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ABSTRACT

The effect of pre-compression deformation on the microstructural evolution,

mechanical property and deformation behavior of AZ31 magnesium alloy was

studied. The alloy was microstructurally characterized with a combination of

optical microscopy, electron backscatter diffraction, X-ray diffraction and

energy-dispersive spectrometer. The results indicate that average number of

twins per grain and dislocation density increases with an increase in compres-

sive pre-deformation level. Stress–strain curves of low pre-strained samples

(0%, 1% and 3%) present concave-up features, whereas concave-down shapes

are detected for high pre-strained samples (6% and 8%) in uniaxial compression

tests. The corresponding underlying deformation mechanism transists from a

twin-dominated mechanism to a slip-dominated mechanism. This deformation

mechanism transition is related to {10–12} twinning, which leads to grain

refinement and crystal orientation change, as well as increased dislocation

density. The yield strength linearly increases with increasing equivalent grain

size regardless of the deformation mechanisms. Quantitative analysis reveals

that the contributions from texture strengthening, twinning/grain boundary

strengthening and dislocation strengthening increase as pre-compression level

increases. Texture strengthening is the dominant strengthening mechanism for

high pre-strained samples.

Introduction

Magnesium (Mg) and its alloys are attractive struc-

tural materials in the automotive and railway

industries due to their low density, good machin-

ability and high specific strength [1–4]. These alloys

possess, however, only limited plasticity and a

noticeable mechanical anisotropy derived from their

hexagonal close packed (HCP) structure with partic-

ular plastic deformation mechanisms [5]. The plastic

deformation patterns of Mg alloys can include slip

deformation and twinning deformation that co-occur
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[6, 7]. Slip systems of Mg alloys contain basal, pris-

matic and pyramidal plane slip along the a/3h11-20i
direction (hai), prismatic plane slip along the h0001i
direction (hci) and pyramidal plane slip along the a/

3h-2113i direction (hc?ai) [8], as schematically shown

in Fig. 1a–f. The critical resolved shear stresses

(CRSSs) of various slip systems are significantly dif-

ferent. At room temperature, the CRSS of a non-basal

slip of pure Mg is approximately 50 MPa, whereas

the value of CRSS is about 0.52 MPa for basal slip,

indicating that basal plane slip deformation of Mg is

easily activated. The basal plane slip only offers two

independent slip modes, which cannot meet the von

Mises criterion that requires at least five independent

slip systems to generate homogenous deformation for

polycrystalline metals [9]. Accordingly, Mg alloys

exhibit poor ductility due to limit dislocation slips.

Twins also play a significant role in the plastic

deformation behavior of pure Mg and its alloys.

Twinning modes involve {10–12} tension twins,

{10–11} contraction twins and {10–11}–{10–12} double

twins [10]. Because the ratio of c/a in Mg is 1.624,

{10–12} tension twins are the dominant twin system

in the alloy, which can be generated via a changed

loading direction in terms of crystal orientation, i.e.,

the compressive stress direction perpendicular to the

c-axis direction or tensile stress direction along the c-

axis direction. As tension twins occur, twin lattice

rotates 86.3� relative to matrix lattice (Fig. 1g). This

leads to a preferred grain orientation, and conse-

quently anisotropic mechanical properties of the

alloys.

The dominant deformation mechanism depends on

the Mg alloy grain size [6, 11–14]. As grain size

increases, the transition from slip deformation to

twin deformation takes place, and corresponding

critical grain sizes for pure Mg or Mg alloys have

been determined. Li et al. [12] revealed that twinning

was suppressed in fine-grained pure Mg, and that the

twinning deformation mechanism dominated as the

alloy grain size exceeded 2.7 lm. This was also the-

oretically validated by Fan et al. [11]. Choi et al. [14]

indicated a deformation mechanism transition as

grain size of hot extrusion pure Mg was of 1 lm. The

Figure 1 Schematic

illustration of a–f slip

deformation and g tension

twin deformation of

magnesium alloys.
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critical grain size was 3 to 4 lm for ZK60 Mg alloy

[15] and 8 lm for the AZ31 Mg alloy [16]. Several

explanations on deformation mechanism transition

related to grain size has been proposed. Cepeda-

Jimenez et al. [6] argued that as grain size of pure Mg

was reduced from 19 to 5 lm, a transition from

twinning-dominated deformation to slip-dominated

deformation took place, which was attributed to fine-

grained Mg with high grain connectivity favoring

basal slip. The CRSS ratio of non-basal slip to basal

slip reduced with decreasing grain size, which was in

favor of non-basal slip [7]. The activation of twinning

stresses increased more rapidly than that of slip with

a decrease in grain size. A critical grain size, below

which slip mechanism governed the deformation,

was eventually reached, according to Meyers et al.

[17].

Analogous to grain boundaries of Mg alloys,

twinning lamellae can subdivide grains, resulting in

grain refinement [18, 19]. In comparison with grain

boundaries, twin boundaries always show higher

mechanical and thermal stability [20]. Previous

investigation has focused on the influence of grain

refinement through twin boundaries on mechanical

properties of Mg alloys, including tensile properties

[18, 21–25], compressive properties [5, 22, 26], fatigue

properties [22, 27], stretch formability [28–30] and

hardness [31]. However, studies on the underlying

deformation mechanism and strength mechanism of

these alloys have been limited. This study sheds light

on the compressive mechanical response, deforma-

tion behavior and strengthening mechanism of AZ31

alloy refined by twin lamellae. To introduce different

twinning fractions in the tested alloy, pre-compres-

sion tests with various strain levels were conducted.

These samples were subsequently reloaded at room

temperature until they fractured. The corresponding

mechanical properties of the samples were evaluated.

The strengthening mechanism of twin-refined alloys

with various pre-deformation levels was quantita-

tively discussed.

Materials and experimental methods

The material employed in the present study was a

commercial AZ31 Mg alloy, which was received in

the form of extruded bars with a diameter of 10 mm.

These bars were annealed at 400� for 4 h. Afterward,

two groups of bars were pre-compressed along

extrusion direction (ED) with various pre-compres-

sion levels of 0%, 1%, 3%, 6% and 8%, designated as

0P, 1P, 3P, 6P and 8P samples. The first group of

specimens was prepared to characterize their

microstructural evolution using optical microscopy

(OM), electron backscatter diffraction (EBSD) and

X-ray diffraction (XRD). The second group of sam-

ples was used to fabricate compressive samples with

a diameter of 10 mm and a height of 11.6 mm. These

samples were recompressed along ED with a nominal

strain rate of 7 9 10-5 s-1 using a universal testing

machine (Instron 8801) [2]. For 0P, 3P and 6P sam-

ples, the compressive tests were repeated three times,

whereas 1P and 8P samples were compressed one

time.

Following standard preparation procedures of

metallographic samples, representative samples were

ground and then mechanically polished to investi-

gate their microstructure. The samples were etched in

the solution, which consisted of 4.2 g picric acid,

90 ml alcohol, 10 ml acetic acid and 10 ml deionized

water for 90 s, and then observed by OM (Zeiss Axio

Scope). On the basis of OM images, about 100-250

grains with 600-1200 twins on the whole cross section

were randomly selected and statistically analyzed to

obtain the average number of twin in per grain

(ANTPG) and the average length of per twin (ALPT)

of pre-compressed samples, which can be expressed

as:

ANTPG ¼
Xi

1

NT

,
i ð1Þ

ALPT ¼
Xi

1

G
Xj

1

LT

,
Xi

1

NT ð2Þ

where i was the number of grains. NT was the

number of twins in ith grain. G was the grain. j was

the number of twins in ith grain. LT was the length of

specific twin. In addition, XRD was performed with

scanning range from 20� to 80�. The dislocation

density of samples is estimated according to the

modified Williamson-Hall method [32]:

DK ¼ 0:9=Dþ ðpM2b2=2Þ1=2q1=2ðKC1=2Þ þOðK2CÞ
ð3Þ

where K ¼ 2 sin h=k, DK ¼ 2 cos hDh=k, h and k are

diffraction angle and incident ray wavelength, D is a

size parameter, M is a constant replying on the

effective outer cut-off radius of dislocations, b is the
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magnitude of the Burgers vector of dislocation, q is

the dislocation density, O is a non-interpreted high-

order terms in K2C, which is not considered, C is the

average contrast factors of dislocation. The value of C

for Mg alloys with HCP structure is calculated by

[33]:

�Chkl ¼ �Chk0ð1 þ q1xþ q2x
2Þ ð4Þ

where x ¼ ð2=3Þðl=gaÞ2, l and a are the lattice con-

stants for Mg crystal, g is the magnitude of the

diffraction vector. �Chk0, q1 and q2 are related coeffi-

cients obtained in the Ref. [34]. The dislocation den-

sity of the alloys can be evaluated by the following

equation:

q¼2m2
�
pM2b2 ð5Þ

After conventional mechanical polishing, electro-

polishing tests followed in AC2 solution at a voltage

of 15 V for 15 s to prepare EBSD samples. The

observation section of EBSD samples was perpen-

dicular to the direction of extrusion. EBSD analysis

was performed on JEOL JSM-7800F scanning electron

microscopy and a HKL-EBSD system with a step size

of 0.5 lm. For XRD analysis, an X-ray diffractometer

with a Cu target was operated at 40 kV to observe the

transverse cross-sectional plane. The scanning rate

and the step size were 6� min-1 and 0.02�, respec-

tively. The macrotexture of the samples was charac-

terized by Rigaku D/MAX-2500 XRD at 45 kV with

the tilt angle of samples from 0� to 80�.

Results

Twinning and texture of pre-compressed
AZ31 alloys

Figure 2 shows light optical microstructure images of

AZ31 alloys with different pre-compression levels to

reveal the evolution of twin features. The as-received

sample exhibits equiaxed grains with an average

grain size of 120 ± 40 lm, which is determined by

the linear intercept method (Fig. 2a). Magnified

images in Fig. 2a0–a00 reveal that the sample is free of

twinning. Twinning is introduced within the grains

(Fig. 2b–d00) when pre-compression tests are per-

formed. Some grains of the 3P sample show distinct

twinning features within the grains, and others lack

of twinning (Fig. 2b). Most of twinning parallels each

other within a specific grain attributed to the fact that

pairs of twin variants with higher Schmid factor are

preferentially activated during pre-compression

compared with other twin variants [35]. At the higher

pre-compression levels of 6% and 8%, parallel twin-

ning morphology of 6P and 8P samples still domi-

nates, as seen in Fig. 2c–c00, d–d00, respectively, which

is similar to that of the 3P sample. The difference

between 3P, 6P and 8P samples is the amount of

twinning per grain and twinned grain fraction. To

quantify twinning features accurately, histograms of

twin number per grain and twin length of 3%, 6%

and 8% pre-compressed samples are statistically

established in Fig. 3, indicating that these histograms

basically follow a normal distribution. The ratio of

the number of un-twinned grains to the total number

of grains decreases with increasing pre-compression

level, i.e., 22%, 16% and 10%, for the 3P, 6P and 8P

samples, respectively. According to Eq. (1) and

Eq. (2), the values of ANTPG and ALPT are 3 and

122 lm, 5 and 142 lm, 9 and 111 lm for 3P, 6P and

8P samples, respectively. The value of ANTPG

gradually increases with higher compressive strain,

whereas the value of ALPT first increases, and then

decreases after it reaches the peak value at 6P sample.

EBSD and XRD tests, which can be used to charac-

terize microscopic and macroscopic texture evolu-

tion, were conducted to clarify the category of these

parallel twinning. Figure 4a–d shows inverse pole

figures of samples from EBSD tests, indicating that

compressive pre-deformation leads to twinning. The

distribution of twins is uneven, i.e., some grains are

enriched with twins, whereas others are free of twins

(Fig. 2). Fewer twins are detected in the 8P sample

(Fig. 4d) compared with 3P and 6P samples (Fig. 4b,

c) due to the selected areas. For the {0002} XRD pole

figures, the 0P sample exhibits a relatively random

distribution with several discrete local maxima. Some

maxima are distributed within the ring of 60� to 90�
relative to ED (Fig. 4a0). The maximum pole value

gathers at the center of the pole figures (Fig. 4b0–d0)

as strain level increases, indicating a preferred ori-

entation in the samples. The {10–10} pole fig-

ures show an opposite trend with increasing strain

level, as given in Fig. 4b00–d00. Based on XRD pole

figures and previous studies [10, 23, 26, 35], it is

demonstrated that parallel twinning is mainly {10–12}

extension twinning.
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Dislocation density and precipitates of pre-
compression AZ31 alloys

Figure 5 presents XRD patterns of samples with

various pre-compression levels, indicating that the

alloys consist of a single a-Mg phase with a P63/mmc

space group in comparison with the result of PDF-

#35-0821. Careful observation shows that the height

of the (10-10) peak decreases, and the height of the

(0002) peak increases gradually with increasing strain

level. The relatively integrated intensity ratio of

I(0002)/I(10-10) reflecting a preferential orientation of

the alloys [36, 37] is 0.04 for 0P sample, 0.18 for 3P

sample, 2.12 for 6P sample and 6.99 for 8P sample. An

increase in I(0002)/I(10-10) ratio implies an increasing

orientation of the (0002) plane parallel to the scanning

surface. This result is consistent with the XRD pole

figures. Additionally, dislocation density of the

samples was evaluated based on the modified Wil-

liamson-Hall method and corresponding results are

listed in Table 1. The calculated dislocation density is

about 9.58 9 1012 m-2 in the as-received sample,

which is comparable to that of Mg-2wt. %Al sample

(about 1.12 9 1013 m-2) [8]. The dislocation density is

3.13 9 1013 m-2, 4.33 9 1013 m-2, and 5.51 9 1013

m-2 as pre-strain increases from 3%, to 6%, and to

Figure 2 Optical microscopy images of AZ31 Mg alloy with various pre-compression levels in increased magnification a, a00 0P; b, b00

3P; c, c00 6P; d and d–d00 8P.
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8%, respectively. Figure 6 presents precipitates in the

alloy and the alloys are composed of two types of

precipitates. The chemical composition of one pre-

cipitate consists of Al and Mn elements and the other

precipitate is made up of Si elements.

Compressive mechanical properties of pre-
compression AZ31 alloys

Representative stress–strain curves of samples with

various pre-compression levels are presented in

Fig. 7a. As the pre-strain level increases, the plas-

ticity of samples dramatically decreases, and the

maximum stress is slightly reduced. Interestingly,

two types of curve appearances are observed,

depending on pre-compression levels. A quadratic

polynomial fitting on the curve was conducted [38]

to classify the curve shapes. According to the results

of this polynomial second differential, the curves

with concave-up (d2r
�
de2 [ 0) or concave-down

(d2r
�
de2\0) profiles are determined. For 0P, 1P and

3P samples, designated as low pre-strained samples,

the curves exhibit concave-up characteristics. The

degree of concave-up of the stress–strain curve

decreases with an increase in the pre-strain level. By

contrast, 6P and 8P samples, designated as high pre-

strained samples, appear concave-down appear-

ances, which is similar to the tensile stress–strain

curve shape of the AZ31 alloy at room temperature

marked by an open star in purple color in Fig. 7a

[10]. Figure 7b presents the relation between work

hardening rate and strain taken from corresponding

stress–strain curves. The work hardening rate dra-

matically decreases at first for low pre-strained

samples, then increases and finally decreases again

with increasing strain, whereas it exhibits sharp

hardening decrease and then presents a relatively

slow decrease rate for high pre-strained samples.

This change in the hardening rate of high pre-

strained samples correlates with an elastoplastic

transition [7]. Compressive mechanical parameters

obtained from stress–strain curves are illustrated in

Fig. 7c–e. The values of yield strength pronouncedly

increase as strain level increases, i.e., 97 MPa for 0P,

121 MPa for 1P, 155 MPa for 3P, 225 MPa for 6P and

280 MPa for 8P samples. Peak strength and fracture

strain show simultaneously a decreasing trend, at

394 MPa and 13.49% for 0P, 390 MPa and 12.77% for

1P, 389 MPa and 12.60% for 3P, 369 MPa and 9.22%

for 6P, and 362 MPa and 5.23% for 8P samples,

Figure 3 Histograms of number of twin per grain (a–c) and twin length (d–f) of pre-compressed AZ31 alloy. a, d 3P; b, e 6P; c, f 8P.

ANTPG: average number of twin in per grain. ALPT: average length of per twin.
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respectively. Figure 8 summarizes the relationship

between yield strength and pre-compression level of

AZ31 alloy, indicating that an increase in pre-com-

pression level correlates with increasing yield

strength due to grain refinement by {10–12} twins

[4, 19, 23, 26, 27, 37]. Their quantitative relationship

can be described as follows:

Yield strength ¼ 96:78 þ 17:03 pre - compression

ð6Þ

Discussion

Deformation mechanism transition of
pre-compression AZ31 alloys

According to Fig. 7a, compressive stress–strain curve

appearances transition from concave-up shape to

concave-down shape with an increase in pre-com-

pression level. This differs from the previous study

results from Xin et al. [26] and Song et al. [23], who

indicated that all stress–strain curves of pre-defor-

mation AZ31 samples show a concave-up shape. The

discrepancy between previous studies [23, 26] and

the present work may be attributed to compressive

strain level, loading direction, and grain size. Stress–

Figure 4 EBSD and XRD pole figures of samples with various strain levels a, a00 0P; b, b00 3P; c, c00 6P and d, d00 8P. a–d inverse pole

figures; a0–d0 {0002} pole figures; a00–d00 {10-10} pole figures.
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strain curves with concave-up shape in previous

studies [2, 12, 13, 39, 40] are dominated by twinning

deformation, especially {10–12} twinning. Slip defor-

mation serves as the dominant mechanism for the

concave-down feature of stress–strain curves

[5, 6, 13, 18]. Accordingly, it is concluded that

increasing pre-compression level leads to the transi-

tion of the dominant deformation mechanism.

With an increasing pre-compression level, the

deformation mechanism transitions from twin- to

slip-dominated. This transition can be related to the

formation of {10–12} twinning and dislocation den-

sity. The deformation mechanism of Mg alloys

depends on grain size [11, 12, 14–16], as mentioned in

Introduction part. Twin deformation prevails when

the alloy grain size exceeds its critical value. Below

that value, slip deformation dominates. After pre-

compression deformation, parallel {10–12} twins are

formed, leading to grain refinement by twinning

lamellae [18]. The degree of grain refinement

enhances with increasing strain due to increased

twinning, as seen in Fig. 3. Finer grain yields higher

grain/twin boundary connectivity, which favors slip

transfer across these boundaries, and the strain of

samples with finer grain is primarily accommodated

by slip deformation [6]. Moreover, {10–12} twin

lamellae change crystal orientation of parent grains,

resulting in the c-axis direction of twinned grains

almost parallel to the compressive stress direction.

The parent and twinned grains correspond to dif-

ferent deformation mechanisms as the compression

direction is along ED. For parent grains, twinning

deformation dominates because the compressive

direction is almost perpendicular to their c-axis

direction [35], whereas twinned grains with their c-

axis direction parallel to compression direction are

controlled by slip deformation. It was reported by Xie

et al. [41], Syed et al. [42], and Byer et al. [43] that the

prevalence of pyramidal slips was detected as single-

crystal Mg was compressively loaded along the

[0001] c-axis direction. As seen from Fig. 3, an

increase in strain accompanies with increasing twin-

ned grain fraction so that the transition of deforma-

tion mechanism occurs. Increasing pre-compression

level corresponds to an increase in dislocation den-

sity (Table 1), which preferentially facilitates pris-

matic slip over the basal slip. Hutchinson et al. [44]

revealed that when dislocation density varied from

106 to 1014 m-2, shear stress ratio between prismatic

slip and basal slip dropped from 40:1 to 2:1.

Accordingly, an increasing dislocation density of

high pre-strained samples enhances non-basal slip

activity accompanied with deformation mechanism

transition.

Strength mechanism of pre-compression
AZ31 alloys

The effect of grain size on the compressive yield

strength of pure Mg or Mg alloys with different

deformation mechanisms has been investigated, and

their relationship are divided into two cases, as

shown in Fig. 9. Case 1) The yield strength first

increases, reaches the peak value and then decreases

[11, 12, 14, 38]; Case 2) The yield strength always

increases with two slopes [38]. Fine grain samples

Figure 5 XRD pattern of AZ31 samples with various pre-

compression levels.

Table 1 Dislocation density

of AZ31 samples with

different pre-compression

levels

Strain level 0% 3% 6% 8%

Dislocation density (m-2) 9.58 9 1012 3.13 9 1013 4.33 9 1013 5.51 9 1013
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enhance twin activation stress due to higher Schmid

factor and then suppress the formation of twinning

compared with coarse grain samples [2, 35] for twin-

dominated compressive deformation (open shape in

Fig. 9). This leads to an increased yield strength with

decreasing grain size. The alloys with slip-dominated

deformation exhibit inverse Hall–Petch relationship,

when the grain size is further reduced, which is

related to grain rotation or grain boundary sliding

[14]. In order to quantify the relation between yield

strength and grain size in the present study, equiva-

lent grain size (dE) of the samples are defined as [14]:

dE ¼ d=ANTPG ð7Þ

According to Eq. (7), the values of dE of the sam-

ples are calculated and listed in Table 2. Corre-

sponding relation between yield strength and

equivalent grain size marked by down triangle is

presented in Fig. 9. Yield strength of alloys linearly

increases as grain size reduces regardless of domi-

nant deformation mechanism. This result is not con-

sistent with the results from previous research

[12, 14, 38] (Fig. 9). Yield strength (rs) of 0P AZ31

alloys can be enhanced by pure Mg (rmg), grain

boundary strengthening (Drgb), dislocation strength-

ening (Drds) and other strengthening (Drother)
including solid solution strengthening (Drss) and

precipitation strengthening (Drps), which can be

written as:

rs ¼ rmg þ Drgb þ Drds þ Drother ð8Þ

Drother ¼ Drss þ Drps ð9Þ

The value of rmg about 13 MPa is selected based on

the work from Li et al. [12]. The contribution of grain

boundary strengthening can be approximated

according to Hall–Petch law expressed as [45]:

Drgb ¼ k
�
d1=2 ð10Þ

where k is a constant and d is the grain size of the 0P

sample. The value of Drgb is about 25 MPa when one

inserts the value of k = 269 MPa lm-1/2 [46] and

d = 120 lm into the equation. Dislocation strength

can then be estimated by Eq. 11 [3]:

Drds ¼ AMGb
ffiffiffi
q

p ð11Þ

where A is a constant that reflects dislocation inter-

actions of magnesium (A ¼ 0:2) [47]. M is the average

orientation factor of magnesium (M ¼ 6:5) [48]. G is

Figure 6 EDS results of two types of precipitates. a, b overview of precipitates; c Si element; d Mg element; e Al element and f Mn

element.
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the shear modulus of magnesium (G ¼ 16:6 GPa) [14].

b is Burgers vector (b ¼ 3:21 � 10�10 m) [3] and q is

the dislocation density (q ¼ 9:58 � 1012 m2). So the

value of Drds is 21 MPa. Based on the experimental

yield strength of 0P sample (97 MPa) and Eq. (4), the

value of Drother is 38 MPa.

Figure 7 a Compressive

stress–strain curves;

b working hardening rate;

c yield strength; d peak

strength and e fracture strain

of samples with various pre-

compression levels. The data

of tensile stress–strain curve of

AZ31 alloy marked by open

circles in purple color in

(a) from Ref. [10].

Figure 8 Dependence of yield strength on pre-compression level

of AZ31 alloy.

Figure 9 Dependence of yield strength related to slip-dominated

deformation or twin-dominated deformation on the reciprocal of

square root of grain size.
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For rod magnesium alloy, {10–12} twinning and

basal slip show relatively lower CRSS than those of

other deformation mechanisms at room temperature

as the compressive direction is parallel to the extru-

ded direction. After pre-compression, the alloys

exhibit a preferred orientation with the c axis direc-

tion aligned in ED. This can improve the yield

strength of the alloy due to a low Schmid factor for

{10–12} twins, and it correlates with another

strengthening mechanism, i.e., texture strengthening

(Drts�p) [49–51]. Accordingly, the total strength

resources of pre-compression samples can be written

as:

rs�p ¼ rmg�p þ Drgb�p þ Drds�p þ Drother�p þ Drts�p

ð12Þ

Drother�p ¼ Drss�p þ Drps�p ð13Þ

The chemical composition and precipitates

between 0P samples and pre-compression samples

are the same, so the values of rmg�p and Drother�p are

equivalent to those of rmg and Drother, respectively.

The value of Drgb�p is calculated with Eq. 14 [31]:

Drgb ¼ k
.
d1=2
E ð14Þ

The value of Drds�p is obtained with Eq. (11) and

Table 1. Then Drts�p is calculated using Eq. (12)

combined with the experimental yield strength of

pre-strained samples. The yield strength increment

from various strengthening sources is summarized in

Fig. 10. It is suggested that with an increase in strain

level, the contribution from grain/twin boundary

strengthening, dislocation strengthening and texture

strengthening increases, particularly texture

strengthening. Moreover, the 0P sample is mainly

strengthened by Drother, followed by Drgb and then

Drds, whereas Drts�p and Drgb�p act as dominant

strengthening resources for the 6P and 8P samples.

Conclusions

(1) With an increase in pre-compression level from

0 to 3%, 6% and 8%, the average number of twin

per grain of AZ31 alloys increases from 0 to 3, 5

and 9, and dislocation density increases from

9.58 9 1012 to 3.13 9 1013 m-2, 4.33 9 1013 m-2

and 5.51 9 1013 m-2, respectively.

(2) The shape of compressive stress–strain curve

relies on the pre-strain level. The curves of the

samples with low pre-strain exhibit concave-up

features, whereas a concave-down appearance

is observed for high pre-strain samples. Simul-

taneously, the corresponding deformation

mechanism transists from twin- to slip-domi-

nated mechanism. This transition can be

explained in terms of grain refinement by twin

lamellae and crystal orientation change due to

{10–12} twins as well as increasing dislocation

density.

(3) The yield strength of the alloys significantly

increases, whereas peak strength and fracture

strain decrease with an increasing compressive

pre-strain level. Further strengthening mecha-

nism analysis indicates that a combination

effect of precipitate strengthening and solution

strengthening acts as the dominant strengthen-

ing mechanism for the samples without pre-

deformation. The high pre-strained samples are

mainly strengthened by texture strengthening,

followed by grain/twinning strengthening and

then dislocation strengthening.

Figure 10 Respective contributions of pure Mg, grain/twin

boundary strengthening, dislocation strengthening, other

strengthening (solution strengthening and precipitate

strengthening) and texture strengthening to yield strength of

AZ31 alloys without and with pre-compressive deformation.

Table 2 Equivalent grain size of AZ31 samples with different

pre-compression levels

Strain level 0% 3% 6% 8%

Equivalent grain size (lm) 120 40 24 13
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