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Abstract: Pre-cold rolling with low reductions (<3%) was used to improve the mechanical properties of rolled ZK60 
plates. The effects of rolling path on mechanical properties were investigated in detail. Both pre-cold rolling along the 
transverse direction (TD) and pre-cold rolling along the normal direction (ND) can increase the yield strength.  
However, pre-cold rolling along the TD is more effective than pre-cold rolling along the ND in improving the 
comprehensive mechanical properties. After pre-cold rolling to 3% reduction, the sample rolled along the TD and the 
sample rolled along the ND have similar tensile yield strength (~270 MPa). However, the former has a higher 
compressive yield strength, lower yield asymmetry and larger toughness than the latter. Moreover, pre-cold rolling can 
also enhance precipitation hardening effect. However, aging treatment cannot further improve the yield strength of 
pre-cold rolled samples. Finally, the related mechanism is discussed. 
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1 Introduction 
 

It has been proven that plastic deformation is 
an effective method to enhance the mechanical 
properties of Mg alloys [1]. Traditional plastic 
processing techniques (e.g. rolling, extrusion and 
forging) have been used to develop wrought Mg 
alloys. To obtain better mechanical properties, 
further optimization of microstructure (e.g. ultrafine 
grains and weak texture) is required by developing 
new plastic deformation processes (e.g. severe 
plastic deformation and asymmetric plastic 
processing techniques) [1−3]. These new methods 
are effective to develop high-property Mg alloys, 
but require special equipment. 

Recently, pre-deformation with low strain  
(e.g. pre-tension [4,5], pre-compression [6,7], pre- 

torsion [8,9], pre-shearing [10], pre-bending [11,12], 
pre-rolling [13,14], and pre-forging [15,16]) has 
been a popular method to tailor the mechanical 
properties of Mg alloys. These simple plastic 
deformations have some features, i.e., no special 
equipment required, and low plastic strain, thus 
receiving widespread attention. GONG et al [17] 
used pre-compression to improve the micro- 
hardness and wear resistance of a rolled ZK60  
plate. KIM et al [6] and PARK et al [18] reported 
that pre-compression can regulate fatigue property 
and stretch formability of rolled AZ31 plates by 
inducing {10 12}  twins. SONG et al [8] applied 
pre-torsion to reduce the yield asymmetry of an 
extruded AZ31 rod. CHEN et al [11] used 
pre-twinning to reduce the tension–compression 
yield asymmetry of a rolled ZK60 plate. 

In addition, pre-cold deformation can also be 
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used to harden Mg alloys [19]. Cold deformation 
can introduce high density of crystal defects    
(e.g. dislocations, twin boundaries, and stacking 
faults) to generate defect hardening effect [20−22]. 
Moreover, it is also demonstrated that such defects 
might enhance the precipitation hardening effect of 
age-hardenable Mg alloys [5,7]. It is considered that 
the type of crystal defects may affect the hardening 
effect [19]. For wrought Mg alloys, the competition 
between slipping and twinning is largely dependent 
on strain path. In fact, previous researches have 
confirmed that strain path could determine the type 
of crystal defects. For rolled Mg alloy plates, 
pre-cold rolling along the normal direction (ND) 
can generate dislocations and contraction twins. 
However, pre-cold rolling along the transverse 
direction (TD) can introduce profuse extension 
twins [19]. Therefore, it is necessary to reveal the 
effects of strain path on defect hardening and aging 
hardening of Mg alloys. In this study, the material 
studied is a commercial ZK60 alloy, which has 
received widespread attention owing to its excellent 
plasticity and precipitation hardening effect [23,24]. 
Various pre-cold rolling paths were used to reveal 
different effects between dislocations and {1012}  
twins on strength, toughness and yield asymmetry 
of a rolled ZK60 plate. Moreover, the necessity of 
aging is also discussed for pre-rolled ZK60 plates. 
 
2 Experimental 
 

The starting material for this study was an 
as-cast ZK60 (Mg−5.2wt.%Zn−0.5wt.%Zr) alloy. 
After homogenization at 400 °C for 24 h, the 
as-cast ZK60 alloy was hot-rolled to ~64% 
reduction of thickness at 300 °C. Then, the rolled 
sheet was subjected to solution treatments at 400 °C 
for 3 h. The rolled plate was cut into plates with 
dimensions of 40 mm (RD) × 10 mm (TD) × 8 mm 
(ND). Here, RD, ND and TD are the rolling 
direction, normal direction and transverse direction 
of the rolled plate, respectively. Subsequently, the 
ZK60 samples were subjected to pre-rolling at room 
temperature along various paths. To maintain a 
considerable plasticity, the low rolling reductions 
(<3%) were used to prepare the pre-rolled ZK60 
plates. Figure 1 shows the paths of pre-cold rolling. 
Some samples were subjected to aging treatments at 
175 °C for 10 h. In this study, six types of ZK60 
sheets were prepared. The processing histories of 

six types of sheets are listed in Table 1. The samples 
were pre-rolled to thickness reductions of 1.5% and 
3% (named as PRT 1.5% and PRT 3%, respectively, 
for the samples pre-rolled along the TD). Such 
abbreviations were also used in other samples. 
 

 

Fig. 1 Sketch map of pre-rolling: (a) Pre-rolling along 

ND; (b) Pre-rolling along TD 

 

Table 1 Rolled ZK60 sheets subjected to various 

processing histories 

Sample Processing history 

SS As-solution rolled sheet (Original material)

SA Direct aging 

PRT Pre-rolling along TD 

PRTA Pre-rolling along TD and then aging 

PRN Pre-rolling along ND 

PRNA Pre-rolling along ND and then aging 

 

These samples were subjected to tension and 
compression tests along the RD. Dog-bone-shaped 
tension specimens with nominal gage dimensions of 
8 mm × 3 mm × 1.5 mm and rectangular prism 
specimens with nominal dimensions of 4 mm × 
4 mm × 8 mm were prepared. Mechanical tests 
were then carried out on an LD26.105 material test 
machine at a constant strain rate of 1×10−3 s−1. The 
yield strength was measured as 0.2% proof stress. 
The extent of yield asymmetry was evaluated by 
calculating the ratio of compression yield stress 
(CYS) to tension yield stress (TYS). Each 
mechanical test was repeated at least three times to 
get representative results. The microstructure of the 
alloys was examined by electron backscatter 
diffraction (EBSD, Oxford AZtech Max2) analysis 
using an HKL Channel 5 System (Oxford system 
equipped in a JSM−6610). Transmission electron 
microscopy (TEM) observations were performed 
using a ZEISS Libra200FE microscope with 
accelerating voltage of 200 kV. The specimens for 
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TEM observations were ground with SiC paper and 
final thinning of the specimens was executed by a 
precision ion polishing system (GATAN691). 
 
3 Results and discussion 
 
3.1 Stress−strain curves of various samples 
Figure 2 shows the true stress−strain curves of 
various samples. All tensile curves have a parabolic 
shape. In comparison, compressive curves present a 
concave shape which is a typical deformation 
feature dominated by {1012}  twinning [25]. To 

clearly illustrate the effect of pre-rolling, detailed 
mechanical properties and the variations of 
mechanical properties with pre-rolling strain are 
shown in Fig. 3. The plasticity (Up) was evaluated 
by calculating the plastic strain corresponding to the 
peak strength. Figure 3(a) shows that tensile yield 
strength is higher than compressive yield strength 
for all samples. For SS sample, the yield strength is 
209 and 113 MPa for tension and compression, 
respectively. Pre-rolling can enhance the yield 
strength of ZK60 plate, and pre-rolling path has a 
large influence on the hardening effect. 

 

 
Fig. 2 Typical true stress−true strain curves of various samples deformed along RD: (a) Tensile curves of PRT samples; 

(b) Compressive curves of PRT samples; (c) Tensile curves of PRTA samples; (d) Compressive curves of PRTA  

samples; (e) Tensile curves of PRN samples; (f) Compressive curves of PRN samples; (g) Tensile curves of PRNA 

samples; (h) Compressive curves of PRNA samples 
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Fig. 3 Variations of mechanical properties along RD with pre-cold rolling strain: (a) Yield strength; (b) CYS/TYS;    

(c) Tensile plasticity; (d) Compressive plasticity 

 

For pre-rolling along the ND, with increasing 
rolling strain from 1.5% to 3%, the tensile yield 
strength is increased by 31 and 61 MPa, and the 
compressive yield strength is increased by 13 and 
28 MPa, respectively. Clearly, both tensile and 
compressive yield strengths exhibit a gradual 
increase with increasing pre-rolling strain. More- 
over, PRN processing reduces plasticity (especially 
for tensile ductility). In contrast, it has little 
influence on CYS/TYS value and peak strength. 

For pre-rolling along the TD, a pre-rolling 
strain of 1.5% can remarkably increase the yield 
strength along the RD (by 56 MPa for tension and 
by 87 MPa for compression). However, further 
increase in rolling strain to 3% exhibits 
insignificant effect on the yield strength. It is also 
found that PRT processing generates a higher 
hardening effect on compression than on tension, 
resulting in the improvement of yield asymmetry 
(see Fig. 3(b)). Moreover, PRT processing can also 

simultaneously enhance the peak strengths of 
tension and compression, as shown in Figs. 2(a) and 
2(b), respectively. And PRT processing generates a 
smaller loss in tensile ductility compared with PRN 
processing. 

Aging treatment can harden the yield strength 
of SS sample to 230 and 136 MPa for tension   
and compression, respectively. However, aging 
treatment does not necessarily further increase the 
yield strength of the pre-rolled ZK60 alloys, as 
shown in Fig. 3(a). For the PRT sample, aging 
treatment only slightly increases the tensile and 
compressive yield strengths. The increment is lower 
than 8 MPa. For the PRN sample, aging treatment 
makes the yield strength of the sample tend to a 
close value, i.e. ~250 MPa for tension and 
~138 MPa for compression. In other words, aging 
treatment can increase the yield strength of 
PRN 1.5% sample, but it will reduce the yield 
strength of PRN 3% sample. 
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3.2 Influence of pre-rolling path on micro- 
structure and yield strength 
Figure 4 shows the EBSD maps and XRD pole 

figures of SS sample and the pre-rolled samples 
with a thickness reduction of 3%. Hot-rolling and 
following solution treatment lead to the formation 
of fine microstructure with an average grain size of 
about 10 μm and a strong basal texture, as shown in 
Fig. 4(a). After pre-rolling along the ND, only a 
small amount of twins can be formed and the basal 
texture is retained, as shown in Fig. 4(b). It is 
indicated that when rolling along the ND, 
dislocation slip is the dominant deformation 
mechanism instead of {1012}  twinning. Pre- 
rolling along the TD introduces a lot of twin 
lamellae, as shown in Fig. 4(c). EBSD data indicate 
that these twins are almost all {1012}  twins. The 
occurrence of {10 12}  twinning causes grains to 
rotate by ~86°, resulting in a c-axis//TD texture in 
PRT sample [13]. 

In this study, Kernel average misorientation 
(KAM) was calculated to evaluate the dislocation 
accumulation [26]. KAM maps and average KAM 
values of various samples are also shown in Fig. 4. 
It is found that SS sample has a very low average 

KAM value (~0.63°). Pre-rolling increases the 
average KAM value to ~1.19° and ~0.87°, for 
PRN 3% sample and PRT 3% sample, respectively. 
It is indicated that PRN processing can generate 
higher dislocation accumulation than PRT 
processing. Based on EBSD data, the area fraction 
of {1012}  twins is ~28% and ~1.1% for PRT 3% 
sample and PRN 3% sample, respectively. Thus, the 
low dislocation accumulation in PRT sample can be 
attributed to the fact that {1012}  twinning has a 
large contribution to plastic strain of pre-rolling 
along the TD. 

Clearly, the microstructure evolution during 
pre-rolling greatly depends on rolling path. As 
shown in Fig. 4(b), PRN 3% processing slightly 
increases basal texture intensity. Table 2 lists the 
mean Schmid factor (SF) for various deformation 
modes in different samples when loading along the 
RD. It is indicated that textural change via PRN 3% 
processing hardly affects yield strength. Thus, the 
increase in yield strength of PRN samples can be 
mainly attributed to the generation of dislocations 
during PRN processing. Initial dislocations can 
generate dislocation hardening effect. The 
relationship between yield increment via dislocation 

 

   
Fig. 4 XRD pole figure and EBSD maps of various samples: (a) SS sample; (b) PRN 3% sample; (c) PRT 3% sample 
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Table 2 Mean Schmid factor (SF) values for various 

deformation modes in different samples when loading 

along RD 

Sample Sate 
Prismatic 

 slip 
{10 12}

twinning

Basal 

slip

SS 
Tension 

0.435 
0.027 

0.195
Compression 0.394 

PRN 3% 
Tension 

0.443 
0.024 

0.203
Compression 0.397 

PRT 3% 
Tension 

0.424 
0.043 

0.243
Compression 0.357 

 

hardening and dislocation density is usually 
represented as σd=MαGbρ1/2 (where ρ is total 
dislocation density, G is the shear modulus, b is the 
magnitude of Burgers vector, M is the Taylor factor 
and α constant) [27]. Clearly, σd is directly 
proportional to the dislocation density. Dislocation 
slip dominates the plastic strain for pre-rolling 
along the ND, as shown in Fig. 4(b). In this 
situation, the dislocation density will gradually 
increase with increasing rolling strain. It could be 
the reason why the yield strength of PRN sample 
gradually increases as the pre-rolling strain 
increases. 

Compared with PRN sample, PRT sample 
contains profuse {10 12}  twins, as shown in 
Fig. 4(c). The influence of initial twins on yield 
strength can be attributed to two aspects [28]. 
Firstly, {10 12}  twinning can cause a lattice 
re-orientation of ~86.3° and generate a twin-texture. 
In the present work, a twin-texture with c-axis//TD 
is formed during PRT processing. Compared with 
initial c-axis//ND texture, the twin-texture has no 
influence on the orientation relationship between 
RD-loading and c-axis of texture. In fact, the c-axis 
of twin-texture has a slightly dispersion of ±30° 
from the TD towards the RD. The phenomenon was 
also observed by PARK et al [29]. Table 2 shows 
that the twin-texture can slightly increase the SF of 
basal slip for loading along the RD. It is indicated 
that the PRT processing can generate texture 
softening effect for loading along the RD. However, 
Fig. 3(a) indicates that the PRT processing 
generates a large hardening effect on yielding along 
the RD. It can be attributed to another effect of 
initial twins, i.e., twin-boundary hardening. It has 
been reported that {10 12}  twins can subdivide 
grains, resulting in the refinement hardening  

effect [30]. It is considered that twin-boundary 
hardening has a main contribution to the increase of 
yield strength along the RD. As shown in Fig. 5(a), 
low rolling strain along the RD (1.5%) can  
generate profuse twin boundaries in matrix, thus 
remarkably increasing the yield strength (see Fig. 3).  
Figure 5(b) indicates that increasing rolling strain 
from 1.5% to 3% mainly causes twin-growth 
instead of nucleation of new twins. In fact, previous 
work [31,32] has revealed that {10 12}  twins via 
rolling/compression along the TD nucleate at the 
beginning of plastic deformation (a strain of <2%). 
And twin-growth dominates subsequent plastic 
deformation [32,33]. Thus, with increasing 
rolling-strain from 1.5% to 3%, it is considered that 
the change in the number of twin boundaries may 
not be large, and thus yield strength exhibits little 
change (see Fig. 3(a)). 
 

 
Fig. 5 Optical microstructure images of PRT samples:  

(a) PRT 1.5% sample; (b) PRT 3% sample 

 

As shown in Fig. 4(c), KAM value can also be 
increased by PRT processing. Thus, dislocation 
hardening could also contribute to the increase of 
yield strength for PRT samples. The strain 
accommodated by twinning can be calculated as 
follows [34]:  
εtwin=ftwinꞏSFtwinꞏγtwin  
where εtwin, ftwin, SFtwin and γtwin represent the 
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twinning strain, the volume fraction of twins, the 
average SF of the twin variant, and the 
characteristic twinning shear, respectively. For 
{10 12}  twinning in Mg alloys, γtwin is known to be 
0.13. When Schmid factor for {10 12} twinning 
chooses the maximum value (SFtwin=0.5), the 
maximum strain contributed by twinning can be 
calculated and is ~1.82% for PRT 3% sample. Thus, 
the strain of at least ~1.18% in PRT 3% sample is 
accommodated by dislocation slip. Thus, the effect 
of dislocation hardening on yielding of PRT sample 
cannot be ignored. 
 
3.3 Influence of aging on microstructure and 

yield strength 
Aging treatment was carried out to induce 

precipitation hardening effect. A common aging 
process (175 °C, 10 h) of ZK60 alloys is used in 
this work [23,24]. Figure 6 shows the EBSD maps 
of pre-rolled samples. Part of dislocations and all 
twin lamellae can be retained after aging. KAM 
maps show that aging treatment reduces the average 
KAM value to 0.77° and 0.92° for PRTA 3% 

sample and PRNA 3% sample, respectively. It is 
indicated that aging treatment generates a static 
recovery response. 

In addition, aging treatment can also induce 
profuse precipitates in the matrix of ZK60 alloy. 
Figure 7 shows the TEM images with electron beam 
along the [1120]  direction. It is shown that 
disk-like β′2 precipitates are the major precipitates in 
the aged samples. The area fraction and number 
density (the number of precipitates per unit area) 
summarized by five TEM images with an area of 
256036 nm2 are shown in Table 3. After solution 
treatment, small amount of coarse precipitates 
retain in the matrix, as shown in Fig. 7(a). Aging 
treatment introduces a large number of fine 
precipitates, generating precipitation hardening 
effect to increase the yield strength of SS sample.  
It is also found that both PRN and PRT   
processing can increase the number density of β′2 
phase during subsequent aging. According to 
previous reports [5,35], the dislocations via pre- 
cold rolling can provide heterogeneous nucleation 
sites for the precipitates. Thus, it is considered that  

 

 

Fig. 6 EBSD maps of aged samples: (a) PRNA 3% sample; (b) PRTA 3% sample 
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Fig. 7 TEM images with electron beam along [1120]  direction of Mg matrix (The right images are the corresponding 

sketches of the precipitates): (a) SS sample; (b) SA sample; (c) PRNA 3% sample; (d) PRTA 3% sample 

 

Table 3 Area fraction and number density of precipitates 

in various aged samples 

Sample Area fraction/% Number density/μm−2

SS 1.9±0.5 31±11 

SA 8.4±3.2 304±78 

PRNA 3% 7.6±2.7 582±140 

PRTA 3% 7.8±3.5 504±169 

 
PRNA and PRTA samples have a higher 
precipitation hardening effect than SA sample. 
However, in fact, aging treatment only slightly 
increases the yield strength of PRT samples 
(<8 MPa), and even reduces the yield strength of 
PRN 3% sample. This is related to the softening 
effect via recovery of dislocations caused by aging. 
The reduction in dislocation density via aging can 
weaken dislocation hardening effect in pre-rolled 
samples. For PRT sample, the main hardening 
mechanism is refinement hardening via the 
subdivision of twin lamellae. Moreover, 
dislocations can also contribute to the increase of 
yield strength, as discussed above. Aging treatment 
only slightly increases the yield strength of PRT 
samples. It is indicated that the increment in yield 
strength via precipitation hardening is higher than 
that via dislocation hardening. In contrast, 
dislocation hardening is the main hardening 
mechanism in PRN sample. For PRN 1.5% sample, 
the initial dislocations can enhance the precipitation 
hardening effect. The increased precipitation 

hardening effect makes up the lack of dislocation 
hardening, resulting in higher yield strength than 
direct aging. However, with further increasing the 
pre-rolling strain, the contribution of dislocation 
hardening to yield strength increases. Thus, aging 
treatment can lead to a large loss of dislocation 
hardening. When precipitation hardening cannot 
compensate for the loss of dislocation hardening, 
aging will cause the decrease of yield strength. In 
fact, for the PRT sample with high pre-rolling strain, 
aging can also cause a reduction in yield strength, 
as reported by SONG et al [24]. 
 

3.4 Influence of pre-rolling path on yield 
asymmetry 
Figure 3 shows that rolled ZK60 plate has a 

large tension−compression yield asymmetry. The 
CYS/TYS value is 0.54 for SS sample. It is well 
known that SF of specific slip system is equal for 
tension and compression with same loading axis. 
For all samples, prismatic slip has a very high SF 
value (>0.4), as shown in Table 2. In contrast, SF of 
basal slip is very low (~0.2). Unlike slip, due to the 
polar nature of twinning deformation, SF of 
{10 12}  twinning under compression (>0.35) is far 
higher than that under tension (<0.03) (see Table 2). 
Previous work has revealed that the critical  
resolved shear stress (CRSS) of basal slip and 
{10 12}  twinning is far lower than that of prismatic 
slip in ZK60 alloys [36]. However, basal slip cannot 
be the dominant deformation mechanism for 
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tension and compression due to its low SF. 
Moreover, the {10 12}  twinning is strongly 
suppressed for tension along the RD. Thus, in this 
condition, the dominant deformation mechanism is 
prismatic slip and {10 12}  twinning for tension 
and compression, respectively [37]. The large yield 
asymmetry can be attributed to the fact that the 
CRSS of prismatic slip is far larger than that of 
{10 12}  twinning. 

Table 4 lists the increment in yield strength 
and the change in CYS/TYS value caused by 
pre-rolling. It is found that pre-cold rolling can 
influence yield asymmetry. Table 2 indicates that 
pre-cold rolling does not change the dominant 
deformation mechanism for tension and 
compression. Thus, the change in yield asymmetry 
can be mainly attributed to the different hardening 
effects via pre-rolling on prismatic slip and {1012}  
twinning. Table 4 also indicates that PRT and PRN 
samples exhibit different influence on yield 
asymmetry. PRT processing can remarkably reduce 
the yield asymmetry, but PRN processing slightly 
exacerbates yield asymmetry. As shown in Table 4, 
PRN 3% and PRT 3% processes generate a close 
increment in tensile yield strength (~61 MPa). 
However, they have a remarkably different 
hardening effect on the compressive yield strength, 
and the increment of compressive yield strength   
is 94 and 28 MPa for PRT 3% and PRN 3% 
processes, respectively. 
 
Table 4 Increment of yield strength via different 

treatments 

Sample State 
Increment of 

YS/MPa 

CYS/ 

TYS 

SS 
Tension 0 

0.54 
Compression 0 

Aged 
Tension 21 

0.59 
Compression 23 

PRN 3% 
Tension 61 

0.52 
Compression 28 

PRNA 3% 
Tension 45 

0.54 
Compression 25 

PRT 3% 
Tension 60 

0.77 
Compression 94 

PRTA 3% 
Tension 64 

0.77 
Compression 96 

As discussed above, the main hardening 
mechanism is dislocation hardening and twin- 
boundary hardening for PRN and PRT samples, 
respectively. In fact, dislocation hardening can be 
evaluated by calculating the low-angle boundaries 
density with the misorientation angle ranging from 
2° to 4° (LABs) [38]. Similarly, twin-boundaries 
(TBs) density is also calculated by EBSD data. The 
LABs density and TBs density are listed in Table 5. 
It is shown that LABs density in PRN 3% sample 
(0.133 μm−1) is far higher than TBs density in 
PRT 3% sample (0.037 μm−1). It is indicated that 
twin-boundary could generate a higher hardening 
effect on {10 12}  twinning than low-angle 
boundary. Figure 8 shows the EBSD maps of the 
samples compressed to a strain of 3% along the  
RD. Extensive {1012}  twins are found in all 
compressed samples, which results in the formation 
of a twin-texture with c-axis//RD texture. Based on 
the orientation analysis, the area fraction of 
{10 12}  twins via compression with a strain of 3% 
along the RD can be calculated. It is about 49%, 
48% and 23% for the SS sample, PRN 3% sample 
and PRT 3% sample, respectively. Clearly, the 
effect of initial dislocations on twinning behavior is 
quite small in ZK60 alloys. In contrast, initial twins 
via pre-rolling along the TD can generate a strong 
inhibitory effect on the twin growth during 
compression along the RD. Two typical grains in 
PRN 3% and PRT 3% samples are shown in Fig. 9. 
In PRN 3% sample, profuse low-angle boundaries 
exist in matrix, as shown in Fig. 9(a). And a large 
orientation gradient can be found in the parent grain. 
It is shown that the low angle grain boundaries have 
little influence on twin growth. And the large 
orientation gradient can be evolved into the interior 
of the twins. For PRT 3% sample, both parent 
grains with c-axis//ND texture and the initial twins 
with c-axis//TD texture are favorable orientations 
 
Table 5 LABs (2°−4°) density and TBs density in 

various samples 

Sample 
Density/μm−1 

LABs TBs 

SS 0.014 0.001 

PRT 3% 0.072 0.037 

PRTA 3% 0.055 0.039 

PRN 3% 0.133 0.005 

PRNA 3% 0.102 0.002 
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Fig. 8 EBSD maps of samples compressed to strain of 3%: (a) SS sample; (b) PRN 3% sample; (c) PRT 3% sample 

(Contour levels in pole figures are 2, 4, 6, …) 

 

 
Fig. 9 Typical grains in samples compressed to strain of 3%: (a) PRN 3% sample; (b) PRT 3% sample (P and T 

represent parnent grain and twin, respectively) 

 
for {10 12} twinning when the sample is 
compressed along the RD [13]. As shown in 
Fig. 9(b), the corresponding (0001) pole figure 
confirms that the T1 has an orientation close to the 

TD. It can be inferred that T1 is the initial twin 
produced during the pre-cold rolling along the TD. 
T2 and T3 are considered to be the {10 12}  twins 
formed from parent grain and initial twin (T1), 
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respectively, during compression along the RD. It is 
noticeable that the growth of T2 and T3 is 
effectively limited by the twin boundaries of T1 
generated by pre-rolling along the TD. The new 
60° 10 10   boundaries can be formed (see blue 
arrow) and are not easy to migrate compared with 
86.3° 1120   twin boundaries [39]. In fact, YU   
et al [40] have found that the misorientation of 
grain boundary has a remarkable influence on 
hardening effect of {10 12}  twinning. With 
increasing misorientation between two neighbored 
grains, the hardening effect tends to increase. It is 
found that twin boundaries with a misorientation of 
86.3° provide a higher hardening for {1012}  
twinning than that of GBs (0−50°) [40]. In the 
present work, it is also found the twin boundaries 
also generate a higher hardening effect on {1012}  
twinning than LABs. Thus, PRT 3% processing can 
significantly increase the compressive yield 
strength (by 94 MPa), while PRN processing only 
slightly increases it (by 28 MPa). 

For refinement hardening via high-angle 
boundaries, BARNETT et al [41] has reported that 
the Hall−Petch slope (k value) for the twinning- 
dominated yield stress was higher than for 
slip-dominated yield stress. Thus, PRT processing 
can generate higher hardening effect on 
compression than on tension, resulting in the 
improvement of yield asymmetry. It is also found 
that dislocation hardening can largely make the 
dislocation movement hard, but it exhibits lower 
effect on twin-growth. The phenomenon is also 
observed in AZ31 alloy [13]. Its micro-mechanism 
is still unclear. In short, the high density of 
dislocations exacerbates yield asymmetry. 

Aging treatment can also influence yield 
asymmetry. It is shown that direct aging slightly 
improves the yield asymmetry and increases the 
CYS/TYS value from 0.54 to 0.59. In fact, the 
influence of precipitates on yield asymmetry is 
dependent on the precipitate shape [37]. Previous 
work [23] has confirmed that disk-like β′2 
precipitates in ZK60 alloys can generate a slightly 
higher hardening effect on {1012}  twinning than 
on prismatic slip. For PRT sample, not only does 
aging treatment generate a lot of disk-like β′2 
precipitates, but all twin boundaries can also be 
retained after aging. Thus, PRTA 3% sample 
maintains a low yield asymmetry (CYS/TYS=0.77). 
For PRN sample, both the formation of disk-like β′2 

precipitates and the loss of dislocations hardening 
are benefit for the improvement of yield asymmetry. 
However, the CYS/TYS value of PRNA 3% sample 
is only close to that of SS sample. In general, aging 
treatment exhibits little influence on yield 
asymmetry of PRT and PRN samples, and 
remarkably reduces the tensile yield strength of 
PRN 3% sample. 
 
3.5 Influence of pre-rolling path on strain 

hardening and plasticity 
To estimate the comprehensive mechanical 

properties, the static toughness (UT) comprising 
both strength and ductility is summarized in Table 6. 
UT is considered to be the total area under the true 
stress–strain curve, which is an indication of the 
amount of energy per unit volume that the material 
can absorb without rupturing [42]. For tension, both 
aging treatment and PRN processing can reduce the 
tensile ductility and static toughness. And combined 
use of PRN processing and aging can further reduce 
them. In contrast, PRT processing has little 
influence on static toughness. And subsequent aging 
can slightly increase the tensile ductility and static 
toughness of PRT 3% sample. It is well known that 
tensile ductility is related to strain hardening 
behavior [43]. Tensile strain hardening rate curves 
are shown in Figs. 10(a, b). To clearly evaluate  
the influence of pre-rolling on strain hardening 

 

Table 6 Increment of various mechanical properties via 

different treatments 

Sample State UT/(MJꞏm−3) 
Increment of 

UP/% 

Solution-
treated 

Tension 61±6 0 

Compression 37±3 0 

Aged 
Tension 50±3 −3.6 

Compression 40±2 −0.8 

PRN 3%
Tension 46±5 −5.3 

Compression 34±2 −2.2 

PRNA 3%
Tension 39±6 −6.0 

Compression 33±2 −1.9 

PRT 3%
Tension 61±5 −3.5 

Compression 53±2 0.2 

PRTA 3%
Tension 63±7 −1.2 

Compression 47±3 −0.5 

UT−Static toughness 
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Fig. 10 Tensile strain hardening rate curves: (a, b) Strain hardening rate vs (σ−σ0.2); (c) Initial hardening rate; (d) Initial 

hardening rate of Stage III; (e) Slope of Stage III hardening curves in tension 

 
behavior, some important parameters (θ0, θ0

III and 
tan α) are shown in Figs.10(c−e). θ0, θ0

III and tan α 
represent the initial strain hardening rate, the initial 
strain hardening rate of Stage III and the slope of 
Stage III curve, respectively (taking the curve of 
PRTA 3% sample as an example in Fig. 10(b)). 
Initial hardening rate is related to the mobility of 
dislocations at yielding and the slope of strain 
hardening curve is associated with the dynamic 
recovery [43−46]. Figure 10 shows that after 
yielding, SS sample exhibits a slower transition 
from yielding to Stage III hardening, and also 
shows a higher θ0

III (1174 MPa) and lower slope of 
Stage III (0.26) than other samples. Thus, SS 
sample remains high strain hardening rate within 
entire stress range during tension. It is reported that 
the maintenance of high strain hardening rate can 
retard tensile instability condition and contribute to 
high tensile ductility [43]. 

Both pre-rolling and aging can increase the 
initial hardening rate (θ0). It is indicated that initial 
precipitates, dislocations and twin boundaries might 
be strong barriers to dislocation movement during 
yielding. Moreover, they may also promote the 
dislocation recovery to accelerate the reduction of 
strain hardening rate [43−46]. It is shown that direct 

aging has little influence on θ0
III, but it enhances the 

slope of Stage III hardening curve (0.42). As 
reported by CHEN et al [44], numerous phase 
boundaries in ZK60 alloy can act as dislocation 
sinks, resulting in the increase of dynamic recovery 
during tension. In contrast, PRN processing largely 
accelerates the transition from yielding to Stage III 
hardening and largely reduces the θ0

III. AFRIN    
et al [45] and SONG et al [13] found that initial 
dislocations may usually have taken part in the 
dislocation annihilation and enhanced dynamic 
recovery. It infers that the strong dislocation 
annihilation could result in a rapid decrease in 
hardening rate after yielding and a very low θ0

III 
(667 MPa). PRN processing also slightly increases 
the slope of subsequent Stage III (0.34). Thus, 
PRN 3% sample exhibits very low level in strain 
hardening rate curve. For PRN 3% sample, aging 
treatment can remove part of dislocations (as shown 
in Fig. 6), thus resulting in the slight increase     
in θ0

III (903 MPa). However, aging also generates 
numerous precipitates, which remarkably increases 
the slope of stage III hardening (0.5). Thus, aging 
and PRN processing reduce the tensile ductility. 
The decrease in ductility is also the main reason  
for the reduction of static toughness. The static 
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toughness is decreased from 61 to 50 and 46 MJ/m3 
for SA sample and PRN 3% sample, respectively. 
Aging treatment further reduces the yield strength 
and tensile ductility of PRN 3% sample, resulting  
in further reduction in the static toughness (to 
39 MJ/m3). 

Unlike PRN 3% sample, PRT 3% sample 
contains abundant {10 12}  twins and low density 
of dislocations, as shown in Fig. 4. It is reported 
that similar to grain boundaries, initial twin 
boundaries can reduce the θ0

III [13]. However, the 
θ0

III value in PRT 3% sample (1062 MPa) is far 
higher than that in PRN 3% sample. Although  
PRT processing increases the slope of Stage III 
hardening in PRT 3% sample (0.45), high θ0

III value 
allows PRT 3% sample to maintain higher strain 
hardening rate and higher tensile ductility than 
PRN 3% sample. Previous report has found that the 
initial twin boundaries do not affect the slope of 
Stage III hardening [13]. The increase of slope of 
Stage III in PRT 3% sample can be attributed to  
the fact that initial dislocations via twinning 
deformation enhance the dynamic recovery during 
subsequent tension [13]. Moreover, it is also noted 
that the slope of Stage III hardening in PRT 3% 
sample with low density of dislocations is larger 
than that in PRN 3% sample with high density of 
dislocations. It is known that various rolling paths 
will generate different dislocation configurations, 
which might generate different effects on strain 
hardening behavior during tension. It is also found 
that subsequent aging slightly reduces the slope of 
Stage III (0.4). This could be the reason why PRTA 
sample remains high ductility. High ductility and 
high strength lead to a high static toughness in 
PRT 3% sample and PRTA 3% sample (61 and 
63 MJ/m3, respectively). 

Compared with tension, aging and pre-rolling 
have a less influence on compressive plasticity, as 
shown in Table 6. For compression, {1012}  
twinning dominates the plastic deformation at the 
early stage of plastic deformation [31]. Thus, strain 
hardening behavior of compression is closely 
related to the contribution of {10 12}  twinning to 
plastic strain [46]. The strain hardening rate versus 
plastic strain curves are shown in Fig. 11. All curves 
exhibit a rapid elastic−plastic transition, and then 
enter a linearly increasing strain hardening behavior 
(Stage III). The increasing strain hardening rate in 
Stage III is mainly from texture hardening because 

twinning induces rotation of grains into hard 
orientations [25]. It is shown that both aging and 
PRN processing have little influence on strain 
hardening behavior. It is further proven that 
dislocations and precipitates have negligible 
influence on twin growth, as shown in Fig. 8. After 
the peak strain hardening rate is reached, slip will 
dominate subsequent deformation. Similar to 
tension, PRN processing results in a rapid drop in 
strain hardening rate in the late stage of 
deformation, which leads to a slight decrease in 
compressive plasticity. 
 

 
Fig. 11 Compressive strain hardening rate vs plastic 

strain curves: (a) PRN (PRNA) samples; (b) PRT (PRTA) 

samples 

 
Figure 11(b) shows that PRT processing 

remarkably reduces the slope of Stage III and peak 
strain hardening rate. Table 2 and Fig. 8 indicate 
that PRT processing only delays twin-growth, and 
does not change the volume fraction of grains 
favorable for {1012}  twinning on compression 
along the RD. The low slope of Stage III in PRT 
sample could be attributed to the fact that initial 
twin boundaries decrease the contribution of 
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{10 12}  twinning to unit strain at lower strain 
(<8%), as shown in Fig. 8. Moreover, the 
retardation of twinning activity also prolongs the 
Stage III curve [47]. Thus, in fact, the twinning 
deformation dominates a wider range of plastic 
strains in PRT 3% sample. Moreover, after the peak 
strain hardening rate, PRT (PRTA) sample exhibits 
a slower decrease in strain hardening rate than SS 
(SA) sample. Thus, initial twin boundaries have no 
obvious influence on the compressive plasticity. 

Compared with tension, aging and pre-rolling 
have less influence on compressive plasticity. Thus, 
the static toughness of compression is more 
dependent on strength. Aging treatment can slightly 
increase the static toughness from 37 to 40 MJ/m3. 
PRT processing can remarkably increase the 
stress−strain curves level, and thus the static 
toughness is increased to 53 and 47 MJ/m3 for 
PRT 3% sample and PRTA 3% sample, respectively. 
In contract, PRN processing slightly decreases the 
static toughness to 34 MJ/m3 owing to the loss of 
compressive plasticity, as shown in Table 6. 
 
3.6 Necessity of aging for pre-rolled ZK60 plates 

It is necessary to discuss the necessity of aging 
for pre-rolled ZK60 plates. As analyzed above, 
combined use of pre-cold rolling and aging can 
generate a larger hardening effect than direct aging. 
However, aging treatment does not necessarily play 
a positive role in the improvement of mechanical 
properties of pre-rolled ZK60 plate. For PRN 
processing, dislocation hardening is the main 
hardening mechanism. Aging treatment can 
remarkably weaken the dislocation hardening  
effect. It is also found that the PRN processing can 
enhance the precipitation hardening effect by 
promoting the nucleation of precipitates. Thus, the 
influence of aging treatment on yield strength is 
dependent on the competition between loss of 
dislocation hardening and increment in precipitation 
hardening. In the present work, it is also found 
aging treatment makes the yield strength of the 
PRN samples with various strains of pre-rolling 
tend to a close value. Thus, for little pre-rolling 
strains (e.g. 1.5%), aging can further enhance the 
yield strength. However, for high pre-rolling strain, 
aging can reduce the yield strength of PRN samples 
and is not beneficial to toughness (e.g. PRN 3% 
sample). 

For PRT processing, twin-boundary hardening 

is main hardening mechanism. It is undeniable that 
dislocation strengthening has also a certain 
contribution to the increase in yield strength. Thus, 
aging treatment has a similar effect on PRN 
samples and PRT samples. In the present study, for 
a pre-rolling strain of less than 3%, subsequent 
aging can still slightly increase the yield strength. It 
has been reported that dislocation hardening has 
worse thermal stability than the aging hardening 
and twin boundary hardening [24]. Therefore, 
although the increment in yield strength via aging is 
very limited, it is considered that aging after PRT 
processing can enhance the thermal stability of PRT 
samples. Moreover, aging treatment exhibits little 
influence on yield asymmetry and plasticity of PRT 
samples. In this regard, aging is very necessary for 
PRT samples. 
 
4 Conclusions 
 

(1) Pre-cold rolling along the ND can generate 
a gradual increase in yield strength with increasing 
rolling strain from 1.5% to 3%. Compared with 
PRN 3% sample, PRT 1.5% sample has similar 
tensile yield strength and higher compressive yield 
strength. A further increase in the rolling strain from 
1.5% to 3% only shows a slight increase in yield 
strength for PRT sample. 

(2) The effect of pre-rolling path on hardening 
effect can be mainly attributed to different micro- 
structure evolutions between two rolling paths. 
Pre-cold rolling along the ND introduces numerous 
dislocations to generate dislocation hardening effect. 
In contrast, twin boundary hardening is the main 
hardening mechanism for PRT samples. 

(3) Pre-cold rolling can enhance the 
precipitation hardening effect by promoting the 
nucleation of precipitates. However, aging 
treatment cannot further increase the yield strength 
of the pre-rolled ZK60 alloys. Aging treatment only 
slightly increases the yield strength of PRT 3% 
sample (by <4 MPa), and largely reduces the yield 
strength of PRN 3% sample (by 16 and 3 MPa for 
tension and compression, respectively). 

(4) Pre-cold rolling along the ND slightly 
exacerbates yield asymmetry, and reduces static 
toughness (especially for tension). In contrast, 
pre-cold rolling along the TD remarkably increases 
the CYS/TYS value from 0.54 to 0.77, and 
increases the static toughness. Thus, pre-cold 
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rolling along the TD is more effective than pre-cold 
rolling along the ND in improving the 
comprehensive mechanical properties. 
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预轧制路径对 ZK60 镁合金力学性能的影响 
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摘  要：采用低轧制压下量的预冷轧(<3%)来改善轧制 ZK60 板的力学性能。详细研究轧制路径对力学性能的影

响。沿横向的预冷轧和沿法向的预冷轧均可提高屈服强度。但是，在改善综合力学性能方面，沿横向预冷轧比沿

法向预冷轧更为有效。预冷轧 3%的压下量后，沿横向轧制的样品和沿法向轧制的样品具有相近的拉伸屈服强度

（〜270 MPa）。但是，前者比后者具有更高的压缩屈服强度、更低的屈服不对称性和更好的韧性。此外，预冷轧

还可以增强沉淀硬化效果。但是，时效处理不能进一步提高预冷轧样品的屈服强度。最后，讨论相关的机理。 

关键词：ZK60 合金；预冷轧；错位；孪晶；时效；力学性能 
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