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a b s t r a c t

An Al–1% Mg solid solution alloy with an annealed grain size of �400 μm was processed by high-
pressure torsion (HPT) to produce a grain size of �200 nm with a high fraction of high-angle grain
boundaries. Tensile testing at room temperature showed this material exhibited excellent strength but
with little or no ductility. It is demonstrated that a combination of reasonable ductility and good strength
may be achieved by subjecting samples to a short term anneal of 10 min following the HPT processing.
Annealing at 423 K increased the average grain size to �360 nm, reduced the overall strength to a value
that was �75% of the value without annealing but gave reasonable elongations of up to 40.2. Both the
initial unprocessed Al–Mg alloy and the sample annealed after HPT exhibited serrated flow due to the
Portevin–Le Chatelier (PLC) effect. The results suggest that the introduction of short-term annealing after
HPT processing may be an effective and simple procedure for achieving a reasonable level of strength
together with good ductility after processing by HPT.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The processing of metals through the application of severe
plastic deformation (SPD) is now an established procedure for
producing bulk fully-dense solids with ultrafine-grained (UFG)
structures and grain sizes within the submicrometer or nanometre
ranges [1]. Two SPD methods currently receiving considerable
attention are equal-channel angular pressing (ECAP) [2] and high-
pressure torsion (HPT) [3]. After SPD processing, it was established
that UFG metals have highly deformed microstructures with high
dislocation densities within the grains [4] and with high-energy
non-equilibrium grain boundaries containing an excess of extrinsic
dislocations [5,6].

Generally, UFG metals exhibit high strength but their ductility
is limited because they have both a low rate of strain hardening
and a low strain rate sensitivity [7,8]. Several techniques have
been proposed to improve the ductility after SPD processing and
one method is to subject the processed material to a short-term
anneal. This procedure has the potential of ordering the defect
structures within the grain boundaries and thereby producing

more equilibrated grain boundaries without incurring any signifi-
cant grain growth. Reports are available showing the general
validity of this approach for Cu processed by ECAP [9], commercial
purity Ti processed by ECAP and drawing [10] and ECAP—Conform
and drawing [11], Ti processed by HPT [12] and a Ti–6Al–4V alloy
processed by ECAP—Conform and extrusion [13].

The present investigation was initiated in order to determine
the effect of short-term anneals of 10 min on the microstructures
and room temperature mechanical properties of a UFG Al–1% Mg
solid solution alloy processed by HPT. This alloy was selected
because there is only limited information on the processing of this
alloy by HPT but it is well established that the alloy exhibits
excellent grain refinement, with grain sizes of o500 nm, when
processed by ECAP [14,15].

2. Experimental material and procedures

An Al–1.0% Mg solid solution alloy was used in this study with
the composition given in wt% (equivalent to Al–1.1 at% Mg). The
material was received in the form of extruded rods having
diameters of 13 mm and, prior to any machining, these rods were
annealed for 1 h at 773 K to give an average initial grain size of
�400 μm. After annealing, the rods were machined to reduce the
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diameters to 9.85 mm and then sliced into discs with thicknesses
of �1.2 mm. These sliced discs were ground with abrasive papers
to final thicknesses of �0.8 mm and then processed by HPT at
room temperature under quasi-constrained conditions [16,17]
through total numbers of turns, N, of 1/4, 1/2, 1, 3, 5 and 10. The
HPT processing was conducted as described in an earlier report
[18] except that an MoS2 lubricant was not placed around each
disc on the upper and lower anvils prior to processing. The HPT
was performed using an imposed pressure of 6.0 GPa and a
rotational speed for the lower anvil of 1 rpm. Following HPT, some
of the samples processed through the maximum of 10 turns were
selected for short term annealing in a vacuum for 10 min at the
relatively low temperatures of 373, 423, 473 and 523 K.

Both the HPT-processed discs and the post-HPT annealed discs
were carefully ground with abrasive paper in order to remove
layers of �0.1 mm thickness from the disc surfaces. The samples
were then polished on cloth with diamond paste; a final polishing
was performed using a colloidal silica solution and the distorted
surface layer with a thickness of several micrometres was removed
by Ar ion milling. The grain structures in the HPT-processed and
the post-HPT annealed specimens were examined near the edges
of the discs by electron back-scattered diffraction (EBSD) using a
FEI Quanta 3D scanning electron microscope (SEM). For the initial
annealed and unprocessed material, the microstructure was
examined using a JSM6500F thermal field emission SEM coupled
with EBSD.

The microstructures of the Al–1Mg samples were also studied
at the peripheries of the HPT-processed discs using X-ray line
profile analysis. The X-ray line profiles were measured using a
high-resolution rotating anode diffractometer (type: RA-Multi-
Max9, manufacturer: Rigaku) using CuKα1 (λ¼0.15406 nm)

radiation. Two-dimensional imaging plates detected the Debye–
Scherrer diffraction rings. The line profiles were determined as the
intensity distributions perpendicular to the rings which were
obtained by integrating the two-dimensional intensity distribu-
tions along the rings. The line profiles were then evaluated using
extended Convolutional Multiple Whole Profile (eCMWP) analysis
[19,20].

The Vickers microhardness, Hv, was measured on polished
mirror-like disc surfaces using an FM300 microhardness tester
equipped with a Vickers indenter. Each hardness measurement
used a load of 100 gf and a dwell time of 15 s. These measure-
ments were taken at positions along the disc diameters separated
by incremental distances of 0.3 mm and with the average hardness
at each position estimated from four individual points recorded
around the selected position and separated by distances of
0.15 mm. These measurements were used to provide the variations
of hardness across each disc together with the associated error
bars recorded at the 95% level.

Tensile specimens were cut from three different sets of sam-
ples: from annealed and unprocessed samples, from samples
processed by 10 turns of HPT and from samples processed through
10 turns of HPT and then subjected to post-HPT annealing
treatments at 423, 473 or 523 K. To avoid any problems associated
with the occurrence of microstructural inhomogeneities in the
centres of the discs, these tensile specimens were prepared using
electro-discharge machining where two separate specimens were
cut from each disc and these specimens were placed symmetri-
cally on either side of the centre of the disc with the central point
of each sample located at 2 mm from the disc centre [21]. All
tensile specimens were pulled to failure at room temperature
using an Instron testing machine operating at a constant rate of

Fig. 1. Microstructures after HPT processing through (a) 1, (b) 3, (c) 5 and (d) 10 turns.
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cross-head displacement with initial strain rates of 1.0�10–4,
1.0�10�3 and 1.0�10�2 s�1.

3. Experimental results

3.1. The grain structure and grain boundary misorientation
evolution during HPT

Typical EBSD images are shown in Fig. 1 taken near the edges of
the discs for samples processed by HPT through (a) 1, (b) 3, (c) 5
and (d) 10 turns. To provide comprehensive microstructural
information, the corresponding distributions for the measured
grain sizes are shown in Fig. 2 for the same numbers of turns.
Thus, there is very significant grain refinement even after 1 turn of
HPT where the grain size has been reduced from an initial value of
�400 μm to a value of �240 nm in Fig. 2(a). After 3 turns there is
little or no additional grain refinement in Fig. 1(b) but the grains
are beginning to show an elongated configuration and the average
size is again �240 nm in Fig. 2(b). Further torsional straining to
5 turns leads to very clear grain elongation and a smaller average
grain size of �200 nm. Finally, after 10 turns there are some
relatively coarse grains within the elongated microstructure as in
Fig. 1(d) and this leads to a larger average grain size of �230 nm.
This transition through grain refinement in the early stages to the
later development of some limited coarse grains is supported by
the grain size histograms shown in Fig. 2.

The distributions of the grain boundary misorientations are
given in Fig. 3 after HPT through (a) 1, (b) 3, (c) 5 and (d) 10 turns
where misorientation angles 4151 are taken as high-angle
boundaries and the solid curves represent the statistical prediction

for a set of random orientations [22,23]. After 1 turn of HPT there
is a very high fraction of �80% of high-angle boundaries and this
fraction increases slightly to �85% after 5 turns and then
decreases again to �80% after 10 turns. Since these fractions are
sufficiently similar it is reasonable to conclude that there is no
significant change with increasing numbers of turns in HPT.
Furthermore, as with pure Al [24] and with the same Al–1% Mg
alloy [25] processed by ECAP, the theoretical distribution is not
fully attained because there is an excess of boundaries having low
angles of misorientation. This is generally attributed to the large
numbers of dislocations and the associated development of new
low-angle boundaries that continue throughout processing by HPT
or ECAP.

3.2. The hardness evolution during HPT

The evolution in hardness with increasing numbers of HPT
turns is shown in Fig. 4 where the lower dashed line corresponds
to the initial hardness of HvE37 in the annealed material and
experimental points are shown for the hardness values across the
discs after processing from 1/4 to 10 turns. Inspection shows that
after 1/4, 1/2 and 1 turn the hardness values increase significantly
around the edges of each disc but there are smaller increases near
the centres. This is consistent with the expectations for HPT
processing because the equivalent von Mises strain, εeq, imposed
on the disc is given by the relationship [26]:

εeq ¼
2πNr
h

ffiffiffi

3
p ð1Þ

where r is the radial distance from the centre of the disc and h is
the initial height (or thickness) of the disc. It follows from Eq. (1)
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Fig. 2. Grain size distributions after HPT processing through (a) 1, (b) 3, (c) 5 and (d) 10 turns.
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that the strain has a maximum value at the outer edge of the disc
and it is equal to zero at the centre of the disc where r¼0.

It is also apparent that after 3, 5 and 10 turns the hardness
values appear to be reasonably homogeneous across the disc
diameters so that the values have reached an essentially stable
condition. This follows the prediction of strain gradient plasticity
modelling which shows that the hardness values will gradually
evolve with increasing torsional straining in HPT processing
towards an essentially uniform distribution [27]. In practice, close
inspection of Fig. 4 shows that the hardness values recorded after
10 turns are slightly larger than after 3 and 5 turns.

3.3. The evolution of microhardness and grain structure after the
post-HPT annealing treatment

In order to investigate the effect of a short post-HPT annealing
treatment, samples processed through 10 turns of HPT were
annealed for 10 min at selected constant temperatures from 373 to
523 K. Fig. 5 shows the microstructures developed after annealing at
(a) 373, (b) 423, (c) 473 and (d) 523 K where (a) and (b) have the
same magnification as in Fig. 1 but (c) and (d) have a lower
magnification. The microstructure after annealing at 373 K looks
very similar to the microstructure shown in Fig. 1(d) after 10 turns of
HPT and the grains again have an elongated appearance with an
average grain size of �210 nm. After annealing at 423 K, the grains in
Fig. 5(b) have a bi-modal distribution with some very fine grains and
some coarser grains and the grain morphology is now reasonably
equiaxed with an average grain size of �360 nm. This shows that
recrystallisation occurs when conducting short-term annealing at a
temperature of 423 K. Further increasing the annealing temperatures
to 473 and 523 K leads to reasonably equiaxed grains but the average
grain sizes increase to �0.94 and �1.98 mm, respectively.

The overall microhardness values and the variations in the
grain size following the post-HPT annealing are summarised in
Fig. 6 where a short-term anneal at 373 K retains the same
microhardness and grain size as at room temperature (296 K)
but at higher annealing temperatures of 423, 473 and 523 K the
microhardness values decrease and the average grain sizes
increase. The incremental increase in grain size in Fig. 6 becomes
larger with increasing annealing temperature and this is consis-
tent with earlier reports where similar alloys were processed by
ECAP and then annealed for 1 h in order to evaluate their thermal
stability [15,28,29].
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Fig. 4. Distribution of Vickers microhardness, Hv, along the diameters of discs
processed by HPT through 1/4. 1/2, 1, 3, 5 and 10 turns.
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3.4. Microstructural results from the X-ray line profile analysis both
with and without post-HPT annealing

In the line profile evaluation method using the extended
Convolutional Multiple Whole Profile (eCMWP) analysis [19,20],
the diffraction pattern is fitted by the sum of a background spline
and the convolution of the instrumental pattern and the theore-
tical line profiles are then related to the crystallite size and the
densities of dislocations and twins. As an example, Fig. 7 shows
the fitting for the sample processed by 10 revolutions of HPT
without post-HPT annealing. The area-weighted mean crystallite
size, 〈x〉area, is calculated from the median and the variance of the
crystallite size distribution as 〈x〉area¼m exp (2.5σ2). The twin
boundary probability corresponds to the relative frequency of
twin boundaries among the {111} lattice planes and this was
below the detection limit in the present investigation. The area-
weighted mean crystallite size and the dislocation density, ρ, were

then determined from the analysis and the results are summarised
in Table 1 for samples processed through 1, 3, 5 and 10 turns and
after 10 turns of HPT and then post-HPT annealing at 373 and
423 K.

Fig. 5. Microstructures after HPT processing through 10 turns and annealing for 10 min at (a) 373, (b) 423, (c) 473 and (d) 523 K.

Fig. 6. Variation of the microhardness and grain size with the post-HPT annealing
temperature.

Fig. 7. The eCMWP fitting of the sample processed through 10 revolutions of HPT:
the open circles and the solid line represent the measured data and the fitted
curves, respectively.

Table 1
Parameters for the microstructure obtained by X-ray line profile analysis: 〈x〉area is
the area-weighted mean crystallite size and ρ is the dislocation density.

HPT sample: value of N 〈x〉area (nm) ρ (1014 m�2)

1 123713 4.070.5
3 116712 3.570.4
5 114713 3.870.4
10 117713 3.770.4
107anneal at 373 K 116712 3.570.5
107anneal at 423 K 208723 0.570.1
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These calculations show that the crystallite size and the
dislocation density are saturated at the edges of the discs even
after the first revolution of HPT. Furthermore, the measured
dislocation density is similar to the value reported after 8 passes
of ECAP at room temperature [30]. In the present experiments
both the crystallite size and the dislocation density remain
essentially unchanged during the annealing treatment at 373 K
but annealing at 423 K increases the crystallite size by a factor of
about two and decreases the dislocation density by about one
order of magnitude. For samples annealed at higher temperatures,
the crystallite size and the dislocation density were higher and
lower, respectively, than the detection limits of the present X-ray
line profile analysis.

3.5. The tensile properties with and without post-HPT annealing

The objective of the post-HPT annealing treatment was to
evaluate the potential for influencing the strain hardening rate and
the flow stress in tensile testing at room temperature. The results
from the tensile tests are shown in Fig. 8 for the three initial strain
rates of (a) 1.0�10�4, (b) 1.0�10�3 and (c) 1.0�10�2 s�1. Separate
plots are shown in Fig. 8 for the annealed and unprocessed material,
samples processed through 10 turns of HPT without post-HPT
annealing and samples processed by HPT for 10 turns and annealed
at 423, 473 and 523 K. Inspection shows that the initial unprocessed
samples consistently exhibit the largest elongations to failure and the
lowest flow stresses.

It is apparent from Fig. 8 that the specimens processed by 10
turns without post-HPT annealing exhibit both the highest stres-
ses and very small elongations before failure at all strain rates. By

contrast, samples subjected to post-HPT annealing at 473 and
523 K display higher elongation but at significantly lower stress
levels. It appears that annealing for 10 min at 423 K gives high
flow stresses that are inherited from the HPT processing but at the
same time there is a significant improvement in the elongation to
failure compared with the sample not subjected to post-HPT
annealing. The advantage of the short post-HPT annealing is
clearly demonstrated in Fig. 8(b) and (c) at the two faster strain
rates where the samples processed by HPT exhibited brittle
behaviour and broke before yielding but a post-HPT annealing
treatment for only 10 min decreased the strength by o25% but
gave reasonable elongations to failure with engineering strains of
40.2. Inspection of all tensile stress–strain curves in Fig. 8 shows
that the post-HPT short anneal leads consistently to a decreasing
strength and increasing elongation with increasing annealing
temperature. In general, post-HPT annealing at a temperature of
423 K appears to be the optimum condition for attaining reason-
able strength coupled with reasonable ductility.

3.6. Evidence for serrated flow and the Portevin–Le Chatelier effect

It is now well established that many alloys exhibit serrated
yielding in tensile testing where the stress fluctuates around the
mean value in a regular and periodic manner. This behaviour,
which is known as the Portevin–Le Chatelier (PLC) effect, arises
when moving dislocations are held up and periodically break away
from their solute atom atmospheres. There are now numerous
reports documenting the occurrence of the PLC effect in dilute
Al–Mg alloys [31–39] and it is reasonable to anticipate the
occurrence of this effect in the present investigation because it
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has been shown that the amplitudes of the serrations become
larger when the grain size is reduced [31]. Accordingly, a very
careful inspection in Fig. 8 shows evidence for the PLC effect in
both the unprocessed annealed samples and the samples sub-
jected to a short post-HPT annealing treatment and the presence
of serrations may be readily demonstrated by replotting portions
of the stress–strain curves over short increments of the engineer-
ing strains. These plots are presented in Fig. 9 where separate
curves for the three testing strain rates are shown for (a) the
annealed but unprocessed samples and for samples processed by
HPT and then subjected to post-HPT annealing at (b) 423, (c) 473
and (d) 523 K. All these curves exhibit serrated flow but the effect
becomes especially apparent at the fastest strain rate in Fig. 9(d).

Different types of serrations are generally identified in materials
exhibiting the PLC effect depending upon the testing strain rate and
the nature of the serrations including whether they are continuous or
discontinuous and whether they rise above or drop below the general
level of the stress–strain curve [32,40–42]. In normal flow, the flow
stress increases with the applied strain rate so that the strain rate
sensitivity is positive but in serrated flow, because of the dynamic
interactions between the mobile dislocations and solute atoms, the
strain rate sensitivity may become negative in some restricted ranges
of temperature, strain and strain rate in the process known as dynamic
strain aging (DSA) [37,39,42]. There is clear evidence for the occur-
rence of DSA in the present investigation in Fig. 9(b) and (d) where the
stress decreases with increasing strain rate.

Before HPT processing the annealed samples display the PLC
effect at all three strain rates in Fig. 9(a) but the magnitudes of the
serrations tend to become more obvious at the slowest strain rate of
1.0�10�4 s�1. By contrast, for samples subjected to a post-HPT
annealing it is evident from Fig. 9(b)–(d) that the serrations become
more obvious in tests conducted at the fastest strain rate of

1.0�10�2 s�1. The transition from more evident PLC at the slowest
strain rate in the unprocessed samples to the fastest strain rate in the
samples given a post-HPT annealing treatment is related to
the magnitude of the dislocation density and the grain size. The
unprocessed samples were annealed at 773 K for 1 h so that they
have a low initial dislocation density and the Mg atoms are in
solution. The strain rate regime of the PLC effect is determined by the
rate of Mg lattice diffusion in Al: at very low strain rates Mg atoms
can follow dislocations without serrated flow while at higher rates
the moving dislocations periodically break away from the solute
atom atmospheres. At very high strain rates, the diffusion of solute
atoms is too slow to give serrated flow.

In SPD-processed samples, the PLC effect is usually not
observed due to the distributions of solute atoms among the large
densities of dislocations and grain boundaries. However, in the
samples subjected to HPT plus a post-HPT annealing treatment,
the HPT processing introduces a high dislocation density but the
subsequent short-term annealing increases the average grain size
as shown in Fig. 6 and, as documented in Table 1, the dislocation
density is reduced so that the structure becomes more equili-
brated and serrated flow occurs again. The strain rate regime of
the PLC effect in the post-HPT annealed specimens is thereby
shifted to higher values compared to the unprocessed sample due
to the faster diffusion of Mg atoms along the dislocations and grain
boundaries that remain after annealing.

4. Discussion

Exceptional grain refinement was achieved in an Al–1% Mg
alloy having an initial grain size of �400 μm. Processing by HPT at
room temperature using an applied pressure of 6.0 GPa led to an
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average grain size of �200 nm after 5 turns. This grain size is
smaller by a factor of two than the mean grain size of �450 nm
which was reported for the same alloy after processing by ECAP
through 6 passes at room temperature [14]. After 5 turns of HPT
there was also a high fraction of �85% of high-angle grain
boundaries and this is even higher than the fraction of �65%
reported for the same alloy after processing at room temperature
through 8 passes of ECAP [25]. The present results establish,
therefore, that there is excellent grain refinement in the Al–1%
Mg alloy through processing by HPT.

Despite the success in achieving a highly-refined microstructure,
it is readily apparent from Fig. 8 that the tensile properties of the
HPT-processed specimens are not satisfactory when testing at room
temperature. The curves shown in Fig. 8(a–c) for the material
processed by HPT through 10 turns display excellent strength up to
4400 MPa at the two lowest strain rates but with little or no
ductility: specifically, there is only a very small elongation before
failure at the slowest strain rate of 1.0�10�4 s�1 and at the two
faster strain rates the samples exhibit brittle behaviour.

Imposing a short term anneal of 10 min after the HPT proces-
sing has a significant effect on the microstructure as shown in
Fig. 5 and summarised graphically in Fig. 6. Thus, whereas an
anneal at 373 K has little effect, there is a minor increase in grain
size and a measurable decrease in the hardness after annealing at
423 K and at even higher annealing temperatures the average
grain sizes increase rapidly up to and above �1 μm and the values
of the hardness are also decreased. The relevant stress–strain
curves in Fig. 8 for the samples processed by HPT and then
subjected to short term annealing provide a very clear demonstra-
tion of the advantage of imposing a short term anneal on this alloy.
For an anneal of 10 min at 423 K the average grain size increased
to �360 nm, the overall strength was reduced to about 75% of the
value without annealing and the stress–strain curves exhibited
reasonable elongations up to 40.2. Even higher elongations were
achieved when annealing at the higher temperatures but there
was also a considerable reduction in the overall strength. These
results suggest there is an optimum condition for the Al–1% Mg
alloy by processing using HPT at room temperature and then
giving the material a short anneal for 10 min at 423 K.

The values of the Vickers microhardness shown in Fig. 4 are
typical of those recorded in many other alloys. In an early
investigation of HPT it was proposed that the various experimental
points in a plot such as Fig. 4 may be effectively brought together
onto a single curve by plotting each point in the form of the
measured value of Hv against the equivalent strain calculated
using Eq. (1) [43]. This approach has been used in many recent
reports [44–50] and the same plot is shown in Fig. 10 based on the

experimental points recorded in the present investigation. This
plot confirms that the hardness of the Al–1% Mg alloy stabilizes at
HvE110.

Plots of the type shown in Fig. 10 are designated hardening
without recovery [51] and they are representative of a large
number of metals including various aluminium alloys [52–56],
copper alloys [57–60], magnesium alloys [61,62] and the Ti–6Al–
4V alloy [63,64]. However, the results are different from high
purity Al where the high stacking fault energy leads to rapid
recovery by cross-slip at the edges of the discs so that initially, in
the early stages of HPT processing, higher values of hardness are
recorded in the centres of the discs [65,66]. This latter behaviour is
generally designated hardening with recovery [51]. The similari-
ties between the hardness behaviour and the grain refinement
characteristics of the Al–1% Mg alloy and many other alloys
suggest, therefore, that the same approach of a short term anneal
after HPT processing may have a general validity as a simple
procedure for achieving reasonable strength and good ductility in
UFG metals processed by HPT.

5. Summary and conclusions

1. Experiments were conducted on an Al–1% Mg solid solution
alloy to evaluate the effect of introducing a short term anneal
following HPT processing. This alloy had an initial annealed
grain size of �400 μm which was refined to �200 nm with a
high fraction of high-angle grain boundaries through proces-
sing by HPT at room temperature.

2. In the as-processed condition, the material exhibited excellent
strength but little or no ductility when testing in tension at
room temperature. The introduction of short anneals for 10 min
following the HPT processing led to a small reduction in
strength but a significant increase in ductility.

3. The optimum annealing condition was identified as an anneal
for 10 min at a temperature of 423 K where the grain size
increased to �360 nm, the strength was reduced to �75% of
the value in the as-processed condition and there was a
reasonable ductility with elongations up to 40.2. It is sug-
gested that short term annealing after HPT processing may be
an effective and simple procedure in many metals for achieving
both good strength and reasonable levels of ductility.
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