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a b s t r a c t

The microstructures and mechanical properties of the new quaternary Mg–6Zn–xCu–0.6Zr alloys (x = 0,
0.5, 1.0 and 2.0 wt.%) have been investigated. The results show that the Cu content has a significant effect
on the age-hardening response, tensile performance and fracture behavior of the alloys. The addition of
0.5 wt.% Cu resulted in a remarkable age-hardening response and a striking improvement of the room
temperature tensile properties after an isothermal ageing at 180 ◦C. However, an excessive Cu addition of
vailable online 28 December 2010
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u addition
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2.0 wt.% caused the formation of continuous brittle grain-boundary intermetallic particles, thus degrad-
ing the age-hardening response and the mechanical properties of the alloy. The microstructural factors
associated with the improvements in the mechanical properties are discussed in detail.

© 2010 Elsevier B.V. All rights reserved.
ge-hardening
echanical properties

. Introduction

As the lightest metallic structural materials, Mg alloys have
ttracted the worldwide research attentions over recent decades
or their potential applications in the aerospace, aircraft and auto-

otive industries [1]. Among the commercial Mg alloys available,
g–Zn based alloys are of particular interest due to their pro-

ounced age-hardening effects [2–5]. However, the predominant
trengthening �′

1 precipitates are widely reported to exhibit a
oarse and inhomogeneous distribution within the matrix of the
inary Mg–Zn alloy [2–5]. Effective control of the size and distribu-
ion of these precipitates is therefore crucial to ultimately produce

g–Zn alloys with excellent mechanical properties.
Copper (Cu) is an important alloying element to Mg alloys.

ccording to Unsworth [3] and Buha [4], the Cu addition can con-
iderably improve the castability and age-hardening response of
g–Zn alloys. The addition of a fourth alloying element, such as
n, Al and Si, has been reported to exert a strong influence on

he mechanical properties of the Mg–Zn–Cu alloy system [3]. For
nstance, a 0.5 wt.% Mn addition improves the yield strength at the

xpense of the reduced tensile strength and elongation [3]. Typ-
cal Cu contents in fully heat-treated Mg–6Zn–xCu–0.5Mn alloys
ange from 1.5% to 3%, with the ultimate tensile strength (UTS)
f 230–240 MPa, 0.2% proof yield strength (YS) of 160–170 MPa

∗ Corresponding author.
E-mail addresses: cuilan-wu@163.com, cuilanwu2010@gmail.com (C.L. Wu).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.12.165
and elongation of 3–6%, respectively [3]. While this strength level
is generally satisfactory and of technological interest, the ductil-
ity level is not practical for many applications, especially when
the harmful effects of Cu on the corrosion resistance of Mg alloys
are also considered. In this research, a new quaternary alloy of
Mg–Zn–Cu–Zr is reported. The addition of Zirconium (Zr), as the
fourth alloying element, is to refine the gain sizes [5] and to improve
corrosion resistance of the alloys [6]. The present paper is aimed at
the effects of Cu concentration on the age-hardening response and
mechanical properties of the Mg–Zn–Cu–Zr alloys, so as to optimize
the Cu addition and to develop a leaner, low cost high performance
Mg alloy.

2. Experimental procedures

Commercially high purity Mg, Zn and Mg–28.78 wt.% Cu and Mg–31.63 wt.%
Zr master alloys were used to prepare the Mg–6Zn–xCu–0.6Zr alloys (x = 0, 0.5, 1.0,
2.0 wt.%) by casting in a permanent mold. The compositions were measured using an
inductively coupled plasma spectrometer (ICP), and were very close to the nominal
values. Throughout this paper, all alloy compositions are provided as wt.%. Based on
the Mg–Zn–(Cu) phase diagram and the results of our recent differential scanning
calorimetry (DSC) experiments [7], the Cu-free alloy was solution treated at 380 ◦C
and the Cu-containing alloys were solution treated at 430 ◦C. All the alloys were
solution treated for 24 h. Subsequently, the water quenched specimens were aged
in an oil bath at 180 ◦C for times ranging up to 120 h.
Vickers hardness measurements were performed using a SHIMADZU HMV-2T
microhardness tester with a load of 100 g and a holding time of 20 s. Tensile tests
were conducted using a standard electronic universal testing machine (CMT 1505)
at a crosshead speed of 1 mm/min. The tensile specimens, with a gauge length
of 30 mm and a diameter of 5 mm, were fabricated from the peak-aged alloys. At
least three tests were performed for each condition of interest. The tensile fracture

dx.doi.org/10.1016/j.jallcom.2010.12.165
http://www.sciencedirect.com/science/journal/09258388
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the presence of this ternary interdendritic Laves phase can suppress
the sliding of the grain boundary at elevated temperature and thus
enhance the high-temperature performance of the Cu-containing
alloys.

Table 1
The room-temperature tensile properties of the Mg–6Zn–xCu–0.6Zr alloys in the
peak-aged condition.

Alloys Ultimate
tensile strength

0.2% yield
strength (YS,

Elongation (%)
Ageing time (h)

ig. 1. Vickers hardness of the Mg–6Zn–xCu–0.6Zr alloys against ageing time at
80 ◦C.

urfaces and the solutionized microstructures were examined by a Philips LEO 1530
P scanning electron microscope (SEM) with an attached Oxford energy dispersive
-ray spectrometer (EDX) operated at 20 kV. X-ray diffraction (XRD) measurements
ere performed using a Philips X-PERT X-ray diffractometer with Cu K� radiation

t 40 mA and 40 kV. Transmission electron microscopy (TEM) was performed using
Phillips CM120 microscope operated at 120 kV. TEM thin foils were prepared by
twin-jet electropolishing method in a solution of 10.6 g LiCl, 22.32 g Mg(ClO4)2,

00 ml 2-butoxy-ethanol and 1000 ml methanol at about −45 ◦C and 70 V.

. Results

.1. Microhardness measurements of the alloys

The age-hardening profiles of the Mg–6Zn–xCu–0.6Zr alloys are
hown in Fig. 1. In the initial as-quenched condition, the hardness
f the Cu-containing alloy decreased slightly with increasing Cu
ontent but was still higher than that of the Cu-free alloy. When
xposed to the subsequent ageing treatment, all these alloys exhib-
ted an age-hardening behavior. Apparently, the age-hardening
esponses of the Cu-modified alloys with 0.5% and 1.0% Cu addi-
ions were significantly enhanced, with the peak hardness of
82 VHN as compared to that of ∼71 VHN for the Cu-free base
lloy. Moreover, the time to reach the peak hardness was 20 h,
horter than 25 h for the Cu-free alloy. After ageing for 120 h, the
ardness of the Mg–6Zn–(0.5, 1.0)Cu–0.6Zr alloys remains at 76
HN, which is ∼29% higher than the corresponding 59 VHN of

he ternary Mg–6Zn–0.6Zr alloy. This indicates that microalloying
ith Cu delays the over-ageing in this alloy system. With further

ncreasing the Cu content up to 2.0%, however, the corresponding
ge-hardening kinetic decreased obviously with a peak hardness of
nly 66 VHN.

.2. Tensile properties and fractography of the alloys

Fig. 2 shows the typical stress–strain curves of the peak-aged
g–6Zn–xCu–0.6Zr alloys tested at room temperature. Their ten-

ile properties including UTS, YS and elongation to failure are listed
n Table 1. The addition of 0.5% Cu yielded the optimal mechanical
roperties, i.e. UTS of 266.3 MPa, YS of 185.6 MPa and elongation
f 16.7%. With the addition of 1.0% Cu, the tensile properties of the
esultant alloy decreased slightly but were still higher than those of

he Cu-free base alloy. Apparently, a higher addition of 2.0% Cu sub-
tantially deteriorated the room temperature tensile performance
f the alloy.

The fracture surfaces of the studied alloys were examined
fter tensile testing and the results are shown in Fig. 3. The
Fig. 2. Stress–strain curves of the peak-aged Mg–6Zn–xCu–0.6Zr alloys.

Mg–6Zn–0.6Zr base alloy exhibits a distinctly brittle and inter-
granular cracking morphology (Fig. 3a). In contrast, the fracture
surfaces of the Cu-modified alloys contain many dimples and
tearing ridges as well as some cleavage steps and river patterns,
which are characteristics of a mixture of quasi-cleavage and ductile
fracture (Figs. 3b–d). The fractography observation is in good agree-
ment with the high tensile elongation observed in the Cu-modified
alloys. Examination at a higher magnification reveals the presence
of bright particles, as marked by arrows in the inset of Fig. 3b. EDS
analysis indicates that the Mg:Zn:Cu atomic ratio of such particles
is approximately 64:17:19, confirming that they are MgZnCu-type
intermetallics. The higher fraction of Mg in the EDS measurement
could be due to the contribution of the Mg matrix. It is probably
that the MgZnCu particles were the nucleation sites of microcracks
formed by a void nucleation and coalescence mechanism when the
alloys were subjected to the extensive plastic deformation. This
suggestion is consistent with much more bright MgZnCu particles
present in the fractured surfaces and the deteriorated tensile prop-
erties of the Mg–6Zn–xCu–0.6Zr alloys with a higher Cu content.

3.3. Phase identifications of the alloys

Fig. 4 provides the XRD profiles from the Mg–6Zn–xCu–0.6Zr
alloys in the peak-aged condition. The profile from the Cu-free
Mg–6Zn–0.6Zr alloy includes peaks from the hexagonal �-Mg
matrix and the MgZn2 phase. In contrast, additional diffraction
peaks were observed for the Cu-containing alloys. Following com-
parison with the International Centre for Diffraction Data (ICDD,
#65-7003), the cubic MgZnCu phase was identified. TEM exam-
ination as shown in Fig. 5 confirmed that the particle at the
grain-boundary is indeed the cubic MgZnCu with its [1 0 0] diffrac-
tion pattern inserted in the figure. The MgZnCu intermetallic
compound is a Laves phase of the C15 MgCu2 type and possesses a
high melting point and good thermal stability [8]. It is expected that
(UTS, MPa) MPa)

Mg–6Zn–0.6Zr 209.4 153.2 6.1
Mg–6Zn–0.5Cu–0.6Zr 266.3 185.6 16.7
Mg–6Zn–1.0Cu–0.6Zr 257.8 167.4 13.4
Mg–6Zn–2.0Cu–0.6Zr 236.1 152.1 11.6
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alloy. One is �1 rods perpendicular to (0 0 0 1)� plane and the other
is �′

2 plates parallel to (0 0 0 1)� plane, as indicated in Fig. 7a. The
precipitate microstructures of the Cu-free base alloy are extremely
Fig. 3. SEM images of the tensile fractographs for the peak-aged Mg–6Zn–xCu

.4. Microstructures of the alloys

Fig. 6 shows the SEM backscattered electron images of the
olution treated Mg–6Zn–xCu–0.6Zr alloys with different Cu addi-
ions. Two types of coarse particles with different morphologies
xist in the Cu-containing alloys. The globular particles are binary
g51Zn20 (or Mg7Zn3) phases and dominant in the Cu-free alloy.

imilar particles have been commonly observed in Mg–Zn-based
lloys [4]. The coarse elongated particles are MgZnCu intermetallics
ccording to EDX analysis and mainly distributed along the grain

oundary of the Cu-containing alloys, as marked by arrows in
ig. 6b. Since the solubility of Cu in Mg matrix is very low
0.31–0.55 wt.% in pure Mg at 440 ◦C [4]), it is not surprising that

ore MgZnCu particles were observed with increasing Cu addition

Fig. 4. XRD pattern of the peak-aged Mg–6Zn–xCu–0.6Zr alloys.
r alloys tested at room temperature (a) x = 0; (b) x = 0.5; (c) x = 1.0; (d) x = 2.0.

as shown in Fig. 6. Similar observations were made from the frac-
tography examination (Fig. 3) and XRD results (Fig. 4) described
previously.

TEM micrographs in [1 1 2̄ 0]� zone axis of the peak-aged
Mg–6Zn–xCu–0.6Zr alloys are compared in Fig. 7. Similar to the
previous investigations on various Mg–Zn based alloys [2–4], two
types of precipitates are clearly visible in the Cu-free Mg–6Zn–0.6Zr

′

not uniform. The size and number density of these precipitates vary
among different grains and even within the same grain. The inho-

Fig. 5. TEM micrograph of a representative interdentric MgZnCu particle. Inset
image is the corresponding selected area diffraction pattern recorded along
[1 0 0]MgZnCu direction.
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Fig. 6. SEM images of Mg–6Zn–xCu–0.6Zr alloys after solu

ogeneous distribution of precipitates was also widely observed
n similar alloys [2–4]. In marked contrast, the 0.5% Cu addition to
he Mg–6Zn–0.5Zr alloy resulted in a significantly uniform distribu-
ion of the rod-like �′

1 precipitates (Fig. 7b). With the increase of Cu
ddition, the aspect ratios of �′

1 precipitates decreased remarkably
s seen in Figs. 7b–d. The average aspect ratio (∼9:1) of �′

1 precip-
tates in the alloy with a 2.0% Cu addition is about five times lower
han ∼53:1 observed in the alloy with a 0.5% Cu addition. In addi-
ion, fewer (0 0 0 1)� �′

2 plates were observed in the Cu-containing
lloys.

. Discussion

.1. Effects of Cu on the microstructure and age-hardening
esponse of the alloys

The micro-alloying element (Cu) produced a remarkable influ-
nce on precipitation in the Mg–6Zn–0.6Zr base alloy. As illustrated
n Fig. 7, the inhomogeneous distribution of the dominant �′

1 pre-
ipitates was significantly eliminated in the Cu-modified alloys.
his can probably be attributed to the increased number of homo-
eneously and densely dispersed stable nuclei in the Cu-containing
lloys [4]. Concomitantly, the occurrence of (0 0 0 1)� �′

2 precipi-
ates associated with the onset of over-ageing was retarded in the
u-modified alloy. This result suggests that Cu could postpone the
ver-ageing effect of the Mg–6Zn–0.6Zr alloy, which is consistent
ith the slow decrease in hardness of the Cu-modified alloys after
longer ageing treatment as seen in Fig. 1.
It should be noted that although the micro-alloying Cu has
potential to increase the eutectic temperature of the Mg–Zn

ased alloy and permits the use of a higher solution temperature
o maximize the solubility of the solute element Zn [3,4], a por-
ion of Zn solute atoms can be consumed due to the formation of
ation treatments (a) x = 0; (b) x = 0.5; (c) x = 1.0; (d) x = 2.0.

the MgZnCu intermetallics in the Cu-containing alloys. With the
increased MgZnCu particles in the alloys with a higher Cu content,
the Zn concentration in the solid solution was substantially reduced
for further precipitation. Consequently, the decreased number den-
sity and aspect ratio of the dominant [0 0 0 1]� �′

1 precipitates led
to a poor age-hardening response of the Mg–6Zn–2.0Cu–0.6Zr alloy
as shown in Fig. 1.

4.2. Effects of Cu on the tensile properties of the alloys

It is a significant finding in this study that a 0.5% Cu addition into
the Mg–6Zn–0.6Zr alloy yields the optimum tensile properties, i.e.
a combination of high strength and excellent ductility. This is likely
due to the fact that the Cu addition promotes the homogeneous
precipitation of [0 0 0 1]� �′

1 rods and retards the occurrence of
(0 0 0 1)� �′

2 precipitates, as shown in Fig. 7. Consequently, the Cu-
modified alloy demonstrated a good tensile performance (Table 1).
It is known that the microstructural inhomogeneity has been an
issue in many binary Mg–Zn alloys [3,4]. The Cu addition can poten-
tially offer a valuable solution to the problem for these alloys. TEM
examinations as shown in Fig. 7 demonstrate that the trace Cu addi-
tion (i.e. 0.5% and 1.0%) enhanced the formation of the predominant
strengthening �′

1 precipitates in high number densities and high
aspect ratios. These long thin [0 0 0 1]� �′

1 rod precipitates pro-
vide a much stronger barrier to block the dislocation movement
on the (0 0 0 1)� basal slip plane than the short �′

1 rods and the
(0 0 0 1)� �′

2 precipitates [9]. Thus, we can conclude that the effec-
tive modification of precipitate microstructure is responsible for

the improved tensile strengths of the Mg–6Zn–(0.5, 1.0)Cu–0.6Zr
alloys. However, a higher addition of Cu at 2.0% has caused the
excess formation of the MgZnCu intermetallics, and thus reduced
the amount of Zn available for the formation of rod-like �′

1 precip-
itates with an extremely low aspect ratio during ageing treatment.
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Fig. 7. TEM bright field images of the peak-aged Mg–6Zn–xCu–0.6Zr a

his explains why the alloy with 2.0% Cu shows an inferior tensile
erformance.

The Mg–6Zn–(0.5, 1.0)Cu–0.6Zr alloys exhibit an attractively
igh elongation of above 13%. Two main factors including grain size
10] and c/a axial ratio [11–14] have been considered having a great
nfluence on the elongation of cast magnesium alloys. Since the
rain size of the Cu-containing alloys shows no clear change (Fig. 6),
he high elongations are unlikely due to the grain size refinement.
t is well-known that some alloying elements such as Li [13,14] and
a [14] can reduce the c/a ratio of magnesium and thus stimulate
he activation of non-basal slips to facilitate the room-temperature
lastic deformation. For example, an as-cast Mg–4.0Zn–0.5Ca alloy
as been reported having a large elongation of 17% due to its low
/a ratio [14]. Interestingly, Ganeshan et al. [11] recently reported
c/a reduction value of 0.657% for Mg–Cu alloy, 0.525% for Mg–Li

lloy and 0.201% for Mg–Ca alloy by first-principles calculations and
ll these alloys exhibited enhanced ductility by micro-alloying. A
ough estimation from our XRD results indicates the c/a reduction
alue for Mg–6Zn–(0, 0.5, 1.0, 2.0)Cu–0.6Zr alloys is 0.006%, 0.345%,

.285% and 0.169%, respectively. It is therefore probable that the
nhanced ductility of our Cu-modified alloys could partially due to
he reduced c/a ratio by the Cu addition.

In general, Cu did change the precipitation behavior of the
trengthening phases �′

1 and �′
2 and thus affected the strength-
long the [1 1 2̄ 0]˛ zone axis. (a) x = 0; (b) x = 0.5; (c) x = 1.0; (d) x = 2.0.

ening response of the alloys. When in a range of 0.5–1.0 wt.%, Cu
addition can optimize the mechanical properties of the alloys by
(1) increasing the number density and aspect ratio of the domi-
nant strengthening phase �′

1, and (2) retarding the precipitation
of the less effective �′

2 for strengthening, though the mechanism
by which Cu behaves this way is unclear at present. When the Cu
addition reaches 2.0 wt.%, however, the mechanical properties are
seen to deteriorate, because (1) the formation of continuous brit-
tle grain-boundary MgZnCu intermetallic particles occurs, which
would consume a large part of Zn needed to form the strengthen-
ing �′

1, as well as Cu needed to affect the precipitation behavior of
�′

1, thus reducing the number density and aspect ratio of �′
1; and

(2) the grain-boundary phase MgZnCu itself would have embrittled
the alloys.

5. Conclusions

Additions of Cu have significant effects on the precipitate
microstructure, mechanical properties and fracture mechanism of

Mg–6Zn–xCu–0.6Zr alloys.

(1) For Cu additions in the range of 0.5–1.0 wt.%, the optimal age-
hardening response during isothermal ageing at 180 ◦C and
room-temperature tensile properties were recorded. Of par-



nd Co

(

(

A

g
o

H.M. Zhu et al. / Journal of Alloys a

ticular interest is the excellent tensile elongation of over 13%.
The Cu additions in this range have promoted a more uniform
distribution of the rod-like �′

1 precipitates along the [0 0 0 1]�

direction.
2) For Cu addition up to 2.0 wt.%, a continuous precipitation

of embrittling grain-boundary MgZnCu intermetallic particles
occurs together with rod-like �′

1 precipitates with a relatively
low number density and aspect ratio. These microstructures are
responsible for the alloy having poor age-hardening response
and inferior mechanical properties.

3) The Cu-free base alloy showed a typical intergranular brittle
fracture while the Cu-modified alloys exhibited a mixed frac-
ture of quasi-cleavage with ductile rupture characterized by
dimples and tear ridges.
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