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bstract

Strain-induced microstructural evolution of a Zn–15% Al alloy was studied in order to elucidate the reason for its work softening behavior. Fully
nnealed microstructure of the Zn–15% Al alloy is distinctively characterized by primary � grains and (� + �) lamellar colonies, where � and � are
n-rich HCP and Al-rich FCC phases, respectively. Hardness and yield strength decreased continuously with an increase in cold rolling up to 80%,
xhibiting work softening behavior. During cold rolling, the (� + �) colonies with interlamellar spacing of ∼100 nm change into equiaxed � and �

rains with sizes of ∼500 to ∼800 nm by dynamic recrystallization, whereas primary � grains are only elongated along the rolling direction without
ny evidence of recrystallization. A linear relationship between volume fraction of recrystallized (� + �) grains and the strength is established. The
ompositional analyses on primary � grains demonstrate that dissolved Al solutes inside � grains precipitate during cold rolling.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Thermally sprayed coating of Zn or Zn alloys currently forms
ne of predominant groups for corrosion protection of steel and
oncrete [1]. Surface protection is realized by forming a coating
f Zn or Zn alloys in combination with a paint, and the coating
s able to form protective layers which can work as sacrificial
node. The most commercially spraying Zn alloys are of binary
n–Al [1]. Addition of Al to Zn improves the corrosion resis-

ance of coatings dramatically, showing a maximum of corrosion
rotection at 15% of Al content. Generally, the coating materials
re produced as wires and should have optimum tensile strength.

Recently, Yamamoto et al. [2,3] reported that hypo-eutectic
n–(5–18%) Al alloys and eutectic Zn–22% Al alloy exhibit
ork softening behavior. Based on changes in electrical resis-

ivity and lattice parameter with respect to degree of cold rolling,
hey suggested that work softening of Zn-rich Zn–Al alloys
s attributable to the recovery and dynamic recrystallization at

oom temperature, which arises from a decrease in recrystalliza-
ion temperature in response to the precipitation of dissolved Al
olutes from � (Zn-rich HCP phase) grains [3]. However, the rea-
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on for work softening of the Zn-rich Zn–Al alloy is still unclear
or lack of sufficient micrographical evidence. This study aims to
larify the reasons for work softening behavior of Zn-rich Zn–Al
lloys by a systematic investigation on the microstructural evo-
ution with respect to degree of cold rolling for a Zn–15% Al
lloy.

. Experimental

Zn–15% Al alloy (in weight) was prepared by melting 99.995% Zn and
9.99% Al under a protective atmosphere and casting into metallic mould.
he ingot was homogenized by keeping at 350 ◦C for 12 h and hot-rolled into
heets with different thicknesses. All sheets were annealed at 350 ◦C for 2 h
ollowed by air cooling and cold-rolled at room temperature in a wide range
f 0–80% reduction in thickness. The final thickness of the sheets was 2 mm.
rom these sheets, specimens for tensile tests, X-ray diffraction (XRD) anal-
ses, hardness measurements and microstructural observations were prepared
y machining. The chemical composition of the experimental alloy is listed
n Table 1. Room-temperature tensile tests were carried out with Instron-type
achine with ASTM subsize (gauge length: 25 mm) specimens under initial

train rate of 6.7 × 10−4 s−1 and hardness was measured using a microvickers
ardness tester (Matsuzawa MXT-�) with a load of 100 gf. After etching with
50 g CrO3 + 4 g Na2SO4 + 1000 mL H2O solution, the microstructures were
xamined by optical microscope (Olympus CK-40M) and scanning electron
icroscope (EFI Sirion FESEM) equipped with energy dispersive X-ray spec-

rometer (EDS). The volume fractions of recrystallized grains were determined
n an Image Pro software and phase constituents of the alloy were identified by
RD with Cu K� radiation.

mailto:jhjun@kitech.re.kr
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Table 1
Chemical composition of experimental alloy

Alloy Chemical composition (wt.%)

Al Fe Cu Zn

Zn–15% Al 15.5 0.022 0.005 Bal.

Fig. 1. Optical microstructure of Zn–15% Al alloy in fully annealed state (before
cold rolling).
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a function of reduction in thickness in Fig. 8. The volume frac-
tion of recrystallized � and � grains increases up to ∼60%
after 80% cold rolling, while the volume fraction of (� + �)
lamellar colonies decreases from ∼70% (before cold rolling)
Fig. 2. XRD pattern of Zn–15% Al alloy in fully annealed state.

. Results and discussion

Fig. 1 shows the optical micrograph of the Zn–15% Al alloy
n fully annealed state. The microstructure is characterized by
rimary � grains (marked “A”) and (� + �) lamellar colonies
marked “B”), where � and � are Zn-rich HCP and Al-rich
CC phases, respectively. The XRD pattern of Zn–15% Al alloy
efore cold rolling is given in Fig. 2. As can be expected from
n–Al phase diagram [4], only peaks corresponding to � and �
hases are seen, indicating no other phases in the microstruc-
ure. Fig. 3 represents the changes in Vickers hardness and yield
trength of Zn–15% Al with reduction in thickness. Hardness
nd yield strength decrease continuously with an increase in

old rolling degree, showing work softening behavior.

Fig. 4 shows scanning electron microstructure of Zn–15%
l alloy subjected to 20% cold rolling. It is noticeable that
uring cold rolling, primary � grains are elongated along the
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ig. 3. Changes in Vickers hardness and yield strength with reduction in thick-
ess for Zn–15% Al alloy.

olling direction, and that nano-sized grains with equiaxed mor-
hology appear inside (� + �) lamellar colonies and near the
nterfaces between the lamellar colonies and � grains (marked
y arrows). The newly observed equiaxed grains may well be �
nd � phases and generated from (� + �) lamellar colonies by
ynamic recrystallization during cold rolling. Scanning electron
icrostructures of the Zn–15% Al alloy after 40 and 60% cold

olling are given in Figs. 5 and 6, respectively. With the increase
n cold rolling, the volume fraction of recrystallized grains is
een to increase. It is noteworthy that the recrystallized grains
re not found in primary � grains, indicating an occurrence of
ynamic recrystallization only in (� + �) lamellar regions dur-
ng cold rolling. After 80% cold rolling, most (� + �) lamellar
olonies are recrystallized into equiaxed � and � grains with
izes of ∼500 to ∼800 nm as shown in Fig. 7, whereas primary

grains still remain without any evidence of dynamic recrys-
allization.

The volume fractions of primary � grains (� + �) lamel-
ar colonies and recrystallized � and � grains are plotted as
ig. 4. Scanning electron microstructure of Zn–15% Al alloy subjected to 20%
old rolling (×5000).
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Fig. 5. Scanning electron microstructures of Zn–15% Al alloy subjected to 40% cold rolling: (a) ×5000 and (b) ×10,000.

Fig. 6. Scanning electron microstructures of Zn–15% Al alloy subjected to 60% cold rolling: (a) ×2500 and (b) ×10,000.

Fig. 7. Scanning electron microstructures of Zn–15% Al alloy s

Fig. 8. Changes in volume fraction of primary � grains, (� + �) lamellar colonies
and recrystallized � and � equiaxed grains with reduction in thickness for
Zn–15% Al alloy.
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ubjected to 80% cold rolling: (a) ×2500 and (b) ×10,000.

o ∼10% (after 80% cold rolling). Taking the microstructural
volution in Figs. 4–7 into account, the reasons for work soft-
ning behavior of the Zn–15% Al alloy can be explained as
ollows:

(i) Structural softness due to morphological change of (η + α)
phases from fine lamellar structure to coarse equiaxed
grains. According to Hall–Petch equation [5,6], the
strength of microstructure with lamellar or equiaxed mor-
phology is inversely proportional to grain size or inter-
lamellar spacing. The apparent interlamellar spacing hav-
ing the lowest value (nearly same to true interlamellar
spacing) determined by image analysis is ∼100 nm for the
(� + �) colonies before cold rolling, which is much smaller

than grain sizes of ∼500 to ∼800 nm for the recrystallized �
and � phases. Therefore, morphological change of (� + �)
lamellar colonies to equiaxed � and � grains may well give
rise to the structural softness.
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Fig. 9. Change in yield strength with volume fraction of equiaxed � and � grains
for Zn–15% Al alloy.
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ig. 10. Changes in Zn and Al contents inside primary � grains with reduction
n thickness for Zn–15% Al alloy.

(ii) Increase in interface area between equiaxed grains pos-
sessing high mobility. Zn–Al alloys are well known for their
high intrinsic mechanical damping and room temperature
superplasticity due to the boundaries with high mobility
[7,8]. Recently, Kurosawa et al. [9] have reported that the
mobility of interfaces between equiaxed � and � grains is

much greater than that concerning lamellar morphology. It
implies that higher volume fraction of � and � grains having
equiaxed morphology would lead to yielding at lower stress
in response to increase in interfaces with higher mobility.
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This is well supported by Fig. 9, in which an almost linear
relationship between yield strength and volume fraction of
equiaxed � and � grains is established.

iii) Precipitation of dissolved Al solutes from primary η grains.
Fig. 10 represents the compositional changes of Zn and
Al inside primary � grains with reduction in thickness for
the Zn–15% Al alloy. Even though the precipitation of dis-
solved Al from primary � grains during cold rolling was not
directly observed in the microstructures given in Figs. 4–7,
Fig. 10 clearly shows the increase in Zn content accom-
panied by decrease in Al content inside primary � grains
with the increase in cold rolling, confirming the precipita-
tion of dissolved Al during cold rolling. Considering the
difference in atomic radius between Zn (0.133 nm) and Al
(0.143 nm), the precipitation of Al solute atoms from �
grains would deteriorate the solution hardening effect.

. Summary

Fully annealed microstructure of the Zn–15% Al alloy con-
ists of primary � grains and (� + �) lamellar colonies. The
ardness and yield strength become lower with increasing cold
olling degree, showing work softening. During cold rolling,
� + �) lamellar colonies gradually change into equiaxed � and �
rains due to dynamic recrystallization. The compositional anal-
ses on primary � grains by EDS reveal that cold rolling causes
recipitation of dissolved Al solutes from primary � grains. In
iew of these results, change of (� + �) phases from fine lamellar
o equiaxed morphology, which gives rise to structural soft-
ess along with increase in equiaxed �/� phase boundaries with
igher mobility, and deterioration of solution hardening effect by
recipitation of dissolved Al from primary � grains, are thought
o be responsible for the work softening behavior of Zn–15% Al
lloy.
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