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Abstract. In this study, Ti6Al4V-ZrO,-Si3N, ternary composites were fabricated using a novel spark plasma
sintering technique at different temperatures between 950-1200 °C, the pressure of 50 MPa, sintering rate of
100 °C/min, and a holding time of 10 min to determine the effect of sintering temperature on the consolidated
composites. The microstructures of the fabricated composites were examined by the scanning electron
microscope (SEM-EDX). The distinct phases and the nano-mechanical properties of the composite were
determined by the X-ray diffractometer and nanoindenter. The results show a non-linear response. At elevated
temperatures from the composite sample, C11-950 °C to the composite sample, Ct2-1100 °C, the densification,
and nanomechanical properties experienced an increase, and when the temperature is elevated to 1200°C,
composite Ct3 declines in values. However, the relative density of all fabricated composites was above 95%,
which suggests an overall good densification via the spark plasma sintering technique. The ternary composite
fabricated at 1100 °C, (Ct2) attained maximum values of Vickers hardness, elastic modulus, and nano hardness

at 7380 MPa, 177.91 GPa, and 60.06 GPa, respectively, while composite Ct3 declines at 1200 °C.
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1 Introduction

Scientists and scholars in material technology have used
novel fabrication processes to get around several obstacles
in the process of creating cutting-edge materials and
adapting them for various uses. Over the years, this
innovation has turned out to be a breakthrough in the
manufacturing and engineering industries. Commercially
available titanium alloys continue to be a preferred
material used in technological industries because of their
superior mechanical properties and are normally processed
thermo-mechanically to provide the appropriate micro-
structure for their application [1].

Titanium matrix composites have gained wide recogni-
tion because of their excellent mechanical properties, and
they have been employed extensively in manufacturing
structural parts for the automotive, submarine, biomedi-
cal, aircraft, and other technical sectors [2,3]. According to
reports, Ti-6Al-4V, a typical /B titanium alloy, is the
most used titanium alloy [4]. The weak tribological
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qualities caused by the low hardness, a high coefficient
of friction, and corrosion characteristics, however, prohibit
the titanium alloy from being used in many more
applications as it degrades at high temperatures, which
limits its use in situations where improved mechanical
qualities at high temperatures are essential [5,6]. Research-
ers worldwide are still very interested in improving the
overall properties of Ti-6Al-4V alloy by chemical and
physical modification. Determining the qualities of the
composites also heavily depends on the choice of
manufacturing technique. To ameliorate these challenges,
research was done to increase the service life of titanium
alloys against heat, wear, and corrosion. Numerous surface
treatment techniques have been developed and put into use
recently to enhance the thermo-mechanical qualities of
titanium alloys. The majority of these exterior amendment
procedures, such as Self-Propagating High-Temperature
Synthesis (SHS), Excimer Laser Surface, and Plasma-
Enhanced Vapour Deposition Coating, have been created
to enhance this metal’s structural and mechanical
capabilities [7]. “Potentially, the Powder Metallurgy
(PM) process, via the spark plasma sintering (SPS),
fabrication procedure, also called pulsed electric current
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Fig. 1. A typical schematic diagram of SPS sintering.

sintering, is the most successful technique that has
attracted so much attention in recent years due to the
benefit of a homogeneous dispersal of ceramics in the
matrix at short-time, low-pressure, and high-density as
compared with the other traditional sintering processes [8].
It enables the production of bulk materials from powders
employing high heating rates (up to 1000 °C/min) and brief
holding durations at low sintering temperatures lower than
most conventional sintering methods [9]”. Figure 1 illus-
trates a typical sintering process of consolidating metallic
powder and ceramics.

The creation of composite materials with Zirconia
(ZrO,) matrix is a response to the development of novel
materials with improved, cutting-edge qualities like high
thermal shock and fracture resistance, etc. Titanium
alloys, such as Ti-6Al-4V are a good component for
ZrOs-based composites, particularly for aeronautics and
biomedical application areas because of their potential
characteristics of high chemical resistance, high fatigue
resistance, biocompatibility, and high melting point [10].
The characteristics of ZrO, make it a very attractive
ceramic product with a broad range of applications in
science and technology [11]. Although the hardness and
stiffness of composite materials are reduced when ZrO,
ceramic materials are added to titanium alloy [12], ZrO, as
reinforcement enhances the fracture toughness of the
composites [13].

Also, one of the few monolithic ceramic materials that
can tolerate high thermal shock and temperature changes
in the synthetic silicon nitride family is SisN, [14]. Such
innate properties exhibited by SisN, viz high flexural

strength, outstanding creep resistance, high hardness
features, etc., are only a few of many exceptional
properties, as an advanced structural ceramic. However,
traditional SizgN, ceramic suffers from weak fracture
toughness, which results in low damage tolerance and
poor reliability, like most ceramics. The inclusion of
particulate ZrO, as reinforcement has been shown to
improve ceramic fracture toughness, with reinforcing
procedures primarily based on stress-induced martensitic
tetragonal-monoclinic  transformation and microcrack
toughening [15]. As a quick method of assessing the
mechanical characteristics of various materials (metals,
composites, polymers, coatings, films, etc.) without
affecting the microscopic structure as well as other
characteristics of the materials, nanoindentation is cur-
rently gaining attention [16,17]. The bulk characteristics of
TMCs have been the subject of numerous research
investigations [18]. However, when materials-material
interactions are in use, the top layer of a material acts
as the primary interface for interaction. Thus, it is
necessary to analyse the surface characteristics of the
created TMCs to offer appropriate and correct statistics to
supplement the database of core properties of TMCs that
are currently available in the literature.

The SPS approach has been used by many researchers
to study the effects of adding ceramic particles to Ti-alloys
on their mechanical and tribological properties. To
improve the microstructural features and mechanical
performances of the sintered composites, Akinwamide
et al. [19] consolidated YSZ/SisN, ceramic with Ti6Al4V
alloy, the fabricated composites experienced great
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enhancement of micro- and nanomechanical properties of
the reinforced Ti-6Al-4V matrix and the improvement was
attributed to the load transfer mechanism between the
matrix and the reinforcement phases during spark plasma
sintering process. Also, in an attempt to examine the
impact of reinforcements on the high-temperature oxida-
tion of Ti-based composites, Kgoete et al. [20] studied the
effects of silicon-nitride (SisN,) as reinforcement on
Ti6Al4V. The findings demonstrated that the microstruc-
tural and mechanical features of titanium-ceramic matrix
composites were enhanced, and different bulk character-
istics were obtained based on the additive’s volume
percentage. The ternary of Ti6Al4V, ZrO,, and Ni sintering
was processed and examined by Obadele et al. [21] using
SPS technology. It was discovered that the ZrO,
reinforcement had a significant impact on the microstruc-
ture and hardness of the fabricated composites via the
generation of dispersoids, which acted as a pinning force
within the neck zone. Within the grain boundary. Nickel-
rich globules that were uniformly dispersed were also
visible due to the microstructural morphology. Addition-
ally, it is noteworthy to mention that the major factor in
determining the load-transfer effect between the matrix
and reinforcement particles is the size of the reinforcement
particles. Metal matrix composites’ strength and hardness
have been demonstrated to improve as the size of the
reinforcing particles decreases [22,23].

The goal of this work is to examine the microstructural
evolution and nanomechanical performance of the ternary
Ti-6A1-4V /Zr0O5/Si3N, synthesized using the spark plas-
ma sintering process at 950°C, 1100°C, and 1200°C
sintering temperatures. Generally, there is a dearth of
literature on the effects of ZrO, and SizN, reinforcements
on Ti-6Al-4V alloy.

2 Methodology

In this study, the admixed powders were supplied by Alfa
Aesar. Ti6Al4V was used as the matrix material, and the
ceramics compounds were used as the reinforcement
materials. With the aforementioned excellent properties,
a-phase SisNy (APS: 0.88 pm; Purity: 99%); and ZrO,
(APS: 44 pm; Purity: 99%) powders were weighed and
mixed with pre-alloyed Ti—6Al1-4V alloy powder of mean
particle size, ~30 pm. The powders were blended in a
tubular mixer, accordingly with fractional volume per-
centage, viz Ti6Al14V-5%SisN-4%ZrO,, and then sub-
jected to translational movements for 8 h at a relative speed
of 60 rpm in a dry environment. Subsequently, the admixed
particles were loaded inside the 30 mm diameter graphite
dies, lined with flexible graphite foils for ease of removal of
spark plasma sintered, SPSed composites inside the spark
plasma sintering furnace (‘HHPD, 25 FCT Systeme,
GmbH, Germany’). The composites Crl, C12, and Ct3
specimens underwent sintering temperature regimes, 950,
1100, and 1200°C respectively at an external pressure of
50 MPa for 10 mins at 100°C/min sintering rate. “The
fabricated samples were cooled to the ambient temperature
in the SPS furnace before their removal for a sandblasting
operation to remove any residual layer of graphite that may

result in carbon contamination of the sample surface.
Figure 2 depicts the morphological characterization of the
as-received raw material powders. The SEM micrograph in
Figure 2a reveals non-porous spherical particles of Ti6Al4V
alloy [24], Figure 2b shows around (with hollow doughnut-
like) morphology with many satellites of ZrO,, and
Figure 2c¢ reveals hexagonal prism particles of SizNy [25].
The consolidation of the powders was thus carried out
according to the earlier mentioned parameters”.

2.1 Characterization of sintered composites

Using an Anton Paar DMA 5000 density meter, based on
Archimedes’ principle, the relative density of the sintered
samples was measured for all samples. The effective density
of each sample was determined using the arithmetic mean
of six subsequent readings, and the theoretical density was
determined using the rule of mixture. The ratio of effective
density to theoretical density was then multiplied by 100%
to determine the relative density of each sample [20]. The
composite samples were subjected to the crystallographic
process using the standard techniques of grinding, polish-
ing, and, but with a mild etching. Phase characterization
and microstructural morphology of the sintered composites
were carried out using an X-ray diffractometer (PAN-
alytical Empyrean) and field-emission scanning electron
microscopy (FESEM JEOL JSM-7900F) equipped with
energy-dispersive X-ray spectroscopy (EDS).

2.2 Nanoindentation measurement of SPSed
composites

The nanoindenter tester TTX — NHT3, Switzerland, was
used to determine the nano-mechanical characteristics of
the as-sintered Ct1, Ct2, and C13 composite specimens.
This sophisticated apparatus makes use of a diamond
Berkovich indenter in the form of a pyramid, and the
analysis was carried out following ISO 14577 [26]. The
indentation testing involved six total indentations in a
2 x 3-point grid. The space between each indentation point
is 3 pm. The specimen was subjected to an indenter’s peak
load (Pmax) of 100 mN. To achieve this limit, the load was
applied at a rate, of 300 mN/min. The maximum load was
held for 20 s before being released at the same rate, which is
the same rate as loading. The displacement of the indenter
was continuously monitored, and a load-time history of the
indentation was recorded. The fundamental material
properties that were obtained from the nanoindentation
data include Vicker’s indentation hardness values, nano
hardness, elastic modulus, elastic recovery index, plasticity
index, elastic strain failure, and yield pressure. These
parameters were found by using the load-displacement
curve and the Oliver and Pharr technique [27].

3 Results and discussion

The SEM, EDS spectra, and elemental composition of the
SPSed composites at temperatures 950, 1100, and 1200 °C
are displayed in Figure 3. The backscattered electron
micrographs show the contrasted microstructural
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characteristics and phase constituents unique to the three
SPSed composites. It also reveals the distinct micrographic
representation of each composite, Ct1, Ct2, and Ct3. The
BSE pictures show sites with lower atomic density (Si3Ny)
in the dark sections, while the lighter region of the
microstructure shows sites with higher atomic density
(ZrO,), and the grey portion most likely indicates the
existence of the Ti6Al4V phase. As observed in the
microstructures, the composite’s particles are uniformly
dispersed throughout the microstructure with the primary
constituents/phases. As seen through the images, it was
found that when the temperature was elevated, a-Ti and
B-Ti phase layers grew closer to one another. Higher
sintering temperatures may result in increased grain
boundary migration and grain advancement due to the
relative rise in density [28]. In Figure 3a, the reinforcement
particles appear coarser in the composite specimens, with
evidence of some porous craters in the microstructures, but
as the temperature rises beyond Cr1 sintering tempera-
ture, densification increases along with grain movement in
Figure 3b, which eventually causes pores to close as
expected. Consequently, an increase in sintering tempera-
ture caused the development of the grain size while only a
modest increase in the solidified composite was observed. In
Figure 3b, a uniform matrix dispersion of the ceramic
reinforcement particles is seen at an elevated temperature
of 1100°C with a more homogeneous composite, free of
porosity or cracks in the microstructure of the sintered
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Fig. 2. SEM micrographs of starting materials. (a) Ti-6A1-4V, (b) ZrO,, and (c) SizNy.

composite. An agglomeration of the zirconia phase was
however seen in the microstructure, which is not an
aberration in the consolidation process during sintering,
which is a consequence of a recrystallization process.
Composite also reveals better consolidations of powders,
and porosity inevitably reduces also. A similar case was
also reported by Babapoor et al. [29,30]. As the tempera-
ture rises in Figure 3c, the sintered necks appear to grow
and the densification zone expands further, and the grains
appear coarser in the composite specimens with more
porosity, as revealed in the microstructure. The relative
density and mechanical properties of the composite are
expected to increase when the sintering temperature is
above 950 °C, because the grains expand quickly and the
pores are completely removed, leading to the creation of
substantially sealed pores [31], as seen in the case of C12 at
1100 °C. Poor interfacial bonding [32] between the ceramics
and titanium alloy particles, ineffective bonding [33], and
weak metallurgical link [34], as a result of insufficient
sintering settings are a few of the conditions that could
contribute to its sinterability at elevated temperature, and
amongst other factors. These elements may have an impact
on the mechanical properties of sintered composite at
different temperatures through microstructural changes.
The EDS layers/mappings in Figures 3a, 3b, and 3c
reveal the elemental composition of phases inherent in the
microstructures of the sintered (Crl, C12, and Ct3)
composites at their respective temperatures. The
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Fig. 3. (a) SEM, EDS spectra, and elemental mapping of the SPSed composite C11-950 °C, (b) Elemental mapping/EDS spectra of
the SPSed composite C12-1100 °C, (¢) SEM, EDS spectra, and elemental mapping of the SPSed composite C13-1200 °C.
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Fig. 3. (Continued).

distribution of these phases viz, Ti, Zr, Al, V, Si, and O are
represented with the mappings/colorations showing the
dispersion of the matrix-reinforcement composition within
their respective microstructures.

4 XRD phase identification

The X-ray diffractograms of sintered ternary composites,
Ti6AI4V-5% SisN4;~4% ZrO,, consolidated at sintering
temperatures Crl, 950°C, Ct2, 1100 °C, and C13, 1200 °C
are shown in Figure 4. From the micrographs, it is
discovered that none of the diffractograms showed any
discernible peak broadening, which means that no reaction
occurred at the beginning of the sintering process, possibly
as a result of internal strain in the powders owing to the
ultra-fine grain size of the starting powder [35]. At
prescribed temperatures, the peaks of elemental and
interfacial phases were exposed. Prevalently, the phases
were found to overlap with a noticeable peak intensity,
which confirmed a unique phase evolution of composites. It
was claimed that the two main strategies for enhancing the
mechanical properties of composites were preventing the
formation of grains and managing the contact between the
matrix and additive. As a result, increasing the interface
bonding in Ti-based composites is greatly influenced by the
creation of an in-situ second phase. It is anticipated that
these in-situ phases will provide a dislocation barrier within
the matrix-reinforcement composition’s grain boundaries
causing strengthening of the composites [36], and by
extension, increasing the mechanical property indices.
A closer look at the XRD peaks of these results shows that
samples at 950 °C and 1200 °C have similarities in terms of

the composition of their phases, while samples at 1100°C
revealed a sparing presence of SizsN, phases. This
observation is further bolstered by the absence of TisN
in the 1100°C composite, unlike the 950°C and 1200 °C
cases where TioN is significantly present. The relative
presence of Ti,N and SigNy could indicate the degree of
interfacial bonding events that possibly occurred between
the primary composite’s powders of Ti6Al4V and SizNy
during sintering. Notably during sintering, the neck
formation and grain growth are usually mediated by the
process of co-segregation of atoms from the two adjoining
powder particles, leading to the evolution of an interface
possibly characterized by a phase of unique composition [8].
However, it was determined that the thermochemical
process caused the Ti,N and SiO, phases to emerge as a
densifier, furthering the densification of the composites
(Crl, Cr2, and Ct3). The phases of Al and V at their
respective temperatures were not noticeable, which may
have been due to the low percentage composition of the
complete phases that rendered them undetectable.

5 Evaluation of mechanical properties
5.1 Relative density of sintered composites

The relative density and porosity of the fabricated
composites at different temperatures are presented in
Figure 5 with distinctive colorations, identifying each
composite at respective temperatures. As revealed in the
chart, the relative density for the unreinforced sample is
98.65%, which implies that porosity prevented the sample
from being completely densified, as other fabricated
composites like C13 with the lowest outcome at 95.51%,
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Table 1. Nano-mechanical readings for sintered composite, Ti6A14V-5% SisN4-4% ZrO, at C11-950, C+2-1100, and

C13-1200°C.
Composites Elastic Vickers indentation Nano hardness Yield pressure Elastic strain
modulus (GPa) hardness (MPa) (GPa) (H? /Er?) to failure (H/Er)
Crl 141.61 6700 55.19 0.1432 0.1226
Cr2 177.91 7380 60.06 1.6531 0.1659
Cr3 113.39 5582 39.52 1.6969 0.1754
—M— Yield Pressure
—M— Elastic Strain to Failure
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Fig. 6. Graphical representation of yield pressure

and Crl with less porosity at 99.12%. Near full densifica-
tion of 99.81% was attained with composite Ct2 at a
sintering temperature of 1100°C from this study. The
reduction in the porosity level upon the addition of the
reinforcement could be connected to the sintering temper-
ature adopted in this study as confirmed [37], which
increases the material’s density. Teber et al. [38] also
confirmed that a lower porosity level for composites is
indicative of a higher relative density, which increases their
material efficiency to improve their mechanical perfor-
mance. Interestingly, as a result of varying reinforcing
particle sizes of the ceramics in the Ti-alloy matrix of this
investigation, complete compaction during mixing and
sintering operations may also not have been achieved,
which could account for the quick drop in densification, as
seen in Ct3, coupled with the closed pores formed when
intergranular pores are formed during high-temperature
sintering [39] at 1200 °C of the composite. The Ti-6Al-4 V
matrix’s strong diffusivity of the reinforcement particles,
on the other hand, is responsible for the specimen C12’s
comparatively higher density measured at 1100 °C.

& elastic strain of composites Ctl, Cr2, and Ct3.

5.2 Nanomechanical and anti-wear characteristics
of the sintered composites

Table 1 shows the mechanical properties of the study, as
measured by an Anton Paar Hit 300 nanoindentation tester
using a Berkovich diamond indenter following ASTM
E2546. From the table, the Vickers hardness, elastic
modulus, and nano hardness of composites, Ct2, attained
maximum values of 7380 MPa, 177.91 GPa, and 60.06 GPa
respectively, but at the minimum when the sintering
temperature in C13 reached 1200 °C. This can be related to
the rapid expansion of grains as a result of elevated
temperature from 950 to 1100 °C, which prevents the pores
from being completely removed, leading to the creation of
significant sealed pores [31].

Table 1 shows the nanoindentation data of sintered
composite, Ct1, Cr2, and Ct3 at their respective 950, 1100,
and 1200 °C sintering temperatures. The nano-hardness
values recorded 55.19, 60.06, and 39.52 GPa, respectively,
suggesting composite C12 with a sintering temperature of
1100°C to have the best nano-hardness value, while Ct3
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recorded the lowest. The Vickers hardness and modulus of
elasticity values are corresponding, following the same
trend as the nano hardness result. Interestingly, both
densification and mechanical properties of this study are
seen to have exhibited a mnonlinear relation with the
sintering temperature influence. Francois et al. [40]
confirmed the parameters of volume fraction elemental
powder composition, and the ceramic reinforcement
configurations of composites to be responsible for the
non-linear behavioural pattern [41]. The high stiffness/
elastic modulus of C+2 sintered composite can allude to the
equal volume fraction of the Si3N,/ZrO, ceramic reinforce-
ment of the ternary composite, which triggered multiple
exothermic (in-situ) reactions with the base matrix during
sintering process [25], as mentioned earlier. The reduction
in the nano-hardness value recorded for samples Crl and
Cr3 as compared to Ct2 may be a result of segregation and
coalescence [42] experienced during sintering, as well as a
poor metallurgical fusion between the titanium alloy and
ceramic particles encountered in this study, which might be
attributed to the increased ceramic concentration
[34,43,44]. Figure 6 displays the ratio-value-plot graphical
relationship of yield pressures and the elastic strain to
failure of the tri-sintered composites. This graph represents
the scientific illustration of material resistance exhibited by
the manufactured composites, to plastic deformation,
which also shows that sample Ct2 sintered at 1100 °C as
having the highest resistance to strain and deformation,
while Ct1 has the least of the fabricated composites.

6 Conclusion

This study on influence of sintering temperature on

ceramics reinforced titanium alloy via spark plasma

sintering technique led to microstructural and nano-
mechanical examinations.

From this inquiry, the following observations were
made:

— The spark plasma sintering technique was effective and
successful process adopted for the consolidation of the
experimentation.

— Secondary in-situ phases, SiO5 and Ti,N, emerged during
sintering process significantly improved the mechanical
properties of the sintered samples produced.

— The addition of ceramic reinforcements improved the
samples’ relative density, Vickers microhardness, nano
hardness, and elastic modulus.

— Sintered composite Cr2-sample at 1100 °C demonstrated
better relative density and nanomechanical properties
than C11-950°C and C13-1200°C consequent upon an
increasing interface bonding between matrix-reinforce-
ment composite.

— The enhancement of micro-nano properties of the
reinforced Ti-6Al-4V composites was attributed to the
load transfer mechanism between the matrix and the
reinforcement phases.

— The ternary composites consolidated at 1100°C in this
study is applicable to the aerospace and automotive
industries, especially in the manufacturing of high-
temperature strength engines
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