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Abstract

This study was conducted to investigate the capability of multi-pass friction stir processing (FSP) on microstructure modi-
fication and mechanical properties improvement of FVS0812 alloy. FSP was performed at different rotation speeds (1250,
1600, 2000, and 2500 rpm) and traverse speeds (8, 12, and 25 mm/min) for one, two, and four passes. According to the
results, applying single-pass FSP at optimized conditions (i.e. 1600 rpm and 12 mm/min) enhanced the tensile strength,
fracture strain, and microhardness of the alloy by about 1020, 1050, and 60%, respectively. This improvement can be mainly
attributed to the intense breakage and uniform distribution of 6-Al;;Fe, and a-Al;,(Fe,V);Si intermetallics within the matrix,
formation of ultrafine recrystallized grains, and elimination of casting defects. Increasing the number of FSP passes up to four
slightly decreased the average size of intermetallic particles, but significantly improved their distribution within the matrix
which led to 18 and 200% improvement of tensile strength and fracture strain of one-pass FSPed sample, respectively. The
fractography results also revealed that multi-pass FSP has changed the fracture mode of Al-8.5Fe-1.3V-1.7Si alloy from
low-energy brittle to a more ductile-dimple fracture.

Keywords Friction stir processing (FSP) - Al-Fe-V-Si - Intermetallic - Mechanical properties

1 Introduction

Due to their high specific strength, excellent castability,
good weldability, and high corrosion resistance, commer-
cial Al alloys have been extensively employed in different
industrial fields such as automotive, aerospace, and avia-
tion [1]. However, owing to dissolution and/or coarsening
of the strengthening precipitates and/or growth of grains,
their application is usually limited to the temperatures below
150 °C [2, 3]. Therefore, to increase the service temperature
of Al alloys, transition metals such as Fe, Ni, and V are
added to their composition. These elements have very low
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solid-solubility in Al. Therefore, upon solidification, they
are severely segregated to the remaining liquid leading to
the crystallization of intermetallics rich in transition metals
in the microstructure. These precipitates are highly stable
at high-temperature services, thereby substantially enhanc-
ing the alloy properties up to 450 °C provided that they are
finely distributed within the matrix [3]

Therefore, high-temperature Al alloys containing transi-
tion metals are often produced by rapid solidification pro-
cessing (RSP) techniques such as melt spinning [4], spray
deposition [5], and gas atomizing [6] which are usually fol-
lowed by consolidation processes such as hot extrusion, hot
pressing, mechanical alloying, and selective laser melting.
The high solidification rate of these processes (typically
10%-107 K/s) promotes the formation of ultrafine grains and
microstructures, extends solid solution by solute trapping,
and inhibits the formation of detrimental compounds such as
coarse needle-like 6-Al;;Fe, in the microstructure leading to
much better high-temperature properties [7, 8].

However, RSP techniques have some limitations such as
high capital cost of equipment and their multi-step nature
that impair their widespread application. It has been also
shown that, due to the large surface-to-volume ratio of
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rapidly solidified ribbons/powders, high amounts of oxides
are likely to be incorporated into the microstructure of
RSPed components. In addition, increasing the temperature
in the course of the subsequent processes such as consolida-
tion and extrusion might negatively affect the desired micro-
structure and the mechanical properties of components [7].

Accordingly, attempts have been made to fabricate Al-Fe-
X (X =transition metals) by cost-effective processes such
as casting. However, under the low solidification rates of
conventional casting processes, the intermetallic compounds
are mostly crystallized as large plate-like or irregular-shaped
particles that severely deteriorate the mechanical properties,
especially the tensile strength and ductility [9]. To overcome
this drawback, it is crucial to modify the cast microstructure
of Al-Fe-X alloys by appropriate methods such as chemical
modification, heat treatment, thermo-mechanical processing,
severe plastic deformation, etc. However, a limited number
of studies have been conducted so far on the microstructure
and mechanical properties of conventionally-cast Al-Fe-
X alloys. Sahoo et al. studied the effect of Mg and Ni-Mg
modification on the microstructure of conventionally-cast
Al-8.3Fe-0.8V-Si alloys [10, 11]. According to their results,
adding appropriate amounts of Mg and/or Ni considerably
modifies the morphology, size, and distribution of Al;Fe,
intermetallics. They justified this modification by changing
the growth morphology of intermetallics through interfacial
segregation of Mg and Ni atoms and/or their absorption into
the lattice of intermetallics. In another work, they demon-
strated the positive impact of Mg and/or Ni-Mg modification
on wear resistance and friction behavior of conventionally-
cast Al-8.3Fe-0.8Fe-0.9Si alloy [12]. The effect of Ni-Mg
modification and subsequent hot rolling/hot extrusion on
the ultimate tensile strength (UTS) of Al-Fe-V-Si alloys
has been also investigated [13]. The chemically-modified
hot-rolled Al-8Fe-1V-1Si alloy had the best properties and
its UTS (~370 MPa) was higher than that of chemically-
modified, hot extruded, and unmodified alloys by 20, 120,
and 235%, respectively. Liu et al. [14] investigated the effect
of Ce addition on microstructure and mechanical proper-
ties of Al-5.5Fe-1.1V-0.6Si alloy produced under near-rapid
solidification cooling rate (~ 30 °C/s). They found that add-
ing Ce refines the coarse primary Al,;(Fe,V),;Si intermetal-
lics and improves the alloy mechanical properties where its
tensile strength and elongation increased by 76 and 73%,
respectively.

FSP [15] is an efficient severe plastic deformation (SPD)
technique capable of effectively modifying the microstructure
and improving mechanical properties of alloys. In this process,
a rotating shouldered tool is plunged into the alloy surface until
its shoulder touches the surface. Then, the tool is traversed
along the desired direction to encourage microstructural modi-
fication/densification through frictional heating and intensive
mechanical mixing at the processing zone. FSP effectiveness
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in enhancing the mechanical properties of brittle alloys and
composites has been previously confirmed. Fekri et al. [16]
demonstrated that, due to the refinement and changing the
morphology/distribution of coarse FeNi-rich intermetallics
in the matrix as well as microstructural densification, apply-
ing FSP substantially improves the mechanical properties of
Al-7Fe-5Ni alloys. In [17], the authors indicated that multi-
pass FSP significantly increases tensile strength and ductility
of hypereutectic Al-Si alloys. Decreasing the size and chang-
ing the morphology of primary silicon particles are the most
important factors responsible for the brittle-to-ductile transi-
tion. Moharrami et al. [18] showed that FSP can effectively
modify the as-cast microstructure of Al-20Mg,Si composite
through refinement and changing the morphology of primary
and eutectic Mg,Si particles and improving their distribution
within the matrix. This greatly enhanced the hardness and tri-
bological properties of the composite.

However, to the best of our knowledge, no attempts have
been made to modify the as-cast microstructure and improve
the mechanical properties of heat-resistant Al-Fe-V-Si alloys
by FSP. Therefore, the aim of this study is to investigate the
capability of the FSP process, as an efficient, economic, and
simple-to-use alternative to the other modification techniques,
in improving the mechanical properties of conventionally-cast
Al-8.5Fe-1.3V-1.7Si (FVS0812) alloy. This alloy is the most
attractive one among RSPed Al-Fe-V-Si alloys owing to its
good combination of room and elevated temperature strength
and ductility [19].

2 Materials and methods

The experimental Al-8.5Fe-1.3V-1.7Si (wt%) alloy was pre-
pared by melting high purity Al (99.9 wt%), Al-20Fe, Al-30Si,
and Al-15V master alloys in an induction furnace (380 V, 37
A, and 10 kHz) under the protection of pure Ar (99.999 wt%).
After melting, sufficient time was given to reach a melt with
homogenized composition. Thereafter, the melt was degassed
by dry C,Clg (1 wt% of alloy), superheated up to 850 °C,
skimmed, and gently stirred by a graphite rod before being
poured into a preheated cast-iron mold (250 °C) to obtain slabs
with dimensions of 150 100 % 10 mm. The average cooling
rate of the mold was 4.8 °C/s. The chemical analysis of the
alloy is given in Table 1.

The as-cast slabs were subjected to FSP using a plain
cylindrical tool made of an AISI H13 tool steel with the
hardness of 58 +2 HRC, as the most common tool mate-
rial for the FSP of Al alloys [20, 21]. The geometry and

Table 1 Chemical composition of the base FVS0812 alloy

Fe Si \"% Other Al

8.41+£0.03 1.73+0.03 1.34+0.02 <0.1 Rem.
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dimension of the tool are shown in Fig. 1a. The FSP pro-
cess was conducted at different rotation speeds of 1250,
1600, 2000, and 2500 rpm and traverse speeds of 8, 12,
and 25 mm/min for one, two, and four passes. These are
optimum parameters that lead to the production of samples
free of voids, cracks, and other visual major defects. The
tool plunge depth was set to 0.3 mm. The FSPed samples
were coded as XXXX-XX-nP, where the first and second
parts denote the rotation and traverse speeds in rpm and
mm/min, respectively, and the third part (after the dash)
shows the number of applied passes.

The Vickers hardness of the samples was measured
using an HVS-1000A hardness tester under the applied
load of 500 g for the dwelling time of 15 s. The average
value of six indentations was reported as the final value.
The tensile samples were taken from the processed area
parallel to the FSP direction (Fig. 1b). The tensile tests
were conducted by a Zwick/Roell-Z100 universal test-
ing machine at the crosshead speed of 0.1 mm/min and
the average mechanical properties of three tensile tests
were reported. The X-ray diffraction analysis (XRD) was
performed using Philips X’pert PRO (Cu-Ka radiation)
diffractometer with a step size of 0.02 and a step time of
1 s. The samples for metallographic examinations, taken
from the processed area normal to the FSPed direction,
were prepared by standard metallographic procedures and
etched by the Keller’s reagent (1 mL HF, 1.5 mL HCI,
2.5 mL HNO;, and 95 mL distilled water) for 10 s. Micro-
structural observations were performed by a Tescan-Vega
scanning electron microscope (SEM) equipped with an
energy-dispersive X-ray spectrometer (EDS) for qualita-
tive chemical analyses. The fractography of the fractured
specimens was also performed using the SEM. The poros-
ity content of the samples was measured by the Archi-
medes’ principle as described comprehensively by Taylor
et al. [22].

Fig.1 Geometry and dimen- if
sions of a FSP tool and b tensile

test sample and sampling loca- (a)
tion on four-pass FSPed sample

Shoulder
Pin

~ All dimensions are in mm

3 Results and discussion
3.1 Microstructural characterization

Figure 2 shows the as-cast microstructure of base (FVS0812)
alloy. As seen, the main microconstituents of the base alloy
are light gray needle-like and dark gray irregular-shaped
intermetallics. According to the EDS analysis results shown
in Fig. 3, the chemical composition of needle-like and irreg-
ular-shaped particles are well consistent with the analysis
of monoclinic 0-Al,3Fe, [10] and body centered cubic
a-Al;,(Fe,V);Si [23] compounds mentioned elsewhere.
The extensive formation of micropores is also evident in
the microstructure. As it is evident from the micrographs,
the majority of micropores have been formed as a result of
shrinkage due to blocking the liquid feeding paths by the pri-
mary Al,;Fe, needles. However, as demonstrated by Anyale-
bechi [24], the rejection of H-atoms into the remaining lig-
uid ahead of solidification front is an essential mechanism
encouraging the formation of mixed (gas and shrinkage)
microporosities, especially in the presence of elements such
as Fe which reduces the hydrogen solubility in molten Al.
Figure 4a depicts the SEM microstructure of the bound-
ary between the stir zone (SZ) and unaffected base metal
(BM) in FVS0812 sample. As seen, due to the synergic
effect of frictional heating and severe plastic strains applied
during FSP tool stirring [15], both o and 0 intermetallics in
the SZ have been extremely broken down and evenly distrib-
uted within the matrix. The enlarged micrographs illustrat-
ing the SZ microstructure of 1600-12-1P, 1250-12-1P, and
2500-12-1P samples are shown in Fig. 4b—d, respectively. As
seen, in agreement with the image analysis results (Table 2),
increasing the rotation speed has refined the intermetallic
particles, trimmed off their sharp edges, and improved their
distribution within the SZ. It is also evident from the micro-
graphs that the existing micropores have been effectively
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Fig.2 a As-cast microstructure
of the base FVS0812 alloy and
b enlarged view of the boxed
area in micrograph 2a
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Fig.3 EDS spectrum of a 0-Al;Fe, and b a-Al,,(Fe,V),Si shown in Fig. 2a

refined in the SZ. According to the Archimedes’ test, the vol-
ume fraction of micropores has been reduced from about 3%
in as-cast Base sample to about 0.55% in 1600-1P (Table 2).
This can be attributed to the effective forging of micropores
as a result of intense plastic flow of the softened material
in the SZ.

FSP also effectively refines the SZ grains. Figure 5a com-
pares the XRD patterns of the base and 1600-12-1P sam-
ples. Figure 5b also illustrates the locally-enlarged view of
XRD profile at 2 =40°-50°. As seen, FSP has shifted the
peaks corresponding to the a-Al matrix to the lower angles
and broadened the full width at half maximum (FWHM).
According to [25] the former can be attributed to the resid-
ual stress developed in the course of FSP while based on
[26] the latter can be related to the lower size of the grains.
Williamson-Hall equation (Eq. 1) can be successfully used
to determine the crystallite size [27]:

0.91 ( Ad

ﬂCOS(p=T+ 7>4Sil’l(p, (])

where 4 is the X-ray wavelength, f is the line broadening at
FWHM after subtracting the instrumental line broadening
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(in radians), ¢ is the Bragg angle (in degrees), (%) is the

strain, and t is the crystallite size. Using this approach the
average size of crystallite grains in Base and 1600-12-1P
samples, estimated from the y-intercept of the graph plotted
between fcos and 4sing (Fig. 5c), are about 35 and 26 nm,
respectively.

Considering the high stacking fault energy of Al and its
alloy, the formation of fine equiaxed grains in the SZ of
FSPed samples can be attributed to the dynamic recrystal-
lization due to the synergistic effect of severe plastic defor-
mation and heat generation [28]. Figure 5d shows an infrared
thermographic image, taken by an AVIO infrared camera,
showing the surface temperature of 1600-8-1P sample dur-
ing its FSP. As seen, due to the frictional heating, severe
plastic deformation, and viscous dissipation, the surface
temperature of the sample has increased to about 560 °C
which seems to be an appropriate value for dynamic recrys-
tallization [29].

The FSP effectiveness in grain refinement has been
previously reported elsewhere. According to Ma [15], the
refinement of grains is generally due to the occurrence
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Fig.4 SEM micrographs show-
ing the microstructure of a the
boundary between the SZ and
BM in 1600-12-1P sample,

b SZ of 1600-12-1P, ¢ SZ of
1250-12-1P, and d SZ of 2500-
12-1P samples

Table 2 Image analysis results

of the base ard selected FSPed Fe-rich intermetallics Porosities
samples Average size, pm Average aspect ratio vol%
Needle-like Polyhedral Needle-like Polyhedral

Base 275.1+£274 31.1£9.2 34.23 2.1 3.04
1250-12-1P - 13.1+£4.5 1.5 0.61
2500-12-1P - 55+£23 1.3 0.52
1600-12-1P - 8.5+4.3 1.4 0.54
1600-12-2P - 7.0+£4.0 1.2 0.52
1600-12-4P - 44+2.1 1.2 0.47

of dynamic recrystallization. Moharrami et al. [30] also
showed that multi-pass FSP can significantly refine the
as-cast microstructure of Al-25Mg,Si composite. Based on
their EBSD investigations, a direct relationship was found
between FSP passes and the density of grain boundaries.
Su et al. also indicated that the combined effect of FSP and
rapid cooling results in formation of nano-sized grains in
the microstructure of 7075 Al alloy. They attributed this
to the occurrence of discontinuous dynamic recrystalliza-
tion [31].

3.2 Mechanical properties

The effect of FSP on the tensile properties and hardness
of FVS0812 alloy is shown in Figs. 6 and 7, respectively.
As seen, in the as-cast condition, the alloy exhibits very
poor mechanical properties. Considering Fig. 2, this can be
attributed to the presence of huge amounts of Fe-rich inter-
metallics (especially the coarse needle-like 6-Al,;Fe,) and
intermetallic-related defects in the microstructure. The nega-
tive impact of the needle-like Fe-rich intermetallics such as

@ Springer
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Figure 5 a XRD patterns of the (a) . o Al (b)
base and 1600-12-1P samples, . ¢ AlgsFe, Base
b locally-enlarged view of XRD = ;" *‘ % Aly(Fe,V)sSiz =
profile at 260 =54°-66°, ¢ Wil- i ) FX A & . &
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Fig.6 Effect of FSP parameters on a tensile strength and b fracture strain of FVS0812 alloy
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Fig. 7 Effect of a rotation speed and b traverse speed on hardness profiles of FVS0812 alloy at the mid-thickness of its SZ perpendicular to the
FSP direction
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0-Al,;Fe, on mechanical properties of cast Al-based alloys
has been extensively studied [32]. These needles, due to their
high aspect ratio (Table 2), effectively arrest the motion of
dislocations serving as potential stress concentrators within
the matrix. However, according to [33], due to the brittle
nature arising from their complex crystal structure, they are
quite susceptible to microcracking. Moreover, due to their
weak smooth-type interfaces stems from their high melting
entropy [34], they are prone to detachment from their sur-
rounding matrix. Vorren et al. [35] showed that the detached
particles act as two-dimensional defects deteriorating the
tensile properties.

In addition to the above, the presence of needle-like
intermetallics can greatly increase the volume fraction
of micropores in the microstructure (Fig. 2 and Table 2).
The gas/shrinkage micropores are detrimental defects that
impair the mechanical properties. This is because they
decrease the effective load-bearing area serving as stress-
concentration points in the castings facilitating the initiation
of microcracks. The fracture surface of the base sample is
shown in Fig. 8. The presence of fractured 6-Al,;Fe, and
a-Al,,(Fe,V),Si particles (with the EDS analysis shown in

Fig.8 SEM microfractographs
showing the fracture surface of
FVS0812 alloy a low magnifica-
tion and b high magnification

cpsfeV

Fig. 9) as well as a large shrinkage micropore next to nee-
dle-like intermetallics imply their critical role in low-energy
brittle fracture of Base sample.

Regardless of the processing parameters, applying FSP
substantially improves the tensile properties (Fig. 6). As
seen, the highest tensile properties belong to 1600-12-1P
sample, where compared to the base sample, its tensile
strength and fracture strain have increased by 1020 and
1050%, respectively. However, despite the substantial
improvement of tensile properties of FSPed samples, the
net value of the fracture strains is low. The variation of hard-
ness across the SZ perpendicular to the FSP direction for the
samples FSPed at different processing parameters is also
shown in Fig. 7. As seen, FSP has substantially improved the
hardness. However, despite the tensile properties, the high-
est hardness belongs to 2500-12-1P where its peak hardness
is 130% higher than the average hardness of its unaffected
BM region.

Considering the multilateral effect of FSP on as-cast
microstructure/macrostructure of FVS0812 sample, the
improved mechanical properties of FSPed samples can be
mainly justified by the refinement and uniform distribution

Shrinkage
" porosity

g?«FracturéM /
&, 0-phase’ |
'\,\ ‘ P

10 (a) Element [wt.%] [at.%] | 12- (b) Element [wt.%] [at.%]
Aluminium 62.92 77.48 1 Aluminium 73.59 84.12
s silicon 0.69 0.81 | 49 silicon 0.69 0.76
Vanadium 1.01 0.66 ] Vanadium 17.23 10.43
Iron 35.38 21.05 8 Iron 8.49 4.69
6 - Si v 1 @ Si v
Fe m [v] i e o - =
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Fig. 9 EDS analysis of the marked points in microfractographs 8b, a point A, b point B
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of their intermetallic compounds, refinement of their grains,
and the lower size and volume fraction of micropores in
their microstructures. According to Fig. 4 and image anal-
ysis results (Table 2), applying the first pass of FSP sig-
nificantly refines the intermetallic particles and disperses
them uniformly within the matrix. Decreasing the aspect
ratio and increasing the particles number per unit area sub-
stantially lower the level of stress imposed on individual
particles, thereby increases their resistance to breaking and/
or detachment from the matrix giving rise to a better ductil-
ity [36]. The refined particles can also effectively enhance
the strength by Orowan mechanism [37] provided that their
size becomes small enough that can effectively impede the
dislocation motion. Moreover, Sharma et al. [38] and Liu
et al. [39] showed that the thermo-mechanical effect of FSP
can significantly improve the interfacial bonding strength
of second-phases, thereby enhancing their load transfer effi-
ciency, leading to a better mechanical strength and ductility.

Furthermore, the formation of fine dynamically-recrys-
tallized grains (Fig. 5) which increase the density of grain
boundaries is an important factor improving the mechani-
cal properties of FSPed samples through grain boundary
strengthening mechanism as already demonstrated by Shaeri
et al. [40]. Meanwhile, as stated in [41], the large number of
dislocations exist in or along sub-grain boundaries of recrys-
tallized grains in the SZ. These dislocations can significantly
contribute to improving the hardness/strength through inter-
acting with each other or grain boundaries [42].

The fracture surface of 1600-12-1P sample is shown
in Fig. 10. As seen, compared to the fracture surface of
the base sample (Fig. 8) and in agreement with the ten-
sile properties (Fig. 6), the average size of intermetallic
particles has considerably decreased and the dimples,
a typical feature of a ductile fracture, are observed on
the surface. As expected, large intermetallics have been
extensively fractured and/or debonded from the matrix
(Fig. 10b). This can be explained by the development of

Fig. 10 SEM microfractographs
showing the fracture surface

of 1600-12-1P sample a low
magnification and b high mag-
nification
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high stress-concentrations on these particles mediated by
their inconsistent plastic deformation with respect to that
of surrounding Al matrix. The fracture and/or debond-
ing of particles can be considered as an important factor
responsible for the relatively low fracture strain of 1600-
12-1P sample.

Despite the effective refinement of brittle intermetallic
compounds and promotion of more homogeneous micro-
structure (Fig. 4 and Table 2) increasing the rotation speed
to 2000 and 2500 rpm adversely affects the tensile properties
(Fig. 6). For instance, the tensile strength and fracture strain
of 2500-12-1P sample are lower than those of 1600-12-1P
by about 50 and 60%, respectively. This can be justified by
the growth of grains and/or formation of defects at the higher
rotation speeds where due to friction, plastic deformation,
and viscous dissipation, considerable amounts of heat is gen-
erated within the SZ [43]. Increasing the temperature, on one
hand, promotes the growth of SZ grains and, on the other
hand, encourages the formation of process-related defects
mediated by turbulent flow of material [44]. However, given
that the peak hardness of 2500-12-1P sample is higher than
that of 1600-12-1P alloy (Fig. 7a) it seems that defect for-
mation is the dominant factor responsible for inferior tensile
properties.

The effect of two- and four-pass FSP under the optimized
parameters (1600 rpm and 12 mm/min) on the SZ micro-
structure of FVS0812 alloy is shown in Fig. 11. Moreover,
the histogram graphs showing the particles size distribution
in 1600-12-1P, 1600-12-2P, and 1600-12-4P samples are
shown in Fig. 12. As seen, compared to the microstructure of
1600-12-1P sample (Fig. 4a, b) and in accordance with the
image analysis results (Table 2), the average size of fractured
intermetallics in multi-pass FSPed samples has relatively
decreased so that the amount of particles with the average
size of less than 5 pm has considerably increased (Fig. 12).
Increasing the number of FSP passes has also substantially
improved the distribution of particles.
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These microstructural changes slightly enhance the  while the tensile strength and hardness of 1600-12-4P
tensile strength and hardness of the alloy, but substan-  sample have improved by 18 and 23%, respectively, com-
tially improve the fracture strain (Fig. 13). For instance,  pared to those of 1600-12-1P sample, its fracture strain

Fig. 11 SEM micrographs showing the microstructure of a the boundary between the SZ and BM in 1600-12-4P sample, b, ¢ SZ microstructure
at higher magnifications
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Fig. 12 Histograms showing the distribution of intermetallic particles size in a 1600-12-1P, b 1600-12-2P, and ¢ 1600-12-4P samples
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Fig. 14 SEM microfractographs
showing the fracture surface

of 1600-12-4P sample a low
magnification and b high mag-
nification

has improved by 200%. The relative size reduction of brit-
tle intermetallics, increased fraction of ultrafine particles
capable of providing Orowan strengthening, improved
bonding strength of the particles/matrix, substantial
improvement of particles distribution, and considerable
reduction of casting defects can be considered as the most
important factors enhancing the mechanical properties of
multi-pass processed samples.

The SEM microfractographs showing the fracture sur-
face of 1600-12-4P sample are shown in Fig. 14. As seen,
compared to the fracture surface of 1600-12-1P sample
(Fig. 10), applying four-pass FSP has extended the dim-
pled character of fracture surface justifying the improved
ductility of sample. The existence of intermetallics at the
bottom of dimples (Fig. 14b) also indicates their critical
role in the fracture of sample through encouraging the
initiation and growth of microvoids and their coalescence
into microcrack [42].

The average room-temperature tensile properties of
FVS0812 alloy produced by different methods are given
in Table 3. For comparison, the average tensile proper-
ties of 1600-12-4P sample are also included. As seen, the
average tensile strength of 1600-12-4P sample is com-
parable to or even better than that of the samples fabri-
cated by mechanical alloying followed by extrusion, spray
deposition followed by wedge pressing, atomized melt
deposition, and atomized melt deposition followed by hot
isostatic pressing and extrusion. However, the average
elongation of 1600-12-4P sample is about 8% which is
among the lowest values presented in the Table 3. This
is likely due to the lower effectiveness of FSP in devel-
oping sufficiently-refined microstructures comprising of
sub-micron grains and appropriate precipitates such as
a-Al;,(Fe,V);Si particles with suitable size capable of
effective blockage of dislocation motion.

@ Springer

4 Conclusion

The capability of multi-pass FSP on the microstructure
modification and mechanical properties enhancement of
conventionally-cast Al-8.5Fe-1.3V-1.7Si (FVS0812) alloy
was investigated. Following conclusions can be drawn:

1- Multi-pass FSP resulted in substantial refinement,
homogenization, and densification of as-cast microstruc-
ture of FVS0812 alloy. The average size of 0-Al;Fe,
platelets has decreased from 275 pum in as-cast alloy to
less than about 5 um in four-pass FSPed sample. The
volume fraction of micropores has also reduced from
about 3% in as-cast sample to less than 0.5% in four-pass
FSPed sample.

2- Applying the first pass of FSP enhanced the tensile
strength, fracture strain, and hardness of the alloy
by about 1020, 1050, and 60%, respectively. This
improvement can be mainly attributed to the intense
breakage and uniform distribution of 6-Al,;Fe, and
a-Al,,(Fe,V),Si intermetallics within the matrix, forma-
tion of ultrafine recrystallized grains, and elimination of
casting defects.

3- Increasing the number of FSP passes up to four slightly
decreased the average size of intermetallic particles,
but significantly improved their distribution within the
matrix which led to 18 and 200% improvement of tensile
strength and fracture strain of one-pass FSPed sample,
respectively.

4- The tensile strength of four-pass FSPed sample was
comparable to or even better than that of samples pro-
duced by the common fabrication methods. However, its
average fracture strain was lower than that obtained by
the common fabrication routes.
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Table 3 Comparison of room-
temperature tensile properties of
1600-12-4P sample with those

of Al-7.8Fe-1.3V-1.8Si samples
fabricated by other processes

alloy Fabrication/processing method ~ Tensile properties References
UTS,MPa  Elongation, %
Al-7.8Fe-1.3V-1.88i  MAYEX® 281.0 15.0 [45]
Al-8.5Fe-1.3V-1.7Si  EBM° 438.0 12.0 [46]
Al-8.5Fe-1.3V-1.7Si  PFCYEX 448 9.1 [47]
Al-8.5Fe-1.3V-1.7Si ~ SD%EX (350 °C) 435.0 7.0 [48]
SD/EX (450 °C) 395.0 7.5
Al-8.5Fe-1.2V-1.7Si ~ SD/EX 360.5 9.7 [5]
Al-8.0Fe-1.0V-2.0S8i  UGAYEX 420 9.2 [49]
Al-8.5Fe-1.3V-1.7Si  SD/Wedge pressing 290 9.0 [50]
Al-8.5Fe-1.2V-1.7Si  ADM# 281 9.5 [51]
ADM/HIP"/EX 313 18
Al-8.4Fe-1.3V-1.7Si CC//Multi-pass FSP 336.9 7.9 Current study

*Mechanical alloying
Extrusion

“Electron beam melting
4Planar flow casting

Spray deposition
fUltrasonic gas atomization
£ Atomized melt deposition
"Hot isostatic pressing

'Conventional casting
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