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Abstract: AZ31 Mg alloy extrusion wires were drawn to a maximum cumulative area reduction of 61% at room temperature, and the 
61%-drawn sample was subjected to various annealing treatments for grain refinement. Tensile tests were performed on all the 
as-drawn and as-annealed samples at a constant strain rate at room temperature. The entire stress—strain curves of each investigated 
sample were analyzed for the dependence on drawn area reduction and mean grain size. The results show that the cold drawn samples 
exhibit a constant elastic modulus; however, the stresses are significantly dependent on the deformation level. The corresponding 
θ—σ curves (where θ is the strain hardening rate, dσ/dε) show extended stage II and suppressed stage IV of strain hardening. The 
recrystallized samples exhibit enhanced yield stress with the grain size refinement and typical hardening stages of polycrystalline 
metals: II, III, IV and V. Additionally, decreasing in stage IV with refining grain size is observed probably due to the contribution of 
grain boundaries slipping. The different hardening behaviors demonstrate the various hardening mechanisms between the cold drawn 
and recrystallized materials. 
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1 Introduction 
 

Magnesium alloys have attracted significant interest 
due to their excellent specific properties and low density, 
which make these materials potentially suitable for 
applications in some automobile and electronics parts 
[1−3]. However, the poor formability of Mg and Mg 
alloys restricts their severe plastic deformation at room 
temperature due to their hexagonal close-packed (HCP) 
structure. Researches on the room deformation behaviors 
of Mg alloys can be hardly seen [4]. Considerable 
attention has been focused on the room deformation 
behaviors of Mg alloys by tension or compression tests, 
where the true strain, less than 0.3, was obtained in the 
fine-grained materials [5−9]. The limited deformations 
supported by tension and compression tests are not 
enough for the study of severe plasticity deformation in 
Mg alloys. Recently, LIANG et al [10−11] reported that 
cold extrusion at room temperature was successfully 
processed on AZ31 Mg alloy sheets and rods. The 
microstructures were refined to 1.6 μm and 1.9 μm for 
the sheets and rods, respectively. This conventional 
manufacturing method offers possibility of study on the 

room deformation behaviors of Mg alloys in a relatively 
broad plasticity range more than 0.3. 

Work hardening behavior is one of the important 
characteristics in the cold plastic deformation process of 
materials at room temperature [12]. Up to now, many 
researches have dedicated to the effects of temperature, 
strain rate and texture on work hardening of Mg alloys [2, 
7, 9, 13−15], but it seems that there is no detailed study 
about effects of large strain more than 0.5 and grain size 
on work hardening at room temperature. In the present 
study, refined AZ31 Mg alloy wires obtained by 
extrusion were subjected to cold drawing at room 
temperature. Various drawn area reductions were 
obtained with a maximum value of 61% which was 
equivalent to true strain of 0.94. Then the drawn 
deformation effect on work hardening was investigated 
by means of tension test at room temperature. To 
accurately understand the fine grain size dependence on 
work hardening, the 61% drawn materials were annealed 
at various heat treatments for further grain size 
refinement, and then the hardening behaviors of the 
as-annealed and as-received (or commonly called 
as-recrystallized) AZ31 Mg alloys were analyzed as 
well. 
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The materials used in the present study were a hot 
extrusion fabricated AZ31 Mg alloy wire with a diameter 
of 2 mm. Figure. 1 shows the microstructure of the 
as-received material consisted of equiaxed grains with a 
mean linear intercept grain size of (9.5±0.5) μm. Then it 
was followed by cold drawing processing with each 
passed area reduction of 8%−12% ( ϕ =  

2
1[1 ( / ) ] 100%n nd d+− × , where n is the number of 

processing passes, d is the diameter of wire and ϕ  is 
the area reduction of each pass). Cold drawing was 
performed on an AZ31 wire until it began to facture in 
order to achieve the maximum drawn area reduction. 
According to the relationship of 2

0ln( / )nd dε =  (where 
dn is the wire diameter via n processing passes and d0 is 
the starting diameter), drawn deformation of 61% was 
corresponded to true strain value of 0.94. The 61%- 
drawn sample was then annealed at 250 °C for 60 min 
and at 300 °C for 10 min to achieve equiaxed and 
recrystallized microstructures with various refined grain 
sizes. 
 

 
Fig. 1 Microstructure of as-received AZ31 Mg alloy 
 

The microstructures of all the drawn and 
recrystallized samples were measured using an Olympus 
PMG3 optical microscope. The mean grain size was 
calculated using a linear intercept method, and thousands 
of grains were taken into account for the evaluation. To 
investigate the effects of grain size and drawn 
deformation on work hardening, uniaxial tensile tests 
were carried out at room temperature with a constant 
initial strain rate of 1.67×10−3 s−1. The valid gauge 
diameters of all the specimens were the same as their 
own diameters and the gauge length was 10 mm. The 
tensile direction was parallel to the extrusion and 
drawing direction. 
 
2 Results 
 
2.1 Microstructural characterization 

Figure 2 shows the microstructure evolution of 
AZ31 Mg alloy during cold drawing process. Profuse 

twinning activity occurred at 10%-drawn sample. This is 
in accordance with the observation of VALLE et al [2] 
who reported increasing twinning activity occurred after 
larger strains of 5% and 15%. However, they did not 
give microstructure evolution at larger strains more than 
15%. Figure. 2(a) shows nearly 90% grains contained 
deformation twinning at a drawn reduction of 23.4%. As 
deformation proceeded, more grains are elongated to 
form a fiber structure (Fig. 2(b)), which is the 
characteristic of cold drawn materials and indicated 
abundantly stored dislocations. According to the 
phenomenological Kocks model [16−18], the dislocation 
activities, including the accumulation of forest 
dislocation and the annihilation of dislocation, were the 
cause of strain hardening for FCC metals. For HCP 
metals, however, grain size and twinning may also play 
an important role in strain hardening except for 
dislocations since the compact relationship of hardening 
behavior and microstructures [17]. The volume faction, 
shape, orientation and arrangement of defects and grain 
boundaries can be identified as microstructural features. 

 

 
Fig. 2 Microstructure evolution in drawing process at room 
temperature at various drawn area reductions: (a) φ= 23.4%;  
(b) φ= 61.0% 
 

Upon annealing, the deformed microstructures of 
the 61%-drawn samples were replaced by equiaxed and 
small recrystallized grains with the average grain sizes of 
3.8 μm and 4.5 μm at 250 °C for 60 min and 300 °C for 
10 min, respectively, as shown in Figs. 3(a) and (b). 
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Such a group of annealed materials were selected for the 
aim of eliminating the texture effect on strain hardening, 
which was based on the fundamental knowledge that 
slight annealing treatments had little effect on the texture 
components and intensity. As a result, only the grain size 
effect was taken into consideration. 
 

 
Fig. 3 Microstructures of 61%-drawn AZ31 upon annealing 
treatments: (a) 250 °C, 60 min; (b) 300 °C, 10 min 
 
2.2 Tensile flow stress—strain curves 

The schematic curves of true stress versus true 
strain for the as-drawn samples and the recrystallized 
samples are shown in Fig. 4. It can be seen that for the 
given loading model in Fig. 4(a), a close correlation 
between microstructures and mechanical properties exits, 
i.e., yield strengths (YS) and ultimate tensile strengths 
(UTS) are greatly increased with the drawn deformation 
while opposite to the ductility. For example, the YS (σ0.2) 
and UTS (σb) reach 376 MPa and 477 MPa at 61%, 
exhibiting a strong enhancement of approximate 100% in 
YS compared with as-received material. The ductility, 
however, tends to be very poor with the elongation less 
than 2% to failure.The state of drawn deformation seems 
to play a critical role. In addition, in all the investigated 
cases there is a steep increase in flow stress at the initial 
tensile deformation below about 1%, followed by a 
plateau with a maximum stress value. It results in an 
decreased and high yield-to-tensile strength ratio 
between 0.72 and 0.8 with drawn deformation, and a 
high equal elastic module about 40 GPa as well. This 

kind of observation has also been seen in steels [17, 19] 
and aluminum alloys [20], which is similar to the 
Bauschinger effect. 

Grain size dependence of tensile properties for the 
recrystallized materials is obvious as expected from the 
Hall-Petch relation. The YS values have a significant 
increase with the decrease of the grain size, as shown in 
Fig. 4(b). Refining the grain size from about 10 μm to 
3.8 μm, the YS raises by about 35%, whereas the UTS 
value keeps a constant value of about 330 MPa, which 
exhibits again a decreased yield-to-tensile strength ratio. 
The increased yield stress should be ascribed to the grain 
boundaries strengthening effect at the initial plasticity 
deformation stage. The influence of deformation 
twinning on the YS is not as valid as reported in the 
twinning-induced steels [21] and coarse-grained Mg 
alloys [22], although profuse twinning is present in the 
as-received material. 

 

 
Fig. 4 True stress—strain curves of as-drawn and as-received 
(a) and as-annealed AZ31 alloy (b) samples tested at a constant 
strain rate of 1.67×10−3 s−1 at room temperature 
 
3 Discussion 
 
3.1 Strain hardening behaviors of as-drawn specimens 

In this section, the influence of cold drawn 
deformation on the strain hardening behaviors of 
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deformed AZ31, in the area reduction range from 0 to 
61%, was investigated based on the model of Kocks- 
Mecking [16, 18]. The universal expression of this model 
was given: 

2/1
0 ραμττ b=−                                       (1) 

where τ0 is the critical resolved shear stress; α  is a 
coefficient, assumed independent of the strain; μ is the 
shear modulus; b is the Burgers vector of the dislocations; 
ρ is the dislocation density. The rate of dislocation 
accumulation with the shear strain γ can be expressed as:  
 

bL
1

d
d

=
γ
ρ                                    (2) 

 
where L stands for dislocation mean free path, the most 
important factor of dislocation accumulation. When 
moving dislocations interact with grain boundaries, twin 
boundaries and other dislocations, the mean free path 
becomes: 

β
ρ 2/1

0

111
++=

DDL
                          (3) 

where D0 is the initial grain size and D is the mean 
twinning spacing. In this paper, because of the small 
grain size (d<10 μm), decrease of the deformation 
twinning fraction and the absence of twinning in the 
refined recrystallized materials, the difference between 
D0 and D can be neglected and then Eq. (3) can be 
recognized as (1/L)=(1/D)+(ρ1/2/β). For the un-drawn 
samples with low dislocation density, therefore, the 
initial grain size determines the yield strength. Setting 

0DL ∝ , Eqs. (2) and (3) lead to 1
0
−∝ Dρ  and then 

2/1
0
−∝ Dσ , i.e., grain size dependence of strain 

hardening. Alternatively, for the severely drawn samples, 
owing to the densification of the forest of dislocations, L 
quickly becomes smaller than D0 and the overall strain 
hardening behaviour is grain size-independent. 
Integration of Eq. (2) leads to 2ερ ∝ , furthermore, 

εσ ∝ , i.e., a linear increase of flow stress with strain. 
Another form of Kocks hardening model can be 

comprehensible by τθ through differentiation of Eq. (1) 
with respect to the strain yields; when the grain size is 
small at the submicron level, there is:  

L
b 1

2
)(

d
d)(

2

0
αμ

γ
ττττθ =−=                    (4) 

where θ=dτ/dγ, indicting the shear hardening due to 
storage of dislocations. 

Combined with Eq. (3), the strain hardening rate 
becomes: 

2/1
022 ρ
α

β
α

μ
θ

D
+=                            (5) 

Eq. (6) implies that the strain-hardening rate should 

be a defined fraction of the shear modulus and the effect 
of dislocation hardening can be ignored as a consequence 
of small dislocation density, just as in the fully 
recrystallized materials. These analyses will be used in 
Figs. 5 and 6 to assess the effect of drawing deformation 
on strain hardening behaviour in the plots of θ−ε and 
θ−τ. 

Figure 5 shows the σ−ε behaviors of the drawn 
specimens in the forms of difference values of yield 
strength, Δσ (=σi+1−σi), and yield ratio (σ0.2/σb) versus the 
equivalent true strain. It well describes the strong strain 
dependence of yield strength especially at the severely 
drawn deformations. After drawing deformation, all the 
samples show increased yield up to 0.86 in comparison 
with 0.56 of the as-received material. Both higher yield 
strength and yield ratio result in difficulties in further 
deformation in the following plasticity deformed process, 
such as acquiring higher drawn area reductions. 
 

 
Fig. 5 Drawing deformation dependence of difference of yield 
strength Δσ (Δσ=σi+1−σi) and yield ratio (σ0.2/σb) for drawn 
specimens 
 

Figure 6 shows a set of strain hardening rates, θ, as 
a function of tensile strain (Fig. 6(a)) and flow stress  
(Fig. 6(b)) for the drawn specimens. It is shown that they 
all start with a similarly steep decrease at small strains 
and then approach a steady state with a very low 
hardening rate in the θ—ε curves, which is in accordance 
with the plateau in the stress—strain curves. The θ—
(σ−σ0.2) curves of the as-drawn specimens in Fig. 6(b) 
exhibit the same difference from the undrawn one. The 
former develops broad stage II of strain hardening but 
suppressed stage IV, while the latter has typical 
hardening features composed of stages II−V. This means, 
with the increase of stress, the hardening rate decreases 
gradually to zero at an enlarged extent for the drawn 
materials, while a relatively steady region is presented in 
a large stress range for the as-received sample followed 
by θ-value decreasing to 0. Assumed the strain hardening 
rate in the plateaus is defined to be the thermal strain 
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hardening rate, it exhibits 1.5 GPa for the as-received 
material in this study but a much less value close to 0 for 
all the drawn specimens. It is declared that the strain 
hardening behaviors of deformed materials are 
completely different from the as-received sample, 
although it seems that both are induced by dislocation 
evolution. The stored dislocations in the drawn materials 
significantly influence the subsequent dislocation activity 
which determines the hardening behaviors measured by 
tensile tests. Such influence may turn to pin the 
movement of dislocations but not to hinder dislocation 
generation. Consequently, the applied stress for the 
severely deformed material is higher than the slightly 
deformed one at the same strain level. However, the 
hardening rate may be similar to each other, as shown in 
Figs. 5 and 6. The higher the deformation, the stronger 
the effect probably. 

 

 

Fig. 6 Drawn deformation dependence of hardening rate in 
plots of (a) θ—ε, and (b) θ—σ for drawn AZ31 Mg alloy 
materials 

 
3.2 Strain hardening behaviors of recrystallized 

specimens 
As described above, the hardening behaviors of 

both the deformed and the as-received AZ31 alloys were 

greatly different. Therefore, the recrystallized materials 
were re-analyzed using Kocks-Mecking’s hardening 
model. Here, emphasis was put on the grain size effect 
since the twinning effect and texture effect can be 
ignorable through the microstructure observation. 

Figure 7 shows the strain hardening behaviors in the 
forms of θ — (σ−σ0.2) for grain sizes ranging from 2.4 μm 
to 9.5 μm. A clear straight drop at low flow stress is seen 
for all the samples, as reported in Refs [1, 2, 5, 17], 
which is recognized as the thermal stage III of strain 
hardening. At this stage, the decrease of θ is produced 
with the increase of the net flow stress. As stage III 
appears to approach a saturation level, the new stage IV 
intervenes when the hardening rate has dropped to a 
particular value, the average value of which is 1.5 GPa≈ 
μ/10 for these studied samples, where μ (15.5 GPa) is the 
average shear module. In addition, smaller grain size 
shows a lower stress at the inflexion point linked stage 
III than stage IV, i.e., the refinement of the grain size 
leads to a decrease in hardening rate in stage IV. It is also 
reported that the ECAE-ed AZ31 exhibits an increasing 
θIV with the decrease of the grain size due to twinning 
effect [23]. VALLE et al [2] reported the same 
interesting observation in AZ31 Mg alloy, whereas the 
opposite that increasing hardening rate with grain size 
refinement was also seen in the same stage IV in AZ61, 
which was described as θ0

III to be a hardening limit 
extrapolated to σ=0. In B.C.C steel, it was demonstrated 
the higher θIV resulted from both the finer grain size and 
smaller precipitates [17]. The contradiction among these 
reports is mainly due to their respective characteristic of 
the microstructures such as the second phase, the 
chemical contents and the defects. In the present study, 
the AZ31 Mg alloys are single-phase solid solution 
without considering the solid strengthening effect, 
additionally, twins are only visible in the as-received 
material. Low twinning formation is observed in the 
refined annealed samples. As a result, the decrease in  
 

 
Fig. 7 θ vs (σ−σ0.2) for as-received and as-annealed AZ31 Mg 
alloy samples 
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strain hardening rate especially in the stage IV with the 
refinement in grain size cannot be ascribed to a decrease 
in twinning activity, but probably caused by constraints 
of neighboring grains [2] rather than by an increase in 
dynamic recovery at room temperature. Such an 
explanation has been demonstrated by VALLE [2] and 
KOIKE et al [24] who reported the occurrence of grain 
boundaries in d=8 μm AZ31 alloy deformed at room 
temperature. When θ reaches 0 at a higher stress, a 
separate stage V appears with a steady state situation at 
θ=0. ZEHETBAUER et al [25−26] attributed such a 
stage to point defect generation and absorption. The 
observation of tensile samples in this text indicates 
damage accumulation at this stage with continuous 
deformation rather decreasing stress, as the stress—strain 
curves shown in Fig. 4(b). It is generally accepted that 
stage V is strongly dependent on deformation 
temperature and strain rate. In conclusion, the hardening 
behaviors of fine-grained AZ31 still obey the common 
Kocks model but with some variability in stage III where 
fine grain size seems invalid on the hardening rate. The 
case is probably due to the grain boundaries slipping in 
fine microstructures, while the increase in yield stress 
with decreasing grain size is due to the storage of 
dislocation at grain boundaries. The decrease in 
hardening rate limits high deformation in the subsequent 
plasticity forming processing. 
 
4 Conclusions 
 

1) Large strain deformation is developed in AZ31 
magnesium alloy in traditional drawing processing at 
room temperature. Strengths increase significantly with 
the drawn deformation, showing great influence on the 
strain hardening behaviors. All the drawn samples show 
an extended hardening stage II from the beginning of 
tensile deformation as well as a suppressed stage IV 
according to Kocks-Mecking model. 

2) The grain size refinement in annealed AZ31 
results in an increase in yield strength due to the storage 
of dislocation at grain boundaries, and leads to a 
decreasing hardening rate in stage IV ascribed to the 
contribution of grain boundaries slipping induced by the 
refined grain size, rather than the contribution of 
twinning effect or texture effect. 
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室温剧烈冷变形和细化 AZ31 镁合金的加工硬化行为 
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摘  要：在室温下，挤压态镁合金丝材最大累计面积减少 61%，并对所得材料进行退火处理以细化晶粒。在室温

下以恒定的应变速率对拉拔态和退火态试样进行拉伸试验，分析每个试样的拉拔面积减少量和平均晶粒尺寸与整

个应力—应变曲线的关系。结果表明：冷变形试样具有恒定的弹性模量，但应力明显依赖变形程度。相应的 θ—σ

曲线(θ 代表加工硬化速率，dσ/dε)表现为加工硬化扩展阶段Ⅱ和抑制阶段Ⅳ。再结晶试样随着晶粒的细化屈服应

力增高且表现出典型的多晶材料加工硬化阶段：Ⅱ，Ⅲ，Ⅳ和Ⅴ。此外，随着晶粒的细化，由于晶界滑移的作用，

第Ⅳ阶段出现下降。在冷拉和再结晶材料中，不同的硬化行为显示出不同的硬化机理。 

关键词：AZ31 镁合金；加工硬化；冷拉拔；晶粒粒度；冷变形 
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