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The current work investigated the effect of shot peening (SP) on high cycle fatigue (HCF) behavior of the hot-extruded ZK60
magnesium alloy. SP can significantly improve the fatigue life of the ZK60 alloy. After SP at the optimum Almen intensities, the
fatigue strength at 107 cycles in the as-extruded (referred to as ZK60) and the T5 aging-treated (referred to as ZK60-T5) alloys
increased from 140 and 150 MPa to 180 and 195 MPa, respectively. SP led to a subsurface fatigue crack nucleation in both ZK60
and ZK60-T5 alloys. The mechanism by which the compressive residual stress induced by shot peening results in the improvement
of fatigue performance for ZK60 and ZK60-T5 alloys was discussed.

1. Introduction

The weight reduction of automobiles is one of the most effec-
tive ways to improve fuel consumption since the resistance of
a vehicle to rolling, climbing, and acceleration are directly
dependent on the vehicle mass. Therefore, the application of
magnesium alloys which have the density only roughly 25%
of that of steel and 66% of that of aluminum is expected to
increase substantially in this decade [1, 2]. For these automo-
tive components under the combined actions of fluctuating
loads and corrosive environment, good high cycle fatigue
(HCF) performance must be achieved. However, in compar-
ison to aluminum alloys and steels, the research results on
fatigue properties of magnesium alloys are still limited. Some
research has shown that the fatigue properties of magnesium
alloys are poor [3, 4], thus making it difficult to apply the
alloys for load-bearing parts in automobiles. Therefore, the
improvement of the fatigue properties of magnesium alloys
becomes a vital research subject.

Considering the fact that crack initiation of magnesium
alloy is a surface phenomenon controlled by aspects as resid-
ual stress level near the surface, the existence of compressive
residual stresses in surface region results in an improvement

of fatigue properties [5, 6]. Shot peening (SP) is a powerful
method to enhance the fatigue performance of structural
metallic materials, and some investigations on the influence
of shot peening were performed on the Mg-Al alloys AZ31,
AZ80 [7, 8], and A8 [9]. The results demonstrated that SP
effectively improved the fatigue properties of magnesium
alloys [7-9]. However, bombardment of the surface with the
shot often leads to the initiation of flaws or cracks, whose
detrimental effect on strength may outweigh the beneficial
effect of the compressive residual stresses. Thus, for mag-
nesium alloys, care must be taken to optimize the peening
conditions. This requires a detailed investigation of the mi-
croprocesses associated with SP.

The wrought magnesium alloy, ZK60, has the excellent
ductility and the highest strength among commercial magne-
sium alloys [10]. Its microstructure, mechanical properties,
deformation treatment, and the effects of the alloying ele-
ments and microelements are well studied [11]. At present,
research on the ZK60 alloy is mainly focused on the plas-
ticity, superplasticity, and ZK60-based composites [12, 13].
However, the main limitations to the application of ZK60
alloy in the automotive industry are its comparatively poor
fatigue properties and wear resistance [14, 15]. Therefore,
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FIGURE 1: Section topographies of the peened ZK60 alloy at different Almen intensities: (a) 0.05 mmN; (b) 0.10 mmN; (c) 0.30 mmN; (d)

0.40 mmN.

(®)

FIGURE 2: Section topographies of the peened ZK60-T5 alloy at different Almen intensities: (a) 0.05 mmN; (b) 0.10 mmN; (c) 0.30 mmN;

(d) 0.40 mmN.

the present work aims at investigating the possibility of using
SP to improve the fatigue properties of hot-extruded ZK60
alloy and hot-extruded plus T5 aging-treated ZK60 alloy (re-
ferred to as ZK60-T5).

2. Experimental

The hot-extruded magnesium alloy ZK60 (nominal compo-
sition in wt.%: 5-6 Zn, 0.3-0.9 Zr, balance Mg) was used in
this study and had the chemical composition Mg-5.54Zn-
0.56Zr (wt.%) [16, 17]. The extrusion ratio of about 14 was
applied to produce the extruded bar with external diameter
of 26.8 mm. Peak aging (T5, 150°C/24 h) was applied to some
of the hot-extruded cylindrical bars, referred to below as
ZK60-T5.

The phase composition analyses of the ZK60 and ZK60-
T5 alloys can be found in [16]. The ZK60 alloy mainly
consists of a-Mg and MgZn,, and MgZn precipitates were
present besides a-Mg and MgZn, in the ZK60-T5 alloy.

Tensile properties of ZK60 and ZK60-T5 alloys were
determined using sheet specimens with the marked dimen-
sions of 15-mm gauge length, 3.6-mm width, and 2-mm

thickness on the Zwick/Roell Z020 (A.S.T. GmbH, Dresden,
Germany) tensile testing machine at room temperature. The
initial strain rate was 5 X 107*s7!. The yield strength, the
ultimate tensile strength, and the elongation increased from
237 MPa, 312 MPa, and 15.5% to 273 MPa, 329 MPa, and
16.5% after T5 aging treatment, respectively. The tensile
properties of ZK60 and ZK60-T5 alloys were described in
detail elsewhere [16].

The hour-glass shaped round fatigue specimens (6 mm
gauge diameter) were used for the fatigue tests. After machin-
ing, a layer with thickness of about 200 um was removed
from the specimen surface by electrolytically polishing (EP)
in order to avoid the influence of machining on the fatigue
results. Shot peening (SP) was performed with an injector
type machine using glass beads (average shot size 0.35 mm
and Rockwell hardness 48 (HRC)). During the peening
treatment, the specimens rotated at 1s~!. The distance
between the nozzle tip and the specimen surface was about
100 mm. To determine the optimum SP condition with
regard to HCF properties, specimens were shot peened to
full coverage by using Almen intensities in the range of 0.02—
0.60 mmN. Fatigue tests were performed under a rotating
beam loading (R = —1) at a frequency of 100 Hz in air.
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F1Gure 3: TEM images and corresponding SAED patterns of ZK60 alloy after SP at Almen intensity of 0.10 mmN: (a) bright field image and
(b) its magnification about 10 yum depth; (c) bright field image and SAED pattern as well as (d) its dark field image about 20 ym depth.

The surface properties of the peened specimens were
determined by roughness measurements using profilometry,
measurements of the microhardness/depth profiles, and re-
sidual stress measurements by means of a successive surface
layer removal from the top of the peened specimen [18]. The
microstructures of EP and peened specimens were observed
by optical microscope (OM) and JEM-2010 (TEM, JEOL,
Tokyo, Japan) transmission electron microscope. The frac-
ture surfaces after fatigue failure were analyzed using scan-
ning electron microscopy (SEM, Philips-505, Holland).

3. Results

3.1. Microstructure. The detailed analysis on the microstruc-
tures of ZK60 and ZK60-T5 in the plane parallel to the
extrusion direction (ED) can be found in [16]. The micro-
structures of the ZK60 alloy (and the ZK60-T5 alloy) consist
of bands of compounds A, B, and C (and compounds A and

D) that are characteristic of deformation structure. These
regions appear as parallel layers and indicate the deformation
flow lines. These compounds A, B, and C in ZK60 alloy are
95.5Mg-3.4Zn-1.1Zr (at.%, primary a-Mg), 89.8Mg-8.9Zn-
1.3Zr (at.%), intermetallic phase of 64.1Mg-29.3Zn-6.3Zr
(at.%), and a-Mg, respectively. Average layer dimensions of
the compounds, Wy, Wg, and W, are 22, 9, and 16 ym,
respectively, where Wy, Wg, and W¢ are widths of the A, B,
and C compounds, respectively. The microhardness values
for the compounds A, B, and C in ZK60 alloy are 75, 79, and
68 Hv0.1, respectively. However, banded microstructures of
ZK60 alloy are not clearly defined after T5 aging treatment,
and its A and D compounds are 95.5Mg-3.4Zn-1.1Zr (at.%,
primary «-Mg) and intermetallic phase of 54.8Mg-35.5Zn-
9.7Zr (at.%) and a-Mg, respectively [16]. The microhardness
values for compounds A and D in ZK60-T5 alloy are 80 and
73 Hv0.1, respectively, that is, slightly higher than those of
ZK60 alloy.
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FiGure 4: TEM images and corresponding SAED patterns in deformation layer about 10 um depth of ZK60-T5 alloy after SP at Almen
intensity of 0.10 mmN: (a) bright field image and (b) its magnification; (c) twin; (d) dislocation; (e) and (f) precipitates.

The microstructures of cross-section of the peened ZK60
and ZK60-T5 alloys at different Almen intensities are shown
in Figures 1 and 2, respectively. As seen from Figures 1 and
2, compared to the matrix in ZK60 and ZK60-T5, the grains
of deformation layers of peened ZK60 and ZK60-T5 alloys
break up and grain boundaries are poorly defined because
of dislocation movement and incomplete recrystallization. In

addition, it can be seen that the increase in Almen intensity
does not significantly change the grain size of the surface
layer but increases the thickness of plastic deformation layer.

Figures 3 and 4 show the TEM micrographs of the
surface layers of the ZK60 and ZK60-T5 alloys after SP at the
Almen intensity of 0.10 mmN. From the bright field image
(see Figures 3(a), 3(c), and 4(a)), one can see that the grain



Journal of Metallurgy

4
3+ A
E . .
S 2t A
g
A 12
1 +
u
A Af &
n u
0‘ 1 1 1
0 0.1 0.2 0.3 0.4
Almen intensity (mmN)
m 7ZK60
A 7K60-T5

FIGURE 5: Surface roughness values versus Almen intensities.

shape is roughly equiaxed. These grains possess random
crystallographic orientations, as indicated in the selected
area electron diffraction (SAED) patterns. This TEM inves-
tigation indicates that the peened surface region is clearly
refined. Meanwhile, TEM observations in Figure 3 indicated
that the grain size evidently increased with an increment
of the distance from the peened surface. The grains in
Figure 3(c) (about 20 ym depth) are much larger than those
in Figure 3(a) (about 10 ym depth).

3.2. Surface Characteristics after SP. Figure 5 shows the sur-
face roughness R, of the ZK60 and ZK60-T5 alloys at dif-
ferent Almen intensities. SP leads to a linear increase in the
surface roughness with Almen intensity compared to the EP
condition. In addition, T5 aging treatment seems to have tiny
influence on the surface roughness.

Figure 6 shows the microhardness-depth profile after SP
with different Almen intensities from 0.02 to 0.40 mmN.
Owing to SP-induced plastic deformation, there is a signif-
icant increase in microhardness in the near-surface region.
Increasing the Almen intensity from 0.02 to 0.40 mmN leads
to greater depths of plastic deformation. As is well known,
the increase in microhardness directly affects the fatigue
strength of the tested alloys.

Figure 7(a) shows the residual stress distribution in ZK60
and ZK60-T5 alloys after SP. It can be seen that the SP
induced compressive residual stresses. The maximum com-
pressive residual stress increases with the increase in the
Almen intensity. For the same Almen intensity, the depth of
the compressive zones is similar for the two alloys. However,
increasing the Almen intensity also leads to the surface qual-
ity loss. The maximum compressive stresses of 54—71 MPa
for ZK60 alloy (or 55-76 MPa for ZK60-T5 alloy) are about
55-80 ym (or 55-90 ym) below surface for the Almen inten-
sities of 0.05 and 0.10 mmN.

In addition, compared to ZK60 alloy, the slightly higher
microhardness and compressive residual stress for ZK60-T5
alloy are probably a consequence of the thicker and more
intensively deformed surface skin, which has to be elastically
restrained by the subsurface material.
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FIGURE 6: Microhardness-depth profile of the peened ZK60 and
ZK60-TS5 alloys.

However, relaxation of the residual stress induced by SP
has been observed over the fatigue cycle (see Figure 7(b));
this may be due to the interaction of the applied loading
with the residual stress field causing some shakedown of
the residual stress. The samples that were fatigued following
peening were subjected to cyclic loading with applied peak
stress of 220 MPa after about 6 x 10* cycles of both ZK60 and
ZK60-T5 alloys. As seen from Figure 7(b), the compressive
residual stress of the peened ZK60 alloy relaxed slightly more
rapidly than that of the peened ZK60-T5 alloy leading to
lower fatigue lives.

3.3. High Cycle Fatigue. Figure 8 shows the fatigue life as a
function of Almen intensity for the ZK60 and ZK60-T5 alloys
at different stress amplitudes. Compared to the reference
specimens (EP), the fatigue life of the peened specimens is
improved by SP. One can see that the fatigue life depends on
the Almen intensity at all tested stress amplitudes, especially
at the low stress amplitude; the dependence is more evident,
that is, the fatigue life first dramatically increased with the
increase in the Almen intensity, then decreased drastically
as the Almen intensity further increased. Obviously, the
significant increase in surface defects such as microcracks
and surface spalls at higher Almen intensities outweigh
the beneficial effects produced by work hardening and
compressive residual stresses [18]. The sensitive response of
the magnesium alloys to Almen intensity can be explained
by the limit deformability of magnesium alloys at room
temperature. With regard to the fatigue performance, the
optimum Almen intensities of the ZK60 and ZK60-T5 alloys
are all 0.05 mmN.

The fatigue performance that is obtained before and after
optimum SP is illustrated in Figure 9. As seen from Figure 9,
compared to the unpeened ZK60 alloy, the improvement
of 7% in fatigue strength (from 140 to 150 MPa) has been
achieved by T5 aging treatment. Fatigue life of the ZK60-T5
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FiGure 8: Fatigue life versus Almen intensity of the (a) ZK60 and (b) ZK60-T5 alloys at different stress amplitudes.

alloy is higher than that of the ZK60 alloy, particularly at
the lower stress amplitude. In addition, compared to the
reference specimens (EP), the fatigue life is improved by SP
at all stress amplitudes. The fatigue strengths (at 107 cycles)
of the peened ZK60 and ZK60-T5 alloys increased from
140 and 150 MPa to 180 and 195 MP, corresponding to the
improvements in fatigue strength by SP of about 28% and
30%, respectively.

3.4. Fractography. Overall fracture surfaces of the ZK60 and
ZK60-T5 alloys before and after SP are shown in Figures 10
and 11, respectively. As seen from Figures 10(a), 10(b), 11(a),
and 11(b), the fatigue crack in the EP specimens nucleated

at the surface, since the surface experienced the maximum
tensile stress during rotating beam loading fatigue. Com-
pared to the EP condition, the fatigue crack nucleation site
and the peened specimens of the ZK60 and ZK60-T5 alloys
under the optimum SP condition shifted to the subsurface
regions (see Figures 10(c), 10(d), 11(c), and 11(d)). The
crack nucleation site is located in the depth of about 100—
150 ym from surface, in agreement with the thickness of the
plastic deformation layer estimated from the microhardness-
depth profiles. With an increase in Almen intensity, a signif-
icantly higher number of fatigue cracks and crack initiation
sites can be seen, and this increase in Almen intensity from
0.02 to 0.40 mmN shifted the fatigue crack initiation site
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after the optimum SP.

in the ZK60 and ZK60-T5 alloys from subsurface regions
to the surface (see Figures 10(e), 10(f), 11(e), and 11(f)).
Presumably, the limited deformability of the hexagonal crys-
tal structure of the magnesium alloy leads to the develop-
ment of critical microcracks during heavier SP and, thus, to
crack growth from the surface into the interior. In addi-
tion, numerous secondary cracks which were hindered to
propagate were found, particularly on specimens peened to
higher intensities (see Figures 10(e), 10(f), 11(e), and 11(f)),
indicating a pronounced effect of surface roughness on the
resistance to fatigue crack nucleation. However, there is no
significant difference in fatigue crack nucleation of EP and
peened specimens between the ZK60 and ZK60-T5 alloys.

As reported previously [16, 19, 20], the fatigue surfaces in
both kinds of materials at the EP condition can be subdivided
into three distinct regions (see Figures 10(a) and 11(a)):
crack initiation region (Region 1), steady crack propagation
region (Region 2), and tearing region (Region 3). The crack
propagation mechanism in each stage has been discussed in
the previous papers [16, 20]. Similarly, the fracture surfaces
of the peened specimens can also be subdivided into three
stages (see Figures 10(c) and 11(c)). The characteristics of
Regions 2 and 3 in the peened specimens were similar to
those of the EP specimens and so are not repeated here
(16, 18].

4. Discussion

The fatigue performance of the peened ZK60 and ZK60-T5
alloys depends on the combined effects of surface roughness,
strain hardening, and compressive residual stresses produced
by SP. The surface roughening accelerates the fatigue crack
propagation, while strain hardening retards the propagation
of cracks by increasing the resistance to plastic deformation
and the compressive residual stress provides a corresponding
crack closure stress that reduces the driving force for crack
propagation [21-23]. In the present study, the reason for

FiGure 10: Fatigue fractures of ZK60 alloy before and after SP: (a)
overall fracture surface and (b) crack initiation site, EP, 160 MPa;
(c) overall fracture surface and (d) crack initiation site, 0.05 mmN,
190 MPa; (e) overall fracture surface and (f) crack initiation site,
0.40 mmN, 185 MPa.

fatigue life improvement by SP would be attributed to
retardation of microcrack growth, as the positive effect on
fatigue life induced by the compressive residual stress field
is greater than the reduction in fatigue life caused by SP-
induced higher surface roughness [8, 24, 25]. As compressive
residual stresses introduced into the surface and subsurface
layers by SP usually decrease the tensile stress in the com-
ponent under external forces, fatigue cracks do not easily
initiate or propagate; thus, improvements in fatigue strength
are achieved. In addition, it is well known that the heavier SP
not only results in lower near surface compressive residual
stresses but also increases roughness and induces microc-
racks [8]. For magnesium alloys, due to the limited deforma-
bility of HCP crystal structure at room temperature, surface
damages are aggravated. At the lower Almen intensities
(0.02-0.10 mmN), the life benefit outweighs the debit due
to additional surface damages. However, with the increases
in Almen intensity (>0.10 mmN), more severe defects such
as overlaps and microcracks occur, and the life improvement
dramatically decreases; that is, ZK60 magnesium alloy shows
a marked overpeening effect. Similar overpeening effects
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FiGure 11: Fatigue fractures of ZK60-T5 alloy after SP: (a) overall
fracture surface and (b) crack initiation site, EP, 160 MPa; (c) overall
fracture surface and (d) crack initiation site, 0.05 mmN, 200 MPa;
(e) overall fracture surface and (f) crack initiation site, 0.30 mmN,
185 MPa.

have also been observed in various materials by other re-
searchers [7, 8, 26, 27].

In addition, the fatigue performance improvement of the
ZK60-T5 alloy by SP is slightly superior to that of the ZK60
alloy; the mechanism is as follows: (a) the f'(MgZn) phase
in the ZK60-T5 alloy is beneficial to the dislocation tangle
and dislocation accumulation during SP, compared to the
ZK60 alloy. In this work, actual dislocation density was not
measured. But it is believed that the density of dislocations
and twins in the ZK60-T5 alloy are higher than those in the
ZK60 alloy. Therefore, the f’(MgZn) phase, dislocations, and
twins in the ZK60-T5 alloy acted as barriers to dislocation
motion and fatigue crack growth; (b) stability of work
hardening is desirable for fatigue life enhancement, especially
in smooth, soft, and mechanically surface-treated materials
such as peened magnesium alloys since the effectiveness of SP
is governed by the stability of near-surface work hardening

Journal of Metallurgy

[28]. Comparatively, the compressive residual stress of the
peened ZK60 alloy relaxed slightly more rapidly than in the
peened ZK60-T5 alloy during fatigue cycles leading to lower
fatigue lives (see Figure 7). The above factors result in that
the fatigue strength improvement (45 MPa) of the ZK60-T5
alloy is slightly higher than that of the ZK60 alloy (40 MPa).
However, the mechanism about different residual stress re-
laxation rate during fatigue between ZK60 and ZK60-T5
alloys is still not clear, which will be the next study.

5. Conclusions

The influence of SP on high cycle fatigue performance of
the ZK60 and ZK60-T5 alloys was investigated. The major
conclusions can be made as follows.

(i) SP improved fatigue strength of the ZK60 and ZK60-
T5 alloys significantly, and the effect of SP in the
ZK60-T5 alloy is slightly superior to that in the ZK60
alloy. The fatigue strengths (at 107 cycles) of the ZK60
and ZK60-T5 alloys after SP at the optimum Almen
intensity of 0.05mmN increased from 140 and
150 MPa to 180 and 195MP, corresponding to the
improvements in fatigue strength of about 28% and
30%, respectively.

(ii) Fatigue cracks in the EP specimens for the ZK60 and
ZK60-T5 alloys nucleated at the surface. After SP with
low Almen intensity (<0.15mmN), the compressive
residual stress in plastic deformation layer produced
by SP transfers the fatigue crack nucleation site
from surface to the subsurface. With an increase in
Almen intensity, a significantly higher number of fa-
tigue crack nucleation sites as well as surface crack
initiation can be seen.

(iii) A pronounced overpeening effect is observed in
ZK60-T5. The fatigue life first dramatically increases
with the increase of Almen intensity compared to an
unpeened specimen and then drastically drops as the
intensity further increased. This overpeening effect
is associated with the limited deformability of the
hexagonal crystal structure of magnesium at room
temperature.

(iv) The present results demonstrate that SP is an effective
method to improve fatigue performance of the ZK60
alloy.
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