Effects of Processing Parameters on the Grain Refinement
of Magnesium Alloy by Equal-Channel Angular Extrusion
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The Mg-3 pct Al-1 pct Zn (AZ31) alloy has been used as a model material for understanding the
grain-refinement process of a Mg alloy fabricated by equal-channel angular extrusion (ECAE).
The effects of ECAE processing parameters on grain refinement have also been studied; it was
found that these effects are quite different from those for fcc metals. A multitemperature
extrusion procedure has been developed, which can produce an ultrafine-grained AZ31 alloy
having a grain size 0.37 um. For the AZ31 alloy, this ultrafine-grained alloy has a record high
strength accompanied by reasonably good tensile ductility. The success of the development of
this ECAE procedure proves that ECAE can offer a good opportunity for the development of

high-strength Mg alloys.
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I. INTRODUCTION

THE ability to produce bulk ultrafine-grained metals
by equal-channel angular extrusion (ECAE), also called
equal-channel angular pressing, has garnered a tremen-
dous amount of attention over the last decade. The
literature reflects the many attempts that have been
made to investigate the factors responsible for the grain-
refinement process in ECAE.

The amount of plastic strain that is imposed on a billet
is an important processing parameter for the production
of ultrafine-grained metals. For fcc and bce metals, by
continuously imposing plastic strain, grains are gradu-
ally refined. The refinement process is achieved through
the continuous subdivision of the original grains by
dislocation walls, e.g., References 1 through 3. This
process proceeds homogeneously over the entire billet.
For aluminum, as the imposed plastic strain is increased,
dislocation walls gradually transform into grain bound-
aries; meanwhile, misorientations across the boundaries
are increased . For copper, due to its low stacking-fault
energy, the transformation of dislocation walls into grain
boundaries is difficult,” 7 but misorientations across the
boundaries still increase with increasing strain.

Apart from the imposed plastic strain, the channel
angle, @, is another important processing parameter
that can influence the grain-refinement process. The first
and most systematic study of the influence of the die
angle on grain refinement was published by Nakashima
et al® Their results suggested that the smaller the die
angle, the more effective the grain-refinement process.

The process route has also been reported to have a
significant effect on the grain-refinement process.[>*!%
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Through detailed analysis of the extruded microstruc-
ture of aluminum by transmission electron microscopy
(TEM), Sun er al reported that route B, is the most
effective route in terms of grain refinement.

Extrusion at elevated temperatures can prevent the
cracking of hard materials and thus improve the
workability of a billet..'" When the extrusion temper-
ature was increased, the minimum attainable grain size
was found to be increased and the fraction of high
misorientation boundaries was found to be lower.!'> ™4

The workability of a billet was reported to be
improved significantly by using a low extrusion speed
to process titanium and 4340 steel.!''N The extrusion
speed was reported!'” to have no influence on the grain
size of aluminum and its alloys subjected to ECAE.

Despite the fact that the aforementioned conclusions
were mainly drawn from the experimental results
involving fcc metals, they appeared to be widely
accepted in the literature regardless of the crystal
structure of the material being processed.

Over the last few years, magnesium alloys have become
promising candidates for the replacement of some
conventional engineering metals because of the demand
of lighter structural materials. The ECAE process has
been used to refine the grain size of magnesium alloys, in
order to improve their mechanical properties.

Many authors (e.g., in References 16 through 30) have
reported that by using ECAE at elevated temperatures,
the grain size of magnesium alloys can be dramatically
reduced. In the case of the AZ31 alloy,* % the reported
grain size after ECAE ranged from 6 to 0.7 um, due to the
different processing parameters used. Because there is no
systematic study of the effect of ECAE processing
parameters on the grain-refinement process of magne-
sium alloys, these conclusions about the effects of the
processing parameters on grain refinement, which were
drawn from fcc metals, were widely adopted for the
discussion in the literature of the processing of magne-
sium alloys. For example, Mukai er a/.*” mentioned that
the reason that route B. was used to process their Mg
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alloy was due to the result given by Iwahashi ez al..'” in
which route B, was reported to be more effective in
producing high-angle boundaries in aluminum. Perhaps
this is the reason why virtually all researchers used route
B, to process their Mg alloys,!'® ! despite the fact that
there is no report showing that route B, is the best process
route for reﬁnin% the grain size of Mg alloys. Many
authors?2124 2729 ysed a large number of extrusion
passes, e.g., 6 or 8 passes, to process their Mg alloys; this
was also based on the results for fcc metals, for which a
large plastic strain was required to obtain a fine-grained
structure. However, Jin er al.*” reported that the grain
size remained unchanged after only 4 extrusion passes;
this raises the question about the plastic strain required to
achieve a fine-grained structure in Mg alloys, specifically,
whether the plastic strain will be similar to that for fcc
metals.

It might be thought that, if the grain-refinement
process for two materials is the same, the effect of the
processing parameters on the grain refinement should
also be the same. The grain-refinement process of fcc
metals, as mentioned earlier, is reasonably clear thus far;
however, for Mg alloys, with their hexagonal crystal
structure, the process is not yet clear. Kim and Kim[**
found a bimodal distribution of grain size after | extru-
sion pass; because the existence of equiaxed grains was
discovered after the passes that followed, they suggested
that dynamic recrystallization occurred during ECAE.
However, they believed that the generation of new
grains was due not to a process of nucleation and
growth, but to the gradual transformation of low-angle
subgrain boundaries into high-angle grain boundaries
through the absorption of dislocations generated durin
ECAE, as was proposed for aluminum.* Xia er al®
also found a heterogeneous grained structure after
the first few extrusion passes. They suggested that
the refinement process was due to the fact that some
grains, having favorable orientations and having been
deformed first, were also refined first. As the number of
extrusion passes increased, deformation spread into the
other grains; subsequently, fine grains formed in the
whole structure and the grain-refinement process was
completed. Jin er al.*” also suggested that the process of
grain refinement consisted of the gradual transformation
of low-angle subgrain boundaries into high-angle grain
boundaries due to continuous dynamic recovery and
recrystallization. Su er al.”® adopted a different view:
They suggested that, after the original grains were
deformed, dynamic recovery and the nucleation of new
grains occurred. They also suggested that the continu-
ous heating of the billet in the die during extrusion
caused the static growth of both the recovered subgrain
boundaries and the newly formed recrystallized grains;
eventually, they believed, homogeneously distributed
fine grains occupied the whole billet. The problem with
this mechanism is that it cannot explain the formation of
the heterogeneous distribution of bimodal grains in the
early stage of the grain-refinement process, which was
reported by many authors, e.g., References 21 through
23, and 25, 26, and 29.

From the point of view of the present authors,
the results reported in the literature indicate that the
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grain-refinement process of Mg alloys appears to be
different from that of fcc metals. Therefore, the ECAE
processing parameters that govern the grain refinement
of Mg alloys need to be examined; this is the aim of the
present research. It is also interesting to know to what
extent the grain size of Mg alloys can be refined by
optimizing the ECAE processing parameters. The AZ31
Mg alloy has been chosen as the model material for the
present research, because it is an important wrought-Mg
alloy and it has a simple microstructure, i.e., a single-
phase solid-solution alloy.

II. EXPERIMENTAL

Hotrolled 1.25-cm-thick AZ31 (Mg-3 pct Al-1 pct Zn)
plate from Magnesium Elektron (Manchester, UK) was
used in the present research. Its nominal composition is
3.0 wtpct AL, 1.0 wt pct Zn, 0.2 wt pct Mn, and balanced
magnesium. There is a strong basal fiber texture (¢ axes
of the hcp structure) that is primarily aligned parallel to
the normal direction of the plate. The material was
annealed at 345 °C for 12 hours; it was then air cooled to
room temperature. The grain size of the homogenized
material is 7 um. The equivalent circle diameter is used
to represent the grain size throughout this article. Billets
1.2 x 1.2 x 10 cm in size were cut from the plate, with
their long sides parallel to the rolling direction of the
plate. Two ECAE dies, with die angles of ® =90 and
120 deg, were used. The outer die angle (‘¥), defining the
outer arc of two channels, is 0 deg for both dies. The
equivalent strains imposed on a billet by the die having
® =120 and 90 deg are 0.67 and 1.15, respectively.
Heating jackets were put on both dies, and the extrusion
temperature was controlled within £5 °C of the setting
temperature. During extrusion, the billet was inserted
into the entrance channel of the heated die and stayed in
the channel for approximately 3 minutes, to allow the
billet to reach the targeting temperature. After extrusion,
the billet was quenched into water. Three axes, x, y, and
z, were used to define the coordinate system of the
channels and the specimen after extrusion, as shown in
Figure 1. Unless specified, all billets were extruded by
putting the rolling plane of the plate parallel to the xz
plane of the entrance channel. Conventionally defined
routes A, B, and C*! are used in this article.

After extrusion, specimens for grain size measurement
were cut parallel to the xz plane of the billets. After
mechanical polishing, specimens were etched for 2 to
3 seconds using a solution of 10 mL acetic acid, 4.2 g
picric acid, 10 mL water, and 70 mL ethanol and then
quickly transferred into an ethanol bath, to minimize the
oxidation of the specimens. A JEOL* 6330 field-emission

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

scanning electron microscope (SEM) was used to
examine the specimens. The operation voltage for the
secondary electron image was 5 kV. A low acceleration
voltage was used due to the poor conductivity of the
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Fig. 1—The geometry and coordinate axes of the ECAE die and the
billet.

surface reaction layer of the specimens after etching. The
standard operation voltage, e.g., 20 kV, often causes a
charging effect to a certain degree and results in a poor
image. Grain boundaries were manually marked on the
micrographs; additionally, through the use of the
Optimas computer program (BioScan Inc., Washington),
the equivalent circle diameter and the aspect ratio of
every grain were determined. The aspect ratio is defined
as the ratio of the major and minor axes of an ellipse
that best fits the shape of the grain. For each specimen,
SEM images of six randomly selected areas obtained
from near the central part of the specimen were taken.
The total number of grains analyzed was approximately
7000 for each specimen. An HKL CHANNEL (Oxford
Instrument, Oxfordshire, UK) 5 system attached to the
JEOL 6330 field-emission SEM was used for the analysis
of the boundary misorientations through electron back-
scatter diffraction (EBSD). The specimens for EBSD
analysis were prepared by conventional mechanical
grinding, followed by a mechanical polishing with a
diamond paste and a final polishing with colloidal silica.
For EBSD orientation mapping, the scanning step was
0.1 pm and the dwell time for each pattern was 240 ms.
The thin foils for TEM were polished by a solution of
22.3 g magnesium perchlorate + 10.6 g lithium chlo-
ride + 200 mL 2-butoxyethanol + 1000 mL methanol,
at —45 °C and 88 V; these were examined in a Philips**

**PHILIPS is a trademark of Philips Electronic Instruments Corp.,
Mahwah, NJ.

CM200 microscope.

The mechanical properties of the specimens machined
from the billets were evaluated. Tensile tests were
carried out on an Instron 55827 universal testing

TInstron is the trademark of Instron Ltd., Buckinghamshire, UK.

machine with a constant strain rate of 3 x 10~ %/s. The
dimension of the gage section of the tensile specimen
was 4 x 1.5 x 16 mm. The stress direction was along
the extrusion direction of the billet.
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III. RESULTS

To understand the grain-refinement process and the
effect of the processing parameters on the grain refine-
ment, the processing parameters have been systemati-
cally varied. The results are discussed in this section.

A. Number of Extrusion Passes (Imposed Plastic Strain)

To investigate the effect of the number of extrusion
passes used, billets were extruded by the 120-deg die
at 200 °C using route A; the extrusion speed was
10 cm/min. When the billets were examined after
different extrusion passes, it was found that newly
formed fine grains were observed immediately after the
first pass, as shown in Figure 2. Figure 2(b) shows
the coexistence of both fine and coarse grains. When the
coarse grains were examined more closely, it was found
that many grain boundaries were serrated. Many fine
grains were formed along the grain boundaries of those
coarse grains, which is a nucleation process typical for
dynamic recrystallization. This type of partially dynam-
ically recrystallized structure can be seen more clearly in
the specimens extruded at 175 °C, as shown in Figure 3.
When the number of extrusion passes was increased, the
area covered by fine grains increased, while the width of
the coarse grains became narrower (Figure 2(c)); even-
tually, the coarse-grained structure disappeared and a
fine-grained structure resulted (Figure 2(d)). Figure 4
shows how the average grain size of the billet quickly
reduced to a final-equilibrium fine-grained size, in this
case, from 7 to approximately 2 um. Despite the mea-
sured average grain size remaining virtually unchanged
after the second extrusion pass, a few elongated coarse
grains could still be found after the third extrusion pass.
After 4 passes, the billet was completely transformed
from a coarse-grained structure into a homogeneous
fine-grained structure. Further extrusion could not
effectively refine the grain size. Figure 5 shows the grain
size distribution histogram obtained from an area of
approximately 35,000 um? for the specimen unextruded
(Figure 5(a)), after 1 extrusion pass (Figure 5(b)), and
after 4 extrusion passes (Figure 5(c)). Figure 5 indicates
that grain size distribution showed little change after the
first and fourth extrusion passes. The averaged grain
aspect ratio of the billet before ECAE was 1.5. The
averaged aspect ratio of dynamically recrystallized fine
grains (grains smaller than 4 um) after the first through
the fourth extrusion passes is 1.8, 1.7, 1.7, and 1.7,
respectively. These results show that both the size and the
shape of these fine grains remained the same, irrespective
of the number of extrusion passes used.

When EBSD was used to characterize the misorien-
tations of the generated boundaries, it was found that
most of the fine grains generated had high misorienta-
tion boundaries and that low-angle boundaries were
formed within the coarse grains (Figure 6). Because
etching could not reveal those low-angle boundaries
formed within the original coarse grains, these bound-
aries cannot be seen in Figure 2. The TEM observations
showed that most fine grains were in an equiaxed shape
with clear grain-boundary fringes; the boundaries often
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Fig. 2—SEM micrographs showing the microstructure of a billet extruded after (a) 0, (b) 1, (¢), 2, and (d) 4 passes by ® = 120-deg die, using

route A at 200 °C; extrusion speed was 10 cm/min.

Fig. 3—SEM micrograph showing the microstructure of a billet after
1 extrusion pass by ® = 120-deg die, using route A at 175 °C;
extrusion speed was 10 cm/min. Note serration of original grain
boundaries and nucleation of fine grains at original grain bound-
aries.

met at a configuration of approximately 120 deg,
indicating that these boundaries are equilibrium grain
boundaries having a similar boundary energy. Figure 7
shows some fine grains formed alongside a coarse grain.
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Fig. 4—Evolution of grain size as a function of an extrusion pass by
two dies with different die angles. Route A was used, at 200 °C;
extrusion speed was 10 cm/min.

The grain-boundary fringes and the equilibrium-bound-
ary configuration associated with these fine grains
should be noted.
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Fig. 5—Histograms showing grain size distribution (a) with no
extrusion, (b) after 1 extrusion pass, and (c) after 4 extrusion passes.
Route A was used, at 200 °C; extrusion speed was 10 cm/min.

B. Process Route

For this investigation, billets were extruded by the
120-degdie at 200 °C; the extrusion speed was 10 cm/min.
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Fig. 6—(a) Orientation mapping from billet extruded at 200 °C for
1 pass. Black, blue, and white lines represent boundaries with mis-
orientations larger than 15 deg, between 15 and 5 deg, and lower
than 5 deg, respectively. () Histogram of boundary misorientations
from billet extruded at 200 °C for 1 pass.

Three major process routes, namely, routes A, B, and
C, were used. After 4 passes, both the shape and the size
of the refined grains were virtually the same for all three
routes. The evolution of grain size as a function of the
number of extrusion passes for the three process routes
was also found to be the same.

C. Extrusion Speed (Strain Rate)

Billets were extruded by the 120-deg die at 200 °C;
two extrusion speeds, 10 and 0.8 cm/min, were tested.
For all three routes, the same conclusion was obtained,
that is, that a higher extrusion speed (strain rate)
generates a smaller grain size (Figure 8). Due to the
overlapping of the data points of the three routes, only
the results from route B, are presented in Figure 8.
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Fig. 7—TEM micrograph showing fine grains formed alongside a
coarse grain after 1 extrusion pass at 200 °C. Note the grain-bound-
ary fringes and the equilibrium configuration of fine grain bound-
aries.
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Fig. 8—Grain sizes obtained after extrusion at two different extru-
sion speeds. Higher extrusion speed generates smaller grain size.
Extrusion at 200 °C using route B..

D. Extrusion Temperature

To investigate the effect of the extrusion temperature,
billets were extruded by the 120-deg die using routes A
and B the extrusion speed was 10 cm/min. The
evolution of the grain size in the billets extruded at
three temperatures, 225 °C, 200 °C, and 175 °C, is
shown in Figure 9. Figure 9 clearly shows that the
lower the extrusion temperature used, the finer the grain
size obtained. An extrusion temperature lower than
175 °C had been tried, but a billet without cracks was
not obtained. When the extrusion speed was reduced to
3 cm/min, the extrusion could be successfully performed
at 150 °C.
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Fig. 9—Grain size obtained after extrusion at three different temper-
atures by three different routes. Higher extrusion temperature always
generates larger grain size, irrespective of process route used.
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Fig. 10—Engineering stress-strain curves obtained from: (a) A-120:
billet processed by ® = 120-deg die; (b) A-90: billet processed by
® = 90-deg die; (c¢) 4-A: billet processed by multitemperature extru-
sion procedure. (a) and (b) were extruded at 200 °C for 4 passes
using route A; extrusion speed was 10 cm/min.

E. Die Angle

Billets were extruded at 200 °C using route A for 4
extrusion passes; the extrusion speed was 10 cm/min.
The grain-refinement efficiencies produced by 90- and
120-deg dies were compared. Figure 3 demonstrates
that, by using a 90-deg die angle, the grain size can be
refined more quickly and to a finer degree than can be
achieved by a 120-deg die angle. Despite the fact that the
grain size obtained by using a 90-deg die angle was
smaller, tensile tests showed that both the strength and
the ductility produced by the 90-deg die angle were
lower than those obtained by using a 120-deg die angle
(Figure 10).

F. Initial Grain Size

Billets with different initial grain sizes were extruded
by the 120-deg die using route A. Billets with a larger
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Fig. 11—Transmission electron micrograph showing the ultrafine-
grained structure after multitemperature extrusion procedure. Average
grain size of 0.37 yum was obtained.

initial grain size of 15 ym were obtained by annealing
the billets at 400 °C for 24 hours. Under the same
extrusion speed, the minimum workable extrusion
temperature is lower for the billets with smaller grain
sizes. For example, with an extrusion speed of 10 cm/min,
a billet with a grain size of 7 um could be extruded at
175 °C; the same was not true for the billet with a grain
size of 15 um.

G. Multitemperature Extrusion

An attempt was made to develop an extrusion
procedure that can produce the finest possible grain
size. Because a billet with a finer initial grain size could
be extruded at a lower extrusion temperature, and
because a lower extrusion temperature results in a finer
grain size, a multitemperature extrusion procedure was
accordingly developed that consists of four sequential
steps: (1) 200 °C for 4 passes with a 10-cm/min extrusion
speed, (2) 150 °C for 4 passes with a 3-cm/min extru-
sion speed, (3) 125 °C for 2 passes with a 1-cm/min
extrusion speed, and (4) 115 °C for 2 passes with a
I-cm/min extrusion speed. In total, 12 extrusion passes
were used. Route A was used for each temperature step;
the billet was rotated 180 deg about the extrusion axis
between steps (1), (2), and (3) and was rotated 90 deg
between steps (3) and (4). The principles for developing
this procedure will be given in Section IV. Because the
grain size of the processed billets was too fine to be
revealed by etching, TEM was used to measure the grain
size of the billet. By measuring over 300 grains, the
averaged grain size of this multistep-processed billet was
found to be 0.37 yum, as shown in Figure I1. In
Figure 11, several grains show diffraction contrast; the
other grains cannot be seen under this diffraction
condition. The ultrafine-grained AZ31 alloy has a
record-high 0.2 pct proof strength of 372 MPa and a
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Fig. 12—Relationship between grain size of AZ31 Mg alloy
subjected to ECAE and Zener—Hollomon parameter used.

tensile strength of 445 MPa.’?! It also has reasonably
good tensile ductility of 9.7 pct (Figure 10).

H. Grain Size and the Zener—Hollomon Parameter

As mentioned in Sections C and D, the grain size of the
AZ31 Mg alloy subjected to ECAE depends on the
extrusion speed and temperature. These two processing
parameters can be used to calculate the Zener—Hollomon
parameter: Z = gexp (Q/RT), where ¢ is the strain rate,
Q the activation energy for the process, R the gas
constant, and 7 the deformation temperature. For the
dynamically recrystallized AZ31 Mg alloy, it was sug-
gested that O = 135 kJ/mole;** the strain rates were
calculated according to Segal.**! When the Zener—
Hollomon parameters are plotted against the grain sizes
(d), the relationship d = AZ™" can be established, where
A and n are the fitting parameters (Figure 12). In
dynamically recrystallized metals (including Mg alloys),
the relationship d = AZ™" has been reported by several
authors, e.g., in References 33, 35, and 36.

IV. DISCUSSION

The present results show that the grain-refinement
process of the AZ31 Mg alloy is distinctly different from
that of fcc metals in several microstructural aspects.

For the AZ31 Mg alloy, the following is found.

(a) The fine grains are heterogeneously generated mainly
from grain boundaries, as shown in Figures 2(b)
and 3.

(b) The fine grains with high-angle grain boundaries
are generated immediately after the first extrusion
pass. With further extrusion, the number of fine
grains increases, but the size of these fine grains is
not refined further by additional extrusion passes,
as shown in Figures 2 and 5 through 7.

(c) The fine grains are generated in an equiaxed shape,
as shown in Figures 2 and 3.
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For fcc metals, the following is found.

(a) The fine grains are homogeneously formed; this is
because, for fcc metals, fine grains are formed by
the gradual transformation of dislocation cell walls
into grain boundaries.' ™

(b) Dislocation cells with low-angle dislocation walls
are formed after the first few extrusion passes.
Fine grains with high-angle grain boundaries are
formed only after many extrusion passes. The size
of these cells is gradually refined by the extrusion
passes; meanwhile, dislocation walls are trans-
formed into grain boundaries.!"¥

(c) Fine grains with an equiaxed shape are trans-
formed from dislocation cells that have a “‘checker-
board pattern.”!"#

The discovery of the serration of the original grain
boundaries and the nucleation of the fine grains at the
original grain boundaries (Figures 2(b) and 3) indicates
that dynamic recrystallization occurred.?*%7 3% For
dynamic recrystallization, new grains generally nucleate
at the original grain boundaries; subsequently, more fine
grains nucleate at the boundaries of the newly formed
fine grains. In this way, recrystallized fine grains are
formed and broaden as dynamic recrystallization pro-
ceeds; eventually, recr?/stdllized fine grains replace the
original coarse grains.”” One important characteristic
of dynam1c recrystallization is that the recrystallized
grains remdm virtually unchanged as deformation pro-
ceeds.**3” Once the grain-refinement process of the
AZ31 Mg alloy is understood as a dynamic recrystal-
lization process, it can explain why (1) the heteroge-
neous distribution of fine grains was found during the
first few extrusion passes, (2) the size of the fine grains
was not gradually refined by more extrusion passes, (3)
the newly formed fine grains are equiaxed and have
high-angle grain boundaries, and (4) the relationship
between the grain size and the Zener—Hollomon param-
eter, d = AZ™", was found. The grain-refinement pro-
cess of Mg alloys by ECAE that is suggested in the
literature, such as the gradual transformation of low-
angle subgrain boundaries into high-angle grain bound-
aries by the absor;;)tlon of dislocations during successive
extrusion passes! or the growth of recovered sub-
grain boundaries due to dynamic annealing during
extrusion,® cannot explain the microstructural charac-
teristics found in the present research.

Because the grain-refinement process of the AZ31 Mg
alloy is different from that of fcc metals, the effect of
ECAE processing parameters on grain refinement is,
therefore, different and will be discussed as follows.

(a) The number of extrusion passes (imposed plastic
strain): Once dynamic recrystallization is completed,
the material is in a steady state and further deforma-
tion of the material cannot change the grain size.
This is the reason that the grain size of a billet in the
present research remained unchanged after 4 extru-
sion passes (equivalent strain of 2.68). Jin et al.*”’
reported the same finding for the Mg alloy. For fcc
metals, e.g., Al, which requires an equivalent strain
of more than approximately 8 to produce fine grains
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(b)
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(d)

with enough high-angle grain boundaries,>**” this is
the reason that many authors?%?!-+ 27.29) used a
large number of extrusion passes, e.g., 6 or 8 passes,
to process their Mg alloys. It is expected that billets
with a larger initial grain size will require a higher
plastic strain to complete dynamic recrystallization,
because larger grains provide less grain-boundary
area for the nucleation of new fine grains. In gen-
eral, the plastic strain needed to obtain a uniform
fine-grained structure in an Mg alloy is less than
that needed for fcc metals.

Process route: As mentioned earlier, for fcc metals,
route B, has been found to be the most effective
route in terms of grain refinement; therefore, most
authors!'® ! used route B, to process their Mg al-
loys. However, the present results indicate that
process routes A, B., and C have the same grain-
refinement effect. Although all three routes pro-
duce a similar grain size, route A is recommended
for processing the AZ31 Mg alloy, because it gen-
erates the greatest strength among these three
routes due to the texture effect.l®

Extrusion speed (strain rate): Figure 8 shows that
a higher extrusion speed can generate smaller
grains. This result is consistent with the behavior
of dynamic crystallization, specifically, that a high-
er straln rate could generate smaller recrystalhzed
grains.**3>% For fcc metals, grain refinement is
not achleved by dynamlc recrystallization; there-
fore, Berbon e al' found that the extrusion
speed had no influence on the grain size of alumi-
num and its alloys subjected to ECAE. Using a
high extrusion speed to process the AZ31 Mg alloy
has one disadvantage: A high extrusion speed
decreases the workability of the billet at low extru-
sion temperatures. As mentioned in Section III, by
using an extrusion speed of 10 cm/min, the mini-
mum workable extrusion temperature is 175 °C;
when the extrusion speed decreased to 3 cm/min,
the workable extrusion temperature dropped to
below 150 °C. Therefore, at extrusion temperatures
lower than 175 °C, the extrusion speed has to be
reduced to less than 10 cm/min. The use of a low
extrusion speed to 1m}i)rove the workability of tita-
nium and 4340 steell'" and the AZ31 alloy™*" has
been reported previously.

Extrusion temperature: Because the grain size of
the AZ31 Mg alloy subjected to ECAE is deter-
mined by the dynamic recrystallization process and
because it was reported in the literature that a low-
er deformation temperature %enerated smaller
dynamically recrystallized grains,?>*>% it is there-
fore expected that a lower ECAE extrusion tem-
perature gives a smaller grain size. Despite the fact
that a low extrusion temperature is desirable for
producing an ultrafine-grained Mg alloy, however,
there is a minimum workable extrusion tempera-
ture for a certain extrusion speed. The lower
the extrusion speed, the lower the minimum work-
able extrusion temperature. The minimum work-
able extrusion temperature also depends on the
initial grain size of the billet: The smaller the
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initial grain size, the lower the minimum workable
extrusion temperature. For example, when using
an extrusion speed of 10 cm/min, the minimum
workable extrusion temperature of a billet with a
grain size of 7 um is 175 °C; for a billet with a
grain size of 15 um, however, the minimum work-
able extrusion temperature is higher than 175 °C.
It should noted that it has been reported by Su
et al®® that extrusion at a higher temperature
gives a larger grain size. However, these authors
thought that the larger grain size was due to the
excessive grain growth caused by dynamic anneal-
ing at a higher extrusion temperature. In addition,
the present authors believed that different extru-
sion temperatures generate different sizes of
dynamic recrystallized grains, as discussed ecarlier.

(e) Die angle: Figure 3 shows that a smaller grain size
can be obtained by using the die with the 90-deg
die angle. The same result was found in alumi-
num.®! Despite the production of a smaller grain
size by using 90-deg die angle, it was found that,
due to the texture effect,!*” the strength of the bil-
let extruded by a 90-deg die angle was lower than
the strength of the billet extruded by a 120-deg die
angle. It was also found that, when using a 90-deg
die angle, the billet was more susceptible to surface
cracking.*?!

(f) Initial grain size: The initial grain size has never
been reported to have any effect on the grain
refinement of fcc metals. In contrast, the current
research found that the initial grain size had a
great effect on the grain refinement of the AZ31
Mg alloy. The larger the initial grain size, the high-
er the extrusion temperature needed; the higher the
extrusion temperature, the larger the final grain size
produced. The high extrusion temperature needed
for a large-grained billet is related to the low work-
ability of the billet. For large-grained Mg alloys,
the deformation limited by basal slip causes poor
grain-boundary compatibility. However, a higher
portion of nonbasal slip can be activated in small-
grained Mg alloys; this gives better compatibility
between the grains*>** and results in better work-
ability. Increasing the extrusion temperature can
also increase the activity of the nonbasal slip!*’)
and can, therefore, improve the workability of Mg
alloys.

The Mg alloys extruded at successive decreasing
temperatures for each extrusion pass have been
.[23,46] .
reported; however, these authors provided no
reason for their extrusion procedure. For the present
research, the development of the multitemperature
extrusion procedure is accomplished according to the
guidelines obtained from the present results, as dis-
cussed earlier. Route A and a 120-deg die angle are
chosen, because they give higher strength. A single-
temperature extrusion cannot be used to obtain an
ultrafine-grained AZ31 Mg alloy, because to obtain
such a fine grain size, the extrusion temperature has to
be very low; the AZ31 Mg alloy with a conventional
grain size, however, cannot be extruded at such a low
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temperature. The way to improve the workability of a
billet at low temperatures is to reduce the grain size of
the billet. The multitemperature extrusion procedure is
therefore developed, because extrusion at a workable
temperature could refine the grain size for the next
lower extrusion temperature, which is not a workable
temperature for the larger initial grain size. A different
extrusion speed is used at a different extrusion tem-
perature, in order to have the required workability at
different extrusion temperatures. Lower extrusion tem-
peratures have poorer workability; therefore, the
extrusion speed needs to be reduced.

When a billet was extruded using the multitempera-
ture extrusion procedure without rotation about the
extrusion axis between different temperature steps,
cracks formed and the extrusion failed. The cracks were
always found on the uF};er surface of the billet. In line
with Figueiredo er al.,”*” it was decided to rotate the
billet 180 deg about the extrusion axis between cach
temperature step. Figueiredo et al. used finite element
simulation and found that the material damage factor is
highest at the upper surface of a billet, when the strain-
rate sensitivity of the material is not zero. If a billet is
rotated 180 deg after several extrusion passes, it can
limit the accumulation of damage on the upper surface
of the billet that results from the large number of
extrusion passes. Another advantage of the 180-deg
rotation of a billet is that it may prevent the growth of
any fine cracks, if formed, during each temperature step,
because by the 180-deg rotation of a billet, the flow
direction of the material is reversed.****l When the 180-
deg rotation between each temperature step was per-
formed, a billet could be successfully extruded down to
125 °C, but not to 115 °C. It was thought that perhaps
the upper surface of the billet had already accumulated a
certain amount of surface damage during the extrusion
at 150 °C (step 2); once the surface was turned to the
upper surface position again at 115 °C (step 4), it could
not withstand any more damage and failure occurred. It
was, therefore, decided to rotate the billet 90, instead of
180, deg after extrusion at 125 °C (step 3), to avoid
having the upper surface of the billet at the 150 °C
extrusion step become the upper surface again at
115 °C. In this way, the multitemperature extrusion
procedure was successfully completed. Due to the very
effective grain refinement of this procedure, the pro-
cessed billet has the record high strength of the AZ31
alloy with reasonably good ductility.?? The success of
the development of this ECAE procedure proves that
ECAE can offer a good opportunity for the develop-
ment of high-strength Mg alloys.

It is interesting to know whether the present results
can be applied to other hcp metals, e.g., Ti. In the
literature, there are several reports on the microstructure
of Ti subjected to ECAE, e.g., References 50 through 53;
however, no occurrence of dynamic recrystallization was
reported in Ti subjected to ECAE. The extrusion
temperatures used in these articles were between 0.24
and 0.45 T,, where T,, is the melting point of Ti.
Because the effects of the processing parameters on the
grain refinement of the AZ31 Mg alloy found in the
present research are due to the occurrence of dynamic
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recrystallization during ECAE, it is certain that if
dynamic recrystallization does not occur during ECAE,
the conclusions drawn from the present research cannot
be applied. The extrusion temperatures used in the
present research are between 0.46 and 0.59 T7,,,. Here, the
solidus temperature of the AZ31 alloy, 566 °C, is
adopted as its melting point.

V. CONCLUSIONS

The present results show that the grain-refinement
process of the AZ31 Mg alloy fabricated by ECAE is
dynamic recrystallization, which is different from that of
fcc metals. Because of the difference, the effects of the
processing parameters on the grain refinement of the
AZ31 Mg alloy are quite different from those for fcc
metals.

During extrusion, once dynamic recrystallization is
completed, excessive extrusion passes provide no effect
on grain refinement. The plastic strain required for
obtaining a uniform fine-grained structure in the AZ31
Mg alloy is much less than that required for fcc metals.
All process routes give the same grain-refinement effect.
Route A gives the highest strength among all routes; this
can be attributed to the texture effect. A low extrusion
temperature is desirable for producing a fine-grained
AZ31 Mg alloy; however, for a certain extrusion speed,
there is a minimum workable extrusion temperature.
The lower the extrusion speed, the lower the minimum
workable extrusion temperature. The minimum work-
able extrusion temperature also depends on the initial
grain size of a billet; the smaller the initial grain size, the
lower the minimum workable extrusion temperature.

A multitemperature extrusion procedure has been
developed that can produce a submicron-grained AZ31
Mg alloy having a grain size as small as 0.37 ym. This
submicron-grained AZ31 Mg alloy has a record high
strength accompanied by reasonably good tensile duc-
tility. The success of the development of this ECAE
procedure proves that ECAE can offer a good oppor-
tunity for producing high-strength Mg alloys by grain
refinement.
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