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Abstract. Severe plastic deformation has been used widely to refine the grain structure and
enhance the strength of magnesium alloys. However, the processing of these materials by
Equal-Channel Angular Pressing is usually conducted at temperatures in the range from 423 to
523K due to the limited ductility available in these alloys at low temperatures. In practice, this
relatively high processing temperature leads to the occurrence of recovery and recrystallization in
these materials. An alternative approach is to process the alloys by High-Pressure Torsion (HPT)
because the imposition of a high hydrostatic pressure provides an opportunity for processing at
significantly lower temperatures. The present investigation was initiated to evaluate the evolution
of hardness and microstructure in an AZ31 alloy processed by HPT at temperatures in the range
from 296 to 473K.

1. INTRODUCTION

Magnesium alloys have a great potential for use as
structural materials for aerospace, automotive and
electronics applications owing to their low density
and high strength-to-weight ratio. Of the various
commercial Mg alloys, those developed from the
Mg-Al-Zn ternary system, designated as the AZ al-
loy system, have generally found the largest num-
ber of industrial applications [1]. However, the fabri-
cation of magnesium parts, including through forg-
ing and sheet rolling, is limited due to the relatively
low ductility of magnesium alloys owing to their h.c.p.
crystal structure [2].

Severe plastic deformation (SPD) has been
widely used to refine the grain structure and en-
hance the strength of magnesium alloys. Neverthe-
less, the processing of these materials by Equal-

Channel Angular Pressing (ECAP) is usually con-
ducted at temperatures in the range of about 423 to
523K due to the limited ductility of the alloys at low
temperatures [2-20]. This means in practice that
special procedures must be undertaken when pro-
cessing magnesium alloys by ECAP in order to
avoid the development of segmentation and crack-
ing during the processing operation [21-24]. Alter-
natively, High-Pressure Torsion (HPT) is a process-
ing technique that provides an opportunity for pro-
cessing these alloys at significantly lower tempera-
tures due to the imposition of a high hydrostatic
pressure during the processing operation. Although
some limited results are now available on the pro-
cessing of the AZ31 magnesium alloy [25-27] and
an Mg-Gd alloy [28] by HPT, the processing is gen-
erally conducted at fairly high temperatures and there
has been no systematic study of the microstruc-
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tural evolution and strength of an AZ31 alloy when
processing by HPT at different temperatures. The
present investigation was initiated to examine the
evolution of hardness and microstructure in an AZ31
alloy processed by HPT at temperatures in the range
from 296 to 473K.

2. EXPERIMENTAL MATERIAL AND
PROCEDURES

The material used in this investigation was a com-
mercial AZ31 all]y  Mg–3% Al–1% Zn) supplied by
Timminco Co. (Aurora, CO) as extruded rods hav-
ing a diameter of 10 mm. The as-received micro-
structure is shown in Fig. 1. In the unprocessed
condition, the average grain size was ~9.4 m and
the average Vickers microhardness was ~55 Hv [25].
The extruded rods were sliced into discs with thick-
nesses of ~1.5 mm and ground with abrasive pa-
pers to final thicknesses of ~0.8 mm.

These discs were processed by HPT under quasi-
constrained conditions [29] to total turns, N, of 1
and 5. Three different temperatures were used for
the processing: 296, 373, and 473K. All discs were
processed using an imposed pressure of 6.0 GPa
and a rotational speed of 1 rpm. Elevated tempera-
tures were achieved using a small furnace with the
temperature held c]nstant t] ±5=.

Following HPT, the processed discs were
mounted in cold resin and carefully ground with abra-
sive paper in order to remove layers of ~0.1 mm
thickness from the disc surfaces. The samples were
polished on cloth with diamond paste and a final
polishing was performed using a colloidal silica so-
lution.  The polished surfaces were etched using an
acetic picral solution (5 mL of acetic acid, 6 g of
picric acid, 10 mL of water and 100 mL of ethanol)
in order to reveal the grain boundaries. The micro-
structures were examined using an Olympus opti-

Fig. 1. Microstructure of the as-received AZ31
alloy.
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Fig. 2. Microstructures after  HPT processing at
296K for N = 1 turn at (a) the centre, (b) the half-
radius and (c) the edge of the disc.

cal microscope (OM). Representative images of the
grain structures were recorded at different locations
along the diameter of each disc at the centre, half-
radius and edge positions.

Grain sizes were measured using the linear in-
tercept method with a count of at least 400 grains.
Measurements were taken along a number of differ-
ent lines and then the average grain sizes and the
associated 95% error bars were estimated.  Mea-
surements of the Vickers microhardness, Hv, were
recorded on polished mirror-like disc surfaces us-
ing a Zwick Indentic microhardness tester equipped
with a Vickers indenter.  The hardness measure-
ments used a load of 200 gf and a dwell time of
10 s. These measurements were taken at positions
along the disc diameters separated by incremental
distances of 0.3 mm. Four individual indentations
were recorded around each selected position sepa-
rated from the selected position by distances of 0.15
mm. These measurements were used to give the
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Fig. 3. Microstructures after  HPT processing at
296K for N = 5 turns at (a) the centre, (b) the half-
radius and (c) the edge of the disc.

Fig. 4. Microstructures after  HPT processing at
373K for N = 1 turn at (a) the centre, (b) the half-
radius and (c) the edge of the disc.

variation of Hv across each disc together with the
associated error bars.

3. EXPERIMENTAL RESULTS

3.1. Microstructure evolution during
HPT at 296K

Figs. 2 and 3 show the microstructures after HPT
processing at 296K at different positions on the discs
with N = 1 and N = 5 turns: the individual images
correspond to (a) the centre, (b) the half-radius and
(c) the edge of each disc, respectively. It is appar-
ent that the cental and half-radius areas of the discs
show typical bi-modal grain structures with a small
fraction of coarser grains mixed with a large fraction
of ultrafine grains. By contrast, the edge areas pre-
sented in Figs. 2c and 3c show only a small num-
ber of coarser grains and generally the grain size is
exceptionally small. Thus, the grain structure be-
comes more uniform both with increasing numbers

of turns and with increasing displacement from the
centre of the disc. However, although a significant
grain refinement was attained, a small number of
coarser grains remained even at the outer edge af-
ter 5 turns.

3.2. Microstructure evolution during
HPT at 373K

The microstructures achieved at the higher process-
ing temperature of 373K are shown in Figs. 4 and 5
for N = 1 and N = 5, respectively, where again the
images relate to (a) the centre, (b) the half-radius
and (c) the edge of each disc. For N = 1, the centre
and half-radius areas again exhibit a bi-modal grain
structure but this bimodality is reduced at the outer
edge of each disc. There are also similar results for
N = 5 turns. In practice, therefore, the finer grains
gradually occupy larger volumes of the sample with
increasing deformation.
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Fig. 5. Microstructures after  HPT processing at
373K for N = 5 turns at (a) the centre, (b) the half-
radius and (c) the edge of the disc.

Fig. 6. Microstructures after  HPT processing at
473K for N = 1 turn at (a) the centre, (b) the half-
radius and (c) the edge of the disc.

3.3. Microstructure evolution during
HPT at 473 K

Figs. 6 and 7 show the microstructures of the AZ31
alloy processed at 473K through N = 1 and N = 5
turns, respectively, with the images corresponding
to (a) the centre, (b) the half-radius and (c) the edge
of each disc.  It is readily apparent that there is a
heterogenous distribution of grains within the discs
at 473K for N = 1 turn such that the centre area has
mixed coarser and ultrafine grains, the half-radius
area shows smaller coarse and fine grains and the
edge area generally displays ultrafine grains.

3.4. Grain size evolution

Because the limiting grain size resolution for the
use of OM is generally taken as ~0.4 m, some of
the ultrafine grains sizes in these materials are close
to the limit for accurate grain size determinations.
Nevertheless, by taking a number of measurements

using the linear intercept method, it was feasible to
determine the average grain sizes and the associ-
ated error bars at the 95% level. The results are
shown in Table 1 for discs processed by 1 and 5
turns at the three different processing temperatures.
These results provide valuable information on the
trend for grain size evolution.

It is apparent from Table 1 that the average grain
size is reduced with increasing numbers of turns in
HPT processing at 296K. Thus, the average grain
sizes at N = 5 tend to be finer than at N = 1 in the
centres and at the half-radii and furthermore the edge
values are smaller than the values at the half-radius
and the centre.  A similar trend is apparent for the
discs processed at 373K and there is no evidence
for grain growth at this temperature.

The individual grain size measurements for the
disks processed at 473K are also shown in the lower
section of Table 1. It is important to note that the
measured grain sizes after N = 5 turns are now sig-
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Fig. 7. Microstructures after  HPT processing at
473K for N = 5 turns at (a) the centre, (b) the half-
radius and (c) the edge of the disc.

Temperature (K) Number of turns Position Average grain size ( m)

296 1 Centre 1.4±0.1
Half-radius 1.2±0.2
Edge 0.9±0.1

5 Centre 1.2±0.2
Half-radius 1.0±0.2
Edge 0.9±0.1

373 1 Centre 1.2±0.4
Half-radius 1.1±0.2
Edge 0.8±0.2

5 Centre 1.1±0.1
Half-radius 0.9±0.2
Edge 0.8±0.1

473 1 Centre 2.4±1.2
Half-radius 1.2±0.5
Edge 1.0±0.4

5 Centre 4.2±1.4
Half-radius 2.6±0.5
Edge 2.3±0.5

Table 1. Summary of average grain sizes at the different positions on the discs processed by 1 and 5 turns
of HPT at 296, 373, and 473K.

nificantly larger, instead of smaller, than the grain
sizes measured after N = 1 turn. These results dem-
onstrate that this processing temperature leads to
grain growth and the growth process becomes more
significant when the processing time is increased.
This is consistent with the necklace-like microstruc-
ture which is an inherent feature of the dynamic
recrystallization of magnesium alloys processed in
the temperature range ]f ~400–600= [15,30,31]. In

this process, new finer grains form along the origi-
nal grain boundaries of the initial coarser structure
and these finer grain gradually consume the larger
grains and thereby produce an ultrafine structure.
This refinement process for h.c.p. metals is differ-
ent from the process for f.c.c. metals under ECAP
conditions where the large grains become subdi-
vided by boundaries having low angles of
misorientation [32] and these subgrain boundaries
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gradually evolve with increasing strain into high-angle
boundaries [33,34].

3.5. Measurements of the Vickers
microhardness

The Vickers microhardness results are shown in
Fig. 8 for temperatures of (a) 296K, (b) 373K and (c)
473K, respectively: in each plot, individual datum
points are shown for N = 1 and N = 5 plotted as a
function of the distance across each disc. These
plots show an important result because at 296 and
373K the hardness values for N = 1 lie consistently
below the hardness values for N = 5 whereas at the
higher temperature of 473K the hardness values for
N = 1 lie above the values for N = 5. This result is a
consequence of the advent of grain growth at the
higher temperature so that larger grain sizes are
observed after processing through longer time as
when conducting HPT through N = 5 revolutions.

An additional observation is that the hardness
measurements in the centres of the discs tend to
be lower at 296 and 373K and this trend is obvious
especially at N = 1 turn. By contrast, there is a

(a) (b)

(c)

Fig. 8. Distribution of Vickers microhardness, Hv, along the diameters of discs processed by HPT for 1 and
5 turns at temperatures of (a) 296K, (b) 373K and (c) 473K.

reasonably similar level of hardness across both
discs when processing at the highest temperature
of 473K. It is also apparent that the fluctuations in
the individual hardness values are lowest at 473K
for both the N = 1 and N = 5 discs.

4. DISCUSSION

4.1. The effect of temperature on
microstructure and hardness

Table 1 shows the grain size variations at the differ-
ent processing temperatures for samples strained
through 1 and 5 turns. For both N = 1 and N = 5, the
materials processed at 296 and 373K have fine grain
sizes whereas at 473K the grain sizes are much
coarser and the sizes increase with additional tor-
sional straining. These measurements confirm the
advantage of processing the AZ31 alloy at a rela-
tively lower temperature, at least below ~400K. Thus,
processing at 296 and 373K avoids the problem of
grain growth which is an inherent feature of process-
ing at higher temperatures. If the limited numbers of
coarser grains are excluded, the ultrafine grain sizes
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Fig. 9. Saturation or steady-state grain size versus
homologous temperature used for processing for a
range of pure metals [60].

are similar after processing at both 296 and 373K.
By contrast, the grain refinement at 473K appears
to result from the concurrent effects of the forma-
tion of a large population of small recrystallized
grains at the original grain boundaries and the frag-
mentation of the larger grains by twining whereby
the twin boundaries then serve as nucleation sites
for new recrystallized grains [2].

The hardness values are documented in detail
in Fig. 8 and they show the values at 296 and 373K
are significantly higher than at 473K. However, the
hardness distributions across the diameters of the
discs are more homogeneous after processing at
473K and by contrast there is a high degree of inho-
mogeneity when processing at the two lower tem-
peratures. Furthermore, the hardness values tend
to increase with increasing torsional straining at 296
and 373K but at 473K the trend is in the opposite
sense because of the advent of grain growth.

4.2. The effect of temperature on the
saturation grain size

An important parameter in HPT processing con-
cerns the final or saturation grain size which is at-
tained after HPT processing through a large num-
ber of turns [35-37]. Although the grain size is usu-
ally significantly refined in HPT processing because
the initial grain size is relatively coarse, numerous
experiments have demonstrated that, when using
samples with exceptionally small initial grain sizes
as in materials prepared using electrochemical
deposition, the grains may grow during HPT to at-
tain a saturation size which is within the
nanocrystalline range but nevertheless is larger than
the initial value [38-45]. These experiments demon-
strate the critical importance of the saturation grain
size in HPT processing. It is important to note that
it is not possible to delineate a saturation grain size
in the present experiments when processing by HPT
at 473K because the grains continue to grow at this
higher processing temperature. By contrast, the
measured experimental grain sizes are close to their
saturation values when processing at 296 and 373K.

One method of estimating the saturation grain
size in HPT processing is to make use of a relation-
ship developed by Mohamed [46] for processing by
ball-milling. For these conditions, the minimum or
saturation grain size, dmin, was predicted to vary with
the stacking-fault energy of the material, , through
a relationship of the form

q
d

A
b Gb
min ,  (1)

where b is the Burgers vector, G is the shear modu-
lus, q is an appropriate exponent, and A is a dimen-
sionless constant. There are experimental results
showing some success with this type of relation-
ship, at least in terms of the power-law dependence
on the stacking-fault energy [47,48]. There are also
many reports suggesting the importance of the
stacking-fault energy in SPD processing [49-59].

Very recently, an alternative approach was pro-
posed by Edalati and Horita [60] in which, using
experimental data for a number of pure metals, it
was demonstrated that the saturation or steady-state
grain size varies linearly with the homologous tem-
perature, T/Tm, associated with the processing,
where Tm is the absolute melting temperature. The
results of this analysis are shown in Fig. 9 and the
analysis incorporates data from several f.c.c. met-
als, two tetragonal metals and one h.c.p. metal (Zn).
Also superimposed on Fig. 9 are the experimental
values associated with the three processing tem-
peratures used in the present experiments. It is
apparent that the present data lie below the line of
best fit reported by Edalati and Horita [60] with a
discrepancy of close to one order of magnitude.
Furthermore, the present results suggest very simi-
lar grain sizes after processing at 296 and 373K
and with a significantly larger grain size at 473K
due exclusively to the presence of grain growth.
Further experiments are now needed to clearly iden-
tify the experimental factors which determine the
magnitude of the saturation grain size in HPT pro-
cessing.

5. SUMMARY AND CONCLUSIONS

1. A magnesium AZ31 alloy was processed by HPT
at temperatures of 296, 373 and 473K. The results
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show that processing at 296 and 373K produces
similar ultrafine grain sizes but processing at 473K
leads to a larger grain size because of grain growth.
2. The values of the Vickers microhardness are rea-
sonably homogeneous across the disc diameters
after processing at 473K but there is significant in-
homogeneity in the hardness values after process-
ing at 296 and 373K. The measured hardness val-
ues are lower at 473K because of grain growth.
3. It was suggested recently that the saturation grain
sizes in HPT processing vary linearly with the ho-
mologous temperature used for the processing
operation. The present results suggest instead that
the ultrafine grains are reasonably similar at both
296 and 373K but there is evidence for grain growth
at 473K.
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