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bstract

Ultrasonic fatigue testing as well as conventional fatigue testing has been conducted on commercial extruded AZ31 magnesium alloy. The S–N
urve for this alloy appears to have a continuous decreasing trend in the very high cycle regime. Fatigue strength at 109 cycles is 88.7 ± 4.1 MPa.

he ratio of endurance limit at one billion cycles to the tensile strength (σ−1/σb) is 0.301. Fatigue failure mainly originated from the specimen
urface or near surface, where deformation twins were found after cyclic loading. Fatigue cracks were observed along twin bands. Based on cyclic
eformation irreversibility caused by twinning, fatigue damage mechanisms are proposed in terms of surface/near surface crack initiation.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Weight reduction components have attracted much attention
or their economical benefits in terms of energy consumption.
n that case, magnesium alloys have received more and more
oncerns due to their excellent properties, such as low den-
ity, high specific strength and stiffness, good machinability, etc.
1,2]. Structural parts of the engine, power transmission and car-
ody may be made of magnesium alloys [3]. During their life
ime, some of the components have to survive more than 108

ycles. Therefore, the study of very high cycle fatigue (num-
er of cycles > 108) properties of magnesium alloys is of great
nterest.

For casting magnesium alloys, defects such as casting poros-
ty and cavity may act as crack initiation sites and will have
etrimental influences on the material’s fatigue behavior [4]. In
ontrast, wrought alloys have superior fatigue properties because
hey have no such casting defects [5]. Therefore, using wrought
agnesium alloys for research may shed light on the intrinsic
atigue mechanisms of these alloys.
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Previous works [5–7] on high cycle fatigue behaviors of
rought magnesium alloys have proposed different crack initia-

ion mechanisms. For the explanation of surface crack initiation,
model of cyclic slip deformation [7] was suggested, while

or subsurface crack initiation, a model based on the interac-
ion between single slip and the environment [5] was proposed.
oth models have provided reasonable mechanisms for fatigue
rack initiation in the alloys investigated by these authors; how-
ver, these models might not be applied directly in the present
lloy since the cyclic slip conditions for different alloys were
ot the same and the corrosion properties for different magne-
ium alloys were different either [8]. On the other hand, it is well
nown that magnesium has a hexagonal close-packed (hcp) crys-
al structure which leads to its unique mechanical responses due
o the activation of different deformation modes such as basal
lip and {1 0 1̄ 2} twinning [9,10]. But to the author’s knowl-
dge, in the very high cycle fatigue regime there has not been
fatigue failure mechanism which has taken into account the

pecific deformation mechanism in magnesium alloys.
In the present study, very high cycle fatigue behaviors of

ommercial extruded AZ31 magnesium alloy were examined

sing ultrasonic fatigue testing machine. In addition, conven-
ional servo-hydraulic fatigue testing was also conducted in
he same stress range as that of ultrasonic fatigue for compari-
on. Based on the experimental observations and the principle
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ig. 1. Specimen shape and dimensions for (a) ultrasonic fatigue testing (round
pecimen) and (b) conventional fatigue testing (plate specimen), respectively.

f cyclic deformation irreversibility, some explanations were
roposed to illustrate the mechanisms of surface/near surface
atigue crack initiation.

. Materials and experimental procedure

The AZ31 (Al 2.9, Zn 1.0, Mn 0.3, balanced Mg by weight%)
ars used in our experiment were processed by extrusion with
reduction ratio of 20:1. The {0 0 0 2} pole figure of this alloy
as obtained using X-ray diffraction analysis. Mechanical and

atigue testing specimens were machined with the loading axis
arallel to their extrusion directions. The mechanical properties
nder monotonic loadings are shown in Table 1. Notice that the
ompressive yield strength (CYS) is obviously lower than the
ensile yield strength (TYS); in other words, there is a severe
ension–compression yield asymmetry for this alloy.

The dimensions of the specimens for ultrasonic and conven-
ional fatigue tests are shown in Fig. 1. Both tests were performed
t room temperature and in ambient air. Ultrasonic fatigue test-
ng was conducted on Shimadzu USF-2000 testing system with
resonance frequency of 20 kHz, a resonance interval of 150 ms
nd a stress ratio of R = −1. Specimens were polished by emery
aper and then buff-finished before fatigue testing. During the
ltrasonic fatigue testing process, specimens were cooled by
ompressed air and were cycled at constant stress amplitude to
09 cycles except failure. Some specimens were then cut along
he direction parallel to the gage length and prepared for opti-
al microscope observation. Details of ultrasonic fatigue testing
rocedures and systems are described elsewhere [11]. Conven-
ional servo-hydraulic fatigue testing was conducted on Instron
871 fatigue testing machine with a frequency of 1 Hz and a
oad ratio of R = −1. Electro-polished plate specimens were pre-

ared for the purpose of surface observation. Specimens were
rst loaded under the stress amplitude of 90 MPa (in the stress
ange of ultrasonic fatigue loading) for 104 cycles without fail-
re. After surface analysis, these specimens were further cycled

o
a
(
f

Fig. 2. S–N curve for AZ31 alloy after ultrasonic fatigue testing.

nder higher stress amplitudes in order to speed up the fatigue
amage process. Scanning electron microscope (SEM) analysis
as conducted with FEI QUANTA-600 SEM equipment.

. Results and discussion

The ultrasonic fatigue S–N curve is shown in Fig. 2 with a
panned cycle range of 104–109. Fatigue failures can be observed
ver most of the testing stress amplitude range and the S–N curve
ppears to have a continuous decreasing trend without a hori-
ontal asymptote. Endurance limit of this alloy at 109 cycles is
8.7 ± 4.1 MPa. Ogarrevic and Stephens [12] have indicated that
atigue ratio (σ−1/σb) was between 0.25 and 0.5 for wrought Mg
lloys and higher ratios were for higher strength alloys. Here the
atigue ratio for AZ31 alloy at 109 cycles is 0.301, indicating this
lloy has relatively moderate fatigue strength. It was observed
hat fatigue failure mainly originated from the surface (Fig. 3(a
nd b)) or slightly below the surface (Fig. 3(c and d)) of the
pecimens. As a matter of fact these two features are hard to be
istinguished from each other in the present work (see Fig. 3),
o they are not treated separately in the following discussion
nd crack initiation from slightly below the specimen surface is
eferred to as near surface crack initiation.

It has been indicated that crack initiation period may take up
ore than 90% of the total fatigue life in the very high cycle

egime [13], thus emphases were put on the study of crack ini-
iation mechanism [5,7]. From the basic point of view, fatigue
ailure originates from cyclic deformation irreversibility [14,15];
hat is to say, as the fatigue loading goes on, the build up of
rreversible deformation may cause local stress concentration
nd then leads to the initiation of cracks. However, for magne-
ium alloys, most of the previous works only consider cyclic
lip as the cyclic deformation mode. Some authors noticed the
nvironment-assisted cyclic slip irreversibility [5]; some authors
oncerned about slip bands and the interaction between slip
ands and grain boundaries [7]. In our work, the applied AZ31
lloy has superior corrosion resistance due to its higher content

f Al and lower content of Zn [8]. Besides, no layer of oxide film
s observed in literature [5] has been found in our experiment
see Fig. 3). Thus, only the environmental effects are not enough
or the explanation of crack initiation in the present alloy.
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Table 1
Mechanical properties of AZ31 alloy

Material Tensile yield strength (TYS) (MPa) Ultimate tensile strength (UTS) (MPa) Elongation (EL) (%) Compressive yield strength (CYS) (MPa)

AZ31 187.2 294.5 18.5 89.6

Tensile yield strength (TYS) and compressive yield strength (CYS) are given for 0.2% offset.

F ture surfaces of AZ31 alloy after ultrasonic fatigue loading. Arrows indicate crack
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ig. 3. Low (a and c) and high (b and d) magnification SEM images for frac
nitiation from surface (a and b) or from near surface (c and d).

More importantly for hcp-structured magnesium alloys, it is
ell known that both {0 0 0 1} 〈1 1 2̄ 0〉 basal slip and {1 0 1̄ 2}

winning are the main deformation systems at room temperature
2]. Since the 〈1 1 2̄ 0〉 Burgers vector lies in the basal plane,
o plastic strain parallel to the c-axis could be accommodated
y this slip system [9]. However, the {1 0 1̄ 2} twinning could
ause extension along the c-axis, which leads to the activation
f twinning mode only by tension but not by compression along
he c-axis [9]. For extruded magnesium alloys, it is considered
hat basal planes tend to align parallel to the extrusion direction
9]. The {0 0 0 2} pole figure of our alloy (Fig. 4) also confirms
hat extruded AZ31 alloy has a strong fiber texture with {0 0 0 1}
asal plane distributed parallel to the extrusion direction. Such an
rientation favors extensive {1 0 1̄ 2} twinning under compres-

ive loading, resulting in a relatively lower compressive yield
trength, while both the {0 0 0 1} 〈1 1 2̄ 0〉 basal slip and the
1 0 1̄ 2} twinning are difficult to operate under tensile loading,
esulting in a relatively higher tensile yield strength [9,16]. In

Fig. 4. {0 0 0 2} pole figure for the extruded AZ31 alloy with ED of the extrusion
direction.
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ur experiment, the applied stress amplitudes (in the range of
0–130 MPa (Fig. 2)) are well below the tensile yield strength
87 MPa (Table 1), so the aforementioned cyclic slip mecha-
ism [7] may not be simply applied in the present condition.
n contrast, it is noticed that the compressive yield strength is
round 90 MPa (Table 1); so local yielding could exist under
ost applied stress amplitudes. Therefore, local activation of

winning could be possible during cyclic loading in the very
igh cycle regime and it could be seen from Fig. 5 that certain
mount of deformation twins were formed beneath the fracture
urface after fatigue loading. In that case, more attention should
e paid on the contribution of deformation twins to the fatigue
amage processes.

Fig. 6 shows the microstructures of ultrasonic-fatigued spec-
men from the section parallel to the gauge length beneath the
racture surface. Arrows in Fig. 6(a) indicate that secondary
racks were formed along twin bands. Fig. 6(b) is the magnified
mage of the upper crack marked b in Fig. 6(a). For ultrasonic
atigue testing generally running in the very high cycle regime,
rack initiation may take up most of the total fatigue life [13].
hat is to say, once the crack has initiated, the specimen will
reak up very soon. Besides, due to the requirements of our
ltrasonic fatigue equipment, only round specimens (Fig. 1(a))
ere used for this test. Therefore, it is hard to observe crack

nitiation sites from specimen surfaces in the ultrasonic fatigue
est and it is hard to track down the main crack initiation sites
rom the observation of specimen section parallel to the gauge
ength as shown in Fig. 6. However, fatigue damage was not
ust confined on the main cracking layer; thus the observation of
econdary cracks beneath the fracture surface could also provide
s with a good understanding that twin has played an important
ole in the process of fatigue crack initiation.

On the other hand, conventional fatigue testing could help us
urther confirm the crack initiation mechanism. In Fig. 7, surface
orphologies for specimen after conventional fatigue loading

re shown. After 104 cycles of fatigue under the stress amplitude
f 90 MPa, twins were formed on specimen surface, but cracks
ave not been seen (Fig. 7(a)), which is reasonable since the life
pan of 104 is negligible compared to the general life span of
he very high cycle fatigue. Further fatigue loading under the
tress amplitude of 120 MPa for several thousand cycles led to
rack initiation along some twin bands (Fig. 7(b)). Although
ltrasonic fatigue damage process cannot be duplicated simply
y conventional fatigue process, the results obtained in Fig. 7
ould still reflect that twin has played an important role in crack
nitiation in the very high cycle fatigue regime.

Twinning-involved fatigue crack initiation has been men-
ioned by Shih et al. [6], but they did not come up with an
xplicit description of that process. Here, based on cyclic defor-
ation irreversibility caused by twinning, further description
as proposed to illustrate the twinning-involved fatigue damage
echanism. For the cyclic loading in the tension half cycle, both

winning and basal slip were hard to initiate. Testing specimens

ere undergone just elastic deformation since the tensile loading
as much lower than the tensile yield strength. As it went into

he compression half cycle, stress amplitude was high enough to
ctivate the {1 0 1̄ 2} twinning system and local yielding could
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ake place in the specimen. When the fatigue loading reversed
gain to tensile stress, some of the twinned regions might dis-
ppear due to the mechanism of detwinning [16]. However, the
rocess of detwinning could not be fully reversible [17]; there
ould be some remaining twins.
In the twinning-involved fatigue damage process, deforma-

ion twins could contribute from three aspects. First, although
win boundaries are the plane imperfections with the lowest
nergy, their roles in crack initiation have long been noticed
18]. The sharp edge of existing twin lamellas could cause
ocal stress concentration [19] and the remaining twin-matrix
nterfaces could act as preferential sites for crack nucleation
s observed in titanium [18]. Second, as fatigue loading went
n, the twining and detwinning processes kept repeating too.
ut not all of the twinned areas could be retreated during the

everse loading as observed by Stevenson and Vander Sande
17]. Therefore, just like cyclic slip, this cyclic twinning was
lso a form of plastic deformation and could also lead to cer-
ain degree of cyclic deformation irreversibility which is the
asic mechanism for fatigue damage. Finally, the contribution
f twinning to plastic deformation is not only for its direct shear
train but also for its modification of grain orientation [16] which
ight favor the initiation of dislocation slip in order to provide

urther plastic deformation. Since crack initiation stage might
ake up most of the total fatigue life [13], there was enough
ime for the activity of twinning and detwinning to modify local
rain orientations and that could favor the activation of some slip
ystems.

For polycrystalline material, plastic deformation within
rains tends to be constrained by neighboring grains. How-
ver, grains near specimen surface are partly surrounded by
ree surface which makes it easier for material transfer, and
hat could lead to surface roughing or near surface structure
hange. Since plastic deformation is easier near the speci-
en surface, the aforementioned three mechanisms concerning

bout twinning-involved fatigue damage process could lead
o more severe damage around the specimen surface or near
urface.

In addition, the conventional cyclic slip and environmen-
al effects could further accelerate the fatigue damage process
round the specimen surface or near surface areas. As we know,
atigue damage is a complex process. We agree with the idea that
yclic slip mechanisms or environmental effects play important
oles in different alloys, but in the present study we emphasize
he specialty of twinning-involved fatigue damage mechanisms
n our investigated AZ31 alloy.

Based on the discussion above, cyclic deformation irre-
ersibility caused by twinning is one crucial factor influencing
he fatigue property of extruded AZ31 magnesium alloy. It was
roposed that decreasing grain size to certain level would lead
o a transition of dominant deformation mode from twinning to
lip [20]. Thus, it is assumed that refining grain size could simul-
aneously increase the material’s strength due to the well-known

all-Patch law and reduces the cyclic deformation irreversibility

or extruded AZ31 magnesium alloy with certain deformation
extures, which could be an effective way for improving the
atigue properties.
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Fig. 5. Optical images of microstructures on the specimen section parallel to the gauge length (a) before and (b) after ultrasonic fatigue testing, respectively; (b) the
area right below the fracture surface. Loading axis direction was marked.

Fig. 6. Optical images of the specimen section parallel to the gauge length beneath the fracture surface (ultrasonic fatigue, ±100 MPa, 1.032 × 108 cycles): (a)
secondary cracks formed along twin bands; (b) magnified image of the crack marked b in (a). Loading axis direction was marked.

F ) defo
( er ±

4

A

ig. 7. SEM images of specimen surface after conventional fatigue loading: (a
b) microcracks were found to initiate along twin bands after further fatigue und
. Conclusions

The fatigue behavior in the very high cycle regime of extruded
Z31 magnesium alloy has been studied. Cyclic failure mainly

o
S
a
F

rmation twins were visible after 104 cycles (conventional fatigue, ±90 MPa);
120 MPa as indicated by arrow.
riginated from the surface or near surface of specimens with the
–N curve appearing in a continuous decreasing trend. Moder-
te fatigue ratio (σ−1/σb) for AZ31 at 109 cycles was observed.
atigue cracks were observed along twin bands. Twinning-
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nvolved cyclic deformation irreversibility was active in the
atigue damage process, which was considered as one specific
echanism of crack initiation among others in the present alloy.
rain refinement was suggested as one potential way for improv-

ng fatigue properties of some wrought magnesium alloys with
ertain textures.
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