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The push—pull fatigue characteristics of the peak-aged Mg—0.2Zn—0.5Zr alloys with different
addition levels of neodymium (Nd) have been investigated. The fatigue strength (cy) of the
Mg—xNd-0.2Zn-0.5Zr (NZx0K) alloy increases proportionally with the increase of the Nd content
(Cna) as follows: o (T6) ~ (13.8-14.0) Cng + 46 (for x between 0 and 3.0 wt%). The cyclic stress
amplitude also increases but the plastic strain value decreases with the increase of the Nd content. The
studied alloys exhibit the strain hardening followed by cyclic softening during fatigue test. During the
low-cycle fatigue (LCF) test, the cracks originate from the cyclic deformation and cumulative damage.
In high-cycle fatigue (HCF), the failure is due to the cyclic deformation and damage irreversibly caused
by environment-assisted cyclic slip. The LCF lives of the alloys fitted well with the Coffin-Manson
relation and Basquin laws, the three-parameter equation, and the energy-based concepts. The developed
multi-scale fatigue (MSF) life models can be used to predict the LCF and HCF lives of the alloys.

Among these models, the MSF life can well capture the influence of Nd addition on fatigue.

. INTRODUCTION

Cast magnesium alloys have drawn considerable interest
in transportation because of their much low density.'
Producing automotive components such as engine blocks
by magnesium alloys would significantly improve the
fuel efficiency and specific power output.” Since auto
parts are usually subjected to cyclic loading, the fatigue
properties have been considered as one of the key per-
formance indicators.>~ Generally, the high-cycle fatigue
(HCF) characteristics of magnesium castings are mainly
determined by the defects®™® or the microstructures.”™"!
For the defect-free magnesium alloys, the fatigue cracks
initiate from and then propagate along the cracked twin
bands in the solution treated condition (T4) and persistent
slip bands (PSBs) in the peak-aged (T6) and over peak-
aged (T7) conditions.” It has been found that alloying
elements can significantly influence the fatigue behavior
of magnesium alloys. For instance, the fatigue strength
(FS) of the Mg—Al base alloys was related to the Al
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content.'>™'* Jiang et al. found that increasing the Gd
content leads to the increase of the fatigue life of
the Mg-Gd-Y-Zr alloys at a high stress amplitude."”
Li et al. also reported that the addition of Zr element
significantly improves the FS of the Mg-3Nd-0.2Zn
alloys (all compositions are in weight percentage through-
out this article except otherwise stated).'®

Compared with the Mg-9Al-1Zn-0.3Mn (AZ91)
alloy which is a commonly used magnesium alloy,®™
the Mg-RE system (i.e., Mg—-Nd-Zn-Zr) exhibits
superior tensile properties, FSs, and corrosion resis-
tance.'®'"!® These alloys are becoming increasingly
attractive for the automotive engine blocks and wheels.
For instance, the engine block produced by the peak-aged
Mg-3Nd-0.2Zn-0.5Zr (NZ30K) alloy was found to
have a yield strength (YS) of ~160 MPa and FS of
~90 MPa at 20 °C, which are 45 and 22 MPa higher
than those of the peak-aged AZ91D alloy, respec-
tively.'"” The FS of the NZ30K-T6 alloy is slightly
lower than that of a commercial A319 aluminum alloy
used for engine blocks in GM (20 °C—100 MPa).*
However, the Nd element is expensive, thus the NZ30K
alloy with 3.0% Nd addition is costly, which would
limit their applications. Hence, whether the Nd content
in the alloy could be reduced or not on the basis of
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meeting property requirements for structural applica-
tions or not is of great importance. In this work, the
influence of Nd additions on the low-cycle fatigue
(LCF) and HCF properties and cyclic deformation
behavior of the peak-aged Mg—0.2Zn-0.5Zr alloy were
systemically clarified.

Fatigue testing is costly and time-consuming, thus
many attempts (such as multi-scale fatigue (MSF) life
models) have been made to predict the fatigue lives of
magnesium alloys without casting defects based on
tensile properties and grain size.”*° Yu et al. also found
that for an extruded Mg—6Zn—0.6Zr (ZK60) alloy, the
LCF life curve can be well predicted using a three-
parameter equation.”' Moreover, Park et al. reported that
an energy-based criterion based on the plastic or total
strain energy was able to describe the low cycle fatigue
strain-life curve of a rolled magnesium alloy.*

Therefore, the three-parameter equation,' the
energy-based concepts,”” and the MSF life models’°
were also applied to predict the LCF or HCF lives of the
studied alloys and compared with the experimental
results.

Il. EXPERIMENT PROCEDURE
A. Materials and sample preparation

The low-pressure sand casting bars with a 13 mm
diameter used in the present study are the same as those
used in our previous works, and details about the prepa-
ration of the casting bars can be found in Ref. 23. The
actual chemical compositions of the Mg-xNd—0.2Zn-0.5Zr
(x = 1.0, 2.0, 3.0 wt%) alloys were determined
using inductively coupled plasma (ICP) and are
Mg—2.96Nd-0.22Zn-0.4Zr, Mg—2.12Nd-0.19Zn-0.427r,
and Mg-3.09Zn-0.21Zn—0.39Zr, respectively.

The cast bars were solution treated at 540 °C for 8 h,
peak-aged at 200 °C for 14 h (T6), and then machined
to be samples for tensile and fatigue tests. The tensile
specimens have a gauge diameter of 6 mm, a gauge
length of 30 mm, and a radius between gauge length and
grip end (R) of 6 mm, and the LCF and HCF samples
have a gauge diameter of 6 mm, a gauge of 12 mm, and
a R of 48 mm. Electrolytic polishing (EP) was applied to
the fatigue specimens to eliminate the influence of
machining on the results prior to the fatigue testing.

B. Tensile testing and fatigue testing

The tensile test was carried out on a Zwick/Roell-20 kN
tensile testing machine and the tensile stress—strain
curves were determined using the knife-edge exten-
someter (25 mm) at a strain rate of ~1 x 1072 s ! at
room temperature. The ultimate tensile strength (UTS, oy,),
0.2% proof stress (YS, ©p,), and elongation of the
NxOK-T6 alloys were obtained from these curves.

For each alloy, the tensile properties are the average
value of four tensile.

The LCF testing was performed on a servohydraulic
Instron (8805) fatigue machine under a strain-control
mode (push—pull (PP) triangular loading, R = —1, strain
in the range from 0.2 to 0.8%, frequency of 1 Hz). For the
samples tested at total strain amplitudes of 0.2 and 0.3%,
the fatigue tests were converted to a stress-controlled
model (PP triangular waveform R = —1, frequency of
30 Hz) after 10,000 cycles until they fractured or the
fatigue lives exceeded 10’ cycles. The HCF testing was
carried out on a SincoTec MAG fatigue machine
(SincoTec Innovationspark Tannenhohe, Clausthal-
Zellerfeld, Germany) under a PP sinusoidal waveform
(stress ratio R = —1, frequency of 50 Hz).

C. Fractographic examination

The fracture surfaces of all fatigue samples were
examined using a ZEISS EVO scanning electron micro-
scope (SEM; Carl Zeiss, Oberkochen, Germany) attached
with an energy dispersive spectroscope (EDS). The sizes
of the grains located at the crack initiation region were
considered as the equivalent initiation crack sizes. Some
fatigue experiments were conducted to investigate the
cyclic deformation behavior and crack initiation mecha-
nism of the alloys. The tests were paused after selected
numbers of cycles to investigate the evolution of the
morphology of the specimen surface using the SEM.

lll. DAMAGE TOLERANT-BASED LIFE MODEL

Details about the models suitable for predicting the fatigue
characteristics of metals are shown as below. It is well
known that the Coffin—Manson relation and Basquin laws,
the three-parameter equation, and the energy-based concepts
can only be used to predict the LCF lives of magnesium
alloys.>'*? This is probably due to the fact that the crack
propagation life occupies the most of the fatigue life in LCF
regions. However, the developed MSF life models can be
used to successfully predict both LCF and HCF lives of
them.?® In HCF, the macroscopic deformation is elastic and
thus the process of initiating a fatigue crack is dominant.

A. Coffin—-Manson relation and Basquin laws

It is well known that the fatigue lives of metals are
correlated with elastic, plastic, and total strain amplitudes.
The total strain amplitude of metals can be described using
the Coffin-Manson relation and Basquin laws as follows”:

Ao _Ae Agy Ao (Ao o
2 2 2 2FE 2K’
o (2Ng)"

+e (2N, (1)
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where Ao, Ny, and E are the cyclic stress range, cycles to
failure, and modulus of elasticity, respectively; Ag/2,
Aey/2, and Ac/2 are the total, plastic, and elastic strain
amplitudes, respectively. The constants n" and K’ Gic and
b, e'f and c are the cyclic strain hardening exponent and
cyclic strength coefficient, FS coefficient and FS expo-
nent, fatigue ductility coefficient and fatigue ductility
exponent, respectively.

B. A three-parameter equation

A three-parameter equation was reported to be able to
predict the LCF lives of magnesium alloys by fitting the
experimental data,21

Ag E
(2 — 8()) Nf =C s (2)

where Ae/2 and N; are the strain amplitude and the
number of cycles to failure, respectively. The constants
€0, &, and C are determined by best fitting the strain-life
curve.

C. Energy-based concepts

Generally, the hysteresis energy significantly influen-
ces the LCF lives of magnesium alloys.** Park et al.
found that the strain-life curves of the magnesium alloys
can be described using the plastic strain energy density,22

AW, -N'=C (3)

where Ny and AW, are the number of cycles to failure and
plastic strain energy density, respectively, and m and C
are material constants. Considering the influence of
mean stress, Eq. (3) can be modified as?

AW, -N{'=C (4)

where AW, = AW, + AW,. AW, and AW, are the total
strain energy density and tensile elastic strain energy
density, respectively.

D. MSF life models

It has been reported that the fatigue life of the peak-aged
magnesium alloys depends mainly on the crack initiation
from slip bands and propagation through cracked slip
bands.” Consequently, the fatigue life of the peak-aged

alloys in this study can be predicted using the MSF models
together with the grain size and tensile properties of the
alloys. The fatigue life of the alloys can be expressed as>

N = (Cl (A8§q> o (dg)h +G (SmaxGaGy_sl)n(dg)q> )
(5)

where Asgq, Ga» Oys» €max» and d, are the local equivalent
plastic strain, stress amplitude, YS, maximum total strain
during loading cycle, and size of the grain acting as the
crack initiation site, respectively; C;, C», g, h, n, and ¢
are the material-related constants.

IV. RESULTS AND DISCUSSION

A. Effect of Nd content on tensile and
LCF behavior

1. Tensile properties

Table I shows the tensile properties of the peak-aged
Mg-0.27Zn-0.5Zr alloys with different Nd additions.
With the increase of the Nd content from 1.0 to 3.0%,
the YS and UTS increase from ~107 to ~159 MPa and
from ~217 to ~282 MPa, respectively, while the elonga-
tion decreases from ~12.1 to ~6.9%. Hence, the increase
of the addition of Nd significantly improves the tensile
strengths (both YS and UTS) but decreases the ductility
of the alloy. The reason appears to be that with the increase
of the addition of the Nd content, the B” precipitates
formed during aging increase.”®

2. Cyclic stress response

The evolutions of the cyclic stress amplitude with
respect to the number of cycles for the NZxOK-T6 alloy
are shown in Fig. 1(a), where the stress value increases
with the increase of the applied strain amplitude.
The stress amplitude in the NZxOK-T6 alloys first
increases and then decreases with the increase of the
number of cycles, especially at high strain amplitudes
above 0.3%. For instance, at the applied stain amplitude
of 0.5%, the maximum cyclic stress amplitude of the
NZ10K, NZ20K, and NZ30K alloys are about 144, 159,
and 175 MPa, which are 16, 24, and 28 MPa higher than
the initial cyclic stress amplitudes at first cycle, re-
spectively. The increased stress amplitude is probably
attributed to the interactions among the dislocations,

TABLE I. Grain size, tensile properties, and high-cycle fatigue properties of the NZx0K-T6 alloys.

Alloy Grain size (pum) YS (MPa) UTS (MPa) A (%) FS (MPa) FS/YS (oi/0y,) FS/UTS (oc¢/oy)
NZ10K 112 = 1.6 107 = 2.9 217 = 34 12.1 = 0.7 58 £ 3.6 0.54 0.27
NZ20K 114 £ 1.5 134 £ 3.2 253 + 2.8 9.1 £ 05 78 + 4.2 0.58 0.31
NZ30K 108 = 1.7 159 £ 3.6 282 *+ 4.2 6.9 1.2 90 £ 3.8 0.57 0.32
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FIG. 1. (a) Variation of the stress amplitude with the number of cycles for the NZxOK-T6 alloys. (b) Variation of mean stress with a normalized
cycle ratio for the NZxOK-T6 alloys. (c) Evolution of the plastic strain amplitude of the NZx0K-T6 alloys. (d) Monotonic and cyclic stress—strain

curves of the NZxOK-T6 alloys obtained at a strain rate of 1 x 1072 s~!

precipitates, grain boundaries, or twin grain boundaries,
which impedes the motion of the dislocations.”” %° As
an example, the strain-hardening behavior induced from
twin deformation has been reported for cast AMS50,
AE44, and AJ62A magnesium alloys.’® After the stress
amplitude achieved the maximum value, softening
behavior in the NZx0K-T6 alloys is mainly caused by
the sample surface crack initiation. The results in
Fig. 1(a) also indicate that the cyclic stress amplitude
of the NZxOK-T6 alloys increases with the increase of
the Nd content. At the applied strain amplitude of 0.8%,
with the Nd content increases from 1.0 to 3.0, the cyclic
stress amplitude of the alloys increases from 181 to
202 MPa. For the peak-aged NZxOK alloy, the strain-
hardening behavior mainly depends on the precipitates’
hardening and grain boundary constrains. The main
effects of the Nd content on strain hardening are the
degree of the interaction between dislocations, precip-
itates, and grain boundaries. The increased cyclic stress

1086

amplitude in the Mg-3Nd-0.2Zn-0.5Zr alloy with the
highest Nd content are mainly attributed to the higher
volume fraction and number density of B” precipitates
in grains.

3. Mean stress

It has been reported that the mean stress signifi-
cantly influences the LCF lives of magnesium alloys.>*
Fig. 1(b) plots the mean stress of the NZxOK-T6 alloys
(at strain amplitudes of 0.2, 0.5, and 0.8%) against the
normalized cycle ratio (N/Ny). Increasing total strain
amplitude increases the mean stress of the alloys.
At the lower strain amplitudes of 0.2 and 0.3%, the mean
stress of the alloys remains almost constant until fatigue
failure. With the strain value increasing to 0.5%, the mean
stress of the alloys first increases and then decreases during
cyclic deformation. The mean stress of the alloys tested at
the highest strain value of 0.8% increases until failure.

J. Mater. Res., Vol. 32, No. 6, Mar 28, 2017
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However, the influence of the Nd content on mean stress
is very marginal. For instance, at the strain amplitude of
0.8%, additions of 1.0-3.0Nd correspond to the mean
stress at the range of 4.37—4.58 MPa (minimum value) and
7.99-8.7 MPa (maximum value).

4. Cyclic strain resistance

The plastic strain value in the NZxOK-T6 alloys against
the number of cycles is shown in Fig. 1(c). The result
indicates that increasing the total strain amplitude
increases the plastic strain amplitude of the alloys.
For the NZx0K-T6 alloys, the plastic strain amplitude
first decreases and then increases with the increase of the
number of cycles, even more at high strain amplitudes
above 0.3%. At the same strain amplitude, the plastic
strain amplitude of the NZxOK-T6 alloys decreases with
the increase of the Nd content. To compare the mono-
tonic and cyclic strain-hardening behavior, Fig. 1(d)
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plots the monotonic tensile stress and cyclic stress with
respect to plastic strain curves of the NZxOK-T6 alloys.
The addition of the Nd element can significantly improve
the tensile flow stress and cyclic stress of the alloys.
For the alloys, the cyclic stress amplitude is apparently
higher than the tensile stress, even more at higher
applied strain amplitudes (>0.3%). This result indicates
that the NZxOK-T6 alloys were hardened much more
under fatigue than under tension. For instance, at the
plastic strain amplitude of ~0.146%, the cyclic stress of
the NZ30K-T6 alloy is about 189 MPa, improved by
34%, in comparison with the flow stress of the alloy
under tension (~141 MPa).

B. Effect of Nd content on FS and life

Figure 2(a) shows the relationships between the stress
amplitude and the number of cycles to failure of the
NZxOK-T6 alloys. The evolutions of the maximum
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FIG. 2. (a) Stress-life curves of the NZxOK-T6 alloys. Maximum cyclic stress amplitudes for the alloys under strain-controlled loading were included
for comparison. (b) Variation in RB strengths® and PP FSs of the NZx0K-T6 alloys as a function of the Nd content. (¢) Two-parameter Weibull plots
for the fatigue life data of the NZxOK-T6 alloys. (d) Saturated stress—strain hysteresis loops taken at the different total strain amplitudes of 0.26%
(NZ10K), 0.23% (NZ20K), and 0.2% (NZ30K) and 0.51% (NZ10K), 0.48% (NZ20K), and 0.39% (NZ30K), respectively.
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cyclic stress value with respect to the cycles to failure of
the alloys tested at strain-controlled loading were in-
cluded for comparison. The limit FS (107 cycles) of the
NZ10K-T6, NZ20K-T6, and NZ30K-T6 alloys is about 58
(£3.6) MPa, 78 (*£4.2) MPa, and 90 (*£3.8) MPa,
respectively. Increasing the Nd content significantly
increases the FS of the alloys. The alloys exhibit the
similar ratio values of FS to YS (0G0, ~ 0.54-0.58)
and ratio values of FS to UTS (oc¢/o, ~ 0.27-0.32).
The PP and RB (rotating bending)32 HCEF strengths of
the NZxOK-T6 alloys as a function of the Nd content
are plotted in Fig. 2(b). With the best fit of the data in
Fig. 2(b), the relationship between PP and RB FS (o) of
the NZxOK-T6 alloys and the Nd content (Cng) can be
expressed as

or ~ 14.0Cng + 46 (PP, R* = 0.976) , (6a)

of ~ 13.8Cng + 59 (RB, R* = 0.976) . (6b)

The fatigue strengthening ratio of the NZxOK-T6 alloys
is obtained for the Nd content ranges studied (for x between
0 and 3.0 wt%), i.e., Ky ~ 13.8-14.0 MPa (wt%) .

The Weibull plots in Fig. 2(c) show the effect of the
Nd content on the fatigue life of the alloys.?” The fatigue
specimens shown in the plots were tested at the stress
value of 93 MPa. With the addition of Nd increasing from
1.0 to 3.0, the characteristic fatigue life Nc of the alloy
increases from about 9.51 x 10* cycles to 1.85 x 10°

cycles. Compared with the NZ10K and NZ20K alloys,
the longer fatigue life observed in the NZ30K-T6 alloy
is mainly resulted by the improved matrix strengths in
the samples containing a higher Nd content. The more
Nd additions correspond to the higher volume fraction
of B” precipitates in the peak-aged alloys, which leads to
the increase of the matrix resistance to dislocation
movement and formation of slip bands.” As a result,
increasing matrix strength in the alloys increases the
resistances of the fatigue crack initiation and propagation.

It has been reported that hysteresis loops play an
important role in the fatigue lifetime of magnesium
alloys.** To discern the effect of the hysteresis energy
and Nd content on the fatigue lives of the alloys, a com-
parison of the stress—strain hysteresis loops is shown in
Fig. 2(d).>! The NZxOK-T6 alloy samples were tested at
different strain amplitudes of ~0.26% (90 MPa) and
~0.51% (158 MPa) (for NZ10K), ~0.23% (90 MPa)
and ~0.48% (158 MPa) (for NZ20K), ~0.20% (90 MPa)
and ~0.39% (158 MPa) (for NZ30K), respectively.
Compared with the NZ10K-T6 and NZ20K-T6 alloys,
the NZ30K-T6 alloy exhibits the lower plastic hysteresis
energy, corresponding to the lower fatigue damage and the
longer fatigue lifetimes of the alloy.

C. Effect of Nd content on crack initiation
mechanism

The peak-aged Mg—0.2Zn—0.5Zr alloys with different
Nd contents exhibit a similar fatigue failure mechanism.

MNZ30K-T6

FIG. 3. SEM images showing crack initiation in the low-cycle fatigue specimens of the NZxOK-T6 alloys: (a) NZ10K and (b) NZ30K.
(c) SEM images showing the surface morphologies of the NZ30K-T6 alloys during fatigue testing. Slip bands and twins are marked by the
white and black arrows, respectively. (d) SEM image showing crack initiation in the high-cycle fatigue specimens of the NZ30K-T6 alloys.

(e) High-magnification image of oxide films and slip bands.
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The crack initiation behavior in the NZxOK-T6 alloys
tested at PP loading mainly depends on the applied stress
or strain amplitudes. In LCF tests (10> ~ 10> cycles),
the cracks in the samples mainly initiate at the sample free
surfaces due to the intrusion/extrusion mechanism and
cumulative damage [Figs. 3(a)-3(b)].>* To understand
the plastic deformation behavior of the NZx0K-T6
alloys, the surface morphologies of the samples were
observed in the SEM and the results are shown in
Fig. 3(c). It was seen that an amount of basal slip bands
and deformation twins formed on the surface grains.
Twinning can accommodate the deformation due to tensile
or compressive stress.”* However, the twinning-detwinning
behavior cannot be detected in the NZxOK-T6 alloys
during fatigue testing. With the number of cycles
increasing to 10%, the fatigue cracks originate mainly
from the sample subsurface [Fig. 3(d)]. As shown in

Fig. 3(e), some young oxide films have formed at the
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crack initiation region of these samples, which is mainly
attributed to the interaction between the dislocations-slip
and the environment.>

D. Fatigue life prediction

1. Based on Coffin—Manson relation and Basquin
laws or the three-parameter equation

Figure 4(a) shows the variations of total, plastic, and
elastic strain amplitudes with the cycles to the failure of
the NZxOK-T6 alloys. Figure 4(b) plots the relationship
between the plastic strain amplitude and stress amplitude
of the alloys. By fitting the relationships between
log(Ac/2) and log(2Ny), log(Ac/2) and log(Agy/2),
log(Ae,/2) and log(2Ny), log(Ae./2) and log(2Ny), the
LCF parameters of the peak-aged NZ10K, NZ20K,
and NZ30K alloys were shown in Table II. For the
NZxOK-T6 alloys tested at strain-controlled loading, the
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FIG. 4. (a) Total strain fatigue life diagrams (Coffin—Manson and Basquin plots) for the NZx0K-T6 alloys. (b) Plot of Ac/2 versus plastic strain
amplitude Agp/2 obtained from the data for different strain amplitudes. (c) Log total strain amplitude (Ag/2) versus log number of the cycles (Vy).
(d) S-N curves of the NZxOK-T6 alloys together with the prediction using the Coffin—Manson relation and Basquin laws and a three-parameter

equation.
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influence of the Nd content on the fatigue life is marginal.
Therefore, the same parameters of the models can be used
to predict the fatigue lifetime of the NZxOK-T6 alloys.
The constants such as G'f, b, s'f, and c [in Eq. (1)] for the
NZxOK-T6 alloys required for the calculation of the
fatigue life were also obtained to be 400 MPa, —0.11,
7.36%, and —0.49, respectively. The constants such as
€0, &, and C [in Eq. (2)] for the NZxOK-T6 alloys are
identified to be 0, 5.48, and 5.56 x 10~'°, respectively,
as shown in Fig. 4(c). Figure 4(d) compares the predicted
fatigue life curves for the NZxOK-T6 alloy samples using
the Coffin—Manson relation and Basquin laws [Eq. (1)],

TABLE II. Low cycle fatigue parameters of the NZxOK-T6 alloys.

and the three-parameter equation [Eq. (2)] to the actual
fatigue life, respectively. It can be seen that the calculated
LCEF life of the alloys is similar to the experimental test
data. Therefore, Eqgs. (1) and (2) can be used to predict
the strain-life curves of the NZxOK-T6 alloys.

2. Based on plastic strain or total strain energy
density models

The plastic strain and total strain energy densities
of the NZxOK-T6 alloys at the maximum stress
amplitude in the total strain amplitude range from

Cyclic strain hardening Cyclic strength

Fatigue strength

Fatigue ductility Fatigue ductility Fatigue strength

Alloys exponent, n' coefficient, K’ (MPa) exponent, b coefficient, s; (%) exponent, ¢ coefficient, cs/f (MPa)
NZ10K 0.209 561 —0.123 6.1 —0.429 405
NZ20K 0.172 490 —0.123 17.8 —0.595 430
NZ30K 0.15 495 —0.099 18.8 —0.657 387
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FIG. 5. (a) The plastic strain energy density and (b) total strain amplitude energy density of the NZxOK-T6 alloys samples at total strain amplitudes
of 0.2-0.8%. Life prediction with the energy-based models based on (c) a plastic strain energy density and (d) total strain energy density.
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0.2% to 0.8% are shown in Figs. 5(a) and 5(b),
respectively. The plastic and total strain energy densi-
ties of the alloys increase with the increases in the
hysteresis energies of the NZxOK-T6 alloys. For the
same total strain amplitude condition, the hysteresis
energies of the alloys also increase with the increase of
the Nd content.

Figure 5(c) plots the fatigue life curves of the NZxOK-T6
alloys as a function of plastic strain energy density.
The results indicate that the predicted fatigue lives based
on Eq. (3) coincide better with the measured data.
The comparison between the predicted fatigue lives of
the NZx0K-T6 alloys using Eq. (4) and the experimental
results is shown in Fig. 5(d). The constants m and C
for the alloys are found to be 0.34 and 27 (MJ/m?),
respectively. For the NZxOK-T6 alloys, the predicted
data are consistent with the measurement results within
in a 2X scatter band.
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3. Based on MSF life models

Figure 6(a) shows the influence of the sizes of the
grains as crack initiation sites on the fatigue life of the
NZx0K-T6 alloys tested at stress amplitudes of 93 MPa.
Increasing grain sizes significantly decreases the fatigue
life of the alloys. At the same grain size, the increase
of the Nd content significantly increases the fatigue life
of the alloys. For the NZxOK-T6 alloy, the minimum,
characteristic, and maximum grain sizes are suggested to
be about 40, 113, and 240 pum, respectively. In this work,
the parameters of MSF life models (C, =~ 16, g ~ 1.53,
h~ —077, C; = 041, n = —2.84, and g ~ —0.73)
obtained from the NZ30K-T6 alloy (grain size of 69 um
and YS of 147 MPa)’ were used to predict the fatigue life of
the NZxOK-T6 alloys. For the magnesium alloys, the matrix
strength and grain size significantly influence the fatigue
crack initiation and propagation lives. Therefore, consider-
ing the influence of material properties (such as YS) and
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FIG. 6. (a) Fatigue lives of the NZxOK-T6 alloys, as a function of grains as crack initiation site. S-N curves of the Mg—xNd-0.2Zn-0.5Zr-T6
alloys together with the prediction of MSF life models using the grain sizes of minimum, average, and maximum as fatigue crack initiation sites:

(b) NZ10K, (c) NZ20K, and (d) NZ30K.
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grain size, the total fatigue life of the NZxOK-T6 alloys is
calculated by Eq. (7),

N = (c1 (Aggq) Fdy)" + ¢ (smaxcac;;)" (dg)q)
x ((0ys/002) x (do/dy))’, (7

where cp, (147 MPa) and dy (69 pm) are the YS
and grain size of the NZ30K-T6 alloy, respectively.
Figures 6(b)-6(d) compare the measurement fatigue data
with the fatigue life curves of the NZxOK-T6 alloys
predicted using the MSF life models [Eq. (7)] together
with the minimum, characteristic, and maximum values
of grain sizes. By considering the distribution of grains,
both LCF and HCF lives of the NZx0K-T6 alloys can be
successfully estimated using Eq. (7).

The influence of the Nd content on the fatigue life of
the NZxOK-T6 alloys tested at strain-controlled loading is
small. In contrast, Nd addition significantly influences the
fatigue life of the Mg—0.2Zn—-0.5Zr alloy tested at stress-
controlled loading. Therefore, among these life prediction
models, the MSF life models can well capture the
influence of Nd addition on fatigue.

V. CONCLUSIONS

(1) Addition of the Nd element significantly increases
the YS, UTS, FS and cyclic stress amplitude of the
Mg—0.2Zn—0.5Zr alloys. Good linear relationships in the
NZx0OK-T6 alloys have been established between the limit
FS and Nd content as ¢ (T6) ~ 13.8-14.0Cnq + 46 (for
x between 0 and 3.0 wt%).

(2) The NZxOK-T6 alloys containing different Nd
contents exhibit the similar grain size, mean stress, and
cyclic deformation behavior. During fatigue testing, the
NZx0K-T6 alloys show the strain hardening followed by
cyclic softening behaviors, even more at higher strain
amplitudes above 0.3%. The increased strengths and
cyclic stress amplitude in the NZ30K alloy are mainly
attributed to the higher volume fraction and number
density of B” precipitates in grains. Increasing the Nd
content decreases the plastic amplitude of the NZxOK-T6
alloys.

(3) Nd addition cannot significantly influence the
fatigue failure mechanism of the Mg—0.2Zn-0.5Zr
alloys. The crack initiation behaviors of the alloys tested
at PP loading mainly depend on the applied stress or
strain amplitudes. In LCF, the fatigue cracks mainly
initiate from the cracked PSBs, which depends on the
intrusion/extrusion mechanism and cumulative damage.
For the HCF samples, the fatigue failure is mainly
attributed to environment-assisted cyclic deformation
and damage.

(4) The LCF lives of the NZxOK-T6 alloys can be
predicted using the Coffin-Manson law and Basquin

equation, the three-parameter equation, or the energy-
based concepts. The MSF life models can be used to
predict both LCF and HCF fatigue lives of the NZx0K-T6
alloys. Among these models, the MSF life can well
capture the influence of Nd addition on fatigue.
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