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Abstract Disks of a cast Al-7 % Si alloy were processed
through high-pressure torsion (HPT) for 1/4, 1/2, 1, 5, and
10 revolutions under a pressure of 6.0 GPa and at tem-
peratures of 298 and 445 K. The hardness of the samples
after processing was significantly higher than in the cast
sample, and the hardness profiles across the samples
became more uniform with increasing numbers of turns.
Processing at higher temperature gave lower hardness
values. Experiments were conducted to examine the effects
of HPT processing on various microstructural aspects of
the cast Al-7 % Si alloy such as the grain size, the Taylor
factor, and the fraction of high-angle grain boundaries. The
results demonstrate that there is a correlation between
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trends in the microhardness values and the observed
microstructures.

Introduction

Severe plastic deformation (SPD) techniques, such as high-
pressure torsion (HPT), equal-channel angular pressing
(ECAP), accumulative roll bonding (ARB), and friction stir
welding (FSW), are widely employed to significantly refine
the grains by imparting large plastic strains to the material
[1-5]. These SPD processes represent the top-down
approach for producing ultrafine-grained (UFG) materials
[6] where grain sizes of a few micrometers to tens of
nanometers have been successfully produced in relatively
large bulk materials, including materials which are other-
wise difficult to process using conventional mechanical
forming techniques such as tungsten [7] and tantalum [8].
The UFG materials not only show high strength at low
temperatures according to the Hall-Petch relationship, but
also they often exhibit superplasticity at moderately high
temperatures (~0.57,, where T,, is the absolute melting
temperature). Interestingly, SPD-processed UFG materials
also show high strain rate superplasticity at relatively lower
temperatures, where this phenomenon is attributed to the
presence of very high densities of dislocations in the grains
and at the grain boundaries [9—12]. Since one of the key
aspects of an SPD process is strain accumulation and HPT
is one of the most rapid methods for imposing a high strain
in a material [13, 14], there are considerable possibilities
for tuning the “microstructure—mechanical behavior”
relationship of structural materials through HPT.

Cast Al-Si hypoeutectic alloys are widely used in the
automotive industry. The addition of Si up to the eutectic
composition (i.e., ~12 wt% Si) lowers the melting
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temperature of the alloy leading to better control of the
casting process and hence microstructural uniformity.
Generally, the ultimate tensile strength, the yield strength
and the hardness of the as-cast hypoeutectic Al-Si alloys
increase, and the ductility (and fatigue life) decreases with
an increase in the Si content [15]. Also, the wear rate under
high load rapidly decreases with an increase in the Si
content; however, the decrease in the wear rate consider-
ably slows down around and above 7 wt% Si and a minima
is achieved near the eutectic composition [16]. Therefore,
Al-7 wt% Si, as compared with other hypoeutectic Al-Si
alloys, may have the optimum combination of the micro-
structural uniformity, ductility (fatigue life), mechanical
strength, and wear resistance; these properties confirm the
Al-7 % Si alloy as a very important structural material.
The microstructure of the Al-7 % Si hypoeutectic alloy
consists primarily of two phases, the primary o-Al phase
and a eutectic constituent containing coral-like Si particles
embedded within an Al matrix [17]. The effects of ECAP
and FSW on the microstructural evolution and mechanical
behavior of the cast Al-7 wt% Si have been extensively
reported [18-21]. Processing through various routes of
ECAP and FSW led to a decrease in the grain size [18-21]
and an increase in the elongation to failure of the material
[21]. Also, a redistribution of Si particles in the Al matrix
was reported following ECAP and FSW [19-21], but the
evidence for the nucleation and growth of Si particles at
new locations is not conclusive.

For processing by HPT, a report on the effect of HPT
processing on the microstructure of the Al-7 % Si alloy
showed a uniform distribution of Si precipitates following
five turns at room temperature under an imposed pressure
of 6.0 GPa [22, 23]. Although the effect of room temper-
ature HPT processing on the hardness of a hypoeutectic
Al-Si alloy, namely Al-2 wt% Si, was previously reported
[24], there are no reports on the effect of imposing a very
high strain on the evolution of hardness in the Al-7 % Si
alloy and this is a particularly important Al-Si alloy. As
this material is used widely in engine blocks and pistons,
information pertaining to the effect of strain imposition on
the hardness, which directly correlates with the wear
property of a material, is of critical importance. Further-
more, the effects of the HPT processing temperature on the
hardness profile as well as the microstructure of any hyp-
oeutectic Al-Si alloy and Al-7 % Si, in particular, are not
known although experiments show this is important in
other alloys [25] and undoubtedly it will affect the final
grain size of the Al-7 % Si alloy. Accordingly, the present
research was undertaken to evaluate the influence of the
HPT processing conditions, such as temperature and
number of turns, on the hardness and the evolution of the
microstructure in the cast Al-7 % Si alloy. A qualitative
correlation is presented between microstructural features,
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such as grain size and the Taylor factor, and the measured
microhardness after processing.

Experimental material and procedures

A plate of cast Al-7 % Si hypoeutectic alloy was machined
into circular disks of 10 mm diameter and 1 mm thickness.
These disks were polished to final thicknesses of
~0.82 mm and then annealed at 445 K (~0.5T,,) for 5 h
in a vacuum furnace operating at 10~* Torr. This annealing
was conducted to relieve any residual stress incurred dur-
ing machining and to ensure uniformity in the initial
microstructure prior to processing. The HPT processing of
the annealed samples was carried out at two different
temperatures, 298 (room temperature) and 445 K
(~0.5T,), by placing the sample between two anvils,
applying a uniaxial pressure of 6.0 GPa and then rotating
the lower anvil. The basic principles of HPT processing
were described earlier [26], and the present experiments
were conducted under quasi-constrained conditions [27,
28] where there is a small amount of outflow from the disk
during the torsional straining. At each temperature, sam-
ples were processed to 1/4, 1/2, 1, 5 and 10 turns of HPT.

In HPT processing, the equivalent von Mises strain, ¢, at
a point at a distance r from the center of the disk may be
calculated using the relationships [4, 29, 30]:

2 nwiNr

_\/§ % 7<0.8 (1a)
and

2 N2,
¢=5hn (1+X> +§ »>0.8, (1b)

where N is the number of HPT turns, 4 is the thickness of
the disk, and y is the shear strain which is given as 2nNr/h.

After HPT processing, the samples were polished
metallographically up to 0.06 pm colloidal silica in order
to give a mirror-like finish. The hardness values were
recorded following the schematic illustration in Fig. 1,
where the locations are shown for the individual hardness
measurements. At each point, the Vickers microhardness
was recorded using a microhardness tester equipped with a
Vickers indenter. Specifically, hardness measurements
were taken along eight separate diameters on the surface of
the disk. Other than the central point, which is common for
all diameters, 10 indentation marks were made on a
diameter D; (shown as horizontal in Fig. 1) and 8 inden-
tation marks were made on the remaining three diameters,
D», D5, and Dy; these points are shown as solid rhombo-
hedra in Fig. 1. All points lying on D; were equally spaced
with a distance of 0.9 mm between the two nearest
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Fig. 1 A schematic illustration showing the indentation marks where
the microhardness was measured

neighbors, whereas points on D,, D3, and D4 were placed at
distances of +1.25, £2.25, £3.25, and £+4.25 mm from the
center of the disk, respectively. Furthermore, four addi-
tional indentation marks were also made at a distance of
0.3 mm from each solid rhombohedra point, and these
points are shown as open circles in Fig. 1. For statistical
accuracy, the hardness at each solid rhombohedral point
was calculated by taking an average of the indentation
measurements at the solid rhombohedra and the four
adjacent open circles. In order to calculate the hardness
value as a function of r, and therefore as a function of the
distance from the center of the disk, the following proce-
dure was employed: (i) five annular rings were constructed
at radial distances of 1, 2, 3, and 4 mm, respectively, (ii)
the representative hardness values of all solid rhombohedra
situated inside each of the annular rings were averaged, and
(iii) the calculated average hardness was then assigned to a
point midway from the inner radius and the outer radius of
each annular ring. Hence, the hardness values were cal-
culated for distances, r, of 0.5, +1.5, £2.5, £3.5, and
+4.5 mm, respectively. Therefore, each hardness value at a
distance r from the center was calculated from 20 mea-
surements except for » = 0 and » = £0.5 mm, where it
was calculated from 5 and 10 measurements, respectively.
Accordingly, it follows that 40 datum points were used for
calculating the hardness as a function of equivalent strain.

Microstructural characterization was performed using a
scanning electron microscope (SEM) and electron back-
scatter diffraction (EBSD). Since the shear strain at the

center of a disk is zero during the HPT process, much
emphasis was placed on conducting microstructural char-
acterization in regions located at 0.5r and 0.9r from the
center. After metallographically polishing up to ~0.25 pm
diamond paste, the samples were electro-polished at 232 K
using an aqueous solution of 10 % 2-butoxyethanol, 70 %
ethanol, and 8 % concentrated perchloric acid for times
which depended on the HPT straining conditions but were
within the range of 15-90 s. The grain size was determined
by calculating the average area of each grain and then
equating the area with a circle. The diameter of the circle
was then taken as the grain size. Therefore, the reported
grain size numbers are very close to those calculated using
the mean line intercept method. For the grain size mea-
surements, a region with a misorientation of >5° was
assumed to be a grain, and at least 250 grains from a
particular region were counted in order to report the rep-
resentative grain size. These calculations were conducted
using the “Grain Size (Diameter)” feature in the TSL OIM
software.

Following SEM and EBSD analysis, the Taylor factor
and the fraction of the high-angle grain boundaries
(HAGB) were calculated using TSL OIM software. Similar
to the grain size measurement, at least 250 grains were
considered for an EBSD data analysis. The clean-up pro-
cedure consisted of grain dilation with a 5° grain tolerance
angle and varying minimum grain sizes from 1 to 4 pm
depending on the grain size of the sample. The HAGB
fractions were calculated by generating grain boundary
maps considering HAGBs to have misorientation angles, 0,
of >15°. Boundaries with angles between 3 and 15° were
considered as low-angle boundaries. The Taylor factor was
calculated by taking weighted averages of Taylor factors
for all the orientations present in the Taylor factor map. At
least five such scans, each consisting of at least 50 grains,
were taken from every region to improve the statistical
accuracy. The Taylor factor was calculated by assuming a
uniaxial compression deformation gradient tensor along the
z-axis of the disk in the axial direction.

Results and discussion

Figure 2 shows representative micrographs from the Si
particle-rich regions of the Al-7 % Si samples after pro-
cessing by HPT at 445 K for (a) 1/4 turn (low magnifica-
tion), (b) 1/4 turn (high magnification), (c) 5 turns (high
magnification), and (d) 10 turns (low magnification). As is
evident from Fig. 2a, b, large Si particles were concen-
trated only in certain regions after 1/4 HPT turn and large
regions of the o-Al phase remained relatively free of Si
particles. However, as shown in Fig. 2c, d, the dispersion
of new and small Si precipitates initiated in the a-Al phase
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Fig. 2 Representative SEM micrographs showing the distribution of),
Si precipitates after a % turn (low magnification), b % turn (high
magnification), ¢ 5 turns (high magnification), and d 10 turns (low
magnification) of HPT processing at 445 K. All micrographs
represent regions at half-radius distance from the center of the disk

with increasing numbers of HPT turns and the distribution
of Si particles in the material also became more uniform.
This observation of new and small Si precipitates is con-
sistent with earlier work reporting Si precipitation after five
turns of HPT conducted at room temperature under a
pressure of 6.0 GPa [22].

The formation of these new and small Si particles may
have the following two origins: (i) nucleation and growth
of new Si precipitates due to an increase in the sample
temperature during HPT processing, or (ii) fragmentation
of large Si particles into small segments followed by their
redistribution in the Al matrix due to the subsequent plastic
deformation. It is well established that the temperature of
the sample increases from a few tens of degrees to a few
hundreds of degrees during HPT processing [22, 31-33].
Recently, an experimentally validated FEM-based model-
ing was conducted to generate a master plot quantifying the
increase in the temperature of the work-piece during HPT
processing [28]. The following equation can be derived
from a best-fit analysis of the reported data:

AT
wa(1+0.025 g)

= 13.35 4 25.4581 — exp(—0.002627(t — 9))]  (2)

where AT, w, o, and P are the increase in temperature of
the work-piece, the rotation speed of the rotating anvil
(given in RPM), the flow stress (given in GPa and esti-
mated by dividing hardness by three) and applied pressure
(given in GPa), respectively, and ¢ is the time (given in
seconds).

Since the master plot was generated for an experimental
set-up similar to the one employed in this work, and it was
shown to be valid for several metals, including Al, the rise
in sample temperature during this work can be estimated
from Eq. (2). Applying Eq. (2) for the experimental con-
ditions employed in this work, the maximum rise in the
temperature of the samples can be determined as only
~ 15 °C, which is not as significant as reported in an ear-
lier work on HPT of Al-7 % Si alloy [22]. It follows that
the temperature rise during HPT may have only a limited
role in the nucleation and growth of new and small Si
particles in this study. Therefore, the fragmentation of large
Si particles followed by their redistribution during the
continued SPD appears to play the significant role in the
dispersal of the new and small Si particles in these HPT
processed samples.
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Figure 3 shows the variation of the grain size in the o-Al
matrix as a function of the equivalent von Mises strain
during HPT processing at 298 and 445 K. Since the grain
size of samples subjected to SPD processing depends pri-
marily on the magnitude of the imposed strain and the
processing temperature, it is appropriate to represent the
grain size variation at a selected processing temperature as
a function of the equivalent strain. The appropriate strain at
the point corresponding to the grain size investigation is
readily calculated using Eq. (1a) and (1b).

In Fig. 3, the grain sizes of the samples processed at
room temperature, corresponding to low temperature pro-
cessing, were consistently smaller than for the samples
processed at the higher temperature of 445 K. Furthermore,
close inspection of Fig. 3 shows that the grain size evolu-
tion in Al-7 % Si samples during HPT processing is
readily divisible into three distinct stages: (i) at low
imposed strains, henceforth termed stage I, the grain sizes
rapidly decrease by a factor of ~175 and ~ 125 at 298 and
445 K, respectively, (ii) at intermediate imposed strains in
stage II, the grain sizes remain essentially constant with
increasing equivalent strain, and (iii) at very large strains in
stage III, the grain size decreases further with imposed
strain although this latter stage was observed only in the
samples processed at the low temperature.

In addition to the differences in the grain size, the effect
of the HPT processing temperature on the evolution of the
grain size in the Al-7 % Si alloy is further highlighted by
noting that the rate of decrease in the grain sizes in stage |
is faster at the low temperature and stage III is absent at the
high temperature. These temperature differences can be
attributed to the faster recovery of dislocations at the higher
temperature which limits the effect of the imposed strain on
the accumulation of dislocations and thereby affects the

significance of grain refinement during SPD. Conversely,
both of these processes become significant at temperatures
greater than ~0.57,,. The presence of stage III in the
samples processed at the low temperature suggests that the
dislocation generation rate due to the imposed strains, and
therefore the rate of formation of subgrains, exceeds the
recovery rate at this low temperature. It is reasonable to
speculate that an exhaustion of the recovery rate by com-
parison with the dislocation generation rate may occur also
at the higher processing temperature, but then a much
higher equivalent strain will be required so that it is nec-
essary to process the disk through more than 10 turns.
Figure 4 shows the effect of the HPT processing con-
ditions, specifically the number of turns (or the equivalent
strain) and the temperature, on the evolution of hardness in
the Al-7 % Si samples. As shown in Fig. 4a, the hardness
profiles of the HPT processed samples are symmetrical
across the centers of the disks. This is consistent with the
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radial hardness symmetry generally associated with HPT
processing [24, 34-36] and further justifies the use of strain
as the abscissa in Fig. 3 and other plots. At both temper-
atures, the hardness values of the processed samples are
significantly higher than in the unprocessed samples which
is again consistent with the general results for most mate-
rials processed by HPT [34-36] and is attributed mainly to
the grain refinement. Consistent with the differences in the
grain sizes between the samples processed at the high
temperature and the low temperature, as shown in Fig. 3,
the hardness of the samples processed at the low temper-
ature was higher than those processed at the high temper-
ature. At both temperatures, the relatively low numbers of
HPT turns led to the lower hardness values in the central
regions as compared to the peripheral regions. Figure 4a
shows also that the hardness profiles across the disk sam-
ples become more uniform with increasing numbers of
HPT turns, where this is consistent with a model developed
theoretically using strain gradient plasticity modeling [37].
It should be noted that the aforementioned observations of
(i) the marginal decrease or no significant change in the
hardness values following a very high number of HPT
turns, and (ii) the increase in the uniformity of the hardness
profile across the sample are in direct contrast with the
effects of these HPT parameters on Al-2 % Si as previ-
ously reported [24]. Although, a detailed study of the
effects of Si addition on the HPT processed Al-Si alloy is
warranted to fully understand the above differences
between the two Al-Si hypoeutectic alloys, it can be
speculated from the available data that the main reason for
the above differences lies in the uniform distribution of Si
particles, whose volume fraction (as well as number) is
much larger in Al-7 % Si alloy as compared to Al-2 % Si,
following large numbers of HPT turns (Fig. 2) and, as will
be discussed later, the Si particle assisted strain-induced
recrystallization of the Al grains.

Figure 4b shows the variation of the hardness as a
function of the equivalent von Mises strain and it is
apparent that the hardness varies non-monotonically with
the imposed strain. This observation also implies that the
hardness at a fixed location in a sample does not vary
monotonically with the number of HPT turns. At both
processing temperatures, the hardness increases rapidly at
the beginning of the straining process, and thereafter the
rate of increase in the hardness slows down and even
slightly decreases before again increasing at very high
strains. The initial rapid increase and the subsequent
slowing in the rate of increase in hardness of the material
may be explained by examining the trend observed in the
grain size variation with the imposed strain as shown in
Fig. 3. However, the observed decrease in hardness after
reaching a maximum value followed by the final increase
in hardness is not readily explained by the grain size
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information, and instead it is necessary to consider the
texture. This is because the grain sizes of Al-7 % Si do not
increase with strain but, as shown in Fig. 3, they either
remain constant with strain at 445 K or decrease further at
298 K.

Figure 5a, b show representative EBSD patterns of the
samples processed through HPT at 298 and 445 K,
respectively. The images showing texture information were
taken at the locations with equivalent strains of 2, 3.5, and
6, and these points are highlighted by the letters “A”, “B”
and “C”, respectively, in Fig. 4b. A comparison of Fig. 5a,
b shows that the samples processed at the high temperature
consist of a high fraction of subgrains at the lower imposed
strains, and this is different from the sample processed at
the low temperature. This is consistent with the grain size
evolution data in Fig. 3 where the grain refinement process
at the high temperature is slower because of the faster
dislocation recovery rate. Furthermore, the texture map of
the samples processed at the low temperature shows a
considerable shift from fiber to a random texture following
a gradual increase in the imposed strain from 3.5 to 6; in
fact, the pole figure of the region with an imposed strain of
6 shows no prominent texture. This demonstrates the
occurrence of a strain driven dynamic recrystallization
(DRX) during low temperature HPT processing. Since a
further strain imposition can induce the formation of new
subgrains in the recrystallized grains leading to further
grain refinement, the grain size of the samples processed
through HPT at the low temperature show a decrease in
grain size after a brief period of saturation where this is
designated as stages II and III in Fig. 3. This evidence
confirms the occurrence of a “grain refinement—recrystal-
lization—grain refinement” cycle in these samples during
HPT processing. However, the texture maps of the samples
processed at the high temperature show evidence for DRX
only at the highest imposed strains and it appears instead
that the first cycle of the grain refinement—recrystallization
phase is not fully completed in the high temperature sam-
ples. If these samples were processed to even higher turns
of HPT at the high temperature, it is probable that a further
decreases in the grain size would occur.

Figure 6 shows the evolution in the fraction of HAGBs
in the Al-7 % Si samples as a function of the imposed
strain and the HPT processing temperature. At both tem-
peratures, the fraction of HAGBs initially decreases sug-
gesting the formation of subgrains as a response to the
imposed strain. Following the initial decrease, the fraction
of HAGBSs increases with imposed strain as the existing
subgrain boundaries transform into HAGBs to further
accommodate the continuous influx of new dislocations.
When the fraction of HAGBs becomes close to 70 %, a
decrease in the fraction of HAGBs is noted thereby indi-
cating the formation of new subgrains. However, this
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Fig. 5 Inverse pole figure maps
and the corresponding discrete
pole figures of Al-7 % Si
samples processed at a 298 K
and b 445 K; micrographs
denoted by A, B, and

C correspond to the locations at
strains shown in Fig. 4b

decrease is only in the incipient phase during high tem-
perature HPT processing, whereas it is initiated and com-
pleted at much smaller strains during low temperature HPT
processing. Furthermore, this decrease in the fraction of
HAGBs and the subsequent partial increase is also noted in
the low temperature samples at the highest strains on the
right side of point C in Fig. 6. Thus, the rate of change of
the fraction of HAGBs at the high temperature is much
slower than at the low temperature; for example, the dif-
ference in the strain values where the fractions of HAGBs
start to increase after the initial decrease (i.e., the distance
between points A and B in Fig. 6) is almost 1.5, and this
can be attributed again to the slower rate of dislocation

accumulation inside the material at the high temperature
due to the associated faster recovery rate. A comparison of
Figs. 5 and 6 suggests that an increase in the fraction of
HAGBs to a maximum, followed by a decrease, actually
corresponds to the occurrence of DRX. Therefore, consis-
tent with the earlier discussion, Fig. 6 also shows that a
sample recrystallizes at lower strain if it is processed at a
low temperature.

The Taylor factor of the Al-7 % Si samples processed
through HPT was calculated from the EBSD data and the
result is shown in Fig. 7 as a function of the equivalent von
Mises strain. The Taylor factor of the samples processed at
both temperatures varies non-monotonically with the
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Fig. 5 continued

imposed strain but nevertheless there remains an important
difference. The Taylor factor of the samples processed at
the high temperature initially increases and this is followed
by a decrease and finally it increases again with the
imposed strain. On the other hand, the Taylor factor of the
samples processed at the low temperature initially
decreases followed by an increase, and then it becomes

@ Springer

(b)

essentially saturated to a value similar to that observed in
the unprocessed, annealed sample. Since the Taylor factor
represents the resistance of a material against plastic
deformation [38], the hardness of a material is influenced
by the Taylor factor in addition to the Hall-Petch rela-
tionship. A comparison of Figs. 3, 4b, and 7 reveals that
the decrease in the hardness of the samples processed at the
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Fig. 7 Effect of the imposed equivalent von Mises strain on the
Taylor factor of the cast Al-7 % Si samples processed through HPT

high temperature after reaching a maximum is due to a
corresponding decrease in the Taylor factor because the
grain size remains constant. Similarly, the ensuing increase
in the hardness of the samples at large strains relates
directly to the corresponding increase in the Taylor factor.

In addition, the samples processed at the low tempera-
ture reveal another important aspect of the evolution of
hardness during HPT processing. At low strains, the Taylor
factor of the samples processed at the low temperature
decreases with the imposed strain, while the hardness of the
sample increases. The explanation for this trend lies in the
dominant effect of grain refinement in these samples over
these imposed strains. Furthermore, the increase in the
hardness of the samples processed at the low temperature at

high strains, where the Taylor factor became saturated, can
now be attributed directly to the decrease in the grain size.

Conclusions

1. The HPT processing of a cast Al-7 % Si alloy was
conducted at a low temperature of 298 K and a high
temperature of 445 K for various turns. The processing
produced UFG materials but the grain sizes of the
samples processed at the low temperature were sig-
nificantly smaller than those processed at the high
temperature. In addition, the amount of grain refine-
ment in each HPT turn was more rapid during the low
temperature processing.

2. As the number of HPT turns or the imposed strain was
increased, the distribution of Si particles became
reasonably uniform. Also, new and small Si precipi-
tates were dispersed in the o-Al phase.

3. All processed samples showed significantly higher
hardness than the unprocessed cast sample. However,
the hardness values of the samples processed at the low
temperatures were consistently higher than those
processed at the high temperature.

4. The variation of hardness with imposed strain was
non-monotonous and this is attributed to a “grain
refinement-recrystallization—grain refinement” cycle.
During this cycle, the hardness of the sample increases
due to strain accumulation but then decreases due to
recrystallization which relieves the strain. The non-
monotonous variation in hardness with imposed strain
may be explained by simultaneously incorporating the
effects of grain size hardening due to the Hall-Petch
relationship and Taylor factor strengthening.
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