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The influences of temperature on the tensile properties and especially high-cycle fatigue behaviors of ZK30
magnesium alloy are investigated. The results show that the fatigue strengths are 87.5, 67.5 and 62.5 MPa
at room temperature, 100 and 140 °C, respectively. In order to evaluate the fatigue life, considering the
temperature and loading conditions, a comprehensive 2-parameter model based on the dislocation pile-up
model has been proposed. This model could predict the fatigue performance in the testing temperature
range by using the fatigue performance data at several temperatures. Furthermore, at a constant stress
amplitude, a critical testing temperature exists, where an optimal fatigue life can be found for the present
magnesium alloy. This model provides a new clue for evaluating the optimum service temperature of the

high-temperature materials.

Keywords fatigue life prediction, fatigue strength, high-cycle
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1. Introduction

With the requirements of energy conservation, emission reduc-
tion and the development of vehicle lightweight, the high specific
strength of magnesium alloys show great potential to be applied in
the automotive industry (Ref 1-4). Among them, the magnesium-
zinc-zirconium alloys (ZK series) are currently being considered as
one of the best alternatives to aluminum alloys in aerospace and
automotive industry, for instance in the manufacture of forged
pieces for helicopters or racing engines (Ref 5).

The ZK series alloys are precipitation strengthened by the
addition of zinc and grain refined by zirconium (Ref 6, 7). In
recent years, the fatigue performance of the material has received
attentions (Ref 8, 9). Vasilev et al. (Ref 10) found that the severe
plastic deformation could significantly improve the fatigue
properties of ZK60. Vinogradov et al. (Ref 11) reported that the
integrated extrusion plus equal-channel angular extrusion could
also elevate the fatigue performance of ZK60. Li et al. (Ref 12)
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demonstrated that the addition of the Nd element significantly
increased the yield strength, ultimate tensile strength and fatigue
strength of a cast Mg-Zn-Zr alloy. In addition, according to the
numerous studies on the cyclic plasticity of other series magne-
sium alloys, the twinning and slipping are very important plastic
deformation mechanisms for the magnesium alloy (Ref 13-16).
For the high-cycle fatigue behavior of magnesium alloy, He et al.
(Ref 17, 18) found that fatigue cracks preferred to initiate and
propagate along the slip bands in coarse grains with favorable
orientations. Yang et al. reported that micro-cracks were initiated
in AZ31B alloy by twinning bands at high stress amplitude in high
cycle fatigue (Ref 19); while, Mg-Gd-Y-Zr alloy exhibited a slip-
related crack initiation mechanism (Ref 20). In the meantime,
Xiong et al. (Ref 21) and Barnett et al. (Ref 22) also claimed that
the deformation mechanism underwent a distinctive transition
from twinning dominant to slip dominant with decreases in cyclic
stress loading.

However, the above studies on the fatigue properties of ZK
series alloys were only carried out at room temperature (RT).
The high-cycle fatigue performance of ZK30 at elevated
temperature is seldom reported. Generally speaking, the high
temperature would significantly reduce the high-cycle fatigue
strength and fatigue life of the traditional metallic materials
(Ref 23, 24). To maximize the potential of the material, the tests
were carried out at elevated temperatures as high as possible,
which generally exceeded 0.57;, (Melting temperature in
Kelvin). There are few reports on the testing temperatures
lower than 0.57;, (Ref 25). Nur-Hossain et al. (Ref 25) stated
that the effect of the elevated temperature (i.e., 80 °C) on
fatigue life of AM60B magnesium alloy is not significant.
However, the elevated temperature has obvious effects on both
tensile strength and plasticity, and both of them might have
influences on the fatigue performance. In addition, the variation
of tensile strength and plasticity with temperature might be
different. When the testing temperature is lower than 0.57,, the
relationship between the temperature and the fatigue perfor-
mance, including fatigue strength and fatigue life and the
corresponding mechanisms are still unclear up to now.
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In addition, many high-cycle fatigue life prediction models
have been proposed so far (Ref 26-30). They can be divided
into two categories: (1) the dislocation pile-up model and (2)
equivalent initial flaw model, which is applicable to non-defect
cracking and defect cracking material, respectively. However,
the testing temperature is not considered. Therefore, the models
cannot evaluate the fatigue properties at different temperatures.

In this study, the tensile and high-cycle fatigue performance
at RT and elevated temperature lower than 0.57;, of the
commercial ZK30 alloy is investigated, afterward the corre-
sponding fatigue fracture morphologies were also observed.
The different effects of temperature on the fatigue strength and
fatigue life were discussed by the dislocation pile-up model. A
comprehensive 2-parameter model based on the dislocation
pile-up model was proposed. This model could predict the
fatigue performance in the testing temperature range by using
the fatigue performance data at several temperatures. The aim
of this study is to enrich the fundamental understanding about
the fatigue performance of ZK30 alloy at RT and elevated
temperature, and to supplement experimental data for industrial
applications.

2. Material and Methods

The material used in this study is a commercial ZK30 alloy
received with forging. Samples for optical microscopy were
etched in a solution of acetic picral (6 g picric acid, 100 ml
ethanol, 5 ml acetic acid and 10 ml water) after mechanical
polishing to reveal grain boundaries. The optical micrographs
were taken by OLYMPUS GX71 optical microscopy.

Tensile tests were conducted at RT, 100 and 140 °C in the air
at a strain rate of 1 x 107*s™' on an electromechanical
universal testing machines Instron 5982. To ensure the accuracy
of the tests three samples were tested. The configuration of the
tensile sample is shown in Fig. 1(a) and the tensile properties of
the ZK30 alloy at different temperatures could be seen in Table 1,
including tensile modulus £ and tensile yield stress arys.

High-cycle fatigue tests were conducted at RT, 100 and
140 °C in the air with the stress ratio R = — 1 and the frequency
of 40 Hz on a hydraulic servo testing system MTS 370.10. The
configuration of the fatigue sample and the images of the test
platform are shown in Fig. 1(b), (c) and (d). The fatigue tests
were not interrupted until the samples broke or the test exceeded
107 cycles. All run-out data points were not taken to participate in
S-N curve fitting. The staircase method (at least two pairs of data)
was employed to calculate the fatigue strength.

Both tensile and high-cycle fatigue tests at elevated
temperatures started after 10 mins of heat preservation to
ensure a uniform temperature throughout the samples. The
fatigue fractures were observed by scanning electron micro-
scopy (SEM) Zeiss sigma 500, and the component analysis was
accomplished by the energy dispersive spectroscopy (EDS) on
the SEM.

3. Results

3.1 Microstructures

Figure 2(a), (b) and (c) presents the optical micrographs of
the ZK30 alloy that show a bimodal grain structure consisting
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Fig. 1 Samples and the test platform. The configuration of the (a)
tensile and (b) fatigue samples. (c) The appearance and (d) inside of
the test platform

of ultrafine grains of several microns and coarse grains of about
50 um in size. This type of microstructure is similar to the
results of Oh-Ishi et al. (Ref 31), in which it is called bi-
modally grained microstructure. It is reported that the Zr-free
alloy would show a uniform recrystallized grain structure,
while the Zr-containing alloy would show a bimodal grain
structure consisting of fine grains of several microns and
amorphous coarse grains containing fine precipitates (Ref 31).
The microstructure of samples after the fatigue test at 140 °C
were observed as shown in Fig. 2(b), and no obvious change in
grain size was found. Furthermore, as shown in Fig. 2(d), the
precipitates could be identified as Mg(Zn, Zr), which was
considered to inhibit dynamic recrystallization, resulting in a
partially recrystallized grain structure with bimodal grain
distribution (Ref 31-33).

3.2 Fatigue Properties

The relationships between the stress amplitude and the
cycles to failure at different temperatures of ZK30 alloy are
presented in Fig. 3(a), (b) and (c), in which the red arrows
indicate that the samples did not fail up to 107 cycles at the
specific stress amplitude. The fatigue strengths (6_;) by
staircase method are 87.5, 67.5 and 62.5 MPa at RT, 100 and
140 °C, respectively. It is clear that the increasing temperature
has an obvious negative effect on the fatigue strength. For the
present magnesium alloy, it shows that the higher the tensile
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Table 1 Tensile and fatigue properties at different temperatures

Temperature E, GPa orys, MPa o_1, MPa 6., MPa B, MPa
Room temperature 45.2 146 + 15 87.5 86.6 2728
100 °C 10.9 122 £5 67.5 65.9 5057
140 °C 10.7 110 &£ 2 62.5 60.7 5577
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Fig. 2 Optical micrographs of the microstructure of the ZK30 alloy at RT. (a) Before fatigue test. (b) After fatigue test at 140 °C. (c) High
magnification image before fatigue test. (d) The EDS results of the marked point in the SEM image of the precipitates

strength is and the lower the tested stress amplitude is, the
greater the dispersion of the fatigue life is.

Figure 3(d) shows the comparation of all the data points at
three different temperatures. It can be seen that the samples
tested at stress amplitude of 105 MPa have almost the same
lives for all three temperatures in the present study. Besides, it
seems that the testing temperature of 100 and 140 °C only had
little effect on fatigue lives compared to RT when the stress
amplitude is in the range of 100-110 MPa.

The fatigue strength of ZK30 is not found in the literature.
Therefore, several magnesium alloys from other series are list
in Table 2 for comparison. The fatigue strength tested at room
temperature is between 40 and 150 MPa. The material by
squeeze casting has the lowest fatigue strength, and the material
by extruded with aging heat treatment has the highest fatigue
strength. The material in the present study by rotary swaging
exhibits a moderate level of fatigue strength.

The fatigue strength tested at evaluated temperature rarely
satisfies R = — 1 and N;y= 10", simultaneously, except for
AZ61 (Ref 6) and QE22A-T6 (Ref 7). They both have
relatively high fatigue strength at evaluated temperature. For
AZ61 (Ref 6), the fatigue strength at 150 °C drops down about
50% compared to room temperature. For QE22A-T6, the
fatigue strength at 200 °C barely declines 20%. For the present
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material, the fatigue strength at 140 °C drops down about 29%
compared to room temperature, which is at a moderate level.

3.3 Characteristics of Fatigue Damage

To show the typical fatigue fracture morphologies, the
sample tested at stress amplitude of 110 MPa were selected for
RT, and the different regions of the fatigue fractures surfaces
could be observed by SEM, as shown in Fig. 4. The fracture
features can be divided into three regions (Ref 34): the region
of fatigue crack initiation and early growth, the region of
fatigue crack stable propagation, and the final fracture region.

The typical microscopic morphologies of each region at
different temperatures are shown in Fig. 5, 6, 7. At all three
temperatures, the fatigue crack initiates from the surface of the
sample. The SEM images show that there are no defects at the
fatigue crack initiation site, such as pores. In the meantime, the
EDS results show that there is no obvious intermetallic phase or
inclusions at the fatigue crack initiation site. For the propaga-
tion region, the fatigue striations can be seen in the microscopic
observation. For the final fracture region, the samples at three
temperatures all show the characteristics of ductile fracture, and
the fracture at 140 °C has the typical dimple morphology.
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Fig. 3 S-N curves fitted by Tanaka model. (a) RT; (b) 100 °C; (c) 140 °C; (d) comparation of three curves
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Table 2 Comparison between the fatigue strength of the present study and the literature

Ref T, °C Materials Remark 6., MPa
Ref 43 25 ZK60 As-extruded 140
25 ZK60-T5 150
Ref 44 25 ZK60 Air 125
Ref 45 25 AZ61A As-extruded 110
Ref 46 25 AZ31 Squeeze casting 40
25 Hot-rolled 95
25 Severely plastically deformed 95
This work 25 ZK30 Rotary swaging *87.5
100 *67.5
140 *62.5
Ref 40 100 WE43-T5 At 10° cycles *150
Ref 47 20 AZ61 55% relative humidity *157
20 80% relative humidity *115
50 55% relative humidity *145
50 80% relative humidity *115
150 No relative humidity value *95
Ref 48 20 QE22A-T6 Sand-cast *100
200 *80
250 *50
Ref 49 150 AM60 At 10° cycles, R = 0.1 *31
Ref 50 100 AZ31B As-extruded *75
200 *30
Ref 25 25 AM60B At 10° cycles, R = 0.1 *75
80 *75
Ref 51 25 Mgl12Gd3Y0.5Zr R=0.1 74
100 47
200 33
235 25

*Less than three pairs of data points.
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4. Discussion

4.1 S-N Curve

According to the Tanaka mode (Ref 35), during the fatigue
process, the soft domain in the microstructure would cause
strain concentration, which is related to the localization of
fatigue damage. The soft domain could be a soft oriented grains
in the polycrystalline metals, abnormal large grains produced
by partial recrystallization after cold rolling (Ref 36), the soft
phase in multiphase metals and the precipitate free zone in the

Initiation

Propagation

Final fracture

Fig. 4 Typical fatigue fracture of ZK30 at room temperature. Stress
amplitude is 110 MPa and fatigue life is 119,384 cycles

precipitation strengthening material (Ref 37, 38). In addition,
the material without metallurgical defects has a fatigue strength
at infinite life cycles determined by the critical stress for the
initiation of slipping. Furthermore, in the magnesium alloy, the
critical stress for the initiation of twinning is equally decisive.

Tanaka model can be expressed in the following form (Ref
35):

AWs

N =",
(Ua_o-cr)

(Eq 1)

where N; is the number of cycles to fatigue crack initiation, A4 is
a constant depending on the material properties, including
modulus, the value of Ws is a material parameter referred to
fracture energy, a, is the stress amplitude, and o, is the uniaxial
tensile stress corresponding to the critical stress for the
initiation of slipping or twinning. Furthermore, it can be
written as follows:

G2 = 0 + B/\/Nr, (Eq 2)

where f§ equals to «/AWs. Nj is replaced by N since the fatigue
crack initiation occupied the most of the total fatigue life (Ref
39). The conditional life fatigue limit ¢_; at 10 could be used to
improve the accuracy of Eq 2. When N equals to 107, g, should
equals to 0., and o, represents the fatigue strength at infinite
life. The S-N curves at RT and elevated temperature fitted by Eq
2 are shown in Fig. 3(a), (b), (c) and (d). The values of o, and
p are listed in Table 1. It could be seen that as the testing
temperature increases, f increases. In addition, the o, is very
close to the conditional life fatigue limit o_; at 107. In addition,
for certain data points, such as the sample tested at room
temperature under stress amplitude of 110 MPa, the experi-
mental fatigue life is significantly longer than the predicted
fatigue life by Tanaka model. After reviewing the original
records, it is found that the sample tested at room temperature
under stress amplitude of 110 MPa is taken from a wheel hub
different from other samples. Along with relatively higher

Fig. 5 Typical morphologies of fatigue fracture at room temperature. (a) Initiation region. (b) EDS mapping result in (a). (c) Propagation
region. (d) Final fracture region. Stress amplitude is 90 MPa and fatigue life is 146,589 cycles
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Fig. 6 Typical morphologies of fatigue fracture at 100 °C. (a) Initiation region. (b) EDS mapping result in (a). (c) Propagation region. (d) Final
fracture region. Stress amplitude is 70 MPa and fatigue life is 1,196,073 cycles

- "Propagation
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Fig. 7 Typical morphologies of fatigue fracture at 140 °C. (a) Initiation region. (b) EDS mapping result in (a). (c) Propagation region. (d) Final
fracture region. Stress amplitude is 65 MPa and fatigue life is 305,401 cycles

tensile strength and lower tested stress amplitude, these might
be the reasons that the data have a significant deviation.

4.2 Effect of Temperature on Fatigue Life

It is found that the increasing temperature has an obvious
negative effect on the fatigue strength, but has little effect on
the fatigue life when the stress amplitude is in the range of 100-
110 MPa, which could be seen in Fig. 3(d). According Eq 1,
the fatigue life is related to the § and 0. Therefore, the effect
of temperature on the fatigue life could be attributed to two
aspects: f and o,

Journal of Materials Engineering and Performance

Firstly, f represents the ability to accommodate fatigue
damage. The relationship between f and temperature should be
similar to the relationship between the impact energy and
temperature, since they both are related to the fracture behavior.
It is assumed that f# would increase with temperature, but there
is a maximum value /3, exists, and the closer to the maximum
value, the smaller the growth rate is:

dﬁ = k(ﬂmax - ﬂ)dT (Eq 3)

Volume 33(19) October 2024—10067
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Fig. 8 Relationship between f3, o . and temperature

When the temperature decreases, there is a minimum value
Pomin exists, and the closer to the minimum value, the smaller
the growth rate is:

dﬁ = k(ﬁ - ﬁmin)dT' (Eq 4)

Therefore, f could not continue to increase when the
temperature exceeds a certain value but maintaining a high
level. This kind of relationship could be described by:

ﬁ:ﬁmax_n’l'eﬂ,ﬂ‘(T2 Tk)? (Eq 5)

B = Bin + 1/(n- e 1)(T < T), (Eq 6)

where Ty is similar to the concept of ductile-brittle transition
temperature. The unit for the temperature is Kelvin in Eqs 5 and
6. The value of 7 could be obtained by letting f# equals to
(Bmax T Pmin)/2. The relationship between f§ and temperature of
the present ZK30 magnesium is shown in Fig. 8. It is clear that
the experimental data suit for the model well. In addition, f
barely increases when the temperature is higher than 140 °C.
The parameters fax, Pmin» 71, k and Ty are constants for a given
material and testing condition (e.g., fmax = 5264 MPa, S =
0 MPa, m = 9.8 x 107, k = 0.035). The value of T could be
obtained by letting 5 equals to (Smax + fmin)/2 then solving Eq
5, and the solution shows that 7} is 298 K (24 °C) for the
present material. Then the parameter n could be derived by
solving Eq 6 letting f§ equals t0 (Bmax + Pmin)/2, and Ty equals
to 298 K, and the solution shows that n is 14.14. Because the
testing temperature in the present study is all above the Ty, only
Eq 5 is used in Fig. 8.

Secondly, for the fatigue strength (o.,), it is summarized by
Ghorbanpour et al. (Ref 40, 41) that the decline of fatigue
strength is associated with the softening of the alloy with
increasing the temperature, the underlying softening of the
elastic stiffness and thermally activated deformation mecha-
nisms, i.e., easier activation of the -crystallographic slip
systems. For materials without cracking at micro-scale defect,
the fatigue strength is only related to the critical stress for slip
initiation of the weakest region in the microstructure (Ref 36,
42). Therefore, high temperature reduces the critical stress for
slip initiation and directly leads to the decline of the fatigue
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Fig. 9 Prediction of fatigue life by the present model

strength. The fatigue stress decreases linearly in range of 25-
140 °C, as shown in Fig. 8, which can be expressed as follows:

ou=e—fT. (Eq7)

The parameters e and f'are constants for a given material and
testing condition (e.g., e = 91.5 MPa and £ = 0.232 °C ™" in the
present study). Subsequently, the fatigue life at different stress

amplitude and temperature could be calculated by substituting
Eq 5 and 7 into Eq 2:

_ ﬁmax—i_m'eikT ?
Ne= <aa—<e—f-T)> '

The calculated and experimental results are shown in Fig. 9.
The life prediction factor (LPF) is usually used to evaluate the
ability of a life prediction method.

Ncal Nexp}
Nexp’Ncal ’

(Eq 8)

LPF = max{ (Eq 9)

where Ngy and N, are cycles to failure obtained by the
calculation and experiment, respectively. It could be seen that
most of the experimental data are within 4 times (LPF = 4) of
the predicted life. Furthermore, the fatigue life increases at first
and then decreases with temperature increasing at constant
stress amplitude (Fig. 10a). Obviously, there is a critical
temperature (7;) at which the fatigue life reaches the maximum
value and it can be calculated by:

dNg
=t o, (Eq 10)
T |,y

In addition, as the stress amplitude increases, the fatigue life
decreases and the T increases lightly, as shown in Fig. 10(b).
The T, shows meaning in determining the optimal cooling
target temperature to obtain the optimal fatigue life, where the
components work at an elevated temperature and cooling is
required.

Journal of Materials Engineering and Performance
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Fig. 10 Prediction of optimal temperature. (a) Relation of N-T at constant stress amplitude. (b) Relationship between 7. and stress amplitude

5. Conclusions

The high-cycle fatigue behaviors including crack initiation,
fatigue life and fatigue strength of the ZK30 at different
temperatures were studied. Based on the experimental results
and model analysis, several conclusions can be drawn as
follows:

1. The fatigue strengths at 107 cycles by staircase method
are 87.5, 67.5 and 62.5 MPa at room temperature, 100
and 140 °C, respectively.

2. The fatigue fracture of ZK30 shows similar characteris-
tics under different temperatures: The crack initiation site
is free of inclusions and obvious intermetallic phase.

3. The dislocation pile-up model proposed an appropriate
form of S-N curve. A 2-parameter model including vari-
able temperature has been proposed. It is realized that a
critical fatigue testing temperature (7;) exists, where the
maximum high-cycle fatigue life can be found for the
present ZK30 magnesium alloy.
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