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Abstract

Mge3Ale1Zn (AZ31) alloy was caliber rolled isothermally in the temperature range of 250e450 �C to develop fine grains of 3.6e12.5 mm.

The stressestrain curves obtained from tensile tests at room temperature were found to vary with the temperature employed in caliber rolling.

Maximum tensile strength of 290 MPa and ductility of 13.5% were obtained upon caliber rolling at 300 �C as compared to 188 MPa and 15.2%,

respectively, in the mill-rolled condition. The variations in tensile properties are explained by the concomitant grain size, texture and twins

obtained as a function of caliber rolling temperature.
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1. Introduction

Magnesium alloys are becoming popular in the various

sectors like aerospace, automobile, biomedical, architecture

and electronic industries [1,2]. However, these alloys have

limitation of mechanical processing because of their common

hexagonal close packed (HCP) type crystal structure. Rolling

is used to form the sheets, bars and rods of various shapes. To

improve the mechanical properties of rolled material many

changes in the conventional rolling were introduced [3e5], but

the same introduce the changes in microstructure and texture

of the rolled product [3,4,6e9]. Although it is established that

materials with smaller grains exhibit higher yield stress, which

can often be described by the HallePetch relationship [10,11],

there appear some deviations on the effect of grain size

[12e15]. Capolungo [16] showed that HCP metals deform

plastically via the simultaneous activation of twinning and slip

deformation modes. Munroe and Tan [17] studied the orien-

tation dependencies of slip and twinning in HCP metals. Koike

et al. [18] reported that the twinning deformation can provide

additional slip systems, which can enhance the ductility.

Barnett [19] explained that deformation obtained is not ho-

mogeneous; the wrought Mg-alloys display inhomogeneous

deformation as influenced by the variation in the ease of basal

slip orientation amongst grains, micro-textures, shear banding,

twinning and grain boundary sliding. Wang et al. [20] reported

a significant improvement in properties of Mg-alloy by con-

trolling texture without grain refinement. Twinning behavior

depends on the grain size as well as texture [21,22], with finer

grained specimens exhibiting lower volume fraction of twins

[23]; the formation of twins was enhanced by grain coarsening

[24]. Koike et al. [25] explained the role of non-basal slip

systems and dynamic recovery at room temperature in fine
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grained Mg-alloy, which were considered to be responsible for

large tensile ductility.

The mode of deformation and related micro mechanisms

can be influenced by the mechanical processing techniques

employed for grain refinement. There does not appear any

study to show the effect of caliber rolling (CR) process on

microstructure and tensile properties of Mge3Ale1Zn

(AZ31) alloy. In this technique, a pair of grooved rollers is

turned in the opposite direction. The work-piece is com-

pressed between the rollers and then reduced to the preset

thickness or changed to the desired cross section over several

roll passes. It is used to produce the products with high pre-

cision and strength in mass production [26]. In the present

paper, the effects of caliber rolling at various temperatures on

the microstructure, texture, twin formation and room tem-

perature tensile properties of Mg-alloy AZ31 were

investigated.

2. Experimental procedures

2.1. Material and processing

Mg-alloy AZ31B, in the form of rolled plate of 50 mm

thickness, with chemical composition MgeAl 3.0, Zn 1.0 and

Mn 0.2 wt% was used. The CR was carried out at temperatures

of 250, 300, 350, 400 and 450 �C to 12 mm diameter rods in a

series of roll passes in a rolling mill.

2.2. Tensile tests

The round tensile specimens with gage diameter 4.5 mm

and gage length 16 mm were machined. Room temperature

tensile tests in rolling direction (RD) were carried out up to

failure at a strain rate of 1 � 10�4 s�1 for as received (AR) and

caliber rolled materials in the ZwickeRoell Amsler Universal

Fig. 1. Optical micrographs of the AZ31 Mg-alloy for (a) as-received plate and (bef) caliber rolled at (b) 250 �C (c) 300 �C (d) 350 �C (e) 400 �C (f) 450 �C.
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Testing machine of 100 kN load capacity. The ultimate tensile

strength (UTS) and yield strength (YS) at a permanent elon-

gation of 0.2% were determined.

2.3. Metallography and structural analysis

Metallographic specimen was prepared as per the ASTM

procedure. The etching was carried out by acetic picral. The

microstructures of specimens, caliber rolled at different tem-

peratures, were examined and analyzed in RD before and after

tensile deformation by Olympus GX51 optical microscope

(OM). Grain size measurement was done by mean linear

intercept method and error bars in mean intercept length,

called grain size (d) here, are reported at 95% confidence

level. Electron back scattered diffraction (EBSD) analysis was

carried out by scanning electron microscope (SEM) Quanta

3D FEG with EBSD attachment, and TSL software was used

for analysis. The variation of UTS, YS, plastic elongation,

grain size, mis-orientation angle and twins were measured.

The twins were measured in the area 250 � 250 mm2 with a

step size of 0.4 mm.

3. Results

3.1. Initial microstructure

The initial microstructure of the plate, as shown in

Fig. 1(a), consists of equiaxed grains, with average size of

33.0 � 9.0 mm along with a large number of twins. Fig. 1(bef)

shows the microstructures obtained after CR at 250, 300, 350,

400 and 450 �C respectively. The grain sizes after CR at these

temperatures are 8.0 � 1.5, 3.6 � 0.5, 6.2 � 1.5, 6.8 � 1.6 and

12.5 � 1.5 mm, respectively. The grain refinement was

observed in all the CR conditions due to dynamic recrystal-

lization [3]. With increase in temperature, there occurs a

reduction in grain size up to CR temperature of 300 �C.

However, above this temperature, the grain coarsening started

with the rise in CR temperature. The reduction in number of

twins was observed upon CR compared to initial microstruc-

ture. The number of twins before tensile deformation was

found to increase as the grains become coarser, as illustrated in

Table 1. However, no uniform relationship between number of

twins formed, grain size and CR temperature was observed.

3.2. Stressestrain curves

Fig. 2 shows true stressetrue plastic strain curves from

tensile tests conducted up to failure at room temperature at a

strain rate of 1 � 10�4 s�1 for all the CR temperatures and as-

received material. The UTS for as-received material is found

to be 188 MPa with plastic elongation of 15.2%. The UTS

increased with simultaneous drop in ductility for the entire

caliber rolled conditions. The maximum tensile strength of

290 MPa, 54% rise with respect to that of as-mill rolled ma-

terial was observed, along with plastic elongation of 13.5%

(i.e. 11.2% drop), in the material with CR temperature of

300 �C. Fig. 3(a) shows the variations in grain size and plastic

elongation with CR temperature. Fig. 3(b) shows the variations

in UTS and YS as a function of CR temperature. These values

were also plotted (not shown here) as a function of d
�0.5,

d being the grain size. However, the Hall Petch [10,11] rela-

tion was not followed, as evident from the regression coeffi-

cient R2 value (0.33) obtained being very low.

Both the ductility and strength of the caliber rolled bar at

450 �C are noted to be greater than those subjected to CR at

other temperatures, except at 300 �C. This is the case in spite

of the fact that the grain size upon CR at 450 �C

(12.5 � 1.5 mm) is largest, as listed in Table 1 and plotted in

Fig. 3(a) along with ductility. Fig. 3(b) shows the variation in

YS and UTS as a function of CR temperature, and the same

can be compared with the opposite nature of variation in grain

size in Fig. 3(a), except in the temperature range of

400e450 �C. Also included in Fig. 3 are the variations in other

microstructural properties to be described later.

3.3. Microstructural evolution

EBSD analysis was carried out for all the CR conditions

and the as-mill rolled material before tensile deformation

(BTD) and after tensile deformation (ATD) at room temper-

ature. The name of the texture obtained is Harmonic L16,

Table 1

Number of twins (in 250 � 250 mm2 area) and maximum intensity of pole

figure (0001) before tensile deformation (BTD) and after tensile deformation

(ATD).

Specimen Twins e

f1012g

Max. intensity of

pole figure (0001)

BTD ATD BTD ATD

CR at 250 �C (d ¼ 8.0 � 1.0 mm) 1795 1333 5.136 2.71

CR at 300 �C (d ¼ 3.6 � 0.5 mm) 2184 853 2.865 2.656

CR at 350 �C (d ¼ 6.2 � 1.5 mm) 180 853 8.623 6.658

CR at 400 �C (d ¼ 6.8 � 1.6 mm) 1173 2944 5.627 6.038

CR at 450 �C (d ¼ 12.5 � 1.5 mm) 2722 851 12.596 4.687

As-mill rolled (d ¼ 33.0 � 9.0 mm) 4562 2892 13.061 16.67
Fig. 2. True stressetrue strain plots of AZ31 Mg-alloy for as-received and all

the CR temperature conditions in plastic region.
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HW5 as calculated by harmonic series expansion [27]. The

(0001) basal pole figure along with the maximum intensity for

as-received and all the CR conditions are shown in Fig. 4. The

distribution of mis-orientation angle as a function of CR

temperatures is plotted in Fig. 3(c). It is found that the number

fraction of high angle grain boundaries increased with CR

temperatures except that with CR at 350 �C. Table 1 shows the

values of maximum pole figure intensity before and after

tensile deformation for all the CR conditions and as-mill rolled

material. This aspect will be discussed later. Fig. 5 shows the

microstructure and (0001) basal pole figure upon tensile tests

of as-mill rolled and caliber rolled material at 350 �C.

Reduction in the grain size is observed in all the conditions of

CR. Number of twins are reduced in as-mill rolled condition

but it increased in the caliber rolled condition at 350 �C.

4. Discussion

There appears grain refinement after CR process but the

variation in grain size with CR temperature is not systematic,

Figs. 1 and 3(a). Similarly, the room temperature tensile

properties do not follow a systematic trend with respect to CR

temperature, Fig. 3(b), and so also with the resulting grain

size. As a result, there appeared a deviation from the HeP

relationship [10,11]. It is further observed that CR at 450 �C

shows more strength and ductility, just below the CR at

300 �C, in spite of larger grain size at the former condition. It

indicates that along with grain size there must be other

microstructural elements to influence tensile properties. Based

on the observations by Barnett [28], the probable reasons for

this kind of behavior, upon rolling and subsequent to tensile

deformation, are suggested and discussed below.

1. The difference in twin density measured, Table 1.

2. Different mis-orientation angles observed, Fig. 3(c).

3. Difference in texture formation, Fig. 4.

4.1. Interrelationship among various microstructures

Many limitations of magnesium alloys can be overcome by

ultrafine grained (UFG) structure. CR at temperature 300 �C is

found to be better for grain refinement among all the condi-

tions employed. Probably, at this temperature, there occurs

complete dynamic recrystallization, Fig. 1(c), whereas CR

below this temperature may be incomplete as noted by partial

dynamic recrystallization seen in Fig. 1(b). Processing at

higher temperatures above 300 �C causes grain coarsening as

observed in the microstructures shown in Fig. 1(def) along

with the grain size data plotted in Fig. 3(a).

Fig. 3. Plot of structural and tensile properties as a function of CR temperature:

(a) variation in grain size and plastic elongation (tensile ductility) (b) Ultimate

Tensile Strength (UTS) and Yield Strength (YS) (c) number fraction of mis-

orientation angle (d) normalized pole figure intensity with strain (tensile

ductility) (e) normalized number of twins.
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The effect of high temperature CR was observed on twin

formation in the microstructure. Twins may be formed by

deformation, recrystallization, grain growth and the movement

of boundaries between different solid phases [27]. According

to Christian and Mahajan, f1012g mode gives the lower stress

for deformation [22], so the same is considered for analysis of

the tensile properties here. The number of twins is more for as-

mill rolled material but the same decreased for all the CR

temperature conditions, Table 1. Chino et al. [24] explained

that there occurs an increase in number of twins as the grain

size increases and vice versa. However, twins are not found

to vary systematically with grain size and so also with CR

temperature. A probable reason for this effect could be the

different mis-orientation angles observed in the grains,

Fig. 4. (0001) Pole figures of the AZ31 Mg-alloy for (a) as-mill rolled plate and (bef) caliber rolled at (b) 250 �C (c) 300 �C (d) 350 �C (e) 400 �C (f) 450 �C.

Fig. 5. Microstructure and (0001) pole figures of the AZ31 Mg-alloy after deformation of (a) as-mill rolled plate and (b) caliber rolled samples at 350 �C.
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Fig. 3(c), and only the favorably oriented grains could facili-

tate their formation. It is also found that the grain size after CR

at 300 �C is lowest but the number of twins is more, the reason

for which could emerge from such variation in grain

orientation.

Grain orientations in magnesium are rarely randomly

distributed [27] but it does have ability to develop strong

textures during processing [29]. The distribution of basal plane

played an important role in the enhancement of mechanical

properties at room temperature. The as-mill rolled material has

(0001) basal texture with maximum intensity of w13 and c

axis towards TD, Fig. 4(a). After CR at 250 and 300 �C, there

is a shift of c axis towards tensile (RD) axis with reduction in

maximum intensity, Fig. 4(b,c). At these temperatures, there

exists a possibility of dynamic recrystallization, which may

replace the deformed structure by the nucleation and growth of

recrystallized grains, and can lead to drastic change in texture

[30]. Under such crystallographic change, secondary prismatic

slip system may become effective through reduction in the

critical resolved shear stress (CRSS). In response to the CR at

temperatures 350 and 400 �C, there occurs formation of strong

basal texture, which is concentrated in the center of pole

figure, Fig. 4(d,e). There occurs reduction in the maximum

intensity (from 13 in Fig. 4(a) to 5.6 (Fig. 4(e)) and more

spread on the TD as seen in this figure. This could be a

probable reason for the presence of greater proportion of low

angle grain boundaries and less number of twins under these

conditions. By increasing the CR temperature to 450 �C, there

is possibility of activating first/second order pyramidal slip

systems, which is a <c þ a> type non-basal slip system,

towards attaining greater random texture as compared in Fig. 4

for different CR temperatures. This is facilitated with the in-

crease in CR temperature by thermal activation process of

deformation and reduction in stress concentration during

rolling. Thus, upon subsequent tensile deformation at ambient

condition, the prior variation in texture during CR, along with

other microstructural changes, can influence the mechanical

properties [31]. There is random texture formation with very

less reduction in maximum intensity and c axis towards RD as

shown in Fig. 4(f), which could be the source of improved

tensile properties, Fig. 3(b).

As the deformation is carried out in rolling direction there is

shifting of c axis towards RD as shown in Fig. 5(a). Similarly

for caliber rolled material, there is shifting of c axis towards RD

as shown in Fig. 5(b) for CR temperature 350 �C. To normalize

the maximum pole intensity at various CR temperatures the

difference (ATD � BTD) was divided by respective plastic

strain (tensile ductility) achieved during tensile deformation.

The same is plotted against CR temperatures as shown in

Fig. 3(d). It is found that there is sharp decrease in pole in-

tensity after tensile deformation of the sample that had under-

gone CR at 450 �C. This is probably the effect of more twins

present under this condition of CR temperature. Fig. 3(d) and

(e) appear to exhibit roughly similar variations of maximum

pole intensity and twin density respectively, both in the

normalized condition. This suggests the change in texture and

twins per unit strain increase for the samples CR up to

temperature of 400 �C beyond which the same decrease rapidly.

This indicates a relationship between the two microstructural

features evolved during CR and subsequent tensile tests. This

aspect of interrelationship between microstructures is noted to

be a topic of detailed study in the literature [27,32].

4.2. Deviation from the HallePetch relationship

The HallePetch type relationship (sy ¼ s0 þ kyd
�0.5)

[10,11] predicts that as the grain size (d ) decreases the yield

strength (sy) increases. Here s0 and ky represent the

HallePetch constants having significance to the strengthening

caused by grain interior and grain boundary, respectively. This

strengthening by grain refinement is experimentally found to

be true over the grain sizes ranging from 1 mm to 1 mm [27].

In HCP crystals, almost any fraction of grains can be con-

verted to twins [27]. In view of this, it may be possible that the

formation of twins could have aided to the deformation of the

metals [18]. It was further noted that there is a tendency to

decrease the twins ATD for higher twins existing BTD and the

increase in twins ATD for lower twins BTD, Table 1. The

deformation mechanisms are reported to exhibit different grain

size dependencies of yield stress in magnesium alloys [33].

For example, transition from twinning to slip dominated flow

occurs with decreasing grain size and increasing temperature.

This is accompanied by a lowering of the HallePetch slope

(ky) for the yield stress. Further, the degree of work hardening

drops, which gives rise to a “reverse” HallePetch effect as

reported by Barnett et al. [33] for the flow stress at strains

greater than 0.15. Consequently, the flow stress would either

remain constant or decrease with decreasing grain size. This is

probably the reason for the increased strength and ductility for

the CR temperature 450 �C, in spite of its larger grain size.

Fig. 6 shows the number of twins BTD plotted as a function of

grain size after CR. Twins are noted to decrease up to grain

size of 5 mm, after which there appears an increase in the

number of twins with the increase in grain size. The rate of

Fig. 6. Number of twins before tensile deformation as a function of grain size

after CR.
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increase in the number of twins is very high for the grain size

increase between 5 and 10 mm, and there appear more of

f1012g twins (tensile twins) compared to other types of twin.

The CRSS for the former twin is known to be less (15 MPa)

than that of basal (30 MPa) and pyramidal (90 MPa) slip [34].

So, the formation of twins is suggested to improve the ductility

in this material, as was also reported earlier [35].

5. Conclusions

Grain refinement was achieved from 33 mm in as-mill

rolled Mge3Ale1Zn alloy to 3.6 mm upon caliber rolling of

about 50% at 300 �C. At this condition of caliber rolling, the

UTS of 290 MPa with plastic elongation of 13.5% were ach-

ieved. The changes in the properties were found to be the

effect of grain boundary strengthening but the deviation from

the HallePetch relationship was attributed to the vital role

played by twinning and texture in influencing the strength and

ductility.
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