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Introduction

Aluminium-silicon alloys are commonly employed
in the automobile industry such as engine blocks and
cylinder heads [1, 2], due to their good lightweight,
castability, good machinability, and recyclability
[3, 4]. The AI-Si alloy system normally consists of a
eutectic composition of 12% silicon, with hypoeutec-
tic and hypereutectic forms of these alloys containing
less and more than 12% silicon, respectively [1, 5].
The mechanical performance of the Al-Si alloys is
controlled by the microstructural morphology of a-Al
and eutectic Si phases, where the coarse grain size in
the cast Al-Si alloys has a detrimental effect on the
strength and plasticity [6, 7]. Therefore, microstruc-
tural refinement of Al-Si alloys offers a pathway to
improve the mechanical properties at ambient and
elevated temperatures. Different severe plastic
deformation (SPD) processes such as high-pressure
torsion (HPT) and equal channel angular pressing
(ECAP) have been used to produce ultrafine-grained
Al-Si alloys with better reported properties.

HPT has previously been conducted at tempera-
tures of 298 and 445 K on cast Al-7%S5i alloy up to 10
turns, which resulted in a finer grain size of 400 nm
and a hardness increase from 42HV for the as-cast
unprocessed alloy to 75HV when processing at the
lowest processing temperature. The enhancement in
hardness was imputed to outstanding microstruc-
tural refinement of the a-Al and eutectic Si phases
achieved at room temperature [8]. HPT was also
conducted at room temperature on cast Al-7%5i alloy
up to 10 turns which also resulted in substantial
microstructural refinement down to 78 and 59 nm for
the «-Al and eutectic Si phases, respectively. A
hardness increase from 49HV for the as-cast unpro-
cessed alloy to 153HV was observed after HPT with
enhanced wear resistance attributed to the extensive
microstructural refinement and homogeneous distri-
bution of silicon eutectic particles [9]. Another
investigation of HPT processing at room temperature
in cast Al-7%Si alloy processed up to 10 turns
showed a hardness enhancement up to 185HV and
improvement in the corrosion resistance, whereas the
initial hardness for the as-cast unprocessed alloy was
71HV. Formation of strain-induced sites during HPT
processing has resulted in the development of pro-
tective thick oxide films that enhanced the corrosion
behaviour of HPT-processed alloy [10].
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A rotary-die ECAP of cast Al-11%Si alloy was
conducted at 573 K up to 32 passes. A modest
increase in tensile elongation of this alloy was seen
up to 34% with the increase in number of passes and
at a temperature of tensile testing up to 573 K. The
heat treatment of this alloy resulted in a noticeable
increase in the tensile strength and elongation owing
to submicron grain size and the uniform distribution
of the silicon eutectic phase particles [11, 12]. It is
worth mentioning that the rotary-die ECAP is con-
sidered as continuous ECAP processing with an
imposed strain for each pass as higher as 15% than in
the conventional ECAP. This allows for processing at
a higher number of passes at the same processing
temperature that will be maintained steadily for the
processed sample rather than removal and reheating
of the processed samples as in conventional ECAP
[11, 13]. It was found that the strength of Al-Si alloys
processed by ECAP depends on the processing tem-
perature. The room temperature-ECAP processing of
the cast Al-10%Si alloy was not successful without
prior heat treatment and extended to only two passes.
Instead, ECAP on the alloy was carried out at high
temperatures up to 573 K up to four passes. The
processed samples at room temperature showed a
significant higher strength (in term of hardness
measurement) than at elevated temperature [14].
Another investigation was conducted on the ECAP
processing of semi-solid Al-7%Si alloy at tempera-
tures of 473-573 K with up to eight passes producing
a grain size of 2 pm. The tensile strength and elon-
gation were slightly increased to 350 MPa and 28%,
respectively, in comparison with the as-cast Al-7%Si
alloy. Higher processing temperature resulted in a
lower ductility due to particle coarsening of the sili-
con eutectic phase [15]. From the studies mentioned
above, it can be concluded that the majority of HPT
and ECAP processing has been carried out on tradi-
tional cast Al-Si alloys.

In recent years, additively manufactured alu-
minium alloys have shown significant improvement
of mechanical properties compared to their cast
counterparts. This comes from the capability of
manufacturing a controllable microstructure at high
levels of purity and precision, through careful pro-
cess parameter selection, which allows predeter-
mined properties to be achieved that are not possible
in casting processes [4, 16-18]. Therefore, a combi-
nation of additive manufacturing with severe plastic
deformation of aluminium alloys may give
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significant performance enhancement associated with
controllable ultrafine microstructure. Such a study
allows a deeper investigation of how such refined
microstructures may be controlled to achieve partic-
ular properties.

Reviewing previous work in Al-Si alloys, no
investigation to date has been conducted on the ten-
sile behaviour of HPT-processed additively manu-
factured Al-Si alloys. For the first time, this work
presents an investigation of the influence of room
temperature-HPT processing on an Al-9%Si-3%Cu
alloy additively manufactured by laser powder bed
fusion (LPBF) on subsequent tensile properties at
ambient and high temperatures. The relationship
between grain refinement that occurs in the o-Al
matrix and eutectic silicon phase and the tensile
strength, elongation to failure, and fracture
micromechanisms when these microstructures are
tested in tension at 298 and 573 K is analysed and
discussed. This study provides comprehensive
understanding about the modification induced by
HPT processing into an additively manufactured Al-
Si alloy which allows improved mechanical perfor-
mance in this type of alloy.

Materials and methods

Al-9%5i-3%Cu aluminium alloy was AM-deposited
by LPBF in the form of a rod with vertical Z-orien-
tation. The alloy fabrication was achieved under
nitrogen atmosphere using a Concept Laser M2
facility using a laser power of 200 W, a scan speed of
1000 mms ™', a hatch spacing of 200 um, and a layer
thickness of 40 pm. The weight composition pre-
sented in Table 1 for the alloy under investigation
was obtained by energy-dispersive spectroscopy
(EDS) using an elemental mapping profile. The alloy
rod was cut using a wire discharge machine into disc-
shaped samples with diameters and thicknesses of
10 mm and 0.85 mm, respectively, to be placed
between the HPT anvils for processing. Processing
through HPT was carried out at room temperature
through a quasi-constrained mode with 6.0 GPa as
applied pressure and at different turns of 1/2, 1, 5,

Table 1 Chemical analysis
(%wt) of the investigated AM- Al Si  Cu  Fe Mg
deposited Al-9%Si—3%Cu
alloy

Bal 91 32 05 03
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and 10 at speed of 1 revolution per minute [19]. The
sample’s thickness after 10 turns was about 0.7 mm.

Mechanical grinding and polishing by SiC papers
and 1 pm diamond paste, respectively, were applied
to the as-deposited and processed samples. A Keller’s
reagent was used for chemical etching of these pol-
ished samples for 10 s followed by drying using
ethanol and compressed air, respectively. The etched
as-deposited and processed samples then were
investigated using optical microscopy (OM), scan-
ning electron microscopy (SEM). Transmission elec-
tron microscopy (TEM) of the processed
microstructure was carried out using miniature
samples obtained from the edge region of the HPT
disc as displayed in Fig. 1. These samples were in the
form of small discs with 100 pm thickness and 3 mm
in diameter, respectively. Electropolishing of these
samples was conducted using a solution of 30%
HNOj; in CH30H in a twin—jet electropolisher at —
30 °C and 20 V. X-ray diffraction (XRD) analysis of
the as-deposited and processed samples was
achieved using Ka-Cu radiation source from 30-90°,
where the XRD patterns were fitted by the Rietveld
refinement method. These data were used to measure
the density of dislocations (p) via the relation:

p= 2(38)1/2 /Db, where ¢, D, and b are the micros-
train, crystallite size, and Burgers vector of the alu-
respectively, (0.286 nm [20]). Vickers
microhardness was conducted over the HPT disc’s
diameter as illustrated in Fig. 1, using a 100 gf as
force load for 15 s, where each point ( x) represents
an average of four readings separated by a distance of

minium,
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Figure 1 An illustration on the HPT disc presenting the locations
of cut samples for the tensile and TEM investigation as well as the
hardness measurement [20, 21].
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<«Figure 2 Microstructural observations over the HPT discs
showing a as-deposited sample and b 10 turns HPT-processed
sample as seen by OM, c as-deposited sample, d 10 turns HPT-
processed sample as seen by SEM, e the average particle diameter
and area fraction percentage of the fragmented eutectic silicon
phase in the HPT-processed samples as well as in the as-deposited
sample, f~h TEM observation of the as-deposited alloy, 1/2 and
10 turns HPT-processed samples at the disc periphery, and i EDS
analysis of the 10 turns HPT-processed sample in (h).

150 pm [21]. SEM micrographs and Image] analysis
software were employed to calculated the average
particle diameter and area fraction distribution of the
eutectic silicon phase particles in the HPT-processed

J Mater Sci (2022) 57:20402—20418

samples as well as in as-deposited sample [22]. Field
areas on each etched sample were selected and
transformed into carefully thresholded relative grey
level areas to be measured using Image J.

The tensile samples were prepared by cutting
micro-tensile samples as reported earlier [23-27] with
dimensions of (1.0 x 0.9 x 0.6) mm’ as exhibited
schematically in Fig. 1. Two tensile samples were
taken from each HPT disc where all tensile samples
were cut in off-centre positions to exclude the struc-
tural heterogeneity that originated in the central areas
of samples after HPT. The tensile test was conducted
in an air atmosphere using rates of strain starting
from 10" to 10°* s~ ! at room temperature (298 K) and
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Figure 2 continued.
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at elevated temperature (573 K) for the tensile sam-
ples that were obtained from the HPT discs processed
for 1/2, 1, 5 and 10 turns, as well as for the as-de-
posited unprocessed samples. Four tensile samples
were tested for each condition to assess scatter.
Engineering stress—strain, elongation-strain rate and
flow stress—strain rate curves were constructed. The
microstructures within the gauge sections of the
tensile samples were seen using SEM. The chemical
composition of the samples before and after tensile
testing were obtained. The fractured tensile samples
were reconstructed in representative images by low-
magnification OM, where these images present the
resultant elongation for each strain rate and testing
temperature.

Results

The microstructures of the AM-deposited Al-9%Si-
3%Cu alloy before and after HPT are presented in
Fig. 2. Elemental weight fractions of the alloy are
shown in Table 1. Using the OM observations, the as-
deposited sample over the horizontal disc plane
obviously exhibits melt pool structures of different
lengths and with an average width of 150 pm.
Porosity of process-induced and gas-induced types
were also observed in the as-deposited samples as
indicated, respectively, by the solid and dashed cir-
cles in Fig. 2a.

After HPT processing, these pool structures were
seen to gradually disappear in the processed samples
up to 10 turns as demonstrated in Fig. 2b, c. The
etched as-deposited sample showed a dark phase of
o-Al matrix and white eutectic Si in the form of a
continuous network as shown in Fig. 2c. Following
the HPT, this morphology has altered as observed in
Fig. 2d, where the eutectic network has experienced a
gradual shearing and fragmentation down to the
nanoscale as the number of HPT turns increased up
to 10 turns. The measurements of average particle
diameter and area fraction of the fragmentation of
eutectic silicon phase for both as-deposited and HPT-
processed samples are illustrated in Fig. 2e. Initial
grain size of the as-deposited alloy as revealed by
TEM observation was 1 pm as shown in Fig. 2f. TEM
observations of the processed alloy showed a devel-
opment of fine grains as observed for 1/2 and 10
turns HPT-deformed samples as shown in Fig. 2g-h,
where the final grain size has reached about 90 nm.
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The chemical composition of elements in the HPT-
processed sample for 10 turns is shown in Fig. 2i.

Measurements of the crystallite size via XRD pro-
files that presented in Fig. 3a, b for the as-deposited
and HPT-processed samples showed a significant
microstructural refinement from 320 nm in the as-
deposited sample to 30 nm in the HPT-processed
sample for 10 turns as represented in Fig. 3c. It is
expected that the grain size will be 3—4 times the
crystallite size in the current processed alloy [20, 28].
A remarkable rise was found in the density of dis-
locations for the processed samples in proportion
with the number of turns as illustrated in Fig. 3c. A
considerable dislocation density was stored in the
alloy, up to 6.2 x 10'* m™2 at 10 HPT turns, while the
initial dislocation density of the as-deposited alloy
was about 1 x 10" m™2,

A significant increase in the hardness of HPT-
processed alloy was observed with a higher number
of turns compared to the as-deposited alloy, as
illustrated in Fig. 4. Initially, the as-deposited sample
showed an average hardness of 120HV. Following
the HPT processing, the alloy showed a faster rate in
hardness increase at the peripheries compared to the
centres of the disc-shaped samples in the initial stage
of HPT processing. Later, a relative saturation in
achieved hardness at both centre and periphery
regions was noticed at higher numbers of HPT turns,
where the average achieved value of the hardness
was about 240HV after 10 HPT turns.

A typical engineering stress—strain behaviour of
the as-deposited and processed additive manufac-
tured Al-5i-Cu samples is shown in Figs. 5 and 6, for
samples processed by 10 turns, then tested to fracture
through tensile testing at 298 K and 573 K at different
strain rates starting from 10~ to 107 s™'. The testing
temperature of 573 K corresponds 0.65 T,,, where the
melting point of the Al-9%S5i-3%Cu alloy is 873 K
(600 °C) [1].

The tensile curves showed an increase in the
elongation to fracture with higher testing tempera-
ture, increasing number of HPT turns and at slower
strain rates. The strain hardening behaviour of the
deformed samples increased with increasing number
of HPT turns and increasing strain rate in comparison
with the as-deposited samples. The HPT-processed
samples tensile tested at 573 K showed lower values
of ultimate-tensile stresses compared to the as-de-
posited samples as shown in Figs. 5 and 6b, especially
at slower strain rates.

@ Springer
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Figure 3 a XRD patterns for the as-deposited and HPT-processed
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alloy as represented in black scattered dots and solid colourful
line, respectively, and ¢ Development in the dislocation density
and XRD-crystallite size in the as-deposited and HPT-processed
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Figure 4 The distribution of Vickers microhardness along the
diameters of as-deposited and HPT-processed disc-shaped
samples.

The percentage elongations of all processed sam-
ples showed an increase with an increase in the
number of turns, increase in testing temperature and
decrease in strain rate compared to the as-deposited
samples. The percentage elongations for the pro-
cessed samples showed an improvement at high
testing temperature compared to the as-deposited
sample as shown in Figs. 7 and 8, where the HPT-
deformed sample for 10 turns showed the highest
elongation of 220% at 10~ s™' strain rate and at a test
temperature of 573 K.

The values of strain rate sensitivity were calculated
in the as-deposited and processed samples after 10
turns as represented in Fig. 9. These values were
extracted from the slopes of the log-log plots in Fig. 9
for all the strain rate ranges studied in this investi-
gation at 573 K. This sensitivity for the deformed
samples was higher than that seen in the as-deposited
samples for all strain rates. Its value showed a rela-
tive increase from 107 to 107 s~ that was associated
with lower flow stresses and significant elongations
in the case of the processed sample after 10 turns in
HPT.

The microstructures over the gauge lengths of the
fractured tensile samples were investigated by SEM
as shown in Figs. 10 and 11. These microstructures
belonged to tensile samples that were cut and tested
from as-deposited samples and HPT-processed for 10
turns at 573 K at all strain rates as represented in
Fig. 7. The processed sample after 10 turns showed
substantial microstructural stability after the tensile
test with an average grain size of 5 pm + 0.3 pm for
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Figure 5 The engineering stress—strain behaviour of the as-
deposited sample that inspected through the tensile test at
a 298 K, and b 573 K at various rates of strain.

the all strain rates studied, whereas the as-deposited
samples showed average grain sizes of 10 pm =+ 0.4
um after the tensile test associated with significant
cavitation among the grain boundaries.

The grain morphology remained equiaxed after
testing for the as-deposited and developed fibrous
structures as in the processed samples as shown in
Figs. 10 and 11. These fibrous structures were seen to
connect the grains in the processed sample during
testing at slower strain rates. The chemical analysis of
these fibrous structures obtained by the EDS is shown
in Fig. 12, where these structures are mainly com-
posed of the alloy matrix composition.
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Figure 6 The engineering stress—strain behaviour of the HPT-
processed sample for 10 turns that inspected through the tensile
test at a 298 K, and b 573 K at various rates of strain.

Discussion
Microstructural refinement

The AM-deposited Al-9%Si-3%Cu alloy was effec-
tively deformed using room temperature-HPT in this
investigation. The achieved microstructural refine-
ment as obtained by grain size and crystallite size
measurements were found to be about 90 and 30 nm,
respectively, after 10 turns in HPT, which is ascribed
to the influence of the processing temperature on the
level of achievable microstructural refinement during
severe plastic deformation processes. The current
processing was done at room temperature so there
was no dynamic recovery, recrystallization or even
grain growth that would affect the extent of the grain
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Figure 7 Appearance of the as-deposited and 10 turns HPT-processed samples that fractured in the tensile testing at 298 K and 573 K and

various rates of strain.

refinement with the high levels of imposed defor-
mation during HPT.

The severe plastic deformation imposed was
higher after a high number of HPT turns, where the
grain size and crystallite size were found to be
inversely proportional with the preceding deforma-
tion. The HPT imposed strain was translated into
significant grain refinement of the AM processed
alloy from a size of 1 um to 90 and 30 nm for grain
size and crystallite size, respectively. A considerable
dislocation density was stored in the alloy, up to
6.2 x 10 m™2, at such levels of imposed strain,
while the initial dislocation density of the as-de-
posited unprocessed alloy was about 1 x 10" m~? as
shown in Fig. 3c.

@ Springer

These findings indicate the importance of room
temperature-HPT processing of the investigated
alloy, where the hot deformation behaviour has
improved significantly as observed from the elonga-
tion measurements and strain rate sensitivity values.

The morphology of the AM-deposited alloy has
been significantly altered after processing in HPT,
where the melt pools of the as-deposited alloy frag-
mented into a finer nm-sized grain structure. The
eutectic silicon continuous network has also frag-
mented into nanosized particles and their distribu-
tion increased as the deformation increased. These
nanosized particles were aligned with the direction of
torsional deformation and finally showed a fairly
uniform distribution within the o-Al grains. The
refinement in the alloy matrix and eutectic phase is
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Figure 8 Elongation-to-fracture for the as-deposited and HPT-
processed samples at different rates of tensile strain and at a 298 K
and b 573 K.

attributed directly to the torsional and compressive
strains that are imposed during HPT processing,
which led to the subdivision of the melt pool into
finer structures of nano sizes [7-9, 29-31].

Mechanical behaviour at room and elevated
temperatures

The stress-elongation curves for the as-deposited and
HPT-deformed samples that were tested at ambient
and elevated testing temperatures revealed that the
ultrafine microstructure achieved after HPT has
resulted in large elongations at elevated testing tem-
perature compared to results of testing at ambient
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deposited and HPT-processed samples for 10 turns at a testing
temperature of 573 K.

temperature, as shown in Figs. 5 and 6. The maxi-
mum elongation for the AM processed alloy was
220% at a strain rate of 10 s™!; which (to the
authors’” knowledge) is the highest elongation
achieved for such AM build Al-9%5i-3%Cu alloy.
The current results of elongations to failure were
remarkably higher than counterparts reported pre-
viously for Al-Si-Cu-Mg alloy [32], where the max-
imum elongation obtained for the aforementioned
alloy was only 12% at a strain rate of 10° s™' and a
temperature of 573 K. The present results were also
higher than the data reported for Al-Si-Cu-Mg alloy
with a maximum elongation of 36% [33] that was
obtained using a strain rate of 10* s and a tem-
perature of 773 K. The current elongation data were
also higher than that reported for Al-11%5i alloy [11]
which exhibited an elongation of 34% using a strain
rate of 2.3 x 10~ s™" and a temperature of 573 K.
The present elongations were also higher than
reported for Al-11%Si alloy with the previously
highest reported elongation of 150% at strain rate of
5 x 10* 57" and at a temperature of 788 K [34]. It is
widely reported that Al-Si alloys with ultrafine
microstructures can be fabricated at room tempera-
ture by severe plastic deformation processes rather
than at elevated temperature [9, 35, 36]. Therefore,
these fine microstructures would give higher elon-
gations during forming at high temperatures, where
the existence of the fine grains is required for
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Figure 10 Surface
morphology of the
microstructures as seen using
SEM on the gauge lengths of
as-deposited samples that
tested at 573 K and various
rates of strain in the tensile
test.

Figure 11 Surface morphology of the microstructures as seen using SEM on the gauge lengths of HPT-processed samples for 10 turns that
tested at 573 K and various rates of strain in the tensile test.

@ Springer



Element Weight %
o 6.83
Cu 3.74
Al 78.36
Si 11.06

Figure 12 EDS analysis of the elemental fractions on the grain
structure of the HPT-processed sample by 10 turns and inspected
through the tensile test at 573 K and 107* s™'.

achieving superplastic flow in the polycrystalline
materials [37-39].

The higher number of HPT turns has led to finer
microstructure of AM-deposited Al-9%5i-3%Cu
alloy down to 90 nm for the sample deformed using
10 turns. Thus, the elongations at the elevated tem-
perature of testing (573 K) were increased with
increasing number of HPT turns at which the sam-
ples were processed in HPT compared to the as-de-
posited samples as shown in Figs. 5 and 6. The
elongations of the deformed samples were lower than
in the as-deposited samples when tensile testing was
conducted at ambient temperature (298 K) due to the
increment in the work hardening that is imposed
within the processed samples as the deformation
increased with a higher number of HPT turns [8-10].

The ambient temperature-hardenability of the
HPT-processed samples was assessed using Vickers
microhardness measurements of these samples. It
was found that the strength (in terms of hardness
measurement) of additively manufactured Al-9%Si-
3%Cu alloy has increased from 120 to 240HV after 10
HPT turns. This level of strengthening was associated
with a substantial density of dislocations up to
6.2 x 10" m™2 that contributed mainly to a higher
level of strain hardening and lower ductility at
ambient temperature-tensile testing for all processed
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samples in comparison with the as-deposited sam-
ples as exhibited in Figs. 5 and 6.

The elongation increased with a higher number of
HPT turns where finer microstructures have been
obtained during the HPT as illustrated in Figs. 6, 7
and 8, where the increase in value of the strain rate
sensitivity indicates significant resistance to necking
failure and allows remarkable elongations to occur
[40, 41]. The microstructures after the tensile test
remained relatively contiguous, especially at slower
strain rates (10 and 10 s™') as observed along the
gauge length regions of the HPT-processed samples
after tension as exhibited in Fig. 10, compared to the
microstructures of the as-deposited samples at the
same strain rate and temperature as seen in Fig. 9.

The migration of grain boundaries during the hot
deformation at slower strain rates (10~ and 107 s~
at temperature of 573 K are seen in Figs. 10 and 11,
where the discontinuities at grain boundaries would
be associated with lower concentration of stresses.
Therefore, the deformation mechanisms that govern
the deformation at this stage are creep via glide-dis-
location associated with the sliding of grain bound-
aries. The sensitivity values which were close to 0.3 as
shown in Fig. 9 confirms this assumption, where the
grains remained relatively equiaxed [34, 42].

Thermal stability of the microstructure

In the current investigation, the AM-deposited Al-
9%S5i-3%Cu alloy deformed by HPT at room tem-
perature showed an ultrafine grain structure that
exhibited significant thermal stability and plasticity
at elevated temperature compared to the behaviour
of counterpart alloys such as in Al-Si-Cu-Mg [32]
Al-Si-Cu-Mg cast alloy [33] Al-11%Si alloy
deformed by rotary-die equal channel angular
pressing [11, 34]. This may be ascribed to the effects
of grain size and particle size and distribution of the
eutectic silicon phase. The current as-deposited
unprocessed Al-Si-Cu had grainy melt pool struc-
tures of average width of 150 pm, whereas the silicon
eutectic phase appeared with a continuous network
appearance that agglomerated along the melt pool
boundaries as seen in Fig. 1a, c.

Following the HPT processing at room tempera-
ture, this morphology has changed significantly
where an extensive microstructural refinement has
been achieved down to average grain size and crys-
tallite size of 90 and 30 nm, respectively. The eutectic
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phase has also undergone severe fragmentation into
fine particles with an average size of 175 nm with
relatively uniform distribution within the alloy
matrix with increasing turns of HPT by the virtue of
heavily torsional straining during HPT. The fine
particles of silicon eutectic phase were distributed
homogeneously and appeared as white fine particles
as shown in Fig. 2d, for the sample processed in HPT
for 10 turns compared to the network morphology of
this phase in the as-deposited sample as shown in
Fig. 2c.

The existence of eutectic particles with fine sizes
and relatively uniform dispersion within the alloy
matrix will suppress any rapid grain growth during
hot deformation [38, 43]. Therefore, the ultrafine
microstructure has better thermal stability compared
to their counterparts with larger grain size during the
hot deformation due to activation of different mech-
anisms of superplasticity that precede the grain
growth, resulting in remarkable flow and elongations
rather than cavitation failure under the hot defor-
mation conditions [37, 38].

The melting point of the silicon eutectic phase in
the current alloy is 833 K (560 °C) that is somewhat
lower than for the alloy itself (873 K, 600 °C) [1].
Therefore, it is expected that this phase will glide
along the grain boundaries at a rate relatively more
easily than the grains. The eutectic particles with the
lower fraction volume as in the as-deposited alloy
were distributed at the grain boundaries and pool
boundaries as seen in Fig. 1a, c.

The distribution and volume fraction of eutectic
fine particles has increased significantly as seen in
Fig. 1c, d with additional HPT turns in comparison
with their counterparts in the as-deposited unpro-
cessed alloy. The localization of these particles on the
aforementioned locations added to a pinning effect,
where the dislocations accumulated around these
nanoparticles and then strengthening of the samples
under tension at a temperature of 298 K [44, 45].

Consequently, the tensile strengths of the addi-
tively manufactured Al-9%Si-3%Cu as-deposited
and HPT-processed samples at room temperature
were significantly better than earlier reports
[11, 14, 15], where the maximum tensile strengths
have reached 400 and 700 MPa for the as-deposited
and processed samples, respectively. These are con-
siderably higher than counterpart reported values
after rotary-die ECAP, e.g. Al-11%Si alloy with
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250 MPa [11], ECAP-AI-10%Si alloy with 234 MPa
[14], and ECAP-Al-7%Si alloy with 250 MPa [15].

This confirms the uniformity of tensile deformation
at room temperature was maintained and assisted by
the relatively homogeneous distribution of fine par-
ticles of silicon eutectic phase after HPT processing
compared to ECAP processing [44]. The considerably
higher values of the tensile strengths of as-deposited
samples and processed samples when tested at 298 K
compared to reports in [11, 14, 15], make the combi-
nation of HPT processing with additively manufac-
tured Al-Si alloy potentially highly desirable in
designing novel alloy processing routes for appro-
priate industrial applications.

Another factor that plays a significant part in the
strengthening of as-deposited samples is the effect of
microstructure morphology with regard to the tensile
loading direction. The current alloy was built verti-
cally, i.e. along the z-axis that represents the alloy rod
length as schematically shown in [46], then the HPT
disc was cut parallel to the x—y plane which is the
same orientation as the tensile samples. The elon-
gated grain morphology in terms of melt pool shapes
was parallel to the tensile loading, which results in
considerably enhanced tensile strength.

The deformation continuity was maintained via
melt pools that lie parallel to the loading direction
until it reached a point at which the hardening
capability was increased by the cross-linking of these
pools of different directions. Eventually, cavitation
appeared in the as-deposited samples due to the
coalescence of lack-of-fusion and gas micropores
leading to the failure at relatively lower elongations
during tensile testing at room temperature compared
to conventional Al-Si alloys [16].

The nanosized particles enhanced the sliding of
grains significantly at a temperature of 573 K for the
HPT-deformed samples compared to the as-de-
posited samples. It has been suggested that the sec-
ond phase particles act as a lubrication of the grains
sliding under hot deformation conditions [47, 48],
where the testing temperature of 573 K corresponds
0.68 T, of the silicon eutectic phase that is relatively
higher than for the matrix alloy of 0.65 Tr, [1]. Hence,
the higher elongations achieved for deformed sam-
ples by 10 turns in HPT compared to the elongations
in the as-deposited samples, were assisted by the
high-volume fraction of the fine particles of eutectic
silicon phase as seen in Figs. 3, 4 and 5 [11, 49].
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Filaments or fibrous structures appeared at lower
strain rates and elevated temperature of 573 K for the
processed samples rather than the as-deposited
samples as observed in Figs. 11 and 12. These struc-
tures were aligned parallel to the tension direction
and their role is reconnecting the disconnected grains
and grain boundaries, as well as relinking the surface
cavities that appear at the final stage of hot defor-
mation. Therefore it seems that the higher values of
elongations and alloy flow under conditions of ele-
vated testing temperature and slower strain rate were
maintained by the formation of the fibrous structures
as observed in Fig. 10 [47, 48, 50].

The chemical composition of the fibrous structures
was analysed using EDS as shown in Fig. 12, which
confirmed that these structures are mainly composed
of o-Al matrix grains, as indicated by the weight
fractions of elements in the sample processed for 10
turns in HPT and then tested in tension using a strain
rate of 107 s~ at testing temperature of 573 K with
an achieved elongation of 220%. It is worth noting
that all samples have been exposed to oxidation as
revealed by the oxygen weight ratio in the EDS data
that presented in Fig. 12, as all tensile tests were
carried out in air.

Fibrous structures were not observed in the as-
deposited tensile samples as shown in Fig. 10, that
were tested at a temperature of 573 K at all rates of
strain. Instead, a cavitation failure was observed at
slower strain rates of 10~ and 10*s™' as seen in
Fig. 10. This can be attributed to effects of the larger
grain size and particle size and distribution of the
eutectic phase in these as-deposited samples.

In the aforementioned conditions of tensile testing,
grain growth is expected, where the measured grain
size after high temperature testing was about 10 pm
in the as-deposited tensile samples compared to the
grain size of 5 um in the tensile samples that were
processed earlier for 10 HPT turns. The grain growth
in the processed tensile samples was relatively
inhibited by the existence of ultrafine grains and
nanosized well-distributed eutectic particles [38, 43].

The ultrafine grains are believed to preferably
undergo glide-dislocation creep and slide over each
other as indicated by the measurement of strain rate
sensitivity. The distribution of nanosized eutectic
particles within the «-Al grains and along the grain
boundaries resulted in relative retardation of cavita-
tion and assisted grain sliding due to the softening of
this phase at elevated testing temperature [11, 43].
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The non-spherical morphology of the eutectic
phase for as-deposited samples, compared to the
relatively spherical morphology of the nanosized
eutectic particles in the processed samples, operate as
sites for crack initiation leading to a reduction in the
elongation to failure of as-deposited samples com-
pared to that found in the processed samples at the
same conditions of strain rates and testing tempera-
ture [4, 16].

Conclusions

1. Effective HPT processing at room temperature
produced an extensive microstructural refine-
ment to about 90 nm with high estimated value of
dislocations of 6.2x10'* m™?, that considerably
improves the ambient temperature-hardness of
the additively manufactured alloy from 120 to
240 HV.

2. The as-deposited and processed samples exhib-
ited significant tensile strengths of 400 and
700 MPa, respectively, that are remarkably higher
compared to the cast counterpart alloys.

3. Excellent elongation values were achieved for the
AM-deposited alloy up to 106% and 220% at
573 K for the as-deposited and processed sam-
ples, respectively, that are considerably higher
than the cast counterpart alloys reported in the
literature.

4. The ultrafine a-Al and nanosized eutectic Si
particles produced by HPT have improved the
microstructural stability of the processed samples
compared to as-deposited samples at all rates of
tensile strain and at elevated temperature of
573 K.

5. Formation of fibrous structures has improved the
flow, elongation, and cavitation resistance of the
processed samples at elevated testing tempera-
ture and slow strain rates.
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