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Abstract: An extruded AZ31B (Mg-3Al-1Zn-0.5Mn) magnesium alloy with a twin
volume fraction of 60% was subjected to fully reversed strain-controlled tension-
compression along the extrusion direction at strain amplitudes ranging from 0.23% to
0.45%. Dislocation slips were the dominant plastic deformation mechanisms without
involving persistent twinning-detwinning. At an identical strain amplitude, the
fatigue life of the pre-twinned alloy was much lower than that of the as-extruded alloy.
Fatigue cracks were mainly initiated on the prismatic or prismatic-basal slip bands in
the parent grains. The material volume reduction of the parent grains in the pre-

twinned alloy enhanced fatigue damage. Twin cracks were not observed.
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1. Introduction

Wrought magnesium (Mg) alloys have been increasingly applied in engineering
due to their low density and high specific strength [1, 2]. The cyclic deformation and
fatigue of wrought Mg alloys such as AZ31B [3-5], AM30 [6-8], ZK60A [9-12], GWS83
[13] have been investigated. These studies reveal that the deformation and damage
mechanisms of low cycle fatigue in Mg alloys are related to a distinguishable kink point
in the strain-fatigue life curves. When the strain amplitudes are lower than the kink
point, dislocation slips were the dominant plastic deformation mechanism and fully
symmetric stress-strain hysteresis loops were observed [14, 15]. Fatigue cracks are
found to initiate at the persistent slip bands (PSBs) [16-18] and the grain boundaries
(GBs) [19], and the final failure is due to continuous accumulation of distributed
microcracks. When the strain amplitudes are higher than the kink point, sustainable
twinning-detwinning occurs and the materials exhibit typical sigmoidal shaped stress-
strain hysteresis loops. Fatigue cracks are mainly initiated at the GBs [19] and the
twin boundaries (TBs) [20, 21], and the fatigue failure is a result of continuous crack
initiation and microcrack coalescence.

Extension twinning {10-12} plays an important role in the deformation behavior
of Mg alloys. It introduces a crystallographic lattice rotation of 86.3° and the lattice
of the twinned region is favored for detwinning under subsequent reversed loading [22].
Park et al. [23, 24] reported that at a strain amplitude of 1.0%, pre-existing {10-12}
twins in a rolled AZ31B alloy caused an increase in the mean stress under cyclic loading,
which deteriorated the fatigue resistance. However, little work has been done on the
effect of pre-existing twins on the fatigue property in wrought Mg alloys at strain
amplitudes lower than the kink point. Loading amplitudes lower than that of the kink
point in the strain-life curve is referred to as “low strain amplitude” in the current
presentation. At low strain amplitudes, most of the twins formed before the fatigue
experiments would be unchanged during the fatigue loading. In the current study,
cyclic deformation and fatigue of an AZ31B alloy with an initial {10-12} twin volume
fraction of 60% were experimentally investigated by fully reversed strain-controlled

tension-compression along the extrusion direction (ED). Particularly, fatigue damage

2



evolution through a surface crack observation on an ex situ sample was studied at a

strain amplitude of 0.3%.

2. Materials and Experiments

An extruded round rod with a nominal composition Mg-3Al-Zn-0.5Mn (wt%) was
compressed to a strain of 6.0% along the ED followed by annealing at 260°C for 15
minutes and quenched in water at room temperature in order to eliminate deformation
dislocations and to release the residual stresses. A longer annealing time would induce
precipitations.  All the testing specimens for monotonic and cyclic experiments were
cut from the rod having a diameter of 76mm (Figure 1a). The plate specimens were
distributed along the outer surface of the round rod with their axes parallel to the
extrusion direction of the material. An electron back-scattered diffraction (EBSD)
examination revealed approximate 60% volume fraction of {10-12}<10-11> twins after
6% compression. A surface scan using scanning electron microscopy (SEM)
indicated that there were no cracks induced by the pre-compression. Fig. 1b shows
the inverse pole figure (IPF) map of the pre-twinned AZ31B alloy on the ED-RD plane
before fatigue experiments. The parent grains have their <0001> directions
perpendicular to ED (red color) while numerous {10-12}<10-11> tension twins have
their <0001> directions almost parallel to the ED (green or blue color). The twins

divided the grains into smaller and irregular shaped fragments.
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Fig. 1. (a) Schematic of the testing specimens of as-extruded and pre-twinned AZ31B alloys. ED-
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extrusion direction, RD-radial direction, TD-transverse direction. (b) Inverse pole figure of pre-

twinned AZ31B alloy obtained by EBSD.

Detailed sample preparation procedure, fatigue equipment, and environment were
described in Ref. [25]. Fully reversed strain-controlled tension-compression fatigue
tests were conducted at room temperature with the strain amplitudes ranging from 0.23%
to 0.45% at a loading frequency of 10 Hz. The twin-free extruded AZ31B alloy was
also tested at identical strain amplitudes for a comparison of results. In order to
facilitate discussions, the extruded alloy without pre-strain will be referred to as as-
extruded alloy while the AZ31B alloy after 6% compression strain will be called pre-
twinned alloy. Fatigue life of a testing specimen was defined as the moment when the
tensile peak stress was decreased by 10% from the highest peak value. For a fatigue
specimen tested at a strain amplitude of 0.3%, SEM observations were performed at
1500th, 3000th, 6000th, 12000th, 18000th and 22000th (~95% fatigue life) loading
cycles and microstructures were examined by EBSD at 6000th and 12000th loading
cycles. In order to investigate the fatigue damage development, the ED-RD surface
of the plate specimen was preetched prior to the fatigue experiment using the same
procedure as that used for optical microscopy (OM) and SEM. Grain boundaries (GBs)
and twin boundaries (TBs) were revealed by soaking the polished samples in an Acetic-
Etchant solution of 1g oxalic acid, 1ml nitric acid, 1ml acetic acid and 150ml distilled
water for 10 seconds. The ED-RD surface of the sample for EBSD observation was
mechanically polished and chemically preetched by an Acetic-Nitric solution of Sml

nitric acid, 15ml acetic acid, 20ml water, and 60ml ethanol for 1~2 s.
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3. Results and Discussion
3.1 Cyclic deformation of as-extruded and pre-twinned AZ31B alloys

Figure 2a shows the stress-plastic strain hysteresis loops of the pre-twinned
material and these of the as-extruded state at a strain amplitude 0f 0.3%. With a twin-
free initial state, the as-extruded AZ31B alloy loaded in the ED exhibits symmetric
stress-strain hysteresis loops at strain amplitudes below 0.45% [14, 15, 25, 26]. For
the pre-twinned alloy, the stress-strain hysteresis loops evolve from a near symmetric
shape in the first 20 cycles to a fully symmetric shape eventually. Such a transition in
the stress-strain hysteresis loops reflects limited twinning-detwinning activities in the
early loading cycles and a lack of sustainable twinning-detwinning after a certain
number of loading cycles [27, 28].  Fig. 2b shows stress-plastic strain hysteresis loops
at half-life cycles of pre-twinned AZ31B alloy. The stabilized hysteresis loops are
almost fully symmetric when strain amplitude is lower than 0.45%. As a result, most
of the twins formed before the fatigue experiments were unchanged during the fatigue
loading. Similar to the as-extruded alloy, the peak stresses of pre-twinned alloy
experienced marginal cyclic hardening, which could be ascribed to dislocation

immobilization by the twin boundaries and activation of non-basal slips [29, 30].
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Fig. 2. (a) Stress-plastic strain hysteresis loops at a strain amplitude of 0.3% of as-extruded and pre-
twinned AZ31B alloy, (b) Stress-Plastic strain hysteresis loops at half-life cycles of pre-twinned

AZ31B alloy.

Fatigue results of as-extruded and pre-twinned AZ31B alloys are summarized in
Table 1. The stress values listed in Table 1 were obtained at approximately half
fatigue lives. The strain-fatigue life curves are shown in Fig. 3a. It can be found that
at an identical strain amplitude, the fatigue life of the pre-twinned alloy was much
shorter than that of the as-extruded alloy. Due to the existence of twins, the fully
reversed strain-controlled fatigue experiments of the pre-twinned alloy displayed small
compressive mean stresses. Since a tensile mean stress usually enhances fatigue
damage, the results shown in Table 1 and Fig. 3a suggest that the mean stress does not
contribute to the observed higher fatigue life of the extruded alloy than that of the pre-
twinned alloy at an identical strain amplitude. Fig. 3b shows the curves of the plastic
strain energy density per loading cycle and fatigue life for the two alloys. It turns out
that the relationship between the plastic strain energy density per loading cycle and

fatigue life is practically identical for as-extruded and pre-twinned conditions.
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Fig. 3. (a) Strain-life curves, (b) Plastic strain energy density per loading cycle and fatigue life of

pre-twinned and as-extruded AZ31B alloys.

Tablel Fatigue results of as-extruded and pre-twinned AZ31B alloy

Alloy 1D Ael2(%)  Ac/2(MPa) owm(MPa)  AWP(MJ/m?) N
31EI 0.45 161.7 17.1 0.21 5,620
31E2 0.40 150.4 13.5 0.15 10,168
As- 31E3 0.35 134.4 1.6 0.075 23,600
extruded  31E4 0.30 142.2 4.1 0.014 37,400
31ES 0.25 110.2 3.8 0.011 133,500
31E6 0.23 104.0 0.2 0.0012 >1,000,000




31T1 0.45 142.2 -9.6 0.38 3,800

3172 0.40 137.9 -9.6 0.22 6,400

Pre- 31T3 0.35 130.9 -3.4 0.13 14,000
twinned 31T4 0.30 128.8 -1.3 0.08 23,000
31T5 0.25 108.3 -0.2 0.03 56,800

31T6 0.23 101.2 0.3 0.0029 169,200

Notes: Ag/2-strain amplitude; Ac/2-stress amplitude at half-life cycle; om-mean stress at half-life
cycle; AWP-plastic strain energy density per loading cycle at half-fatigue life; Ny-number of cycles

to failure.

3.2 Fatigue damage of pre-twinned AZ31B alloy

Figure 4 presents the ex situ SEM observations of the surface damage morphology
from 6000th to 22000th loading cycles in the same area of the pre-twinned AZ31B alloy
at a strain amplitude of 0.3%. Several microcracks were first detected at 3000th
loading cycle in an observation area of 5 mm x10 mm. As a comparison, initiation
started much later in the as-extruded alloy at an identical strain amplitude [25]. With
increasing loading cycles, the total number of fatigue cracks increased. More than 10
microcracks were identified at 6000th cycle (Fig. 4a). These microcracks were
divided into two types, as shown in Fig. 4b and 4c. One type of cracks had an angle
of ~53° from the horizontal axis and the extrusions and intrusions were parallel and
were located in a narrow band of the matrix. The other type of cracks made an angle
of ~62° from the horizontal axis and the extrusions and intrusions were intersected in
the matrix. Fig. 4d and 4e show the surface morphology at 12000th and 22000th
cycles, respectively. With increasing loading cycles, much more persistent slip band
(PSB) cracks appeared from 12000th cycle to near fatigue failure. The increase in the
length and width of the microcracks was insignificant. PSBs and cracks at high
magnification are presented in Fig. 4f. It was noticed the cracks shown in Fig. 4f
remained the initial morphology in Fig. 4b and 4c. Few twin cracks, twin boundary

cracks or grain boundary cracks were detected and they remained unchanged.



Fig. 4. Ex situ SEM micrographs of surface damages at a strain amplitude of 0.3%: (a) at 6000th

cycle, (b) high magnification of PSBs in (a), (¢) high magnification of PSBs in (a), (d) at
12000th cycle, (e) at 22000th cycle, (f) high magnification of PSBs and cracks (loading along

the horizontal direction).

Figure5a and 5b show the distribution of Schmid factor (SF) values of basal slips
and prismatic slips in twins and parent grains. Fig. 5a shows that the SF values of the
prismatic slip in most of twins are lower than 0.1, which is much lower than that of
basal slip. It can be speculated that basal slips with lower critical resolved shear stress
(CRSS) were the dominant slip mechanism in the twins. In parent grains, the SF
values of the basal slips in approximately 40% grains are less than 0.1, while these for
the prismatic slips in more than 97% grains are greater than 0.4. According to the
visco plastic self-consistent (VPSC) simulation, the CRSS for basal slip, prismatic slip,
pyramidal slip, and extension twin are 15 MPa, 60 MPa, 90 MPa and 23 MPa,
respectively [31, 32]. Therefore, both basal slip and prismatic slip can occur in the

parent grains during cyclic deformation.
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Fig. 5. Distribution of Schmid factor values of basal slip and prismatic slip of (a) twinned grains
and (b) parent grains, (c) Inverse pole figure map at a strain amplitude of 0.3% at 6000th cycle,
(d) Slip system selection for Grain A and Grain B (codes 1-12 corresponding to the slip system

numbers, loading along the horizontal direction).

Figure 5c displays the IPF map of the surface damage morphology at 6000th
loading cycle at a strain amplitude of 0.3%. The two parent grains marked as Grain A
and Grain B, corresponded to these in Fig. 4b and 4c. The maximum SF values of the
basal slips and prismatic slips are 0.11 and 0.49 for Grain A and Grain B, respectively.
The possible slip traces of the two grains are presented in Fig. 5d. The x- and y-axes
are dimensionless representing the same directions as those in Fig. 4.  One set of slip
traces matches one slip system [19]. The PSBs in Grain A are parallel to (10-10)[11-
20] prismatic slip traces. It is obvious that these PSBs in Grain A were resulted from
(10-10)[11-20] prismatic slip. In addition, the two series of PSBs in Grain B are
parallel to (0001)[-2110] basal slip traces and (10-10)[11-20] prismatic slip traces,
respectively. It can be inferred that these PSBs in Grain B are due to (0001)[-2110]
basal slip and (10-10)[11-20] prismatic slip. In other words, prismatic slip is more
likely to cause fatigue microcracks than basal slip since the former is favorable for the

formation of microcracks in the parent grains.
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Xiong et al. [33] reported the effect of material orientation on cyclic deformation
and fatigue behavior of rolled AZ80 alloy. The fatigue life of the rolled direction (RD)
specimen was the longest at a strain amplitude below 0.4%, and the normal direction
(ND) specimen had the lowest fatigue resistance. The RD and ND specimens are
similar to the loading along the extrusion and radial directions, respectively. Based
on the experimental observations of surface damage morphology at a low strain
amplitude, proposed microcrack initiation modes in the extruded alloy are illustrated in
Fig. 6. When the as-extruded specimens are loaded along extrusion direction (Fig. 6a),
prismatic slip and basal slip are likely to occur in some favorably orientated grains.
When the specimen is loaded in the radial direction (Fig. 6b), basal slip is easiest to
activate, which is similar to the deformation mechanisms in the twins. Fig. 6¢ shows
that the crystal reorientation is a result of tension twinning. Prismatic slip and basal
slip are predominant deformation modes in the parent grains and twinned grain,
respectively. Once the prismatic slip exceeds the critical dislocation density, the PSB
crack is prior to appear in the surface. It is difficult to capture the slip trace and PSB
crack in the twins. Moreover, the abrupt strain relaxation due to twinning effectively
hinders nucleation of new microcracks in twins [10, 16, 34, 35]. The initial
deformation twins produce no obvious and direct changes in fatigue damage at low
strain amplitudes [36, 37]. As for the pre-twinned alloy subjected to loading along
extrusion direction, the reduced material volume of the parent grains due to twinning
may cause the crack initiation life to decrease. Considering crack initiation usually
takes up more than 90% of the total fatigue life at low strain amplitudes, the fatigue life

of the pre-twinned alloy is shorter than that of as-extruded alloy.

(a) (b)

Twin

Basal ;

Fig. 6. Schematics of the proposed microcrack initiation modes in the extruded alloy: loading
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direction along (a) extrusion direction; (b) radial direction; and (¢) extrusion direction for pre-

twinned alloy (loading along the horizontal direction, B-basal plane, P-prismatic plane).

4. Conclusions

The effects of initial {10-12} twins on the cyclic deformation and fatigue
damage of an AZ31B alloy were experimentally studied. At slip-dominated strain
amplitudes varying from 0.23% to 0.45%, the stress-strain hysteresis loops displayed a
symmetrical shape after several loading cycles. The fatigue life of the pre-twinned
material was much shorter than that of the as-extruded state at an identical strain
amplitude. The PSB cracks were incessantly initiated during cyclic loading that leads
to final fatigue failure. Fatigue damage was enhanced due to the volume reduction of

the parent grains in the pre-twinned alloy. Twin cracks were seldom observed.
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