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Abstract

Failure of aerospace components from extreme operating temperatures due to oxidation in components such as turbine blades and
compressor blades results in catastrophic consequences, which mostly lead to loss of lives and economic decline. Hence, a need
for new novel materials with good corrosion, oxidation, and wear-resistant properties remains a necessity. Near-equiatomic
Tig3AIMoSig 3 Wy 1 high-entropy alloy (HEA) with enhanced mechanical properties and good corrosion-resistant properties
was synthesized by means of spark plasma sintering technology. The influence of spark plasma sintering temperature of
developed Tip 3;AIMoSiy 3 W ; HEA was investigated at 800 °C, 900 °C, and 1000 °C. The microstructural evolution was studied
by means of scanning electron microscope (SEM). The Vickers microhardness and wear-resistant properties were evaluated
using diamond base microhardness tester (EMCO) and tribometer (Rtec), respectively. The corrosion resistance properties and
oxidation resistance of the synthesized HEA were also evaluated in 0.5 M H,SO, using 101 Autolab potentiostat/galvanostat
devices and thermal gravimetric analyzer (TGA), respectively. Heat treatment effect on the synthesized HEA was also studied; the
samples were exposed to high temperature of 900 °C in isothermal furnace with holding time of 8 h. From the results, it was
found that fabricated HEA showed outstanding microhardness properties and good anticorrosion resistance properties in 0.5-M
sulfuric acid medium.
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1 Introduction

Components in the jet engine must function consistently in
difficult conditions and expand the boundaries of the mate-
rial’s capabilities [1]. The performance and safety are critical
to the aircraft; therefore, the materials used in the main com-
ponents of the aero engine such as the compressor blades
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serve an enormous role in the success of the aircraft [2].
Nevertheless, failure of the current commercial material
(Ti6Al14V alloy) used in such application is restricted to non-
friction occasions due to the low microhardness, poor wear
resistance properties, and also poor oxidation properties at
temperatures higher than 450 °C [3—10]. Hence, more de-
mands for new materials with enhanced properties under
harsh operating conditions are increasing.

HEAs remain promising multicomponent alloys which
possess outstanding combination of mechanical and electro-
chemical properties applicable for advanced engineering ap-
plication [11-14]. This is due to their nature of forming HEA
single solid solution phase of BCC or FCC. However, Cantor
[15] and Zhang [16] stated that not all the HEAs which consist
of five or more elements with equiatomic or near equiatomic
proportion fraction can practically result in HEA solid solu-
tions. For the formation of BCC and FCC solid solution
phases, carefully chosen compositions of the selected mate-
rials to be used in developing the alloy are important.

Mohanty et al. [17] reported the phase formation, micro-
structural evolution, and mechanical properties of a
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multicomponent equiatomic AICoCrFeNi high-entropy alloy
synthesized by high-energy ball milling followed by spark
plasma sintering. From the findings, the authors observed that
the hardness of the sample increases with sintering tempera-
ture; the findings also showed that the AlICoCrFeNi HEA
consisted of a face-centered cubic (FCC) phase and a duplex
body-centered (BCC) structure. Kang et al. [18] studied ultra-
high strength WNbMoTaV HEAs with fine grain structure
fabricated by powder metallurgy. The findings proved that
outstanding mechanical properties of the WNbMoTaV attrib-
uted primarily to intrinsic solid solution strengthening, with
the combined effect of grain boundary strengthening and in-
terstitial solid solution strengthening.

Numerous techniques are used to develop these classes of
materials. However, spark plasma sintering (SPS) can readily
produce a material of excellent mechanical properties by
maintaining homogenous small grains where else arc melting
results in a material that comprises of inhomogeneous coarse
grains [19]. SPS is a sintering technique that uses uniaxial
force and a pulsed direct electrical current under low atmo-
spheric pressure to perform high-speed merging of the pow-
der. It should be mentioned, however, that the final sintered
material possesses increased brittleness due to densification
[20]. Tt is, therefore, important to select a combination of me-
tallic elements prior to sintering to produce a bulk material of
several desirable properties [21].

The work aim to investigate the influence of sintering tem-
perature on microhardness, densification, oxidation, wear, and
corrosion properties of Tiyp3AIMoSio3Wo 1 HEA processed
via spark plasma sintering. The effect of heat treatment pro-
cedure on microstructure and microhardness properties is also
studied.

2 Experimental method

Ti, Al, Mo, Si, and W near equiatomic HEA powders were
mixed using tubular mixer for a period of 8 h and poured into a
graphite die of 40-mm diameter. The powder was then
sintered using an SPS system (FCT Systeme GmbH,
Rauenstein) at different sintering temperature. The HEA was
sintered at a heating rate of 100 °C/min with a holding time of
8 min for each sintering temperature of 800, 900, and 1000 °C
during sintering. Applied pressure of 50 MPa was used during
the sintering process.

Sintered samples were then sandblasted, and the density of
the 40-mm developed Tig 3AIMo0Siy3 W, ; HEAs was mea-
sured by Archimedes’ method [7].

The synthesized HEA samples were cut transversely and
mounted in an epoxy-based resin, polished using metallogra-
phy procedures and etched with kroll agent solution for inves-
tigating the microstructural evolution of the developed alloys.
The microstructures of Tiy3AIMoSig3W, ; were character-
ized by means of scanning electron microscope. The phases
present in the synthesized high-entropy alloys were identified
using an X-ray diffractometer, and present phases were re-
vealed using X-Pert High Score Plus software.

Emco TEST microhardness tester was used to measure the
microhardness properties of the developed alloy. The indent-
ing load of 100 kgf and a dwell time of 10 s were used.
Tribological studies were examined using Rtech tribometer
with a stainless steel contact ball. The applied force was
150 N for duration of 5 min.

The electrochemical behavior of the specimens was studied
in 0.5 mol/L of H,SO,. The experiment was achieved using
Autolab potentiostat equipped with Nova Software.
Polarization curves were recorded at a start potential of
1.5 V to stop potential of —1.5 V and at a scan rate of
0.001 mV/s.

Thermal gravimetric analyzer (TGA) was utilized to eval-
uate the effect of sintering temperature on the oxidation be-
havior of the fabricated high-entropy alloys. The fabricated
alloy was studied at temperatures of between 45 and 900 °C.
The heating rate of 10 °C/min was employed while feeding
20 mL/min of air. Thermal stability of the alloy was studied in
an isothermal furnace with a holding time of 8 h.

3 Results and discussion

The experimental fabricated high-entropy alloy obtained for
Tip3AIMoSip3 Wy ; is showed in Table 1. The applied pres-
sure was kept at 50 MPa. Sintering temperature was varied,
and holding time was 8 min.

3.1 Characterization of fabricated HEA
Figure 1 a—c presents the microstructure of the Tig3-Al-Mo-

Sig3Wo 1 HEA. All the HEA were sintered at 800, 900, and
1000 °C sintering temperature. The heating rate of the

Table 1 Summarized data of

fabricated Tig ;AIMoSi W Alloy Temperature (°C)  Pressure (kPa) ~ Holding time (min) ~ Heating rate (°C/min)
HEA
Tiy 5-Al-Mo-Sig 3 W 1 [3A] 800 50 8 100
[3B] 900
[3C] 1000
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Fig. 1 SEM micrographs of Tig 3-
Al-Mo-Sij ;W ; sintered high-
entropy alloy at (a) 800 °C, (b)
900 °C, and (¢) 1000 °C

sintering process was held at 100 °C/min at a holding time of
8 min under a pressure of 50 MPa. From the sintered micro-
graph, it is clear that the sintered materials contain three crys-
tal structures with crystal boundaries; varying grain sizes and
irregular shapes are clearly defined. The phases appear to be
Ti, Si-rich gray phase, and W-rich whitish phase along with
black Si-rich precipitates. Mo-rich phases begin to grow and
distribute across the material at 900 °C. It is evident on the
micrographs that an increase in sintering temperature results in
dissolution of Si-rich phase which is in smaller quantity on the
sample sintered at 1000 °C. Mo-rich phases begin to grow and
distribute across the material at 900 °C. In all the presented
SEM images, no cracks or initiation of stress can be identified.

Figure 2 presents the EDS of the Tij3-Al-Mo-Sig3Wo 4
HEA. The EDS results confirm the presence of Ti, Al, Mo,
Si, and W elemental powders which were used to consolidate
HEA. Spectrum 15 proves to be Si-rich BCC phase. Spectrum
19 shows W and Si-rich BCC solid solution phase. The devel-
oped HEA are expected to show good strength due to the
presence of the BCC structure present.

Yeh et al. [22] were the first to recommend that it is
highly possible to produce simple solid solution phase of

OO e
2 ‘ o ‘ ’F"Si""%‘

‘ Ti-rich (5-20)

"
‘.4

BCC or FCC structure when HEA which comprises of
five or more elements owes to their high entropy of
mixing. The high entropy of mixing can also inhibit the
development of intermetallics alloys while facilitating the
formation of solid solutions phases such as BCC and/or
FCC. Table 2 presents the empirical calculation values of
mixing enthalpy and entropy of Tig3-Al-Mo-Sig3Wy 4
HEA. Zhang et al. (2008) proposed that most fabricated
HEAs result in a formation of solid solution of BFF/FCC
when Q >1.1 and 6 (%) <6.6%. It was showed from the
empirical calculations that the values of the parameters of
Q and 6 (%) are 0.569 and 2.634%, respectively. It is
clear that {2 parameter breaks the solid solution formation
rule, while & (%) parameter well matches solid solution
formation rules for the multi-principle HEAs proposed by
Zhang et al. [16, 23].

Figure 3 presents XRD results of the synthesized
HEA. Major peak consists of BCC solid solution phase
along with ordered FCC phase of TiSi, and the inter-
metallics of Mo,Si; and WSi,. Combination of the FCC
and BCC structure is expected to give good mechanical
properties.
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Fig. 2 EDS of Tiy3-Al-Mo-Sip ;W ; sintered high-entropy alloy at three different temperatures: (a) 800 °C, (b) 900 °C, and (¢) 1000 °C

3.2 Microhardness and densification analysis

Figure 4 presents the microhardness properties and densi-
fication results of the synthesized Tig3-Al-Mo-Sig3Wy 4
HEA. The developed HEA was sintered at sintering tem-
perature of at 800, 900, 1000 °C, and the influence of
sintering temperature on microhardness and densification
is investigated.

High densification of above 96% is achieved for all
sintered HEA samples at varying sintering temperatures.
Furthermore, it can be observed from Fig. 4 that relative den-
sification of fabricated HEA increases with increase in tem-
perature. Tij3-Al-Mo-Siy3W, ; HEA sintered at 1000 °C re-
vealed a maximum densification of 98.86%, followed by

Table2 The calculated values of parameters (AH i, ASmixs T 0, and
Q) for the investigated alloys
AllOy AI_Imix (KJ/ ASmix Tm (K) 1 (%) Q
mol) 0K ' mol'h
Tig 3-Al- —45.18 12.652 203225 2.634 0.569
Mo-Sip3Wo.1
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samples sintered at 900 °C with 98.19% and at 800 °C with
96.42%, respectively. High densification results could be due
to the fact that powders are subjected to high temperature
which leads to high particle to particle diffusion and hence
minimal porosity around the particles neck [7, 8, 24-26].
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Fig. 3 XRD analysis of the developed Tig 3-Al-Mo-Sig3Wo ; HEA
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Fig. 4 Effect of sintering temperature on relative density and
microhardness properties of synthesized HEA

The average microhardness values of the sintered HEA
at varying temperatures were recorded as shown in Fig. 4.
It can be noted that the highest obtained HV value was
764.63 HV and that the lowest being 521.44 HV at
sintering temperatures of 1000 and 800 °C, respectively.
The relationship between sintering temperature and micro-
hardness is noticed. As sintering temperature increases,
microhardness properties improve. High microhardness of
the fabricated alloys can be attributed to factors such as
sintering temperature and alloying elements presented in
the HEA. Content of Al in developed HEAs encourages
the formation of BCC phase and has stronger cohesive
bonding with other elements [27]. W also plays an impor-
tant role in microhardness properties of the multicompo-
nent alloy as the element is known for been the hardest
element on periodic table. Furthermore, the high micro-
hardness properties can be justified by atomic radius of
W (1.367 A), Al (1.43 A), Ti (1.47 A), and Mo (1.363 A)
which are way larger than that of Si (1.15 A). Larger atom-
ic size difference in an alloy can result in increased lattice
crystal distortion which can enhance the effect of solid
solution strengthening [23, 28-30]. Additionally, it is

Fig.5 OPM of'the microhardness
indentation. (a) 800 °C and (b)
1000 °C
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Fig. 6 Potentiodynamic polarization response of Tip3AIMoSig3Wo |
HEA temperature in 0.5-M H,SOy solution at room temperatures

known that the secondary phase precipitated from matrix
phase can also interact with dislocations at the grains,
which can easily hinder the dislocation movement remark-
ably, and hence high microhardness can be attained [31,
32]. BCC phase structure present in the HEA is known to
possess good mechanical strength and ductility.

Figure 5 illustrates OPM indentions of the developed HEA
sintered at various temperatures after microhardness test.
From the micrographs, no cracking around the indentation
surface is observed in all the synthesized HEA. Cracks around
an indentation pyramid prove that the material is brittle. The
slip mode at the indentation indicates that the samples have
reasonable toughness. The developed HEA at both sintering
temperatures presents good ductility since the alloy shows no
cracks on the indent edges.

3.3 Electrochemical test results

Electrochemical studies were carried out on the Tij 3-Al-Mo-
Sip3Wo.1 HEA. The samples were exposed in 0.5-M sulfuric
acid. The corrosion resistance behaviors of the Tij3-Al-Mo-
Sip3Wy.1 HEAs sintered at different temperatures are
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Table 3 Alloy properties derived

from potentiodynamic HEA Sintering Econr (V) Jeorr Corrosion rate Polarization
polarization curves by liner fit temp (°C) (Alem?)  (mm/year) resistance (£2)
Tig3-Al-Mo-Sig3Wo;  3A —800 —0.48021  6.89E-03  0.00501 3710.01
3B -900 —0.32564 2.58E-04 0.00581 3680.58
3C-1000 —0.29784 39E-05  0.00426 3712.02

presented in Fig. 6, while Table 3 presents alloy properties
derived from potentiodynamic polarization curves by liner.

Numerous investigated works pointed out that HEAs pos-
sess good corrosion behavior. This owes to the fact that HEAs
have advantageous properties due to the alloying elements.
The good corrosion resistance of the fabricated HEA might
be ascribed to the fact that the alloying elements of Mo, Ti,
and Al have a good corrosion resistance, and as a result, the
protective film can be easily formed on the surface of the alloy
and prevent it from further corroding. The anticorrosion prop-
erties of the synthesized alloys as all sintering temperature
generally show good corrosion resistance in the corrosive me-
dium. Highest polarization resistance (Rp) reached is
3712.02 2 which is for the alloy fabricated at 1000 °C. This
could be a result of a protective layer provided by titanium,
molybdenum, and aluminum.

3.4 Thermal gravimetric test results

Figure 7 presents oxidation behavior of the fabricated Tig »5-
Al-Mo-Sij>5Wj 1 HEA examined in air from 40 to 900 °C and
the sample weight change as a function of temperature.
Heating rate of 10 °C/min was used while constantly feeding
air at 20 mL/min. The initial sample weights are due to alter-
ations which takes place during cutting of the samples.
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Fig. 7 Effect of sintering temperature on thermal stability of synthesized
Tio_}AlMOSio_:;Wo_] HEA

@ Springer

Developed alloy sintered at 1000 °C shows a minimum mass
gain of 1.21 mg as compared to samples sintered at 900 and
800 with mass gain of 1.29 mg and 1.36 mg, respectively.
Sample 3A and 3C showed to be stable from 40 °C until
590 °C, and there was high degree of deflection at 590 °C
which resulted from oxide scales forming on the alloy surface
due to Ti, Al, and Si having high affinity for oxygen at high
temperature. Good oxidation performance of the alloy can be
attributed to that fact that high content of Ti and Al (30 at %) in
HEAs helps with the formation of protective oxide films
preventing the alloy to further oxidize [14].

Figure 8 also present SEM image of the oxidized surface of
Tip3AIMoSiy3Wq 1 developed HEA at (a) 800 °C and (b)
1000 °C. Morphological changes after exposing the samples
to 900 °C while feeding air at 20 mL/min are minimal. The
morphology of the alloys at both sintering temperatures shows
stability. This is because the oxide of Ti, Al, and Mo elements
is stable at higher temperature and they resist to further oxi-
dase [14, 33, 34]. The initial XRD phase that showed TiSi,
phase present in the HEA (Fig. 9) is known for its superior
properties such as high melting point, low density, and good
oxidation resistance [35]. The titanium silicide phase
decomposed back to Ti and Si oxide phase after oxidation test.
The entire element used to synthesize HEA system formed
their oxide layer during exposure to air at high temperature.
The developed scales of the SEM images could reasonably
consist of TiO,, SiO,, Al,O3;, MoO3, and WO; oxide films
which are evident on the XRD results.

3.5 Tribological performance

Figure 10 presents SEM wear scars of synthesized Tig;-Al-
Mo-Siy 3 Wy ; HEA sintered at (a) 800 °C and (b) 1000 °C.
Generally, all fabricated HEA showed better wear resistance
properties due to high microhardness properties they possess.
Both micrographs show moderate material loss with the sam-
ple sintered at 800 °C showing cracks at the grain boundaries
of Ti-rich phase structure. Alloy sintered at low temperature is
easy to go intense plastic deformation under normal and tan-
gential force combined effect due to low hardness. It could be
observed that at lower sintering temperature, the developed
HEA shows severe peeling off of material as compared to
samples sintered at 900 and 1000 °C. Alloy sintered at
1000 °C is highly resistant to plastic deformation which
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Fig. 8 SEM image of the r ‘
oxidized surface of e,
Tio}AlMOSiO‘:;WOAl developed
HEA at (a) 800 °C and (b)
1000 °C

SEM 20.0 kV WD: mm

SEM MAG: 300 x Det: BSE 200 pm

resulted in material loss on the alloy surface [36]. Figure 10 a
also shows surface cracks present and on the other hand,
Fig. 10 b shows material carryovers with minimal plastic de-
formation from the contact ball, and also adhered wear debris
are present on the SEM image.

Figure 11 presents the variation of coefficient of friction
(CoF) response of the synthesized alloys to the working load
under sliding duration of the sample was 5 min with the ap-
plied load of 150 N. There is a clear relationship between CoF
and the microhardness properties of the developed
Tig 3AIMoSiy 3 W1 HEA. High microhardness properties of
the synthesized alloys resulted in low CoF hence less wear
loss. The results also show the general trend between sintering
temperature and the CoF. From all the synthesized alloys, as
the sintering temperature increases, the CoF decreases. These
may be attributed to the hardness test results. Minimum CoF
was found to be 0.117 L.
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1600
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Fig. 9 XRD analysis of oxidized Tig3AIMoSiy3Wo; HEA
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3.5.1 Wear loss results

The wear loss of the fabricated Tiyp3AIMoSiy3Wy 1 high-
entropy alloy at varied sintering temperature was measured,
and the graphs of the variation of the wear mass loss for all the
Tip3AlIMoSiy3W, ; HEA sintered at 800, 900, and 1000 °C
are presented in Fig. 12. From the near equiatomic ratio alloys,
less wear mass loss of 0.00449 g was evident in the alloy
sintered at 1000 °C, while alloy sintered at 800 °C showed a
maximum wear loss of 0.00486 g. Effect of sintering temper-
ature on the wear loss behavior of HEAs is recognized. At low
sintering temperature, the rate of wear is high, while at high
sintering temperature, the wear loss is lower. This may be
attributed to the high degree of particle diffusion between high
sintering temperature, which in turn results in different mor-
phological evolution and hence different wear loss.

3.6 Microhardness of heat-treated HEA

The thermal stability of the synthesized HEA has been
assessed using microhardness properties shown by Fig. 13.
For this HEA, all heat-treatment methods resulted in increased
microhardness. The synthesized HEA which were sintered at
1000 °C was exposed to heat treatment conditions in isother-
mal furnace for a holding time of 8 h. After 8-h period, the
developed HEA was normalized in still air, and other samples
were quenched in pure water. The third specimen was
quenched at 4-h period and put back into the furnace and
normalized after 8-h period, and it resulted in average micro-
hardness of 847.46 HV. The microhardness result proves that
heat treatment has a major influence on the thermal stability of
the developed HEA. Drastic increase in microhardness values
of 847.46 HV Tip3AIMoSiy3Wq ; was evident after 8 h of
exposure to heat treatment conditions which was quenched
at 4 h followed by normalizing after 8-h period in isothermal
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Fig. 10 Micrographs after wear
tested OfTi()'3A1MOSi0'3W0']
HEA (a) 800 °C and (b) 1000 °C
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Fig. 11 CoF and average CoF for developed HEA sintered at various sintering temperature

furnace. 810.42 HV hardness value was observed in HEA
which was directly quenched in water.

SEM images of heat-treated Tij3-Al-Mo-Sig3Wq ; high-
entropy alloy sintered at 1000 °C are depicted in Fig. 14.
The morphology displays different phases which consist of
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Fig. 12 Effect of sintering temperature on average wear mass loss
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gray and light gray phases, white phase, and small black pre-
cipitated spot phases. The morphological evolution of the
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g. 13 Microhardness results of heat-treated Tig 3;AIMoSiy3Wo; HEA
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Fig. 14 SEM micrograph of heat-
treated Ti0'3AlMOSi0'3W0'1
sintered at 1000 °C HEA. (a)
Normalized. (b) Quenched. (c)
Quenched and normalized after
8h

WD: 16.74 mm
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SEM MAG: 500 x 100 pm

¥ 3 :
SEM HV: 20.0 kV
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sample quenched (Fig. 14b) in pure water displays smaller
grain size when compared to normalized HEA sample
(Fig. 14a). This can be due to the fact that there is less phase
transformation due to high cooling rate and fast nucleation
which take place during quenching as compared to the nor-
malized sample where the cooling medium is air. Normalizing
heat treatment results in the sample holding heat for a longer
period of time, and the cooling rate is slower, and therefore the
growth of the grains is longer which results in coarse grain
size. The microstructures of the heat-treated samples are also
not homogeneous.

4 Conclusions

Tig 3AIMoSiy W1 HEA was consolidated using spark plas-
ma sintering technology. The effect of sintering temperature
on microstructural evolution, densification microhardness,
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wear, corrosion, oxidation, and thermal behavior of the devel-
oped HEA was studied.

* SEM image of the developed Tiy3AlIMoSiy;Wy; HEA
displays no cracks or initiation of stress. BCC phase along
with intermetallic of TiSi,, MoSi,, and WSi, was identi-
fied on the microstructure.

*  Maximum densification of 98.86% was achieved at
sintering temperature of 1000 °C with microhardness
of 764.63HV, ;, while sample sintered at 800 °C
presented hardness of 521.44 HV with densification
of 96.42%.

» Tribological study of the developed Tiy3AIMoSig3Wo
HEA was found to be 0.1152 p with a mass loss of
0.00449 g at consolidation temperature of 1000 °C.

* A maximum polarization resistance of 3712.02.Q2 with
corrosion rate of 0.004260 mm/year was achieved from
the Tig 3AIMoSig ;W ; alloy sintered at 1000 °C.
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*  Tip3AIMoSiy3Wq 1 HEA sintered at 1000 °C showed less
change in weight gain against temperature with minimum
of 1.21 mg, while sample sintered at 900 °C showed mass
gain of 1.29 mg.

* Thermal stability of the sintered HEA resulted in im-
proved microhardness properties with maximum of
847.46 HV evident on the sample that went through
quenching followed by normalizing at 8-h holding time.
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