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ABSTRACT

Al-xV alloys (x = 2 at.%, 5 at.%, 10 at.%) with nanocrystalline structure and high solid solubility of V were
produced in powder form by high-energy ball milling (HEBM). The alloy powders were consolidated by
spark plasma sintering (SPS) employing a wide range of temperatures ranging from 200 to 400 °C. The
microstructure and solid solubility of V in Al were investigated using X-ray diffraction analysis, scanning
electron microscope and transmission electron microscope. The microstructure was influenced by the
SPS temperature and V content of the alloy. The alloys exhibited high solid solubility of V-six orders of
magnitude higher than that in equilibrium state and grain size < 50 nm at all the SPS temperatures.
The formation of Al;V intermetallic was detected at 400 °C. Formation of a V-lean phase and bimodal
grain size was observed during SPS, which increased with the increase in SPS temperature. The hardness
and elastic modulus, measured using nanoindentation, were significantly higher than commercial alloys.
For example, Al-V alloy produced by SPS at 200 °C exhibited a hardness of 5.21 GPa along with elastic
modulus of 96.21 GPa. The evolution of the microstructure and hardness with SPS temperatures has been

discussed.

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

Aluminum (Al) alloys have emerged as an effective structural
material due to their high strength-to-weight ratio and a wide
range of useful properties [1,2]. Precipitation strengthening has
been the main strengthening mechanism for high strength Al al-
loys where size and volume fraction of precipitates along with the
distance between adjacent precipitates dictate the strength. These
precipitates cause the inevitable localized corrosion by galvanic in-
teraction with reactive Al matrix which escalates with increasing
volume fraction and size of the precipitates [3,4]. Therefore, the
commercial Al alloys produced by conventional ingot metallurgy
show a tradeoff between corrosion performance and mechanical
properties [5], and consequently alternate strengthening mecha-
nisms that could either increase corrosion resistance or do not af-
fect corrosion [6-8].

Solid solution strengthening with suitable alloying elements
and grain refinement has shown to increase corrosion resistance

* Corresponding author.
E-mail address: rkguptaz@ncsu.edu (R.K. Gupta).

https://doi.org/10.1016/j.jmst.2022.02.008

and strength simultaneously [6,7,9-11]. Several non-equilibrium al-
loying techniques such as ion implantation [12,13], sputter de-
position [14-16], electrodeposition [17,18] equal channel angular
pressing (ECAP) [19,20], high-pressure torsion (HPT) [21], and me-
chanical alloying [22-24] have been used to produce Al alloys with
refined grain size and high solid solubility of the alloying elements.
Mechanical alloying using a high-energy ball mill has been re-
ported to provide extended solid solubility at room temperature
along with the nanocrystalline structure that results in improved
mechanical properties [10,25,26], high thermal stability [27], and
high corrosion resistance [6]. The alloys produced by ball milling
are in the powder form which can be used for repairing or coating
using the cold spray, additive manufacturing, and consolidation to
produce net-shaped components by employing conventional pow-
der metallurgical techniques such as cold compaction followed by
sintering, hot pressing, hot isostatic pressing and spark plasma sin-
tering, which have been reviewed recently [8].

Consolidation of ball-milled powders requires exposure to high
temperatures which could cause grain growth and decomposition
of supersaturated solid solution (SSS) to thermodynamically stable
phases. Grain size can be controlled by several techniques, includ-
ing but not limited to introducing secondary phase particles and
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stabilizing grain boundaries. The introduction of borides such as
NbB,, VB,, TiB, as grain refiners is one of the methods of achieving
grain refinement and maintaining it during processing and service
conditions [28-30]. Grain refiners are introduced during casting to
achieve better mechanical properties, reduce porosity and hot tear-
ing [31]. Whereas grain size in ball-milled alloys is refined and the
challenge lies in retaining it during processing. Additionally, ball-
milled alloys with high solid solubility of alloying elements are not
in an equilibrium state and therefore possess a natural tendency
of decomposing to stable phases if adequate activation energy is
provided [32,33]. For example, the equilibrium solid solubility of
V in Al at 25 °C is 5.22 x 1077 at.% [34] whereas ball-milled Al-
5 V alloy has 2.93 at.% V in solid solution, which contains high
driving force to achieve equilibrium state comprising of Al and Al-
V intermetallics. Therefore, an appropriate choice of consolidation
technique and processing parameters is deemed essential to retain
the ball-milled microstructure and properties. For instance, hot iso-
static pressing (HIP) requires a high temperature and a long time
to improve the density of the material which causes significant
grain growth and formation of thermodynamically stable phases
[35,36]. Spark plasma sintering (SPS) results in dense materials in
a short time by reducing the inter-particle distance through Joule’s
heating. SPS is a novel tool for processing alloys and composites
at lower temperatures than conventional processing routes [9,37-
39]. For instance, Esteves et al. produced nanocrystalline AA5083
with high solid solubility of V using SPS [9,39]. High heating rate
(up to 1000 K/min) and low holding times are attributed to restrict
grain growth during the SPS [40]. The microstructure of the spark
plasma sintered (SPSed) alloys depends on the SPS temperature.

Alloying of Al with corrosion-resistant alloying elements (V,
Cr, Mo, Ni, Ti, Nb) using HEBM has been shown to enhance the
corrosion resistance and mechanical properties [7,9,41]. Among
corrosion-resistant alloying elements, V has been most effective
due to its efficiency in increasing corrosion resistance and strength,
high thermal stability, and relatively lower density. However, the
hardness, elastic modulus, and microstructural evolution of Al-V al-
loys during the consolidation process have not been studied. This
work presents the influence of the SPS temperature on the Al-xV
alloys which were produced by HEBM in the form of supersatu-
rated solid solution. The solid solubility of V in Al, formation of
secondary phases, and grain growth after various SPS temperatures
were studied using X-ray diffraction, scanning electron microscope
and transmission electron microscope.

2. Experimental procedure
2.1. Powder preparation and consolidation

Al-xV alloys (where x = 2 at%, 5 at.%, and 10 at.%) were pro-
duced by HEBM of elemental powders in high purity Ar atmo-
sphere where oxygen content was kept < 25 ppm. The aluminum
powder having 99.7% purity with a mesh size of —50/+100, and
vanadium powder (99.8% pure) of ~100 mesh size were added
to hardened stainless steel jars containing hardened stainless steel
balls. The total weight of the Al and V powder was 25 g, and the
ball-to-powder weight ratio was kept 16:1. Stearic acid was used
as process control agent (PCA) to reduce cold welding and agglom-
eration of the metallic powders. Amount of stearic acid was kept
1.5 wt.% of the metal powder. HEBM was performed using a plan-
etary ball mill at a speed of 280 r/min. Milling times for Al-2V,
Al-5V, and Al-10V were 100, 40, and 40 h, respectively. Maximum
achievable solid solubility at a given milling speed has been shown
to depend on the alloy composition and milling time in Ref [42].,
and therefore, the milling times were selected to achieve the high-
est solid solubility. The milling was paused for 30 min after every
1 h to avoid excessive heating.
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The jars after milling were opened in the Ar atmosphere and
the Al-xV alloy powder were consolidated by two methods: (1)
compaction in a tungsten carbide die at room temperature using
uniaxial pressure of 3 GPa, and (2) SPS with a dwell time of 5 min.
SPS was performed at 200, 250, 300, and 400 °C. 1 GPa pressure
was used for SPS at 200, 250, and 300 °C whereas 600 MPa was
used for SPS at 400 °C. SPS was performed using SPS 10-3 ther-
mal technology LLC. Punches and dies of tungsten carbide along
with the graphite foil were used to obtain the sample of 10 mm
diameter and 4 mm thickness. The SPS was conducted in Ar atmo-
sphere. A heating rate of 50 °C/min was employed and the tem-
perature was controlled using a thermocouple. The alloy produced
by compaction at room temperature was termed cold compacted
(CC). A high consolidation pressure of 3 GPa at room temperature
was used due to the high hardness of HEBM Al alloy powder.

2.2. Nanoindentation

Hardness and elastic modulus of different regions were ob-
tained from nanoindentation using Bruker Hysitron TI 980. The
load of 1000 N with a dwell time of 10 s was applied to indent
the specimens.

2.3. Characterization techniques

Field emission scanning electron microscopy (FE-SEM) study
was carried out using Tescan Lyra 3 FIB-FESEM operated at 20 kV
acceleration voltage. Secondary electron (SE) and backscattered
electron (BSE) images along with energy-dispersive X-ray spec-
troscopy (EDXS) data were obtained to study the particle size,
inter-particle boundaries, porosity, elemental distribution, and dis-
tribution of phases. Specimens were polished to 0.05 pum finish
using diamond suspension and ultrasonicated for 5 min in ethanol
to remove the residue of polishing media.

X-ray diffraction (XRD) study was conducted using Rigaku
SmartLab X-ray diffractometer to analyze the phase identification,
change in grain size and solid solubility. The characterization was
performed using Cu Ko radiation for a 26 range of 15°—85°, the
scan rate of 1°/min and 0.02° step size. Subsequently, the grain size
was calculated by the Scherrer method [43] after disregarding the
instrumental peak broadening with the help of the NIST standard
silicon sample.

Scanning transmission electron microscopy (S/TEM) was per-
formed using Talos F200X G2 on Al-10V alloy produced by cold
compaction and spark plasma sintering at 400 °C. The specimens
were prepared by the focus ion beam (FIB) technique to cut the
cross-section of the specimen using the lift-out method mentioned
in [44]. Before preparing the electron-transparent lamellae, the
surface was protected by depositing the first layer of 200 nm plat-
inum cap using electron beam and the second layer of 300 nm
platinum using ion beam milling over the first layer. High-angle
annular dark-field (HAADF) and bright-field (BF) images were ac-
quired along with EDXS elemental mapping to obtain the elemen-
tal distribution.

3. Results
3.1. Particle size and size distribution of ball-milled Al-xV alloys

Secondary electron (SE) images of the HEBM Al-xV (x = 2 at.%, 5
at.%, and 10 at.%) alloy powder particles in as-milled conditions are
shown in Fig. 1. The particle size distribution is presented below
SEM images, which reveals that increasing V content decreases the
particles size and particle size distribution. Observed refinement of
particles with the increase in solute content is consistent with re-
ported literature [8] and is attributed to increased embrittlement



J. Christudasjustus, C.S. Witharamage, G. Walunj et al.

Mean= 461.93+153.77 um

10

20
Particle size (um)

300 400 500 600

Particle size (um)

700

30

Journal of Materials Science & Technology 122 (2022) 68-76

Mean= 32.38+14.83 um Mean= 20.1946.89 um

40 50 60 70

10

20 30
Particle size (um)

40

Fig. 1. SEM-SE images of high-energy ball-milled powder of (a) Al-2V, (b) Al-5V, and (c) Al-10V alloys with the particle size distribution graph at the bottom.

Table 1
Values for different parameters obtained after HEBM and subsequently consolidated by cold compaction
(€C).
Alloy Particle size (um)  Solid solubility (at.%) Grain size (nm) Lattice parameter (A)
Al-2V CC 462+154 1.8 33.6 4.0346
Al-5V CC 32+15 4.0 19.7 4.0176
Al-10 VCC 2047 5.4 123 4.0066

of alloy with increasing V content. The average powder particle
size is listed in Table 1.

3.2. Preliminary investigation for phase identification, grain size and
solid solubility

The XRD peak for Al-xV alloys produced by cold compaction
and SPS are presented in Fig. 2, which demonstrates the effect of
SPS temperature on peak position and broadening. The peak posi-
tions of pure Al and Al;V intermetallic are indicated with dotted
vertical lines for reference. The Al peaks for cold compacted al-
loys appear at higher 20 value indicating lower lattice parameter
and higher V content in the solid solution (shown in Fig. 3(b)). The
contraction of the lattice parameter is caused by the smaller effec-
tive atomic radius of V in Al-V solid solution i.e., 134.1 pm whereas
the atomic radius of Al is 142 pm [45]. An increase in SPS temper-
ature causes Al peaks to shift towards lower 26 value and close to
the 20 of pure Al which indicate an increase in lattice parameter
and decrease in solid solubility of V. At higher sintering tempera-
ture, i.e., 400 °C, the peak of Al3V intermetallic began to emerge
for all the compositions.

The grain size of Al-xV alloys is presented in Fig. 3(a). The
average grain size for cold compacted alloys decreased with the
increase in V content (Table 1) which is consistent with liter-
ature reporting the effect of solute on grain refinement [46-
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50]. For instance, in Al-Ti alloy, the addition of 5 wt% Ti re-
duced the grain to 16 nm [49] while the addition of 35 at%
yielded to 10 nm [50]. Grain growth was observed in spark
plasma sintered alloys. However, the average grain size was below
50 nm showing retention of nanocrystalline structure at all SPS
temperatures.

The equilibrium solid solubility of V in Al at room temperature
is 543 x 1077 at% [34] and therefore production of Al-V alloys
using a conventional processing route such as casting results in
coarse intermetallics. Non-equilibrium processing techniques such
as HEBM has been reported to result in high solid solubility of
V where the solid solubility was calculated using Vegard's law
as mentioned in Refs [7,42]. and provided in Supplementary file
Fig. 3.(b) shows the solid solubility of V of each composition con-
cerning sintering temperature. A significant enhancement in solid
solubility of V was achieved after the HEBM and is listed in Table 1.
The solid solubility of V increased with the increase in added V
while the ratio of solid solubility to added solute decreased. This
indicates the increase in unalloyed V or intermetallics phases with
increasing V content in the alloy. As the SPS temperature increased,
the solid solubility of V decreased gradually indicating the decom-
position of the supersaturated solid solution to Al and Al-V inter-
metallics. Nonetheless, the solid solubility of the V for all SPS tem-
peratures was significantly higher than the equilibrium solid solu-
bility of V in Al at room temperature.
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Fig. 2. XRD profiles of (a) Al-2V, (b) Al-5V, and (c) Al-10V showing the shift in
peaks and formation of intermetallic as a function of SPS temperature. The dotted
lines represent the position of the peak for pure Al and Al;V for reference to ob-
serve the peak shift.

3.3. Influence of sintering temperature on the microstructure

Fig. 4 shows the BSE images of the consolidated Al-xV al-
loys ranging from compaction at room temperature (CC) to SPS at
400 °C. The fine bright particles (denoted as red dotted circles) and
coarse bright particles (indicated as blue arrows) were observed in
the microstructure throughout all compositions. The EDXS analysis
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Fig. 3. (a) Grain size, and (b) solid solubility of V in Al as a function of SPS temper-
ature. Data for the cold compacted alloy is alloy is also included for comparison.

confirmed the fine bright particles (200-300 nm) to be unalloyed
V particles while the coarse bright particles (500 nm-1 pum) to
be the Fe-rich particles, which were introduced from the milling
media during HEBM. The inter-particle boundaries and porosity
were observed in cold compacted alloys, which increased in the
order of Al-2V < AI-5V < AI-10V. The densification by ram dis-
placement and the change in the material density are presented
in Figs. S1 and S2 in the Supplementary Materials, respectively.
During the SPS, higher ram displacement is observed with the in-
crease in sintering temperature for all compositions. This indicates
an increase in densification with the increase in sintering temper-
ature, Whereas the ram displacement reduced with the increase
in V content, which shows lower densification attributed to the in-
crease in hardness and grain refinement. Porosity is also dependent
on V content, which increased with the increase in hardness and
grain refinement as a function of V content.

The inter-particle boundaries and pores began to diminish with
the increase in sintering temperature for all the compositions
(Fig. 4). In Al-5V, as the sintering temperature increased, a dark
phase, shown by the yellow arrow, emerged at the inter-particle
porosity with the size range of 2-7 um. The volume fraction of
this dark phase increased with the increase in sintering tempera-
ture (Fig. 4(e-h)). A similar phenomenon was observed in Al-10 V,
where the dark appearing phase filled the inter-particle porosity
(Fig. 4(i-1)). Additionally, a new bright streak-type phase at 400 °C
(Fig. 4) appeared at the inter-particle boundaries and around the
dark phase as denoted by the purple arrow. This bright streak-type
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Fig. 4. BSE images of Al-2V (a-d), Al-5V (e-h), and Al-10V (i-1) after high-energy ball milling and consolidation at room temperature (CC) and SPS at 200, 250, 300, and
400 °C, respectively. 3 GPa pressure was applied for cold compaction. 1 GPa pressure was used for SPS at 200, 250, and 300 °C, while 600 MPa was used at 400 °C. High
magnification images are shown as an inset on the top-right corner. The dark phase, bright steak-type phase, inter-particle boundaries, and inter-particle pores are indicated
by vellow, purple, green, and orange arrows, respectively. Unalloyed V particles and abraded stainless steel particles are denoted by the dark red dotted circle and cyan

arrow, respectively.

phase was also observed in Al-5 V alloy SPSed at 400 °C but was
not as prominent. The thickness and intensity of the bright streak-
type phase increased with increasing V content. SEM-EDXS analysis
on the Al-10V alloy SPSed at 400 °C (Fig. 5) revealed that the dark
phase was V-lean phase while the bright streak-type phase was V-
rich phase. V-rich phase is appeared to contain AlzV as detected
from XRD and EDXS analysis revealed Al to V ratio of 3. With the
increase in sintering temperature, the decomposition of supersat-
urated solid solution at the inter-particle boundary increased and
can be observed in Figs. 4(1) and 5. The absence of Al3V for SPS
temperatures below 400 °C could be attributed to lower volume
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fraction. It should be noted that the decomposition of Al-V solid
solution depends on SPS time and temperature, and decomposition
kinetics is lower at lower temperatures.

S/TEM was performed on Al-10V produced by compaction at
room temperature and SPS at 400 °C (Figs. 6 and 7). Homogeneous
distribution of V along with unalloyed V as confirmed from EDXS
mapping was observed in the cold compacted alloy (Fig. 6). TEM
analysis shows fine grains with an average grain size of ~17 nm
(Fig. S3) which is close to the grain size calculated by XRD. The
STEM image of Al-10V SPSed at 400 °C (Fig. 7(a)) reveals bimodal
grain size and presence of the V-lean phase, V-rich phase, and ma-
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Fig. 5. EDXS area maps of Al and V for Al-10V SPSed at 400 °C. Red dotted lines show the V-lean phase; green dotted lines indicate the segregation of V (V-rich phase)

along the inter-particle boundary.

Fig. 6. HAADF image and STEM-EDXS area maps for cold compacted Al-10V alloy showing fine V-rich regions in the alloy.

trix. The V-lean phase consists of large grains with a size range
of 400 nm-1 pm. The EDXS elemental mapping confirmed that
these large grains consist of Al with V content varying from 0.1 to
1.5 at.%. While the V-rich region and matrix still exhibited nano-
sized grains of 40.7 nm (Fig. S4), which is close to the grain size
calculated using XRD. The STEM-HAADF image in Fig. 7(b) shows
the magnified region comprising inter-particle boundaries, V-lean
phase, and V-rich phase. Oxygen was revealed between the V-lean
and V-rich phases, indicating the presence of inter-particle bound-
ary as the particles are covered by a thin oxygen layer and also
oxidation at inter-particle boundaries is plausible during SPS. De-
composition of the supersaturated solid solution of Al-V and mi-
crostructural evolutions appears to depend on the relative position
from the inter-particle boundaries Fig. 7.(c-e) shows the typical
high-resolution images of the matrix taken as a function of rel-
ative distance from the inter-particle boundary. A region close to
the inter-particle boundary shows uniformly distributed fine bright
particles which appear to be Al3V (Fig. 7(c)). A cellular structure
consisting of V as cell boundaries appears to emerge while moving
away from the interparticle regions (Fig. 7(c-€)). S/TEM analysis in-
dicates complex microstructure and heterogenous distribution of V
at the nanoscale in the matrix of Al-10V alloys SPSed at 400 °C.

3.4, Change in hardness and elastic modulus

Nanoindentation was conducted to investigate the evolution
of hardness and the elastic modulus (E) with SPS temperature
(Table 2). Additionally, hardness and E of pure Al and commonly
used commercial Al alloys also are listed in Table 3 for comparison.
Pure Al exhibited a hardness of 0.6 GPa and E of 71 GPa (Table 3).
The hardness and elastic modulus of the Al-xV alloy were signif-
icantly higher than commercial alloys and a strong function of V
content and SPS temperature. Elastic modulus has increased with
the increase in V content. E is a strong function of solid solubility
of the V and lattice parameter. A decrease in solid solubility with
increasing SPS temperature resulted in decreased E for the Al-xV
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alloys. V-lean phase showed the lowest E due to the low V con-
tent. V-rich phase which consists of AlsV showed the highest E.
Applications of aluminum alloys are limited in the fields requiring
high stiffness due to the lower elastic modulus. High stiffness of Al
alloys shown here demonstrates a method of designing Al alloys by
increasing the solid solubility of the appropriate alloying elements.
Further research is required for developing a fundamental under-
standing and forming a theoretical framework.

Al-2V alloy showed single-phase matrix (Fig. 4(a-d)) where
hardness decreased with increasing SPS temperature. Al-5V and Al-
10V alloys showed the presence of V-lean and V-rich phases in ad-
dition to the matrix (Fig. 4(e-1)). The hardness of the matrix and
V-lean phase decreased with increasing SPS temperature. Gener-
ally, the hardness increases with the reduction in the porosity [51].
However, the trend is not observed over here. For instance, Al-10V
showed maximum porosity due to high grain refinement and it is
expected that the hardness would increase with the decrease in
porosity as a function of sintering temperature. Therefore, the syn-
ergic effect of grain growth and loss of solid solubility were more
prominent than the porosity effect in supersaturated solid solu-
tion Al-V alloy. The hardness of the V-rich phase was more than
that of the matrix due to the presence of Al;V and high V content.
The complex microstructure, hardness, and elastic modulus of var-
ious phases are interesting, and a precise mechanistic understand-
ing would require focused research efforts.

4. Discussion

Spark plasma sintering of Al-V alloy formed a complex mi-
crostructure, which was dependent on both V content and SPS
temperature. These ball-milled Al-V alloys exhibited high solid sol-
ubility of V in Al-six orders of magnitude higher than predicted
from the phase diagram. Therefore, alloys are not in equilibrium
state and depict high driving force for the decomposition. Alloys
need adequate activation energy to decompose. The activation en-
ergy is provided by exposing alloys to SPS temperatures. Kinetics of
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Fig. 7. (a) STEM-BF image of Al-10V alloy (SPSed at 400 °C) showing regions with fine grains (and V-rich) and coarse grains (V-lean). (b) High-resolution HAADF image and
EDXS area maps for V, Al, and 0. The yellow circles in V-EDXS area maps represent the V-rich phase along the V-rich and V-lean interface, (c) HAADF-STEM image showing
the fine bright particles of Al;V at the vicinity of the V-lean phase, (d) HAADF-STEM image showing the combination of bright particles and network structure of V (e)
HAADF-STEM image taken far from the V-lean phase (i.e., close to particle center) showing the network structure of V.

decomposition would depend on SPS temperature-higher the tem-
perature, faster the decomposition. Therefore, high solid solubility
of V was retained at lower temperatures. The schematic represen-
tation of the consolidation process and microstructural evolution
occurring during the SPS process is presented in Fig. 8 to illustrate
two concurrent phenomena of SPS: (1) when the particles come
sufficiently close, localized melting (neck formation) between the
particles occurs due to Joule’s heating, and (2) microstructural evo-
lution within powder particles and at the surface of particles oc-
curs during the sintering process. V-rich and V-lean phases at the
inter-particle boundary began to emerge due to the high tempera-
ture generated at the particle surface. The electrical current density
flowing through the neck (particle surface) is higher than the par-
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ticle center [52]. Therefore, the temperature gradient is generated
from high to low while moving from the surface to the center, re-
sulting in rapid neck growth and faster sintering at each particle
surface. Such exposure to high temperature experienced by each
particle surface leads to the decomposition of the supersaturated
solid solution at that region. The localized melting at the surface
caused the formation of coarse Al grains and Al-V intermetallics.
The lower melting point of Al leads to the flow of Al to fill the
inter-particle porosity. Additionally, low strength and high ductility
of aluminum facilitates to accommodate the inter-particle porosity
during SPS. The decomposition of supersaturated solid solution de-
pends on the SPS temperature as well as time and it is expected
to begin as soon as the activation energy through SPS temperature
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Table 2
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Hardness and elastic modulus of Al-xV obtained from nanoindentation at various region for differ-

ent sintering temperatures.

Alloy Sintering temp. ( °C)  Indent position  Hardness (GPa)  Elastic modulus (GPa)
Al-2V 200 Matrix 2.43+0.11 88.14+2.79
250 Matrix 2.40+0.06 87.26+1.85
300 Matrix 2.11+0.14 86.68+2.72
400 Matrix 1.94+0.04 82.03+2.48
Al-5V 200 Matrix 5.21+0.36 96.21+2.47
250 Matrix 4.17+0.16 94.14+2.61
V-lean phase 3.99+0.04 87.10+1.65
300 Matrix 3.17+0.29 91.96+1.79
V-lean phase 2.8240.19 85.97+1.26
400 Matrix 2.35+0.33 88.11+2.55
V-lean phase 2.15+0.40 84.45+1.82
V-rich phase 2.85+0.25 89.87+1.56
Al-10V 200 Matrix 6.24+0.23 108.53+£3.62
250 Matrix 5.56+0.24 104.54+3.59
300 Matrix 4.73+0.18 100.98+2.10
V-lean phase 2.76+£0.23 87.60+1.26
400 Matrix 3.09+0.44 98.01+3.56
V-lean phase 2.61+0.40 87.01+2.98
V-rich phase 4.24+0.62 111.72+4.66
Particles Joule’s heating

Localized melting
(neck formation)

Fig. 8. Schematic diagram to illustrate the consolidation of HEBM powder particles and the microstructural evolution occurring during the SPS process.

Table 3
Hardness and elastic modulus of commercial Al alloys obtained
from nanoindentation.

Commercial Alloy  Hardness (GPa)  Elastic Modulus (GPa)

Pure Al 0.60+0.12 71.09+4.63
AA2024-T3 2.00+0.12 76.06+2.91
AA5083-H116 1.31+0.04 75.34+1.36
AA7075-T651 2.23+0.13 72.28+1.98

was introduced. The formation of equilibrium phases is not clearly
visible after SPS at 200 and 300 °C due to the lower volume frac-
tion. While SPS at 400 °C led to the formation of V lean, V rich,
and intermetallics (Fig. 4) Fig. 7.(c-e) shows the transition in the
distribution of V as a function of distance from the inter-particle
boundary. Such complex structure was not observed in cold com-
pacted alloy but evolved due to the development of local thermal
gradient during SPS.

5. Conclusions

The microstructure, hardness, and elastic modulus of Al-xV al-
loys produced by SPS were investigated and the main conclusions
are as follows.

(1) High-energy ball milling and subsequent compaction at room
temperatures were effective in producing Al-xV alloys with high
solid solubility of V and grain size < 50 nm. The solid solubility

75

~—

~—r

~—

of V increased with increasing V content in the alloy and was
six orders of magnitude higher than the equilibrium value for
Al-xV alloys.

(2) The refinement of particles and grains increased with the in-

crease in solute concentration. The particle size reduced from
~462 pm in Al-2V to ~20 pum in Al-10V. Likewise, the grain
size reduced from 34 nm in Al-2V alloy to 12 nm in Al-10V al-
loy.

Spark plasma sintering at all temperatures was able to retain
the average grain size below 50 nm. The microstructure was a
strong function of SPS temperature and V content of the alloy.
An increase in SPS temperature decreased the pores and solid
solubility of V which caused the development of heterogeneous
microstructure by decomposition of Al-V supersaturated solid
solution. V-lean and V-rich phases began to emerge with the
increase in SPS temperature.

Microstructural evolution was corelated with the SPS process.
The surface of particles experienced high temperature due to
extreme electric current density at the surface compared to the
particle center. Such phenomena resulted in the formation of
the V-lean phase and V-rich phase. S/TEM analysis showed the
bimodal grain size and heterogenous V distribution.
Nanoindentation was used to measure hardness and elastic
modulus, which were dependent on SPS temperature and com-
position. Increasing in V content and SPS temperature caused
heterogeneous microstructure and the effect was observed in
elastic modulus and hardness. Nonetheless, the hardness and
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elastic modulus of Al-xV alloys presented herein were signifi-
cantly higher than commercial Al alloys.
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