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Abstract

The purpose of this article is the fatigue crack growth rate and stress-strain characteristic
of a nickel superalloys ZhS6K.

The da/dN(K) data from near-threshold to Paris regime and the stress-strain curve were
obtained using a new methodology designed for bending small specimens using material ex-
tracted directly from the blade.

The Hartmann-Schijve formula was fitted to describe the fatigue crack growth rate data.
Failure mechanism was related to the crack propagation rate by help of fractographic analysis.
A comparative analysis of the investigated material with the related alloy Inconel 718 was also
performed.

The tensile and compression stress-strain behavior, fatigue crack growth rate, and fracture
toughness of the ZhS6K nickel superalloy were determined from a single turbine blade, with
failure mechanisms examined using scanning electron microscopy. Compared to Inconel 718,
ZhS6K offers higher resistance to fatigue crack growth but has significantly lower fracture
toughness and stress-strain properties.

The obtained results fill a gap in materials data necessary for the durability and damage
tolerance assessment of turbine blades made of ZhS6K alloy.

Although the primary focus is on the fracture behavior of the newly characterized material
ZhS6K, the findings contribute to a broader understanding of the fracture mechanics within
the entire class of structurally similar materials.

K e y w o r d s: nickel superalloy, ZhS6K, fatigue crack growth rate, small specimen testing,
aircraft turbine blade

1. Introduction

ZhS6K is a nickel superalloy used in many aircraft
turboshaft, turboprop and jet engines. Recently it also
received significant attention as an additively manu-
factured material [1]. Despite its widespread use, reli-
able material data is still missing for fracture prop-
erties including the crack growth rate. Historically,
these material data were substituted by very detailed
ground and flight test procedures of the engine parts.
One of the most stressed components of an aircraft
engine are the blades. These parts are critical, as any
structural failure of a single compressor or turbine
blade during operation can lead to engine failure, re-
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gardless of whether it is a stator or rotor part. Such
destruction can cause secondary damage to the fuse-
lage, Then, the aircraft can become inoperative, and
this situation can lead to a catastrophic scenario.
Recently, several military training and rescue air

accidents have occurred involving compressor and tur-
bine blades damage and subsequent destruction of
the entire engine, resulting in an emergency land-
ing. Clear causes of some accidents have not yet been
found. However, during regular inspections using Non-
destructive testing (NDT) methods, damage of the
protective coating and sometimes also of the substrate
material, including the formation of fatigue microc-
racks, was observed on the blades.
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Ta b l e 1. Chemical composition of nickel alloy ZhS6K (wt.%) [10]

Ni Cr Co Mo W Al Ti Fe Mn Si C B Zr

Balance 10.5 5.2 4.1 4.7 5.5 2.8 1.8 0.4 0.4 0.15 0.035 0.04

Degradation effects of nickel alloys are described
in [2–5]. Known damage of blades made of ZhS6K
from operated engines was investigated in the subsonic
jet engine DV-2 [6], the helicopter turboshaft engine
TV3-117 [7] and the supersonic jet engine RD-33 [8].
Also degradation of the protective coating covering
the substrate material ZhS6K has been identified and
analysed [9–11]. These research papers demonstrate
the relation between the protective coating and sub-
strate material. However, these references were not ad-
dressing the fatigue phenomena of the substrate mate-
rial.
It is extremely difficult to test, predict and detect

these potential fatigue cracks during the regular gen-
eral overhaul procedure or even between the flights.
The ability to identify and assess the level of degrada-
tion and detect the hidden fatigue cracks is essential
for ensuring the safety and airworthiness of turboshaft
engines. The complexity of air accident investigation
is shown in [12]. A general overview and summary con-
cerning blade damages are reviewed in [13] and [14].
Ground testing is limited by the fact that each

disassembly process is very expensive and the origi-
nal settings change during repeated assembly. Natu-
ral boundary conditions (environment, pilot response,
weight) cannot be taken into account. Flight test-
ing with known fatigue damage is unfortunately al-
most impossible. Therefore, the microstructure and
material degradation processes in cast of ZhS6K were
brought into focus.
This paper aims to collect the necessary data

for fatigue life assessment and accident analysis us-
ing unique resonance bending testing methodology of
small specimens.
In this research, a stress-strain test and a series of

fatigue tests were performed. The crack growth prop-
erties of the material were analysed. Additionally, the
fracture surface morphology at different crack growth
rates was also investigated.

2. Materials and methods

This chapter describes an experimental program
focused on an obtaining mechanical and fracture prop-
erties of the ZhS6K alloy taken directly from a manu-
factured component. A compressor stator blade from
the jet engine M701 was chosen for the investigation.
Although this type of engine is no longer used very
much, ZhS6K material is used very widely in tur-
boshaft and jet engines.

Certification specification and aviation standards
EASA [15] or FAA [16] do not contain specific required
material testing procedures. New testing approaches
using the rotational specimen were designed [17] and
[18]. Unfortunately, the effect of production from a
real blade is missing. So, we used a testing method-
ology developed at Faculty of Nuclear Sciences and
Physical Engineering, Czech Technical University in
Prague [19]. This methodology was implemented to
study the Fatigue Crack Growth Rate (FCGR), frac-
ture toughness and stress-strain behavior [20]. The use
of small bending test specimens cut from the blade en-
abled to test small amounts of materials that can po-
tentially be obtained from parts with specific service
history. The experiments were performed in ambient
air at room temperature.

2.1. Material composition

ZhS6K is a Nickel superalloy with low Fe content
and high Cr, W, Mo, and Co content. The main el-
ements supporting the formation of the γ′ phase are
Al and Ti. The blade material is coarse-grained with
equiaxial grains. Temperature of liquid at casting in
vacuum to form is 1500–1600◦C. Working tempera-
ture up to 800–1050◦C. The material composition of
the samples is defined in Table 1. The protective Alu-
minum layer usually covers ZhS6K material against
the effects of high-temperature corrosion caused by
high temperature and exhaust gases during opera-
tion. The thickness of the layer ranges from 0.02 to
0.05mm. This protective layer is not the subject of
this investigation.
A conventionally manufactured, wrought Inconel

718 in the form of a 12mm thick bar (Bibus Met-
als AG, Fehraltorf, Switzerland) was used as a refer-
ence. The material was subjected to standard heat-
treatment (1000◦C for 30 minutes + in a protective
atmosphere, 720◦C/8 h + 620◦C/18 h aging).

2.2. The test specimens

Material from never operated turbine blade was
tested. Six miniature samples (4 × 3 × 32mm3) were
cut by electric discharge machining as shown Fig. 1.
Then the artificial notch was cut using diamond blade
[19] as shows Fig. 2. The depth of the notch was
0.4 mm, and width was 0.15mm. Specimens 1, 3, and
4, according to Fig. 1 were notched, remaining speci-
mens were used to obtain stress-strain curves and as
spare parts.
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Fig. 1. The test specimen – turbine blade and the cut plan.

Fig. 2. The sample with the initial crack cut from the spec-
imen.

2.3. Mechanical properties

Stress-strain properties were measured for speci-
men 2. Bending setup instrumented by Digital Image
Correlation (DIC) system based on the Ncorr soft-
ware [21] was used. The load/strain data were then
evaluated by the method of Herbert [19–23] to obtain
stress-strain curves in tension and compression.

2.4. Methodology

The used testing device [19] is shown in Fig. 3.
It loads the specimen in pure bending with stress ra-
tio R ∼ −1 and loading frequency of around 300 Hz.
During the test, the fatigue crack was initiated first
by stepwise increasing load with a holding period of
500,000 cycles. Once the crack was initiated, different
approaches were used for the testing. For specimen 1,
the constant amplitude was used up to 1mm crack

length, followed by K controlled load reduction.
For other specimens, the crack grew in the rate-

control mode [19] to reach crack length a = 1mm at
5 × 10−11m cycle−1.
Then the fatigue crack growth rate was exponen-

tially increased to 10−6 m cycle−1 at 2 mm crack
length for specimen 4. For specimen 3, the load in-
crease K-control mode of the ASTM E647 [24] stan-
dard was used.
After the fatigue crack growth rate test, the spec-

imen was ruptured during fracture toughness test ac-
cording to ASTM E1820 [25] standard. The crack
length was measured by unloading compliance instru-
mented by a Linear Variable Differential Transformer
(LVDT) sensor. After the fracture toughness test, the
fracture surfaces of the test specimens were examined
using a JEOL JSM IT-500HR Scanning Electron Mi-
croscope (SEM).
Microstructure was observed on metallographi-

cally polished surface using JEOL JSM 5510-LV
SEM (JEOL, Osaka, Japan) in backscattered electron
mode. Chemical composition was measured by energy
dispersive X-ray analysis (EDX) using IXRF 500 sys-
tem (IXRF, Inc. Austin, TX, USA) in the same SEM.

3. Results and discussion

In this chapter, selected experimental results from
the stress-strain test, fatigue crack growth rate and
fracture toughness test conducted on ZhS6K speci-
mens are presented and related to the findings of frac-
ture surface analysis.

3.1. Microstructure

The metallography of the investigated alloy is in
Fig. 4. The alloy showed typical dendritic structure
with substructure formed by coarse γ′, similar to that
presented in [26]. Interdendritic areas contained white
elongated particles (denoted Ti in Fig. 4) with in-

Fig. 3. The fatigue crack growth rate testing device.
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Ta b l e 2. Nominal and measured chemical composition of nickel alloy ZhS6K obtained by EDX (wt.%)

Ni Cr Co Mo W Al Ti Fe Mn Si C B Zr

Nominal 10.5 5.2 4.1 4.7 5.5 2.8 1.8 0.4 0.4 0.15 0.035 0.04
Average

Balance
11.3 4.5 5 4.4 3.11 2.9 0.5 0.1 0.03 – – –

Ni 4.4 2.8 2.2 1 4.3 6.3 0.2 0.03 0.02 – – –
Ti 2.41 0.31 25.9 32.1 0.1 34.73 0.21 0.2 0.14 – – –

Fig. 4. Microstructure of the investigated ZhS6K alloy. Box
indicates detailed location, Ti and Ni indicate Ti rich and

Ni rich areas.

creased concentration of the alloying elements (see Ta-
ble 2). These elongated particles may correspond to
carbides particles described in [26] or to intermetal-
lic precipitates. Darker particles (denoted Ni in Fig. 4
and Table 2) on the other hand contain lower than
nominal concentration of the alloying elements. One
exception is Ti which is present in twice the nominal
concentration in these darker areas.

3.2. Stress-strain test

Sample 2 was subjected to the bending test using

Fig. 5. The stress-strain curves in tension, obtained from
the bending test (a) and R-curve from fracture toughness

measurement (b).

the Herbert method implemented according to [27].
The resulting stress-strain curves in tension and com-
pression are shown in Fig. 5 and compared with ref-
erence Inconel 718 material [28]. The significant dif-
ference in compression and tensile behavior may be a
material property or may be caused by the inhomo-
geneity of the material. The difference is quantified by
the mechanical properties in Table 3.
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Ta b l e 3. Mechanical properties in tension and compression (subscript t and c), elastic modulus E and yield strength YS

Sample Et (GPa) Ec (GPa) YSt (MPa) YSc (MPa)

ZhS6K 160 214 757 877
In718 219 218 1199 1260

Ta b l e 4. Coefficients of the Hartmann-Schijve formula and mechanical properties in tension-elastic modulus Et and
yield strength YSt

Sample ΔKth (MPa m0.5) ΔKthr (MPa m0.5) A (MPa m0.5) D (10−11) p

1 (LR) 9.07 7.53 65
3 (KC) 8.84 7.3 65 3.37 2.15
4 (rate) 10.11 8.59 65

In718 6.7 5.5 145 6.28 2.25

Fig. 6. The fatigue crack growth rate curves at R ∼ −1 at room temperature: LR – load reduction, KC – K-control,
rate – rate control. Reference In718 data were obtained by the same method. Another reference is from [28] at R = 0.1.

3.3. Fatigue crack growth rate and fracture
toughness test

The obtained da/dN vs. Kmax data and corre-
sponding parameters of the Hartmann-Schijve [29]
formula are summarized Fig. 6 and Table 4. The
Hartmann-Schijve formula relates fatigue crack prop-
agation rate da/dN to driving forces ΔK and Kmax
as:

da/dN = D(ΔK −ΔKthr)p/(1−Kmax/A)p/2, (1)

where ΔKthr is the stress intensity factor range at fa-
tigue crack growth rate threshold (note the different
threshold ΔKth corresponding to da/dN = 10−10m
cycle−1 by ASTM E647). Following the ASTM E647
recommendation for the used R ∼ –1, it is assumed
that ΔK = Kmax. It is also assumed that the dy-

namic fracture toughness A can be approximated by
the measured fracture toughnessKIC. The detailed de-
scription of fitting the formula to experimental data
is in [20].
The coarse microstructure of ZhS6K causes signif-

icant variability of the FCGR curves, over the whole
tested range. The H-S however indicate higher fa-
tigue crack growth threshold and lower propagation
rate in Paris regime compared to the reference Inconel
718.
It may be interesting to mention that the ZhS6K

requires ΔK approximately 20 % higher than the ref-
erence fully heat-treated Inconel 718 commonly ap-
plied to turbine blades in aircraft power units. Its frac-
ture toughness only reaches about 50 % of In 718. The
In718 tested using the same method in rate control are
also included. These data are comparable to standard
CT tests at R = 0.1 taken from [28].
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Fig. 7. Fatigue surface at K ∼ 35 MPa m0.5.

3.4. Fracture surface analysis

Sample 4 from Fig. 1 was subjected to fracto-
graphic analysis. Fracture surfaces corresponding to

Fig. 8. Fatigue surface at K ∼ 20 MPa m0.5.

near threshold, Paris and high load crack propaga-
tion regimes characterized by Kmax of 35MPam0.5

(Fig. 7), 20MPam0.5 (Fig. 8), and 10MPam0.5

(Fig. 9). The fractures are rugged, following the crys-

Fig. 9. Fatigue surface at K ∼ 10 MPa m0.5.
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tal anisotropy of large areas with the same crystal ori-
entation. At high loads at the end of the fatigue test,
cracks propagate by the striation mechanism.

4. Conclusion

The stress-strain relation in tension and compres-
sion, fatigue crack growth rate and fracture toughness
and of ZhS6K Ni superalloy were obtained from a sin-
gle turbine blade.
SEM was employed to investigate the failure mech-

anisms. Compared with Inconel 718 alloy, ZhS6K
shows around 20% higher fatigue crack growth resis-
tance, but at the same time, its fracture toughness and
stress-strain properties are significantly lower. These
findings provide valuable insights into the similarities
between these alloys, informing future material selec-
tion and development for high-stress applications.
The performed testing demonstrates the capabili-

ties of the used methodology to obtain material data
very efficiently from a small amount of material. De-
spite its present limitations to room temperature test-
ing, it can support failure analysis by providing actual
part/batch material engineering data.
The next steps will focus on terminal phase of the

failure process, i.e. to the investigation of material
fracture toughness at elevated temperature. The main
research goal of these activities is a detailed descrip-
tion of ZhS6K material and increasing the operational
safety of actively used aircraft engines with this nickel
alloy.
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