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ARTICLE INFORMATION: ABSTRACT

https://doi.org/10.56801/MMD53 The influence of Ir and Y203 on the densification, microstructure, and wear characteristics
of pure W-based alloy/composite was examined. The precursor powders, including W,
Ir, and Y203, underwent mechanical alloying for 30 hours, resulting in two compositions:
Accepted: 12 May 2025 W-1.5 wt.% Ir and W-1.5 wt.% Ir—2 wt.% Y203. Subsequently, the prepared mixtures
were subjected to spark plasma sintering at a temperature of 1650 °C for 5 minutes, with a
simultaneous application of 50 MPa pressure. X-ray diffraction, scanning electron microscopy
combined with energy dispersive spectroscopy, a micro-Vickers hardness tester, and two-
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(lemmo?s Attribution (CC BY) }ilcense with the consolidated and worn samples. Results indicated that the W—1.5 wt. % Ir-2 wt. %
ttps: ti -mons.org/li . . . .
by/isoﬁf‘ea fvecom-mons.org/licenses/ Y203 composite produced a highly dense sample characterized by the smallest grain size,

superior micro-hardness, and enhanced wear resistance. The composite achieved values of
up to 98% density, 3.6 um grain size, 4.9 GPa HVo.5 hardness, and 2.5 x 10> mm3/Nm wear
resistance, in contrast to pure tungsten, which exhibited 83.1% density, 6.6 um grain size, 1.9
GPa HVo.5 hardness, and 6.2 x 105 mm3/Nm wear resistance. Thus, both Ir and Y203 have
been recognized as effective additives that can enhance the consolidation and refinement of
tungsten’s microstructure under current mild processing conditions. This advancement not
only makes these materials commercially viable but also enhances their performance in a
range of demanding applications, such as fusion, military, tooling, electrode manufacturing,
and coatings.

Keywords: mechanical alloying, spark plasma sintering, tungsten-iridium-yttria
composite, consolidation behavior, microstructure, wear and tribology. et al. 2024; Oshrieh et al. 2024; Mishra and Ma 2005; Rahul et al.,

n.d.; Wahid et al. 2016; Rai et al. 2011; Chiteka 2013; Igbal, Saheb, and
Rahman 2016; Thompson 2011). The key drawbacks associated for its
commercial viability and effective utility are high melting point, high
ductile-brittle transition temperature (DBTT)(Yin et al. 2021), high

Tungsten (W) possessed outstanding characteristics such as temperature brittleness due to recrystallization as well as radiation(Yin
high density, high hardness, high melting point, minimal sputtering et al. 2020; H. W. Deng et al. 2018). Fine-grained W materials have
yield, superior thermal conductivity, and a low thermal expansion
coefficient(Pitts et al. 2013; Chen and Sutrisna 2022). This makes
tungsten a promising candidate for high-temperature and wear

1. Introduction

shown attractive properties in terms of reduction in brittleness and
improvement in toughness and strength (Shah et al. 2020).
Fabrication techniques influence the densification, microstructures

resistant apphca.tlons s.uc.h as, plz.alsm.a-facmg matejrlals m f.usw.n and all related properties of the sintered metals(Debata, M., Sengupta,
energy technologies, radiation shielding in the nuclear industry, kinetic P., Mandal, S., Adhikari, n.d.; Barua et al. 2024; Saheb et al. 2012; G
energy penetrators in military, and wear-resistant coatings for space Lee et al. 2016; S. Deng et al. 2017; Ayodele et al. 2018; Nisar et al.
automotive industry, pin tool material in friction stir welding process, 2021; Mufioz et al. 2014; Yar et al. 2011; Alloys 2016; Froes et al. 1998;

electrode in welding and melting processes etc.9(Lau et al. 2023; Riesch
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Pramanik et al. 2019).Similarly; addition of suitable alloying elements/
reinforcements to tungsten not only impart useful properties but also
eases the fabrication of these materials(X. Li et al. 2022; Lang et al.
2025; T. Li et al. 2023; Chanthapan et al. 2012; Nygren et al. 2011; Ren
et al. 2016; Oda, Ameyama, and Yamaguchi 2006; Fan et al. 2014; Dong
et al. 2017; M. Wu et al. 2021).

Hot isotactic pressing of pure tungsten powder at 20000C and 85
MPa for 5 minutes resulted in a relative density of 97% and a mean
grain size of 10.6 pm, respectively (Chanthapan et al. 2012). The
addition of low-cost transition metal such as Ni, Fe, Co, Mo, and V
can greatly enhance the sinterability of tungsten but also degrade its
high temperature properties. As Ni, Fe, Co provide liquid phase during
sintering which enhances consolidation but lead high grain growth
and result to degrade the mechanical properties(Zhang et al. 2009).
Similarly, the Mo and V may result in degradation high temperature
strength or stability of structural member because of reduction in
elastic moduli with temperature. Study revealed that the Vanadium
and Molybdenum has Elastic Modulus of 128 GPa and 329 GPa at
room temperature respectively(Snead et al. 2019).The low oxidation
resistance of Mo also restricted its widespread use for high temperature
application(Parthasarathy, Mendiratta, and Dimiduk 2002)

Alternatively, platinum group metals such as Re, Ir, Os, and Rh have
shown excellent characteristics when alloyed with tungsten(Karafi et al.
2023; Siller et al. 2023; Que et al. 2025; Yamamoto, Hara, and Hatano
2021) They enhanced the sinterability by acting as a solid-state sintering
activator instead of a liquid phase, refines grain structure, increases
grain boundaries cohesion, cleanses grain boundaries by reacting with
impurities (Verma et al. 2025; Lakshmi Prasad and Raja Annamalai
2021; Samsonov and Yakovlev 1970; Hayden and Brophy 1963; Bose,
Sadangi, and German 2012; Blagoveshchenskiy et al. 2018; Setyawan
and Kurtz 2012; Kiran et al. 2017; M. Zhao et al. 2015; German 2015;
R.M .GERMAN 1977; Shabalin 2019; Watanabe et al. 2019; Yujin Wang
et al. 2011)].Iridium showed the highest Young’s Modulus of all face-
centered cubic metals and the highest modulus of rigidity of all metals.
At 1000°C the Modulus of Rigidity was still 170 GPa and Young’s
Modulus 417 GPa.Young’s Modulus could be measured up to 1300°C
(382 GPa)(Merker et al. 2001). Iridium addition also showed excellent
high temperature oxidation resistance.

Similarly; Researchers examined how the hard particles such as
7ZrC, Y203, La203, and HfO2 affected the sintering behavior of W
and discovered that they improved the densification of W compacts
while maintaining a small grain size[(Heo et al. 2022; Marchhart et al.
2024;(Veleva et al. 2009; Liu et al. 2018; Yiming Wang and Aktaa 2017;
Liu et al. 2016; D. Lee et al. 2014; J. Lee et al., n.d.; German, Meyer,
and Ei-desouky 2012; Liu et al. 2014; E. S. Lee et al. 2022; S. Zhao et al.
2024; L. Li et al. 2023).

Under mild processing conditions, it is challenging to fabricate
dense and fine-grained tungsten-based materials because increasing
the temperature, pressure, and time to achieve fully dense tungsten
results in large grain structure, which makes it economically unfeasible
and leads to poor microstructural characteristics and, ultimately,
performance. This research work attempts to address this issue by
altering the composition, for example, by adding iridium and yttrium
oxide particles. The results showed that adding both iridium and yttria
to the tungsten produced nearly fully densely with relatively fine-
grained tungsten-based material as compared to pure tungsten under
the same processing conditions. This makes tungsten-based materials
more economically viable as well as improving their performance in
a range of engineering applications. The primary goal of the current
study was to produce fine-grained and dense tungsten-based materials.
The tribological performance of developed material’s was thoroughly
examined for wear resistant applications, such as tooling.
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2. Experimental procedures

The W-1.5wt. %Ir-2Y,0, composite material was synthesized in two
stages. In first stage ,W and Ir powders of purity >99.9% from BDH,
UK, and sigma Aldrich, Germany with an average particle sizes of 1.8
um, 0.6, were mechanically alloyed with W 1.5wt.% Ir combination in
a high energy planetary ball mill (Fritsch Pulverisette P-6, Germany)
at a speed of 250 rpm with a ball to powder weight ratio of 8:1 for 20h.
The balls of 10 mm diameter and vials are made up WC material. Once
an alloy of was prepared after 20 hours, in the second stage the Y,0,
particles of purity >99.95 wt.% with an average particle size 2 um from
sigma Aldrich, were added to W 1.5wt.% Ir alloy prepared during first
stage and further in-situ milled for 10 hour to disperse homogeneously
within alloy matrix. Total milling time is kept 30 hours for both alloy and
composite powders Powder samples were taken after an interval of 10
hours. Then, as prepared powders were introduced in a 20 mm diameter
graphite cylindrical die with a vacuum level of 10 mbar in spark plasma
sintering (FCT system HP D5, Germany). The conditions for sintering
kept same for all materials as follows (T= 1650°C, P =50 MPa, and t=
5min.). The temperature of the die was gradually raised to 1650°C and
held constant at this temperature for 5 minutes. The heating rate of
100°C/min and a constant pressure of 50 MPa maintained throughout
the spark plasma sintering (SPS) cycles. For comparison, pure tungsten
was milled and subsequently sintered under same conditions.

The microstructure of powder particles and of sintered bodies
was studied using scanning electron microscopy/energy dispersive
spectroscopy (SEM/EDS) as well as X-ray diffraction (XRD)
measurements to get in depth insight about presence and distribution
of phases, formation of alloy and composite, and particle and crystallite
sizes. The parameters utilized for the XRD analysis included a starting
angle of 10 degrees, a stopping angle of godegrees, a step size of 0.02
degrees, and copper (Ka: 0.154 nm) served as the radiation source. The
Crystallite sizes were calculated using single line Voigt method (Basak,
Nath, and Das 2023). Dislocation density (p) was estimated using the
23 (e, )Os

db

formula in equation p= , where b is magnitude of Berger’s

vector for dislocation, for bce tungsten it is equal to %, d is crystallite

.. . . . . 05y .
size in nm , a is lattice parameter in nm, and root mean strain( (¢°) ) is

equal to s% , ¢1is normal strain (Vaneela 2017).

The average grain/particles sizes were estimated by conventional
metallographic methods using Image J software. The metallographic
preparation of sintered compacts involved grinding unto SiC emery
paper (No. 3000) and then polished to a mirror finish using 0.3 pm
suspended alumina (Al203) slurry. After grinding and polishing,
electrolytic etching was performed in 0.1M solution of NaOH at 5V for
5-10 seconds. The densities of the consolidated samples were measured
by Archimedes’ principle(EN ISO 3369 2010). The relative densities
were calculated by simply taking ratio of Archimedes to theoretical
density. The theoretical densities for 1.5wt% Ir and 2wt% Y203
reinforced samples were calculated using rule of mixture as follows

plm :ZL% where pm is the density of mixture(alloy/composite)wi
mass fraction and pi is the theoretical density of given components(e.g.
i=1,2,3....n) in the mixture. The theoretical densities of constituent
elements in their pure form are given as W (19.34 g/cm3), Ir (22.40 g/
cm3), and Y203 (5.01 g/cm3) respectively(Dong et al. 2019). For
comparison, pure tungsten was also milled as well as sintered at same
processing conditions.

Micro hardness of sintered specimens was determined using a
Vickers micro hardness tester (LECO Instrument GmbH) by applying
0.5 kg load for 15 sec and 10 measurements were taken for each
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sample then averaged out these values to get Vickers hardness number
(VHN). Wear tests were carried out with pin-on-disc sliding setup at
relative humidity of 50% and at room temperature (25 °C, RT), using
Nanovea Pin on Disk Tribometer Model MT/60/NI. A capacitive sensor
and software equipped with MFT5000 apparatus was attached with
tribometer was used to measure the wear rate, coefficient of friction.
Whereas, the specific wear rate, expressed in mm3/Nm, was calculated
by dividing measured wear rate with sliding distance. The counter pin
of hardened alloy steel was chosen to induce wear to study the wear
performance and behavior. Tribological test against 6 mm steel pin was
performed at a constant 30N normal load and RT with relative humidity
of 50%. The sliding distance and speed was maintained at 3om and
100 rev/min respectively, for all the sliding tests. The wear tracks
were characterized using SEM and EDS analysis to observe the wear
mechanism. The surface topography of wear tracks was measured using
2D optical profilometry (PS-50, NANOVEA, USA) which projects light
onto the surface and captures the reflected light, creating a 2D image
of the surface profile. This surface roughness profile contained various
parameters that can be used to quantify the wear occurred in materials.

3. Results and Discussion

Figure 1a- c illustrate the morphology of as received powders.
Both tungsten and iridium powders exhibit cuboid shapes and smooth
surfaces, while the yttrium oxide powder is characterized by its flaky
nature. The particle size distribution for the initial tungsten, iridium,
and yttria powders follows a Gaussian distribution, with average particle
sizes (Davg) of 1.8 ym, 0.6 um, and 2.0 um, respectively.

FE-SEM micrographs of the pure tungsten (W), the W-1.5 wt.%
iridium (Ir) alloy, and the W-1.5 wt. % Ir-2Y203 composite powder
particles following 30 hours of ball milling presented in Figure 2a-c.
The pure tungsten displays a flat morphology, while both the alloy and
composite reveal a spherical morphology in their powder particles.
Additionally, the presence of particle agglomeration in the composites
suggests the extremely fine characteristics of the powder particles. The
composite exhibits the smallest average particle size (Davg = 53+2
nm), which is smaller than that of the alloy (Davg = 59+0.1 nm) and
pure tungsten (Davg = 89+4.2 nm). This reduction in particle size can
be attributed to the presence of hard yttria particles that function as
milling media, facilitating the size reduction process. Consequently, the
atoms of tungsten, iridium, and yttria intermingle and achieve a more
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uniform distribution within the powder, resulting in a homogeneous
composite powder, as illustrated in Figure 3 below.

Similarly, the XRD analysis of as received, mixed and milled
(mechanically alloyed) tungsten iridium alloy and tungsten-iridium-
yttria composite powders can be seen in Figure 4. The diffraction
patterns of as received tungsten and iridium powders show reflection
peaks correspond to cubic phase with space groups of cubic: Im-3m and
cubic: Fm-3m, while and yttria powder shows reflection peaks which
corresponds to cubic: Ia-3 phase, respectively. Iridium and yttria are
present in trace amounts, so peaks related to iridium and yttria are
not observed in X-ray diffraction (XRD) patterns of milled alloy and
composite powders, However, their presence is evidenced by EDX
analysis (Figure 3).

It can be noticed in Figure 4 that all the reflection peaks in case of
tungsten-iridium blend shifted continuously towards higher angles
after 10 hours of milling and up to 30 hours. This peak shifting is due
to alloying of iridium in tungsten lattice. As Iridium possesses a smaller
atomic radius of 180 pm, while tungsten has an atomic radius of 193
pm. Consequently, when iridium is substituted for tungsten, the lattice
parameter or interplanar spacing of tungsten decreases, leading to a
shift of the peak towards a higher angle, as described by Bragg’s law
(nA=2dsin®). Thus, it implies that milling leads to formation of single-
phase bcce solid solution of W-1.5 wt.% Ir alloy.

The asymmetric change in peak shape for W-1.5 wt.% Ir showed the
introduction of non-uniform strains/dislocations in tungsten lattice
that may cause to refine the grain size (Table 1). Similarly, for W-1.5wt.
%Ir-2Y,0, composite all peaks except the first intense peak seems to
be vanished (show negligible intensity), and shift toward lower angle.
it may attribute to dissolution of large yttrium atom having atomic
radius of 212pm as detected by energy dispersive x-rays (EDX) and
elemental mapping analysis in Figure 3. Moreover, milling also leads to
peak broadening. The occurrence of X-ray diffraction peak broadening
is associated with defect accumulation (strains) and crystallite size
reduction (Table 1). In Table 1 it can be seen that smallest crystallite
size is obtained in case of composite and alloy than pure tungsten. This
could be the result of the iridium atom being added, which modifies
the tungsten’s dislocation core structure similarly to Re. It also brings a
complex dislocation mechanism to tungsten, which tends to accelerate
the formation and multiplication of dislocations and causes new,
smaller grains to rearrange (Karafi et al. 2023). Likewise, in composite
materials, the elevated dislocation density attributed to the hard yttria
particles which lead to a further diminishment of crystallite size.
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Fig. 2. FE-SEM-secondary electron micrographs, particle size distribution, and average particle size (D,,,) of mechanically alloyed (MAed) powders after 30 hours of
milling of (a) Pure W, (b) W-1.5wt.%Ir, (c) W-1.5wt.%Ir-2Y O,
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Fig. 3. Energy dispersive X-ray (EDX) analysis and elemental mapping of mechanically alloyed (MAed) W-1.5wt. %Ir-2Y,0, composite powder.
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Fig. 4. X-ray diffraction (XRD) patterns of W-1.5 wt.% Ir alloy and W-1.5wt.% Ir-2Y,0, composite mechanically alloyed (MAed) for 30 hours.

Table 1. Crystallite size, lattice strain, dislocation density, and particle size of 30 hours mechanically alloyed (MAed) powders.

Sample name Crystallite size Dislocation density Lattice strain Average particle size
(nm) (8/m?) (e) x10 (Davg: nm)
Pure W 13.2 1.52918E+15 4.49 89+4.2
W-1.5wt. %Ir 12.5 6.25028E+15 9.1 59+0.1
W-1.5wt. %Ir—2Y203 11.9 1.42329E+16 13.82 53+2
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Fig. 5. FE-SEM Secondary electron (SE) micrographs, particle size distribution, and average grain sizes (Davg) of spark plasma sintered (SPSed) (a) Pure W,
(b) W-1.5wt. % Ir alloy and (c) W-1.5wt. %Ir-2Y203 composite materials.
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The relative densities of all SPS treated compacts are shown in
the Table 2. It clearly shows that among all the consolidated samples,
composite had higher relative density, followed by the alloy and pure
tungsten. The higher sinterability of the composites and alloys can be
attributed to the smaller starting crystallite/particle sizes obtained after
30 hours of milling. This increases the grain boundary area and defect
concentration within the material and promotes atomic diffusion,
thereby improving sinter ability. The higher sinterability in tungsten
alloys as compared to pure tungsten has been reported earlier for given
alloy systems of W-Re ,W-LaEOB, and W—Y203 respectively [57,58].
Figure 5a and Table 2 illustrated that pure tungsten is consolidated
with large grain size of 6.6+0.2um, showed large porosity and less
continuity among the grains, respectively. On the other hand, the alloy
and composite exhibited a finer microstructure than pure tungsten,
with minimal porosity or higher relative densities, and average grain
sizes are in the ranges of 4.1+0.03um and 3.6+0.04um respectively
(Figure 5b, ¢, and Table 2, respectively).The contiguity of the alloy and
composite grains is better than that of pure tungsten, indicating the
improved sinterability of these materials.

The decrease in grain size of the tungsten-iridium alloy can be
attributed to the solid solution strengthening effect of iridium at
elevated temperatures, which enhances the thermal stability of the
grains. The microstructural refinement of tungsten via alloying is also
reported in earlier studies in given alloy systems e.g. W-V (Martinez
et al. 2013),W-Ti8(Munoz et al. 2014), W-Ta, W-Re (Watanabe et al.
2019; Luo et al. 2016),W-Y(Lemahieu et al. 2014), and W-Zr (Xie et
al. 2014; Liu et al. 2014) etc. Similarly, for composite the reduction in
grain size may be due to pinning effect by second phase fine yttrium
oxide particles. Additionally, these oxide particles can interact with free
oxygen to purify and hence strengthen the grain boundaries (Z. Wu et
al. 2023). The strengthening of tungsten with addition of second phase
hard particles at high temperature is also observed in previous studies
(Skoczylas and Kaczorowski 2021; Liu et al. 2016; Hesabi et al. 2013;
Zhou et al. 2012).

The uniform distribution and fine-grained nature of these second
phase yttria particles improves the mechanical properties (wear and
hardness) as discussed below.

Similarly, XRD pattern of all SPS-treated samples revealed that
the peaks of all sintered specimens became sharper, narrower, and
more intense than the corresponding milled powders (Figure 7). This
can be attributed to the growth of very fine and strained mechanically
alloyed powders (Table 1). Furthermore, as illustrated in Fig. 7, both
the W-1.5wt.%Ir alloy and the W-1.5wt.%Ir -2Y203 composite exhibit
peak splitting and a shift towards higher angles. Moreover, several
minor peaks are also present in their experimental XRD patterns. By
comparing the reflections of different possible phases of W-Ir-Y-O-C
system with the experimental XRD patterns of W-1.5 wt. % Ir and W-1.5
wt. % Ir-Y,0, systems, different phases of IrWO, YWC,, and WO, are
being identified. Similar phases of complex mixed oxides and carbides
have also been appeared in the W-Y,0,, WO,-Y,0,, WO,-C, and WC-Ir
systems, and reported in previous studies(Duerrschnabel et al. 2020;
Rybin et al. 2019)

The elemental maps of W, Ir, O, Y, and C confirmed the presence of
these elements in consolidated W 1.5wt.%Ir-2Y,0, composite compact.
Figure 6f and d depicted that the mapping of Y and O did not overlap,
that means yttria didn’t present in Y, O, form, instead distributed into
different phases as identified in Figure 7 because of possible phase
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reaction during sintering as described above. In Table 2 a slight increase
of crystallite size for composites was noticed, indicating the higher
sinterability compared to alloys, which reduces defects and increases
regular crystal unit cells or crystallinity.

Figure 8 evident that the addition of iridium to tungsten enhances
hardness, reduces the coefficient of friction, and improves the specific
wear rate. This might be attributed to enhanced densification, reduction
in grain size, and solid solution strengthening effect. The improvement
of hardness and tribological properties of tungsten due to iridium is
consistent with other studies (Setyawan and Kurtz 2012; Arshad et al.
2014) which shows that the improvement in mechanical properties
of tungsten with addition of high d band electrons is due to better
cohesion of tungsten matrix at the grain boundaries. Similarly, further
enhancement of hardness, reduction in coefficient of friction, and wear
rate was observed in case of composite as compared to alloy and pure
tungsten (Figure 8). This improvement in tribological behavior might
be attributed to following factors; further reduction in grain size of
composite, higher sinter ability, and presence of second phase fine hard
yttria particle situated at grain boundaries of W-Ir

alloy matrix , and imparted strengthening to matrix due to grain
boundaries pinning action likewise other oxide (Y,0,, La,0,, and HfO,)
and carbides (ZrC, HfC, WC, and TiC) particles (Xie et al. 2015; Fan
et al. 2014; Bose, Sadangi, and German 2012; German, Meyer, and Ei-
desouky 2012).

2D optical profilometry is a versatile and non-contact technique
used to characterize the topography of to worn surfaces with high
accuracy and resolution. It measures the roughness profile of the worn
surface to obtain the different amplitude parameters such as R, R,
R, and R as depicted in Figure 9. These parameters provide insight
about surface topography. From Amplitude —roughness profile one can
quantify the wear in materials. The parameter R makes it possible to
discriminate two surfaces by comparing their maximum height. A rough
surface will have larger R value than the corresponding smooth surface.
For example, a large value of either R and R, indicates deep grooves
or valleys due to scratches and debris or are present on surfaces. This
implies that severe wear is happened in materials.

Optical profiles of worn surfaces for pure tungsten, tungsten-iridium
alloy, and tungsten iridium-yttria composite were measured as shown
in Figure 10a-c and their values presented in Table 3. From Table 3 it
can be seen that R , and R_value for pure tungsten compact found to be
higher than W-1.5wt. % Ir alloy and W-1.5wt. %Ir-2Y O, composite. This
shows that large debris (height) and deep grooves/scratches (valleys)
are present on the surface of pure tungsten than alloy and composite,
which are also confirmed by large track width in FE-SEM-micrograph
(Figure 11a). Additionally, the higher average roughness value of pure
tungsten indicated less smoothness of surface. The mean height of the
valley or grooves from mean lines can be measured and shown in Figure
10a-c and Figure 3, where it can be observed that pure tungsten has
higher mean height value than rest of alloy and composite samples.

To understand the wear mechanisms, the FE- SEM morphologies
of the wear scars produced after wear of samples were examined, as
illustrated in Figure 11a-c. After wear test at RT (Figure 11a) there is large
track width of 500 micron and larger COF value of 0.32, which reveals
an adhesive wear mechanism. High COF value results into welding of
and subsequent cutting of surfaces because of poor due to lubrication.
The fragmentation of surface into very large number of wear debris
indicates brittle nature of tungsten at RT. The higher wear rates can be

Table 2. Density, crystallite, and grain sizes of spark plasma sintered (SPSed) compacts.

Sample name Theoretical density Archimedes density Relative density Crystallite size Average grain size
(g/cms) (g/cm?) (%) (nm) (D, ,: m)
Pure W 19.34 16.1+0.6 83.2 39 6.6+0.2
W-1.5 wt.% Ir 19.38 17.4+0.5 90 33.5 4.1£0.03
W-1.5wt. %Ir-2Y,0, 18.1 17.7+0.4 97.7 33.8 3.6+0.04
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Fig. 6. Elemental maps of W, Ir, O, Y, and C elements and EDX analysis of spark plasma sintered (SPSed) W-1.5wt. %Ir-2Y203 composite compact.

attributed to large porosity and large grains size. This rises the surfaces
temperature due to frictional heat as well as reduces strength and
consequently leads higher wear rate e.g.6.2 x10-5mm3/Nm. Similarly,
from EDS analysis the presence of oxygen in wear debris , indicates the
occurrence of oxidative wear mechanism. FE-SEM analysis of the worn
surface of W-1.5 wt.% Ir alloy shows that, generation of large number
of scattered debris, a wear track width 290 micron, and COF value
0.2, indicated the sample experienced severe adhesive wear like pure
tungsten. This is due to higher porosity effect (Table 2), which makes the
pin-alloy adhere and results in large mass loss. The EDS analysis further
revealed that wear debris are composed of W and Ir atoms which implies
that no oxidative wear has happened due to high oxidation resistance
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induced by iridium to tungsten. For W-1.5wt. %Ir-2Y203 composite the
wear rate decreased largely to 2.5x 10-5 mm3 /N m. The presence of
yttrium oxide, other complex oxides, and carbide , as indicated in the
EDS analysis in fig.6-and by XRD analysis in Figure 7,reduced the wear
of material due to lubricating effect by these oxide or carbide phases
oxide layer[(Roy et al. 2023)(Aouadi et al. 2014)].These oxides reduces
the COF value to 0.02,which contributed to the wear resistance. The
increase of hardness due to W-1.5 wt.% Ir-2Y203 composite, is also
responsible for its higher wear resistance than rest of alloy and pure
tungsten. The worn surface analysis shows more scratches are present
on surface along the sliding direction, as seen in Figure 11c, indicates the
abrasive wear is the dominant wear mechanism.
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Table 3. ISO 4287 Amplitude parameter of roughness profile for Pure W, W-1.5wt. %Ir, and W-1.5wt. %Ir-2Y O, materials

Sample

Parameter (um)

Pure W W-1.5wt. %Ir alloy W-1.5wt. %Ir-2Y,0, composite
R, 2.31 1.83 0.604
R, 2.11 1.33 0.673
R, 4.42 3.16 1.28
R, 0.860 0.519 0.289
Groove mean height 12.1 9.58 3.77
pm
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Fig. 11. FE-SEM/EDX analysis of wear track and wear debris for spark plasma sintered (SPSed) (a) Pure W, (b) W-1.5wt.%Ir alloy, and (c) W-1.5wt.%Ir-2Y, O,

composite compacts.

4. Conclusion

The successful preparation of pure tungsten, W-1.5 wt.% alloy, and
W-1.5 wt.% Ir-2Y,0, composite materials was achieved using spark
plasma sintering of mechanically alloyed powders. The pure tungsten
sample exhibited inadequate grain bonding leading to low densification,
and inferior properties like wear resistance and hardness. In contrast,
incorporating iridium into tungsten enhances the interconnectivity
of the grains and increases densification from 83.2% to 90%, refines
the grain size from 6.6pm to 4.1um, and results in improvement
of wear properties. Similarly, the addition of yttria particles to the
tungsten-iridium alloy matrix showed good bonding among grains
and enhancement of densification from 90%. to 98%, refinement of
grain size from 4.1 pm to 3.6 um, and uniform distribution of second
phase oxides/carbide particles. So, W-1.5 wt.% Ir-2Y, O, composite is
produced with the best mechanical properties (wear resistance and
hardness), suggesting that tungsten-based materials can be applied
reliably into many applications such as a future tool material for friction
stir welding/processing of high temperature materials.
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