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Abstract: The effect of cold plastic deformation between solution treatment and artificial aging on the age-hardening response and
mechanical properties of alloy was investigated by micro-hardness test, tensile test, optical microscopy (OM) and TEM observation.
After solution treatment at 420 °C for 1 h, three kinds of pre-deformation strains, i.e. 0, 5% and 10%, were applied to extruded ZM61
bars. Age-hardening curves show that pre-deformation can significantly accelerate the precipitation kinetics and increase
peak-hardness value; however, as pre-deformation strain rises from 5% to 10%, there is no gain in peak hardness value. The room
temperature (RT) tensile properties demonstrate that increasing the pre-deformation degree can enhance the yield strength (YS) and
ultimate tensile strength (UTS) but moderately reduce elongation (EL); furthermore, the enhancement of YS is larger than that of
UTS. No twin can be observed in 5% pre-deformed microstructure; however, a large number of twins are activated after 10%
pre-deformation. The peak-aged TEM microstructure shows that pre-deformation can increase the number density of rod-shaped S;’

precipitates which play a key role in strengthening ZM61 alloy.
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1 Introduction

By thermal forming methods such as extrusion,
rolling and forging, wrought magnesium alloys gain a
refined microstructure including a very minor amount of
pores, thin grains and uniform composition. Thus,
compared to cast Mg alloys, wrought Mg alloys have
homogeneous mechanical properties, largely improved
ductility, high-level strength and high damage tolerance
[1]. The Ilow-cost high-strength Mg—6%Zn—1%Mn
(ZM61) alloy is a good choice as wrought Mg alloy,
since it can be smoothly extruded at 300—330 °C with
full dynamic recrystallization (ultimate tensile strength
(UTS) 305 MPa, yield strength (YS) 209 MPa and
elongation (EL) 12% in as-extruded state) [2]. The
mechanical properties of extruded ZM61 after T6

treatment of (420 °C, 2 h)+water quenching+(180 °C, 16
h) are: UTS=352 MPa, YS=314 MPa and EL=8%, which
can match up to those of costly ZK60 alloy after TS
treatment, i.e., UTS=360 MPa, YS=295 MPa and
EL=12% [2,3]. Such a pronounced strength increase in
ZM61 alloy results from precipitate formation, and there
are three kinds of precipitates in the peak-aged
microstructure, i.e., predominant rod-like ;" phases with
their long axes parallel to [0001]y, direction, a small
number of disc-like f," phases lying flat on (0001)y,
plane and occasionally-observed polygon- or rod-like
a-Mn  particles [4-8]. Most researchers have
acknowledged that both £, and f," are Laves phase
MgZn, with a hexagonal structure (¢=0.520 nm, ¢=0.857
nm) [9,10]; however, in several up-to-date literatures it is
found that f," phase is MgsZn; with a base-centered
monoclinic structure (a=2.596 nm, b=1.428 nm, ¢=0.524

Foundation item: Project (2007CB613700) supported by the National Basic Research Program of China; Project (50725413) supported by the National
Natural Science Foundation of China; Project (CDJXS11132228) supported by the Fundamental Research Funds for the Central
Universities, China; Projects (2010DFR50010, 2008 DFR50040) supported by International Cooperation Program, China; Projects
(CSTC2009AB4008, 2010CSTC-HDLS) supported by Chongqing Sci & Tech Program, China

Corresponding author: Guo-liang SHI; Tel: +86-10-82241163; E-mail: sglholo@yahoo.com.cn

DOI: 10.1016/S1003-6326(13)62503-0



Guo-liang SHI, et al/Trans. Nonferrous Met. Soc. China 23(2013) 586—592 587

nm, y=102.5°) [5,11]. Figure 1(a) schematically shows
the orientations of £, and f,’ in a hexagonal close-
packed (HCP) a-Mg lattice and the realistic orientation is
demonstrated in Fig. 1(b) which is a TEM bright-field
image of To6-treated ZM61 along
[2TTO]a_Mg. a-Mn particles with base-centered cubic
(BCC) structure (a=0.89125 nm) are precipitated during
high-temperature processes such as homogenization
treatment, solution treatment or thermal deformation
[7,8]. During hot forming, a-Mn precipitates can
effectively hinder the growth of small recrystallized
grains [12]. As shown in Fig. 1, compared to /5, discs, ;'
rods can more seriously impede the dislocation glide on
basal plane which is the dominant deformation mode at
temperatures lower than 250 °C [13]. Consequently, S,
rods are the main cause of precipitation strengthening
and widespread S, discs bring about over-aging [10],
implying that strengthening effect can be further
enhanced by means of increasing the number density of

alloy viewed

0001

(b)
Fig. 1 Orientation of f,' and f,’ in HCP a-Mg matrix: (a) A
schematic diagram showing f,’ rods and f," discs in a a-Mg
unit cell; (b) TEM bright-field image of T6-treated ZM61 alloy
((420 °C, 1 h)y+water quenching+(180 °C, 9 h)) viewed along
21 TO]M_Mg (achieved from the present work)

1" rods. Generally, micro-alloying, double aging and
cold deformation prior to aging can increase the number
density of precipitates [14]. However, in the case of Mg
alloys, rare attention has been paid to pre-deformation
prior to aging. High-density dislocations and twin
boundaries, formed during cold pre-deformation, can
provide a large number of heterogeneous nucleation sites
and dense dislocations can also act as quick diffusion
pipes, resulting in increased precipitate number density
and also accelerated precipitation kinetics [15,16].

The present work explores the role of cold
pre-deformation on the age-hardening response and
mechanical properties of Mg—6%Zn—1%Mn alloy,
aiming to further elevating the yield strength of this
low-cost alloy and thus broadening its application field.

2 Experimental

Ingot with the nominal composition of Mg—6%Zn—
1%Mn was prepared by semi-continuous casting.
Melting was conducted in an electrical resistance furnace
and a molten-salt flux composed of MgCl,, KCl, CaF,
and BaCl, was used for covering and refining. After pure
Mg ingots had wholly melted at 880 °C in an
bottom-pour iron crucible, heating was stopped and
Mg—4.2%Mn master alloy was added as the temperature
fell to 800 °C and then pure Zn ingot was added as the
temperature dropped to 720 °C. The alloy melt was
reheated to 760 °C, followed by skimming, stirring,
refining and holding for 20 min. Finally, heating was
ceased and the melt was poured into a semi-continuous
crystallizer under an inert atmosphere of CO, and SFg
mixture when the temperature fell to about 730 °C. The
chemical composition was Mg—5.77%Zn—0.94%Mn,
which was measured by a Shimadzu XRF—1800CCDE
X-ray fluorescence spectrometer. The ingot was then
worked into extrusion billets (¢80 mmx250 mm). After a
two-step homogenization treatment, i.e., (330 °C, 8
h)+(420 °C, 2 h), these billets were extruded at 320 °C
immediately. The extrusion parameters are listed in
Table 1. Three segments (d16 mmx250 mm) were
annealed at 420 °C for 1 h followed by water quenching
and then two of them were machined into dog-bone
shape (with 413 mm gauge diameter and 200 mm gauge
length) for RT stretch pre-deformation. Two kinds of
plastic tensile strains, 5% and 10%, were used. Samples
cut from the pre-deformed and non-pre-deformed
segments were subjected to artificial aging at 180 °C to
achieve age-hardening curves. Vickers hardness was
measured under a load of 0.49 N and a holding time of
20 s, and each hardness value was the average of 20 data.
Both pre-deformation and tensile test were conducted on
a Sans CMT—-5105 electronic universal testing machine
with a strain rate of 3 mm/min, and the dimensions of
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dog-bone specimens for tensile test were d5 mm gauge
diameter and 50 mm gauge length. TEM observation was
performed on a Zeiss LIBRA 200 FE TEM under an
accelerating voltage of 200 kV. Thin foil specimens were
cut from hardness-test samples and prepared by the
twin-jet polishing technique in a solution of 5.3 g LiCl,
11.16 g Mg(ClOy),, 500 mL methanol and 100 mL
2-butoxy-ethanol at —50 °C and 90 V. Small-angle ion
milling was utilized to remove oxide films and
contaminations on the two surfaces of perforated
specimens.

Table 1 Extrusion parameters of ZM61 Mg alloys

Temperature/°C Extrusion . Cooling-
Extrusion
- speed/ ratio Down
Billet Mould XSO (m'min™") method
chamber
320 320 320 2 25 Air cooling

3 Results

3.1 Age-hardening curves

The age-hardening curves of ZM61 samples with
three kinds of pre-deformation strains, i.e. 0, 5% and
10%, are illustrated in Fig. 2, and some key characteristic
parameters are listed in Table 2. It can be seen that cold
pre-deformation brings out four phenomena. Firstly, the
initial hardness values show a linear increase with the
increment of pre-deformation strain, indicating that the
pre-deformation brings about serious work hardening
effect in textured ZM61 alloy. Secondly, as pre-
deformation level increases, time needed to reach peak
hardness can be exponentially shortened. Only 0.8 h is
needed for 10% strained sample to reach peak hardness
compared to 9 h for unstrained one and 4 h for 5%
strained one. Thirdly, as pre-deformation strain rises
from 0 to 5%, peak hardness value increases from HV 81
to HV 88; however, the peak hardness value of 10%
strained sample stays at the same level as that of 5%
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Fig. 2 Age-hardening curves of ZM61specimens with 0, 5%
and 10% pre-deformation strain at 180 °C

Table 2 Some key characteristic parameters of age-hardening
curves in Fig. 2

Initial Peak  Time needed Maximum

Pre- . hardness hardness to reach hardness
deformation .
strain value value peak increment
(HV) (HV) hardness/h (HV)
0 58 81 9 23
5% 66 88 4 22
10% 73 88 0.8 15

strained one. Finally, the maximum hardness increment
tends to reduce with the rise in pre-deformation strain.

3.2 Mechanical property

In order to get peak-aging mechanical properties,
based on age-hardening curves in Fig. 2, 9, 5 and 3 h
were selected as aging time for 0, 5% and 10% stretched
samples, respectively. The RT stress—strain curves of
the peak-aged samples are shown in Fig. 3, which also
include the curve of as-extruded sample for comparing,
and the mechanical properties are listed in Table 3.
Compared with the as-extruded sample, the peak aged
ones gain substantial increment in Y'S and UTS but their
elongation is largely degraded. On the other hand, with
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Fig 3 RT stress—strain curves of as-extruded sample and
peak-aged ones with 0, 5% and 10% pre-deformation strain

Table 3 RT mechanical properties of as-extruded and peak-
aged ZM61 samples

UTS/ Elongation/

Condition YS/MPa MPa %

As-extruded 204 306 14
Solution treatment+

(180 °C, 9 h) 320 350 6
Solution treatment+

5% pre-deformation strain+ 347 360 6

(180 °C, 5h)

Solution treatment+

10% pre-deformation strain+ 356 366 4

(180 °C, 3 h)
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the rise in pre-deformation level, the strength of the peak
aged sample increases, YS in particular, whereas the
elongation tends to decrease. As tensile strain rises from
0 to 5%, the YS gains an 8.4% increase with minor loss
in elongation; however, from 5% to 10%, the YS gains a
2.5% increase with a 28% loss in elongation, indicating
that further pre-deformation after 5% only brings trivial
increase in strength but significantly lowers the
elongation.

3.3 Microstructure

Figure 4 shows the optical images of as-extruded
and as-annealed microstructure. After hot extrusion at
320 °C, dynamic recrystallization has occurred, resulting
in an average grain size of about 10 um (Fig. 4 (a)), and
minor second-phase particles (streams) are retained,
indicating that two-step homogenization treatment before
extrusion can effectively dissolve the interdendritic
compounds. Normal grain growth and dissolution of the
retained second-phase particles take place during
solution treatment at 420 °C for 1 h, resulting in an
average grain size of about 20 um.

Figure 5 shows optical images of 5% and 10%
pre-deformed microstructures. It is notable that almost
no twin can be observed in 5% pre-deformed
microstructure. When cold pre-deformation strain rises to
10%, most of the larger grains contain twins (Figs. 5(c)
and (d)).

Figure 6 shows the peak-aged TEM microstructure
of pre-deformed and non-pre-deformed ZM61 samples.

Fig. 4 Optical images of as-extruded (a) and as-annealed (b)
ZM61 alloy

Since the observation directions are all near [0001 ]y,
rod-shaped S’ precipitates with their long axes parallel
to [0001]y, become particles and thus such observation
direction favors the determination of their number
density. It can be seen that the number density of £’
phase is significantly increased with the rise in pre-

Fig. 5 Optical images of cold-deformed ZM61 alloy with extrusion direction (or cold pre-deformation axis) parallel to each scale bar:

(a), (b) 5% pre-deformation strain; (c), (d) 10% pre-deformation strain
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W /3 M. bl 1A

Fig. 6 TEM bright field images of peak-aged samples with
different pre-deformation strains: (a) 0%, (180 °C, 9 h); (b) 5%,
(180 °C, 4 h); (c) 10%, (180 °C, 0.8 h)

deformation level. It is noteworthy that S, rods are
aligned in lines even in non-pre-deformed sample, which
is most likely caused by heterogeneous nucleation on
equilibrium state dislocations, indicating that dislocation
is a preferred nucleation site for £’ phase.

4 Discussion

First of all, the microstructure evolution during
hot-extrusion, solution treatment, pre-deformation and
aging should be understood. A complete-dynamic-
recrystallization microstructure has been built up in
ZM61 alloy after hot extrusion at 320 °C, resulting in an
average grain size of about 10 pm, as shown in Fig. 4(a).
Moreover, an intensive basal texture also arises after hot
extrusion, that is, the (0001) basal planes of most grains
are parallel to extrusion direction [17,18]. During the
solution treatment, normal grain growth, dissolution of
second-phase particle and dislocation recovery take place,
and the average grain size after solution treatment is
about 20 um, as shown in Fig. 4(b). It has been reported
that moderate annealing after deformation only brings
about trivial change in the texture in HCP metals [19], so
the basal texture can be maintained after solution
treatment. During the cold stretch along extrusion
direction, the c-axes of most grains are perpendicular to
tensile load direction because of the basal texture, so it is
very hard to activate the basal slip system since its
Schmid factor is near zero. In such case, non-basal-plane
slipping and contraction twinning will be activated in
most grains [20—22]. It is worth to note that non-basal
dislocations are firstly activated before twinning, as
shown in Fig. 5, since twinning becomes increasingly
difficult with decreasing grain size [22]. With the rise in
pre-deformation strain, the number of dislocations and
twins will be considerably increased, which can be
known from the linear increase in initial hardness values,
as can be seen in Fig. 2 and Table 2. During the aging,
high density dislocations gradually recover [23] and a
large number of " rods heterogeneously nucleate on the
dislocations and twin boundaries. The dislocation
segments where precipitates are selected as nucleation
sites will be annihilated, thus one continuous dislocation
will turn into interrupted segments [16], so the peak-aged
microstructure includes vast amounts of heterogeneously
nucleated f;" rods, dense dislocation segments and
numerous twins.

In this study, the influence of cold pre-deformation
on the age-hardening response and mechanical properties
can be summarized in four parts: 1) pre-deformation
brings about marked work hardening effect; 2) rise in
pre-deformation strain can significantly speed up the
age-hardening kinetics; 3) the YS gains notable elevation
as pre-deformation strain increases; 4) when pre-
deformation strain rises from 5% to 10%, the peak
hardness value gains no increment. The initial hardness
values of 0, 5% and 10% strained samples are HV 58,
HV 66 and HV 73, respectively. Such effective work
hardening response is attributed to numerous twins and
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high-density  dislocations  formed during cold
pre-deformation. ZHENG et al [16] reported an
investigation similar to the present work, and in their
work the work-hardening response brought out by cold
stretching in an Mg—Gd—Nd—Zr alloy is much weaker
than that in the present work. Their alloy must be
texture-free since no hot-deformation was applied,
indicating that texture has an important influence on the
total amount of twins and dislocations formed during the
cold pre-deformation. In random orientated alloy, basal
plane slip takes a high proportion during cold
deformation; by contrast, in the present case, a large
number of non-basal dislocations are activated first and
they become immobile gradually by the formation of
many jogs on them during the motion [24], resulting in a
huge increase in dislocation density and thus an
enhanced work-hardening effect. Besides acting as
nucleation sites, dislocations can also act as fast diffusion
pips for solute Zn, so the presence of high density
dislocations will considerably speed up the precipitation
rate of ;" phase which is the key hardener of ZM61 alloy,
that is why pre-deformation can severely enhance the
age-hardening kinetics. The YS is very sensitive to the
number density of precipitates, since the more the
precipitates are, the shorter the distance between them is,
thus, the more difficult the dislocations to bypass them is,
resulting in a macroscopic rise in YS. Numerous twin
boundaries and dislocations arising from cold
pre-deformation boost the number density of " rods, as
shown in Fig. 6, so the YS rises with the increase in
pre-deformation  strain. There is an incredible
phenomenon in this work, that is, after 5%, a further
increase in pre-deformation strain brings about trivial
increment in the peak-hardness value and YS. In the case
of pre-deformed sample, two main factors, i.e.
precipitation hardening and work hardening, determine
the increment in peak-hardness value and YS; during the
aging at 180 °C, the dislocation density will gradually
reduce because of the recovery and it seems that severer
pre-deformation level leads to severer recovery.
Therefore, when pre-deformation strain reaches to 10%,
the degradation in hardness and YS caused by severely
weakened work-hardening effect can counteract their rise
caused by enhanced precipitation hardening effect.

This work indicates that a small amount of
cold-plastic-deformation can further raise YS of ZM61
alloy and also effectively shorten the peak-aging time,
which can expand the application field of this low-cost
alloy.

5 Conclusions

1) Cold pre-deformation brings about remarkable
work-hardening effect in textured ZM61 alloy and also

considerably speeds up the age-hardening kinetics. As
pre-deformation strain increases from 0 to 5%, the peak
hardness value gains an obvious rise; however, it gains
no rise as the strain increases from 5% to 10%.

2) As cold tensile strain rises from 0 to 5%, the
peak-aging yield strength largely increases from 320
MPa to 347 MPa with minor deterioration in elongation;
as the strain rises from 5% to 10%, the peak-aging yield
strength achieves a minor increase from 347 MPa to 356
MPa with a large deterioration in elongation.

3) Almost no twinning occurs in 5% strained sample;
however, a lot of twins are activated after 10%
pre-deformation.

4) In the peak-aging microstructure, the number
density of f,' rods increases with the rise in
pre-deformation level.
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