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Abstract: Pure Mg was subjected to high-pressure torsion (HPT) at room temperature, and the structural and hardness evolutions
were studied. In addition, the grain size evolution during the hardness steady state was investigated. The results indicate that the
hardness HV initially increases with increasing the equivalent strain, reaches a maximum value of ~530 MPa, and then decreases to a
steady-state level at large strains. However, although the hardness reaches the steady state, the average grain size does not reach a
steady state. The evolution of the grain size is different from that the hardness during HPT processing. The continuously decreased
grain size during harness steady state may be caused by the annihilation of the dislocations during dynamic recovery or dynamic
recrystallization which is resulted from the temperature rising during the continuous HPT processing and the low melting
temperature of Mg.
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High-pressure torsion (HPT) is a severe plastic
deformation (SPD) technique where a thin disc or ring is
placed between two massive anvils under a high pressure
and intense shear strain is introduced by rotating the
anvils with respect to each other [1,2]. Application of HPT
has shown that the microstructure as well as the hardness
and strength evolves into a steady state with continuous
straining[3-6]. It was shown that the homologous
temperature, T/T m (T is the processing temperature and T m
is the melting temperature), is a dominant parameter to
determine the steady-state grain size in pure metals
processed by HPT and the grain size increases with
increasing the homologous temperature[7-10]. Numerous
reports are now available to describe the application of
HPT to a range of pure metals. It is well accepted that
three kinds of different hardness-strain behavior can be
concluded for pure metals: (1) The hardness initially
increases with increasing the strain but saturates to a steady
state at large strains, such as Nb [11], Ni [9] and Cu[12-14]; (2)
after reaching a maximum, the hardness decreases to a
steady-state level, such as high purity Al [15,16] and Mg[17]

(Mg was also reported for the behavior 1[18]); (3) the
hardness slightly decreases and reaches a steady state at
large strains, such as Zn[19], Pb [7] , Sn [7] and In[7]. It is
commonly considered that when the hardness reaches the
steady state, the grain size also reaches a steady state [8],
and few studies have focused on the grain size evolution
during the hardness steady state. In addition, the average
grain size at the steady state of the same metal was
reported variously. For high purity Al, the average grain
size at the steady state was reported to be 1.2 µm [20], 1.5
µm [1], 1.9 µm [21] and 2.1 µm [6] . The large steady-state
grain size in Al is attributed to its high stacking fault
energy (SFE) [2,22] or to its low melting temperature [23].
The melting temperature (Tm) and SFE of Mg are similar
to Al, and the average grain size at the steady state of Mg
was reported 1.0 µm [17]. Up to now, few investigations
were focused on the grain size evolution of HPT treated
pure Mg. Thus in this paper, the structural and hardness
evolutions of pure Mg subjected to high pressure torsion
were studied, and the grain size evolution during the
hardness steady state was investigated and discussed.
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Experiment

This work was carried out on commercially pure Mg with
a purity of 99.8%. Cylindrical rods of pure Mg, 20 mm in
diameter, were cut from the as-received ingot. The rods
were sliced into discs with 0.8 mm in thickness using a
wire-cutting electric discharge machine. HPT was
conducted using a quasi-constrained HPT facility [24]. Discs
were subjected to HPT under a pressure of 4 GPa and
subsequently shear strain was imposed through either N = 1,
3, 5, 10, or 20 revolutions with a rotation speed of 1
revolution per minute (r/min).
After HPT processing, the disks were mechanically
polished to produce a mirror-like surface using diamond
lapping films for hardness testing. Hardness measurements
were carried out by an FEI-VM50 PC Vickers hardness
testing machine at room temperature with a load of 50 g and
dwell time of 15 s. The hardness was measured at points
with radius values from 0.5 mm to 9.5 mm with an
increment of 0.5 mm and the hardness value for each radius
value was averaged from 8 datum points positioned by a
rotational increment of 45o around the disk centre. TEM
specimens were prepared by a twin-jet polishing technique
in a mixture of 5% perchloric acid and 95% ethyl alcohol at
233 K. The TEM investigations were carried out by a JEOL
2100F microscope operating at 200 kV. In order to facilitate
discussion, the locations for TEM foil specimens were
named regions ĉ, Ċ and ċ, corresponding to the region
at r=1.5 mm, r=4.5 mm and r=7.5 mm, respectively. The
average grain sizes of the samples were examined using
TEM. The values were obtained by measuring two
orthogonal axes of the grains for more than 100 grains, and
the low-angle grain boundaries were excluded in the
measurements.
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Results and Discussion

Fig.1a shows the variation in hardness with the distance
from the center of the samples after 1 to 20 revolutions.
The hardness variation is irregular and strongly depends
on the revolution number. The hardness increases with
respect to the distance from the center for 1 revolution.
However, the hardness exhibits a decrease with an
increase in the distance from the center to the edge for 3, 5,
10 and 20 revolutions. It should be noted from Fig.1a that
the hardness of 10 and 20 revolutions are lower than that
of samples after 3 and 5 revolutions. To demonstrate the
hardness evolution with respect to equivalent strain, all
hardness values in Fig.1a are plotted against the
equivalent strain in Fig.1b as attempted in the earlier
papers [2,17,22]. The minimum average grain size is ~343 nm.
The equivalent strain was calculated as [3]:
2πrN
(1)
ε=
3t

where r is the distance from the disc center, N is the
number of revolutions and t is the thickness of the disc.
It is apparent that all data points now lie on a unique
curve, reaching a maximum at an equivalent strain of ~30,
thereafter leveling off at an equivalent strain of ~200.
This is then followed by the onset of a steady state where
the hardness remains unchanged with further straining.
The hardness-strain evolution agrees well with the
previous investigations on high purity Al [15,16] and Mg [17] .
The mechanism for the unusual softening of pure Al at
large strains was considered to be attributed to dynamic
or fast static recovery due to easy cross-slip and/or
dislocation climb arising from large SFE and low melting
temperature [22,23] . Edalati et al. [17] indicated that although
it is difficult for the cross-slip to occur in the hexagonal
close-packed (hcp) metals, dislocation climb can still be
activated to promote the softening in Mg because
self-diffusivity of Mg is high and the homologous
temperature of 0.32 is high enough to drive the recovery
process. It should be noted that the equivalent strains of
reaching a maximum and leveling off hardness are
delayed compared with previous study [17] , which may be
due to the lower HPT pressure (4 GPa) and larger
specimen diameter (20 mm).
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Fig. 1

Vickers microhardness as a function of the distance from
the disc center (a) and the equivalent strain (b) of the
samples processed by HPT for various revolutions
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Optical microscopy micrograph (not shown here) shows
an average grain size ~1.5 mm for the undeformed sample.
Fig.2 shows the bright field TEM images of the samples
after HPT treatment. Figs.2a~2c are recorded from the
regions ĉ, Ċ and ċ of the sample after HPT for 1
revolution, respectively. Figs.2d~2f are recorded from the
region ċ of the samples after HPT for 3, 5 and 20
revolutions, respectively. After HPT processing, a large
number of the dislocations are visible in the still large
grains in Fig.2a (ε= 8). With increasing the equivalent strain
to 20, the dislocations are tangled, subgrains are formed
along the shear direction and many dislocations are visible
in the grains, as shown in Fig.2b. With further increasing
the equivalent strain to 34, the high angle grain boundaries
are apparent and some dislocations can still be visible
within the grains, as shown in Fig.2c. The increased
dislocations density, dislocations tangling and grain
refinement lead to the increase of the hardness. On the other
hand, less dislocations are visible within the grains in
Fig.2d when the equivalent strain reaches 102.
Recrystallized grains can be observed in Figs. 2e (ε = 169)
and 2f (ε = 678) since very few dislocations can be observed
within the grains. The decreased dislocation density and
dynamic recrystallization lead to the decrease of the
hardness. It is worth mentioning that the grain size in Fig.2f
are smaller than that in Figs. 2d and 2e. It is commonly
accepted that after continuous processing by HPT a steady
state should be reached, and the grain size should remain
unchanged with further straining [8]. While in this study, it
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can be observed that the grain size continues to decrease
after the hardness reaches the steady state.
To further understand the grain size evolution during the
HPT processing, statistical analysis on the grain size of
different samples are shown in Fig.3. The average grain
sizes of the samples were examined using the TEM. The
values were obtained by measuring the two orthogonal axes
of the grains for more than 100 grains. The low-angle grain
boundaries were excluded in the measurements. From the
statistical analysis in Fig.3, it can be seen that the average
grain size decreases with decreasing the distance from the
center and increasing the revolution number. To
demonstrate the grain size evolution with respect to the
equivalent strain, all the average grain sizes in Fig.3 are
plotted against the equivalent strain in Fig.4. It is apparent
that the average grain size decreases initially with
increasing the equivalent strain (stage 1), and then reaches a
steady state (stage 2). With further increasing the equivalent
strain the average grain size decreases again (stage 3). It is
worth mentioning that although the hardness reaches a
steady state, the grain size continues to decrease with
further straining, and the minimum average grain size in the
present study is ~343 nm. Traditionally, during the steady
state by HPT processing, both the grain size and the
hardness remain constant because of the balance between
dislocation accumulation and grain refinement, and
dislocation annihilation and destruction of the grain
boundaries[8]. Different mechanisms were reported about
the steady state in HPT processing, including dynamic
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Fig. 2

TEM micrographs in the different regions of the samples processed by HPT for various revolutions: (a) regionĉ, (b) region Ċ,
and (c) region ċ for 1 revolution; region ċ for 3 (d), 5 (e) and 20 (f) revolutions
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Statistical analysis of the grain size in the different regions of the samples processed by HPT for various revolutions
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recovery[25], dynamic recrystallization[26,27], grain boundary
migration[28] and grain rotation[29]. The average grain size
decrease in the stage 3 with a steady hardness may be
caused by the annihilation of the dislocations during
dynamic recovery or dynamic recrystallization, resulted
from the temperature rising during the continuous HPT
processing and the low melting temperature of Mg. Our
study showed that the grain size evolution of pure Mg
during HPT is different from the hardness evolution, due to
the different dominant mechanisms during the deformation
processing.
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Conclusions
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1) The hardness HV initially increases with increasing
the equivalent strain, reaches a maximum value of ~530
MPa, and then decreases to a steady-state level at large
strains.
2) The grain size of pure Mg during HPT processing is
independent on the hardness evolution, and the average
grain size continues to decrease with further straining
although the hardness reaches a steady state. The minimum
average grain size in this study is ~343 nm.
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㒃䬕催य़ᡁ䕀໘⧚Ёⱘ㒧ᵘঞ⹀ᑺⓨব
乒 ঞˈᴼᰧ䕝ˈ 乖ˈᅟ ᯐ
(Ёफᄺ ㉝ފ䞥ᆊ䞡⚍ᅲ偠ᅸˈफ 䭓≭ 410083)
ᨬ

㽕˖ⷨおњ㒃䬕ᅸ⏽催य़ᡁ䕀໘⧚䖛Ёⱘ㒧ᵘঞ⹀ᑺⓨবˈ㋏㒳㋶њ⹀ᑺ䖒ࠄ〇ᗕৢᯊ㉦ሎᇌⱘⓨবǄ㒧ᵰ㸼ᯢˈবᔶ

ⱘ߱ྟ䰊↉⹀ᑺ HV 䱣ⴔᑨবⱘࡴ㗠ˈᑊ䖒ࠄϔϾ᳔ؐ˄~530 MPa˅ˈ䱣ৢ⹀ᑺ HV 䱣ⴔᑨবⱘࡴᇚ䰡ԢࠄϔϾ〇ᅮؐǄ✊
㗠ˈᔧ⹀ᑺؐ໘Ѣ〇ᗕᯊˈ㉦ሎᇌᑊϡᰃ໘Ѣ〇ᗕǄ催य़ᡁ䕀ⱘ䖛Ёˈ⹀ᑺؐ䱣ᑨবⱘⓨব㉦ሎᇌ䱣⹀ᑺؐⱘⓨবᰃϡϔ㟈
ⱘǄᔧ⹀ᑺؐ໘Ѣ〇ᗕᯊˈ㉦ሎᇌ䖯ϔℹޣᇣᰃ⬅Ѣࡼᗕಲࡼᗕݡ㒧䗴៤ⱘԡ䫭⑂♁Ǆ㗠ࡼᗕಲࡼᗕݡ㒧ⱘথ⫳ᴹ⑤Ѣ
催य़ᡁ䕀䖛Ёⱘ⏽ᑺϞछҹঞ㒃䬕䕗Ԣⱘ❨⚍Ǆ
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