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bstract

The deformation and damage behaviors of commercially pure zinc were investigated under compression and cyclic compression–compression
oadings. After the tests above, the surface deformation morphologies and fatigue crack initiation of all the deformed samples were carefully
bserved by optical microscope (OM) and scanning electron microscope (SEM). Compressive tests on the commercially pure zinc indicated that

he deformation and damage mechanisms are slightly different from those under cyclic compression–compression loading. The main deformation
nd damage mechanisms consist of slipping, twinning, secondary twinning, kinking, cracking along grain boundary and twin boundary under
ifferent loadings. Based on the experimental results, the compressive and fatigue damage mechanisms were discussed.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

It is well known that the main plastic deformation mech-
nisms of those hexagonal close-packed (HCP) metals are
winning and slipping. Because HCP metals only have a few
lip systems, sometimes twinning often plays a more important
ole than slipping for the plastic deformation. In metal family,
here are many HCP metals, for example, Ti, Mg, Be, Zn, Re,
r, etc. On one hand, it is noted that the ratio c/a is a very impor-

ant parameter for the plastic deformation modes of those HCP
etals. For example, the HCP metals like Re, Zr and Ti with

/a less than 1.63 often have a good plasticity and can deform
ia twinning either under tensile or under compressive loading
1]. However, for those HCP metals like Zn and Be with c/a
arger than 1.63, twinning ({1 0 1̄ 2}[1 0 1̄ 1̄]) can be activated

ainly under compression, and they exhibit a poor plasticity
hen subjected to tensile load [1]. On the other hand, it can
e easily calculated that the maximum plasticity provided by
winning deformation could only reach about 7% [2,3], which is
uch smaller than that via slip deformation. So the significance
f twinning is suggested to be able to change the orientations
f the neighboring grains and induce new slip deformation for
hose slip systems with smaller Schmid factor [4].
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Recently, the plastic deformation mechanisms of HCP met-
ls, such as Ti [5–15] and Zr [16–18] with a c/a value less
han 1.63, were widely investigated. It is found that different
eformation mechanisms may take effect in these HCP metals
ith the changes of temperature, purity, loading mode, etc. In

ontrast, few people have thoroughly investigated the plastic
eformation mechanism of pure zinc, which has a larger c/a of
.856 [3,19–23]. In particular, to the best our knowledge, there
s few report about both the compressive and fatigue tests on
ure zinc. As is well known, zinc, as one of typical HCP metals,
as a larger c/a than those of Ti and Zr, it is thus believed that
here must be some special properties and different deformation
nd damage mechanisms during plastic deformation. The main
bjective of the current paper is to further reveal the fundamental
lastic deformation and damage mechanisms of pure zinc under
ompression and cyclic compression–compression loadings. It
s expected that the current research on pure zinc can provide
dditional information for comprehensively understanding the
eformation and damage mechanisms of HCP metals.

. Experimental procedures
The experimental specimens are commercially pure zinc of
9.995% purity made by casting method. The average grain size
as measured to be about 1–3 mm by optical microscope (OM).
uch coarse grain size is beneficial to reveal the local defor-
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ig. 1. True stress–strain curve of compressive specimens under different strains
t a strain rate of 5 × 10−4 s−1.

i
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r
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ig. 2. Macro-scale compressive deformation and damage morphologies of polycryst
eformation twin; TB, twin boundary; GB, grain boundary.
gineering A  466 (2007) 38–46 39

ation and damage mechanisms within individual grain. The
imension of all the specimens for compressive and fatigue tests
s 4 mm × 4 mm × 8 mm. Before tests, all the specimens were

echanically polished for surface observations. The compres-
ion and cyclic compression–compression tests were performed
ith a MTS810 fatigue testing machine at room temperature.
or the compression tests, the specimens were deformed at a
train rate of about 5 × 10−4 s−1 up to different strains of 3,
, 11, 16 and 36%, respectively. The stress controlled cyclic
ompression–compression tests were carried out at different
tress amplitudes of 22.5, 25 and 27.5 MPa at a frequency
f 1 Hz. The wave shape is sine wave, and all the samples
ere cyclically compressed for 200 cycles. The minimum stress

s 5 MPa for all the fatigued specimens, while the maximum
tresses are 50, 55 and 60 MPa, respectively. After the mechan-

cal tests above, all the specimens were carefully observed by
ptical microscope and scanning electron microscope (SEM) to
eveal the surface deformation and damage morphologies, as
ell as the nucleation of fatigue cracks.

alline Zn specimens at different strains: (a) 3%; (b) 6%; (c) 16%; (d) 36%. DT,
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Fig. 3. Micro-scale deformation and damage morphologies of polycrystalline Zn specimens at a strain of 3%. (a) Close to grain boundary, (b) interior of grain, (c)
close to grain boundary, (d) close to edge of sample. SB, slip band.

Fig. 4. Micro-scale deformation and damage morphologies of polycrystalline Zn specimens at a strain of 6%. (a) Close to grain boundary, (b) interior of grain, (c)
close to grain boundary, (d) interior of grain. KB, kink band.
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Fig. 5. Micro-scale deformation and damage morphologies of polycrystalline Zn specimens at a strain of 16%. (a) Close to grain boundary, (b) close to grain
boundary, (c) close to grain boundary, (d) interior of grain.

Fig. 6. Micro-scale deformation and damage morphologies of polycrystalline Zn specimens at a strain of 36%. (a) Close to grain boundary, (b) interior of grain, (c)
close to grain boundary, (d) interior of grain.
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Fig. 5. Besides, there are more twin boundary cracks than grain
boundary cracks, as shown in Fig. 5(a and c). But the main plastic
deformation mechanisms are still twining and slipping.
2 H. Li et al. / Materials Science

. Results and discussion

.1. Compression stress–strain curve

Fig. 1 shows the compressive true stress–strain curve of
he polycrystalline Zn specimen at a strain rate of about
× 10−4 s−1. The yield stress of the specimens is about
3.8 MPa and the maximum compressive strain was applied
o 36%. It can be seen that, after yielding, the polycrystalline
n displays obvious work-hardening behavior up to a stress

evel of ∼90 MPa, which is lower than the stress level of the
ure zinc with a fine grain size of 40–78 �m by Chmelik et al.
22]. Meanwhile, it is noted that there exist abundant serrated
ow features during plastic deformation, which is associated
ith the formation of deformation twin (DT) after each load
rop, and some slip systems might take active, leading to stress
ise [19]. For better understanding of the plastic deformation
echanism of polycrystalline Zn, several other specimens were

repared and compressed to different strains of 3, 6, 11 and
6%, respectively, as marked in the compressive curve. After-
ards, all the compressed specimens above were observed by
M and SEM to show the deformation morphology and evolu-

ion of slip bands and deformation twins. It is found that those
errated flow features are mainly attributed to the formation and
volution of deformation twins and local cracks as well as the
nteractions between slip bands and deformation twins, which
ill be discussed in the following section.

.2. Compressive deformation and damage features

Fig. 2(a–d) shows the macro-scale compressive deforma-
ion and damage morphologies of polycrystalline Zn specimens
nder different strains of 3, 6, 16 and 36%. It can be seen that an
ncrease in the applied strain would obviously aggravate defor-

ation and damage. For examples, at low strains of 3 and 6%,
here are only few local deformation twins activated on the spec-
men surfaces (see Fig. 2(a and b)). As the compressive strain
ncreases, the deformation and damage behave rather severely,
nd the specimens become bended at high strains of 16 and 36%,
s shown in Fig. 2(c and d). This indicates that the polycrys-
alline Zn can accommodate relatively high compressive strain
ithout obvious failure. Meanwhile, several local cracks can be

learly seen on the specimen surface, as indicated by the arrows
n Fig. 2(c and d). It is believed that the deformation and damage

echanisms at low and high strain levels must be quite different
nd the evolution of deformation and damage will be revealed
s below in detail.

At the lowest compressive strain of 3%, the main deformation
nd damage features are shown in Fig. 3(a–d). At this strain level,
he specimen surfaces were not severely damaged (Fig. 2(a)).
owever, {1 0 1̄ 2}[1 0 1̄ 1̄] deformation twins took place more

asily in compression than in tension [1], so the deformation
wins are found to be activated quite easily even at a small com-

ressive strain of 3%. Because the sharp edge of a lenticular
eformation twin lamella will cause a stress concentration as a
rack [3,19], a limited number of cracks have formed along some
win boundaries (TBs). One can see grain boundaries (GBs)
ig. 7. Strain amplitude vs. cyclic number curves under different stress ampli-
udes.

learly on the surface as indicated by the arrows in Fig. 3(a and
). Because the activation of deformation twins requires a lower
pplied stress than that for slip deformation, some deformation
wins firstly formed on the surface of specimens (Fig. 3(b and
)), while slip bands (SBs) formed only at the edges of specimens
Fig. 3(d)).

When the strain increases to 6%, the main deformation and
amage mechanisms are basically similar to the above one, but
ore cracks initiated, especially at grain boundaries (Fig. 4(a

nd c)). Under these circumstances, twin boundary cracks were
ormed more than those found in the above specimen (Fig. 4(b)).

eanwhile, more slip bands can be observed (Fig. 4(a, c and d)),
nd two slip systems may take active at the same area (Fig. 4(d)).
hose slip bands may be basal and secondary pyramidal slip
ystems, also observed by Bell and Cahn [19] under tensile test.

ore deformation twins were activated (Fig. 4(b and c)), and
ome kinking bands (KBs) initiated at local area of the specimen
Fig. 4(a)).

With increasing the strain to 16%, in addition to slip bands,
eformation twins and kinking bands were found, as shown in
Fig. 8. Typical stress–strain curve of fatigue specimens.
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Fig. 9. Micro-scale deformation and damage morphologies of fatigue specimens at stress amplitude 22.5 MPa for 200 cycles.

Fig. 10. Micro-scale deformation and damage morphologies of fatigue specimens at stress amplitude 25 MPa for 200 cycles.
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4 H. Li et al. / Materials Science

As the strain was increased to 36%, the specimen was dam-
ged so severely that one can hardly distinguish the deformation
nd damage mechanisms, as shown in Fig. 6(a–d). The specimen
as formed somewhat larger cracks (Fig. 6(a and b)), whose main
echanisms are twin boundary cracks, because grain boundary

racks only relax a little plastic strain. The main mechanism of
lastic deformation is still based on twinning (Fig. 6(c and d)),
nd more coarse slip bands were formed (see Fig. 6(d)). In par-
icular, there exit strong interactions among deformation twins,
lip bands and grain boundaries (see Fig. 6(c)).

From the observations in Figs. 2–6, one can realize that the
ain crack mechanism is cracking at grain boundaries at low

trains. But, when the strain becomes higher, the dominant dam-
ge mechanism is switching to cracking at twin boundaries.
he main plastic deformation mechanisms are slipping, twin-
ing as well as kinking as observed by Chmelik et al. [22]
n the polycrystalline Zn with coarse grain size under tensile
est. Two slip systems can take active at the same area, and
econdary deformation twins can be stimulated within the pri-
ary deformation twins. Besides, one can also observe some

inking bands only at local areas of the surface. Grain bound-
ries, as a kind of deformation impediment, can terminate the
rowth of deformation twins and slip bands, thus deforma-

ion twins cannot grow from one grain to another one; grain
oundaries can terminate twin boundary cracks as well. The
eformation and damage modes will be further summarized
ater.

a
t
d
t

Fig. 11. Micro-scale deformation and damage morphologies of fat
Engineering A 466 (2007) 38–46

.3. Cyclic compression–compression curves

Fig. 7 gives the strain response curves with increasing cyclic
umber for the polycrystalline Zn specimens under different
yclic stress amplitudes (σa). It can be seen that the strain
ecreased rapidly at the beginning cycles and became stale
hen the cyclic number is over 10. Fig. 8 demonstrates the

urves of the strain amplitude versus cyclic number under cyclic
ompression–compression fatigue experiments at all the applied
tress amplitudes. The strain amplitude decreased gradually
s the cyclic number increased, and came to a constant value
uickly. This indicates that the polycrystalline Zn displayed sig-
ificant cyclic hardening at the initial cycles and became cyclic
aturation soon, and it is probably due to interference with pyra-
id slip by slip on a secondary pyramidal plane [19]. After some

ycles, even when the stress amplitude is very high, there is no
bvious difference among these three curves, but their hardening
ates have a little bit different.

.4. Cyclic deformation and damage features

Figs. 9–11 give the macro-scale surface deformation and
amage morphologies of the fatigue specimens at different stress

mplitudes of 22.5, 25 and 27.5 MPa, respectively. One can see
hat all the three specimens are damaged severely, but they can
isplay good plasticity without failure, which can be attributed
o the formation of massive deformation twins, kinking and

igue specimens at stress amplitude 27.5 MPa for 200 cycles.
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lip bands. All of those deformation mechanisms should asso-
iated with the formation of secondary pyramidal slip [24] and
1 0 1̄ 2}[1 0 1̄ 1̄] twinning [1] more easily in compression than in
ension. The main deformation and damage mechanisms are sim-
lar to those with the unidirectionally compressed specimens, but
hey also have some different characters, and it will be revealed
s below in detail.

Firstly, one can see that the surfaces were not dam-
ged very obviously from Fig. 9, which gives morphologies
f the specimen fatigued at the lowest stress amplitude of
2.5 MPa. The main plastic deformation mechanisms are twin-
ing (Fig. 9(a–d)), slipping (Fig. 9(a)), and some secondary
wins within the coarse deformation twins (Fig. 9(b and d)).
he main damage mechanisms are fatigue cracking at twin
oundaries and grain boundaries (Fig. 9(a–d)). Grain bound-
ries can terminate the growth of deformation twins and twin
oundary cracks (Fig. 9(a and c)). But if the applied stress
oncentrates somewhere, some twin boundary cracks can also
ransfer through the grain boundary and change their directions,
nd then they have a suitable direction to grow much larger
Fig. 9(d)).

As the stress amplitude increases to 25 MPa, the main defor-
ation and damage mechanisms do not change much (Fig. 10(a

nd b)). One can observe some complex deformation twins and
lip bands, which have complex interactions (Fig. 10(c and d)).

At a stress amplitude of 27.5 MPa, the deformation and dam-
ge mechanisms are still similar to the above two specimens
Fig. 11(a and b)). But the specimen has large cracks (Fig. 11(a
nd b)) and can accommodate high accumulated plastic defor-
ation (Fig. 11(b)). Some kinking bands were observed to

nitiate and slip bands and deformation twins distorted at the
inked area (Fig. 11(c and d)).

From the observations above it is strongly suggested that

nder cyclic compression–compression loading, the main plas-
ic deformation mechanisms are twinning, slipping, kinking, too.
winning and slipping mechanisms and their interactions with
rain boundaries are similar to that under unidirectionally com-

ig. 12. Illustration of the micro-scale deformation and damage mechanisms
f polycrystalline Zn under compression and cyclic compression–compression
ests.
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ressive tests. The main crack mechanisms are fatigue cracking
t twin boundaries and grain boundaries as well as cracking
long slip bands. Grain boundaries can terminate slip band
racks, but sometimes cannot terminate twin boundary cracks.
herefore, the main deformation and damage mechanisms of
ommercially pure zinc under unidirectional compression and
yclic compression–compression loadings can be well summa-
ized in Fig. 12.

. Conclusions

Based on the experimental results and discussion above, the
ollowing conclusions can be drawn:

1) The deformation and damage mechanisms of commer-
cially pure zinc under unidirectionally compressive tests
are slightly distinctive at different compressive strains. The
main deformation and damage mechanisms are twinning
and secondary twinning, slipping, and cracking at grain
boundaries and deformation twin boundaries. And grain
boundaries can terminate twin boundary cracks.

2) Compression–compression fatigue tests on the commer-
cially pure zinc showed that the specimens displayed
obvious cyclic hardening, and that the main damage mech-
anism is attributed to the combination of local cracks,
deformation twins, secondary twins, slipping as well as
kinking bands. Grain boundaries cannot terminate twin
boundary cracks, and this is the main difference of dam-
age mechanisms between unidirectional compression and
cyclic compression–compression loadings.
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