fracture mechanism is
mixed, namely, ductile and quasi�brittle. 

Fig. 6. Cyclic hardening/softening curves of VZh175 alloy
specimens: (a) εa = 0.6%, T = 20°C, and Nf = 2483 cycles;
(b) εa = 0.5%, T = 650°C, and Nf = 894 cycles. (1) Maxi�
mum tensile stresses and (2) minimum compressive
stresses. 

Table 3. Effect of the test temperature on the stresses
appearing in a specimen at a deformation amplitude εa =
0.4%

N, 103 
cycles

Stress, MPa, at temperature

20°C 650°C

0.1 1150* –460** 930* –600**
5 1150 –480
6 1140 –480
7 1130 –485
8 1120 –485
9 1120 –490

10 1125 –500
11 Failure Failure
12 920
13 910 –620

  * Tensile stresses.
** Compressive stresses.
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Fig. 7. Fatigue fracture surfaces of the VZh175 alloy at T = 20°C: (a, d) εa = 0.6%, Nf = 2483 cycles; (b, c) εa = 0.4%, Nf =
10251 cycles. The arrows indicate the direction of fatigue crack development. 
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Fig. 8. Fatigue fracture surfaces of the VZh175 alloy at T = 650°C, εa = 0.4%, and (a) Nf = 4222 cycles and (b–d) Nf =
13063 cycles. The arrows indicate the direction of fatigue crack development. 
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CONCLUSIONS 

The results of studying the mechanical properties
of a VZh175 nickel superalloy during static tension
and investigating the elastoplastic low�cycle fatigue at
20°C and an operating temperature of 650°C showed
that the alloy has a high strength (σu = 1600 MPa at
20°C and 1530 MPa at 650°C) at a sufficient ductility
(14 and 12%, respectively). When studying cyclic
hardening/softening diagrams in the range εa = 0.4–
0.6%, we found that the alloy has a sufficient stability
at a test temperature of 650°C. 
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