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Abstract 

An AZ31 alloy has been processed by caliber rolling, 
in which a repetitive oblique shear strain is applied 
with a fixed reduction ratio, resulting in increase in 
strength and ductility by simultaneous grain refine-
ment and texture modification. A total of 18 passes 
were made at 473K through successive grooves with 
reduction. A dramatic increase in the tensile YS was 
achieved with no substantial change in the elonga-
tion. Evolution of microstructure by caliber rolling 
has been studied by TEM. Samples after 4, 6, 8 and 
18 passes were examined. After 4 passes the sample 
showed clear grain boundary structure and grain re-
finement. After 6 passes, a severely deformed struc-
ture is observed, indicating accumulation of strain. 
Spots with concentration of strain were observed in 
basal planes. Activation of prismatic slip was ob-
served. After 8 passes the strain appears more severe. 
After 18 passes, along with concentration of strain, 
sharp grain and subgrain boundaries appeared, with 
subgrains of about 100-200nm size. The small grain 
and subgrain size, along with accumulated strain, is 
responsible for the high strength. 

Introduction 

One of the most important microstructural factor in 
strengthening magnesium alloys is grain refinement 
[1], which also leads to increased ductility due to en-
hanced grain boundary plasticity [2]. A crucial fac-
tor in ductility is texture, which can be modified by 
changing the direction of applied shear during severe 
plastic working [3] and/or by changing recrystalliza-
tion behavior by dispersion of hard intermetallic par-
ticles [4]. Modification of texture, together with grain 
refinement, has been shown by repetitive shear load-
ing processes such as equal-channel angular extrusion 
(or pressing) (ECAE or ECAP) [5, 6, 7, 8, 9]. It 
has also been shown that the yield asymmetry ratio 
(ratio of compressive yield strength to tensile yield 
strength) of wrought AZ31 can be reduced by grain 
refinement to 0.9 [10]. 

Recently we have reported grain refinement with 
weakened texture by applying a repetitive oblique 
shear strain using caliber rolling, which can operate 
at commercial scale and processing speeds [11, 12]. 
Caliber rolling can be used to reduce the cross-
sectional shape of the products. Graded channels 
with reducing cross-section are formed in the rolls. 
For each cross-section the upper and the lower rolls 
have identical channels. A certain shear strain is cre-
ated on the material passing through the rolls. This 
rolling process is described in greater detail in ear-
lier reports [11, 12, 13]. The diameter of a billet is 
reduced by passing it successively through channels 
of lower cross-sections. After each pass, the billet 
was rotated by 90°before the next pass, to make the 
shear direction opposite to that of the previous pass. 
After passing the sample through the last channel, it 
was passed through it one more time after rotating by 
90°. By this process, the texture was weakened, while 
more strain was accumulated in the sample. Starting 
with a direct extruded AZ31 billet, the tensile yield 
stress (YS) was nearly doubled while keeping elon-
gation strain nearly constant. This resulted in high 
fracture toughness [14]. 

Along with grain refinement, a very high amount 
of strain accumulation resulted in sub-grain forma-
tion at nano-scale. This has to be taken into account 
for explaining the high YS of the alloy. Formation 
and structure of these sub-grains has been studied 
by transmission electron microscopy (TEM) and is 
reported here. 

Experimental Procedure 

A billet (42 mm diameter, 100 mm long) of commer-
cially extruded AZ31 alloy (Mg-2.9Al-0.8Zn-0.42Mn, 
wt%) with an average grain size of 25μιη was heated 
to 473K and then subjected to plastic deformation by 
caliber rolling. Its grain structure is shown in Fig. 1, 
which is bi-modal and displaying a number of twins. 
The billet was rolled through a series of calibers in a 
single roll, with a reduction in area of -18% for each 
caliber. A total of 18 passes were made. Details can 
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Figure 1: Optical micrograph showing grain struc-
ture of the starting material, which is a commercially 
extruded AZ31 alloy. 

be found in earlier reports [13, 11, 12]. 
For TEM observations, the caliber rolled rod was 

sectioned longitudinally with a diamond saw to slice 
a sample of about 1 mm thickness. The sample was 
mechanically ground down to about 70 μτη thickness, 
and then ion-milled to perforation in a precision ion 
mill. TEM observations were made in JEOL 2000FX-
II microscope operated at 200 kV. 

Results 

Microstructures after 4 passes (4P sample) are shown 
in Fig. 2. A grain structure with sharp grain bound-
aries is observed, with grain size of about 8 μτη. 
Grains with multiple neighbors and curved bound-
aries indicate that these grains have formed by recrys-
tallization. Fig. 2(b) shows grains oriented along, or 
nearly along [0001] zone axis, with low angle bound-
aries in between them. Very little dislocation struc-
tures were observed inside the grains, such as the 
one marked D. However, region D' has a severely de-
formed structure. Precipitation structure in grain D 
is shown in Fig. 2(c). The precipitates have nearly 
uniform size of 20-30 nm. 

In the grain in Fig. 3(a), oriented along a (1100) 
zone axis, dislocation on basal planes are observed 
prominently. Details in inset show a set of non-
basal dislocations too (one marked by an arrow). 
Besides this, apparent orientation relationships be-
tween grains were also observed. An example is 
shown in Fig. 3(b) (strong contrast of thickness 
contours are seen in grain M). Grain M is near a 
(1120) zone axis orientation while grain N is nearly 
in (1123) zone axis. There is a near planar match 
of {121}M||{010}AT. A stereographic analysis shows 
that these grains are related by a {1011} or {1013} 
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Figure 2: Bright field electron micrographs a 4 pass 
(4P) caliber rolled sample, (a) Grain structure near. 
(b) grains along [0001] zone axis (a diffraction pat-
terns is inset) with small and low angle boundaries. 
7 is the Ali7Mgi2 phase, (c) Precipitation observed 
near [0001] zone axis. 
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Figure 3: Deformation structures and twin-like orien-
tations in 4P sample, (a) A grain along (1100) zone 
axis, showing dislocation contrast on basal planes. 
Inset lower right: detail of a small region in strong 
diffraction contrast, (b) Grains M in (1120) zone axis 
and N in (1123) zone axis. The composite diffraction 
pattern is inset. 

type twin. This indicates the role of twinning in de-
formation and evolution of the grain structure. 

Fig. 4 from 6P sample shows bright field (BF) TEM 
micrographs along two zone axes; one in (a) is close 
to zone axis (1100) in a two beam condition with a 
{1120} reflection. Only a very small area is in con-
trast, due to the strained condition of the grain. A 
strong region of contrast is observed, marked by an 
arrowhead. This contrast is elongated perpendicu-
lar to the basal planes. This represents prismatic 
slip. The region in (b) is oriented along [0001] axis. 
Very interesting contrast is observed here. There are 
spots of dark contrast, from which radiate strain con-
trast. In other words, the strain is concentrated in 
a few spots and the basal plane is deformed. The 
corresponding diffraction pattern, inset, displays an 

(b) 

Figure 4: Bright field electron micrographs showing 
strain after 6 passes in the caliber roll (6P) (a) near 
zone axis (1100), in a two-beam condition with a 
{1120} spot and (b) along zone axis {0001}. 

asymmetry of spot intensity. The high index spots 
are weak and in form of arcs because of the matrix 
strain. 

Fig. 5 are TEM BF micrographs showing matrix 
strain after eight passes (8P sample), (a) shows flow 
of strain contrast, in form of wavy lines, (b) is ob-
served nearly along zone axis (1120). In the diffrac-
tion pattern (inset), high index spots are absent or 
in form of weak arcs. In the bright field, ring-like 
contrasts are observed. In some places, like the one 
marked with an open arrow, the contrast suggests 
prismatic slip. In Fig. 5(c), a grain in [0001] zone axis 
is observed. Dislocation structure is observed inside, 
but the uniform contrast and the diffraction pattern 
(inset) do not suggest accumulated strain. It possibly 
is a grain recrystallized during caliber rolling. 

Fig. 6 shows microstructures after 18 passes (18P). 
(a) shows accumulated strain; however, some sharp 
boundaries are also observed. There is a much finer 
subgrain structure. When the grain is tilted out 
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of contrast (shown in (b)), distribution of nano-
sized precipitates is observed. These precipitates are 
rounded, typically 10-20 nm or less in size, but oc-
casionally as much as 50 nm. A number of sharp 
boundaries are observed in (c), which create grains 
or subgrains as small as 200 nm in size. Strain is ob-
served piled up on these boundaries. The small grain 
in the center is in [0001] zone axis orientation. 

Discussion 

The initial material, which is an extruded rod, has 
a tube texture of basal planes. Thus during cal-
iber rolling the grains, depending on their orienta-
tion, experience a compressive stress either along 
their hexagonal axis, perpendicular to it, or in be-
tween. Correspondingly, basal or non-basal slip, 
and/or twins will be generated. Reported strain sim-
ulation and experimental estimation [13] show that 
the strain becomes larger by increasing number of 
passes and that it h c lS CL distribution with maxima 
around the corners. 

After 4 passes, the grain size is considerably re-
fined, with an average grain size of about 5μηι. Ab-
sence of deformation inside the grains indicate that 
they are formed by recrystallization. 4P sample also 
shows large with low angle grain boundaries, 
such as in Fig. 2(a) along zone axis [0001], which are 
remnants of initial large size grains. 

In this sample, various kinds of lattice defects are 
observed clearly. In Fig. 2(b), grains D and D' in sim-
ilar orientations show different levels of strain. Grain 
D' shows a high level of strain while D does not. Dis-
locations are observed clearly in Fig. 3(a), which are 
basal as well as non-basal. 

Beyond 4P, the 6P and 8P samples show further 
accumulation of strain, which lead to the final mi-
crostructure in 18P. 

Hardness measurements reported by Inoue et al. 
[13] in a similar experiment show a similar trend in 
evolution of the microstructure. Partial DRX occurs 
until 7 passes and complete DRX until 11 passes. 
Subsequently, continuous DRX occurs until 18P. Sim-
ilarly, in our samples partial DRX is observed in 4P. 

Inoue et al. [13] also report that after 7 passes the 
microstructure consists of a mixture of fine grains and 
coarse grains. The coarse grains were elongated along 
the rolling direction. The fine grains were considered 
to be generated by DRX during the rolling. The av-
erage grain size of the fine grains was estimated to 
be 3.8μηι. From 7 passes to 11 passes the fraction 
of coarse grains decreases, but the average grain size 
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Figure 5: Bright field electron micrographs showing 
accumulated strain after 8 passes in the caliber roll 
(8P)(a) severe deformation structures, (b) a region 
observed along (1120) (white line denotes the direc-
tion of the basal planes) and (b) a grain along zone 
axis [0001]. 
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of the fine grains remained the same. On further 
rolling to 15 passes, the average grain size decreased 
to about 2.5μιη due to continuous DRX, while the 
fraction of low angle boundaries increased [14]. Our 
TEM studies here show that much smaller domains 
occur because of strain accumulation and sub-grain 
boundaries formation. 

With the evolution of grain structure during the 
caliber rolling, a change in the strain accumulation 
mechanism will be expected. This also comes out 
in the hardness curve reported by Inoue et al. [13]. 
This is because in the beginning of the rolling pro-
cess the grain size is considerably large, at 25μιη, 
but once the grain size has become small to about 
5μιη or less, the stress will generate considerable non-
basal slip [15]. Thus in the 4P sample, basal slip is 
clearly visible (Fig. 3(a)). Much more complex slip 
is observed in 6P and 8P samples. This is facili-
tated by change of stress direction by a rotation of 
the sample after each pass. Accumulation of strain 
at certain points in basal planes due to this is clearly 
observed in Fig. 4(b). Such a strain will make basal 
slip harder. Fig. 4(a) clearly shows strain in basal 
plane as well prismatic planes. Fig. 5(a) shows wavy 
patterns due to accumulation of a large amount of 
multi-directional strain. Fig. 4(b) shows wavy bands 
of same orientation about 500nm in width. 

Inoue et al. [13] also show that the increase in 
hardness of the bar up to 11 passes is due to strain 
hardening and grain refinement by DRX, while the 
subsequent hardness is attributed to sub-grain refine-
ment based on continuous DRX. 

It may be assumed that there are cycles of strain 
accumulation and recrystallization during the caliber 
rolling. Electron Backscattered diffraction (EBSD) 
[11] shows sharp boundaries after 15 passes and elon-
gated srained structure after 18 passes. Thus, pre-
sumably, the sharp boundaries form after 15 passes 
followed by further strain accumulation. There is also 
a marked weakening of texture after 15P [11]. 

In the final microstructure in 18P, sharp bound-
aries are observed, which make domains as small as 
200nm in size/width (Fig. 6). Accompanying this is 
the strain in the matrix, which enhances the yield 
stress. The very high yield stress of the alloy is thus 
effectively because of the very small size domains 
with sharp boundaries. These domains can hold a 
high concentration of strain in them. 

It should be noted that a similar microstructure is 
also shown by multi-directional forging of AZ31 alloy 
[16]. 

Precipitation also has a strong contribution to 
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Figure 6: Bright field electron micrographs show-
ing microstructure after 18 passes in the caliber roll 
(18P)(a) severe deformation structures, (b) precipi-
tation in the matrix and (b) grain and subgrains, the 
grain in the center is along zone axis [0001]. 
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strength. A modification in the precipitate distri-
bution is observed by caliber rolling. Precipitates 
observed in 4P sample, Fig. 2(c), are in a narrow 
size range of about 10 to 20nm. In 18P sample in 
Fig. 6(b), more of finer size precipitates are observed. 
A finer distribution of precipitates and possibly a su-
persaturation of the matrix due to processing effect 
similar to mechanical alloying will also contribute to 
the strengthening. 

Conclusions 

Microstructure development of AZ31 alloy during cal-
iber rolling has been studied by transmission electron 
microscopy. The following conclusions are made: 

1. Well defined basal slip as well as non-basal slips 
are observed during early passes. Recrystalliza-
tion occurs by 4 passes, whereby the grain size 
is reduced to about 5μηι. 

2. Further accumulations of strain occurs in further 
passes. Severe localization of strain, basal and 
prismatic slip are observed after 6 and 8 passes. 

3. By 18 passes, sharp boundaries appear, making 
domains of about 200nm thick, in which are con-
tained severely strained regions. 
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