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Influence of coconut shell powder organic reinforcement on chemical, microstructural
and mechanical properties of spark plasma sintered Ti-Ni based metal matrix composite
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Abstract

Metal matrix composites (MMCs) are currently used in place of pure alloys and polymer matrix
composites because of their unique physical properties. Titanium and nickel powders were alloyed
with coconut shell powder (CSP) as organic compound reinforcement to form a TiNi-based metal
matrix composite (MMC) using spark plasma sintering (SPS) technique. The powders were mild-milled
for 16 h and then axially consolidated at 850°C, heating rate of 100°C-min-* and 50 MPa sintering
pressure. Characterizations were done using field emission scanning electron microscope (FE-SEM-
EDX) and x-ray diffractometer (XRD). Elemental and structural characterizations of the composites
revealed the formation of the Ti-rich eutectic phase, Ni-rich dendrites, and TiNi-rich phase regions
with dispersed distributions of carbides and oxide phases within the system. The Ni-rich “islands”
appear to be depleted with increased CSP content. However, the relative density, tensile strength and
microhardness improved in samples with higher amounts of CSP powder to the optimum values of

Microhardness

1. Introduction

Several hedges of breakthroughs are yet to be explored with the
novel initiative of matrix reinforcement in composite technology
for the development of excellent materials with a good combination
of properties and superior performance in applications [1-5]. Over
the years, success rates recorded in materials’ usage especially in
aerospace and automobile are still left with a huge vacuum to be
filled with novel functional materials having cutting-edge innovations
and sustainable performance to meet up with the current needs of
the industries [6,7]. Generally, composites synergize the strengths
of their components and eliminate their shortcomings to produce
materials that fit the requirements for structures or applications that
are especially exposed to extreme environments in terms of temperature,
fluid, stress, and fatigue [8,9]. Titanium, nickel, and cobalt are metals
with unique physical properties, and they are mostly reacted or
combined with other materials to form ceramic, superalloy and
intermetallics for different applications [10-14]. It is noted that MMCs
are often more expensive than the conventional materials they are
being replaced with, therefore, they are not widely applied, unless
in a situation where performance can justify the added cost.

Coconut shell particles are very much available and have been
used in different forms for several purposes. Naturally, they are hard
and tough materials, with very high abrasion resistance, but despite
its unique physical properties, limited findings have been recorded
so far on the use of coconut shell particles or materials as reinforcement
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99.9%, 1022.91 MPa and 319.71 HV.

in metal matrix composites (MMCs) [15-17]. Meanwhile, coconut shell
has been applied as reinforcements in other materials of mechanical
and thermal importance [18-22]. Coconut shells are agricultural wastes
that can constitute a nuisance to the environments, if not properly
managed [1,4], most especially in tropical regions of the world.
Therefore, the use of coconut shells as a replacement for conventional
ceramic reinforcing materials would be a welcome development
[4]. Coconut shells are cheap and readily available and can either be
processed into powder [23,24] with an approximate density of
1.60 g-cm or ash (CSA) with an approximate density of 2.05 g-cm,
Depending on the activation process, chemical analyses have shown
that CSP materials are mainly composed of organic compounds and
traces of ceramic materials after thermal conversion. Inorganic and
ceramic components such as SiOz, Al.Os, Fe203, CaO, MgO, and
MnO have been found in substantial amounts, even above what is
available in portland cement [18,19,25,26]. Therefore, naturally
tough organic materials are attracting lots of interests as reinforcement
in metal matrix composites like the advanced ceramic materials
such as TiC, TiN, TiO2, SizNs, and SiC.

Metal matrix composites are often prepared by uniform dispersion
of reinforcing materials within the metal matrix system using the
common preparation techniques available such as casting, hot rolling,
arc melting, etc. However, to obtain fully dense solid materials at
relatively lower temperatures, spark plasma sintering, a non-conventional
method, is an effective powder metallurgy method than other
techniques [8,27]. SPS ensures good diffusional processes of powder
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mixtures to bridge the gap of adhesion problem between the organic-
based coconut shell particles and the inorganic metal matrix phase
due to poor wettability of the reinforcement phase [28,29]. To the best
of the knowledge of the authors, no work has been reported on TiNi-
CSP MMCs using the SPS powder metallurgy technique. In studies,
expensive advanced ceramic compounds such as ZrO2, TiN, SiBs,
TiB2, B4C, SiOz, and CNT have been widely applied as metal matrix
reinforcements, which makes the application of MMC:s to be limited
[7,28,30,31]. It is noteworthy that besides the cost of production,
some advanced ceramics can be highly toxic in high concentrations.
Hence, using organic materials as an alternative will markedly reduce
the manufacturing cost, and will also increase the scope of application.
This study aims to fabricate TiNi based metal matrix composite
with the CSP as the reinforcement particulate source using spark
plasma sintering technique and, hence investigate the effect of the
reinforcement constituent variation on the chemical, morphology
and mechanical properties of the sintered TiNi based metal matrix
composites.

2. Materials and methods

2.1 Sintering procedure

Titanium and nickel powders (Alfa Aesar) with a purity of
99.99% and an average particle size of 10 pm were used as the
matrix materials for the preparation of the metal matrix composite.
A fixed weight percent of the titanium powder (50 wt%), however,
the concentration of nickel was varied from 45 to 49 wt% of the
amount of coconut shell powder (CSP) as organic reinforcement
material. The samples were designated as CCS-T1, CCS-T2 and
CCS-T3 for 1, 3 and 5 wt% amounts respectively. Tubular shaker
mixer (T2F) operated at 72 rpm for 16 h was used to mild-mill
the powders axially in a 250 ml cylindrical plastic container to ensure
homogeneity. Based on calculations, appropriate amounts of powders
required to form a metal matrix composite sample of 30 mm diameter
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and 5 mm thickness was charged into the graphite die and then sintered
in a vacuum (5 x 10”2 mbar) environment using an automated spark
plasma sintering (SPS) machine (HHPD — 25, FCT GmbH, Germany).
The sintering parameters such as temperature, holding time, applied
pressure and heating rate are given in Table 1. After sintering,
the surface of the metal matrix pellets was cleaned off using
sandblasting. The MMCs samples were sectioned into the required
sizes, while other required metallurgical processes required for
proper surface analysis were done. SEM-EDX analysis of the as-
received elemental powders was carried out to ascertain the purity
level of the matrix materials, and the microstructure images are
shown in Figure 1.

2.2 Characterization Details

The cutting of the metal matrix composite samples to the required
sizes was done using a precision CNC wire-cut electric discharge
equipment. The samples were mounted in hardened polymer for
easy handling for metallographic processes and analysis. The mounted
specimens were ground in sequence with Rhaco Grit P320 and Aka-
Rhaco using water as a medium at 300 rpm. The second stage of
the grinding was done with Aka-Allegran 3 using DiaMaxx 6 um
Poly as the medium. Aka-Chemal in Fumed Silica was used for final
polishing to the mirror-like surface and cleaned with distilled water.
Hence the samples were etched with appropriate reagents for detail
microstructural examination using a light microscope (Nikon ECLIPSE)
and field-emission scanning electron microscope (JSM-7600F,
JEOL) equipped with EDX for elemental and phase analyses. X-ray
diffraction analysis of the samples was done using a Phillips
diffractometer (PW 170) with Cu Ko radiation at 40 kV and 40 mA.
The diffraction profile was analyzed with X’Pert High Score software.
The mechanical properties of the samples were obtained using
Future-Tech 700 Microhardness Tester (100 gf load at 10 s). The bulk
density of the samples was determined using the Archimedes principle,
while the densification was calculated relative to the theoretical density.
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Figure 1. SEM micrographs of the metal matrix constituents for the MMCs (a) Ti and and (b) Ni.
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Table 1. Sintering parameters and sintered relative densities of sintered
TiNi/CCS composites.

SPS Parameters Values

Sintering Temperature (°C) 850

Sintering Pressure (MPa) 50

Chamber Pressure (mbar) 5x 102

Heating rate (°C-min) 100

Holding Time (min) 10

Sintered Sample Density (%) 96.4,98.9 and 99.9
Sample Thickness (mm) 5

Diameter (mm) 30

3. Results and discussions

3.1 Chemical Analysis

The physico-chemical analyses of coconut shells have been
carried out by several authors [1-5,21,24]. Using several elemental
characterization methods, its major compositions have been comparable,
consisting mainly of the following oxides; Al20s, MgO, SiO, CaO
and Fe20s. The qualitative and quantitative results as reported by
different authors are similar. Meanwhile, the average elemental
composition spectra obtained via EDX analysis of the sintered
composite samples are shown in Figure 2-4 respectively for the samples.
Itis indicated qualitatively that the elemental composition of the sintered
composites changed slightly corresponding to the initial constituents.
The carbon content is shown to increase, while the presence of
oxides is detected in samples CCS-T2 and CCS-T3, noting however

that the oxygen content level in sample CCS-T1 may be below the
detection limit of the EDX detector. The quantitative results
corresponding to the EDX spectra are presented in Table 2. Also,
on average, it is observed that the increase in the content of the
reinforcing CSP material induced a proportional increase in oxides
and carbides concentration in sintered samples. The oxides and carbides
particles will provide grain boundary pinning effects in the metal
matrix. Grain boundary pinning by reinforcement particles is often used
to prevent grain growth during sintering or heat treatment procedures
in metal matrix composites and alloys. Hence, the more the pinning
particles in the matrix structure within the optimum range, the better
the mechanical properties of the material. The arrangement or
distribution of the phases within the material is identified on the
micrographs as shown in Figure 2-4. Corresponding positions of the
phases are indicated and are found to slightly change relative to the
composite material composition. Chemical analysis of the phases
revealed mainly the presence of carbon, oxygen, titanium, and
nickel, whereas fluorine appears in sample CCS-T3 with 5 wt% of
the organic reinforcement. Since the sintering experiment was carried
out under a high vacuum environment, the non-metallic component
and oxide phases are attributed to the organic reinforcement within
the metal matrix. Meanwhile, traces of ceramic phases i.e. SiOz, Al20s,
Fe203, SiZrO4 are sparsely dispersed within the composite. The ceramic
phases are believed to be formed by thermal decomposition and
transformations of the coconut shell powder [18,19,26,32]. In all,
three main phases were found as the primary dendrites, eutectic
matrix and the boundary layer with their respective richness in Ti,
Ni and TiNi intermetallics.

Table 2. Average EDX elemental composition of the metal matrix composites.

Elements CCSs-T1 CCS-T2 CCS-T3
Weight % Atomic % Weight % Atomic % Weight % Atomic %

Ck 6.97 24.77 7.15 21.42 9.24 19.07

Ok - - 9.85 22.16 22.40 34.70

F k - - - - 16.22 21.15

Tik 46.60 41.50 40.08 30.11 32.30 16.71

Ni k 46.42 33.73 42.92 26.81 19.83 8.37

Total 100
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)

-
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Figure 2. Phase identification and EDX elemental spectra for sample CCS-T1.
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Figure 4. Phase identification and EDX elemental spectra for sample CCS-T3.

The randomly shaped dendritic phase is a nickel-rich “islands”
designated as B on the micrograph (Figure 2-4). These partitioned
Ni-rich dendrites are solid solution of Ti atoms in Ni and are well
distributed within the continuous Ti-rich eutectic phase, noted as A
on the micrograph. As the alloy cooled down, the Ni-rich nucleation
sites grew as dendrites and solidified to become Ni-rich grains
within the remaining eutectic microstructure with high Ti composition.
Meanwhile, the other unique structure detected is the Ti-Ni rich
intermetallic phase which is the boundary layer between Ti and Ni-rich
compounds. The Ti-Ni rich phase was formed from the diffusion of
Ti and Ni from either side of the partition as the alloy cooled. Also,
there are dispersed ceramic particles i.e. oxide and carbide phases
embedded in the composite. For instance, in sample CCS-T1, the
elemental analysis of the “island” phase B gives the concentration
of 60 wt% nickel, while the matrix phase A is highly rich in Ti with
92 wt% Ti and 8 wt% Ni. As shown in Figure 2, the distinct separation
of the phases indicates phase partitioning induced by the spinodal
decomposition. The boundary phase layer identified as C is intermediate
in terms of composition between the two major phases A and B,
which is the overlapping region between the phases in the metal matrix
composite. Expectedly, the elemental analysis showed comparable
concentrations of Ti and Ni at 49 wt% and 45 wt% respectively.
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The scantily distributed “white” crystallites in the samples, represented
by D was identified to be composed of mainly nickel oxide. Meanwhile,
the chemical analysis of the dark crystallites within the continuous
matrix Ti-rich phase (A) observed in CCS-T3 shown Figure 4 was
characterized to be a Ti-rich carbide compound, this is attributed to
the solid-state reactions with CSP [10,33-35]. This is more prominent
in sample CCS-T3, because of the higher concentration of coconut
shell powder which added more carbon material as the main end-
product. Also, the appearance of a distinct Ti-Ni rich boundary
layer phase was noted to change more to the form of Ni-rich island
phase, which gives an indication of the effect of reinforcement on
the structure of the composite.

3.2 Microstructural Analysis

The photomicrographs of samples CCS-T1, CCS-T2 and CCS-T3
are presented in Figure 5. There is a change in the morphological
characteristics of the composite samples with varied concentrations
of coconut shell powder as shown in the images. The distribution of
the “white” Ti-rich eutectic microstructure and dark grey (Ni-rich)
primary dendrite phase can be seen, which indicates clearly
microstructures facilitated by spinodal decomposition caused by
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the thermal transformation at high temperature and pressure
sintering. It is however noted that as the organic reinforcement
increases, the nickel-rich dendrite phase becomes depleted, while
the Ti-rich eutectic phase becomes more prominent. This is partly
linked to the reduction in the concentration of nickel content as its
being replaced with coconut shell powder, and possibly because of
the higher reactivity of titanium compare to nickel in the system.
The grain arrangement of Ti-rich and Ni-rich phases, and the
changes that occurred at 3 and 5 wt% reinforcement contents in the
metal matrix composites are observed in Figure 5(b-c). The separation
boundary layer between the main phases in samples CCS-T1 and
CCS-T2 are shown to be more visible than in sample CCS-T3, and
the changes in the appearance could be attributed to the change in
its chemical composition of the alloy. The mechanical and tribological
properties can be linked directly to the material microstructures, i.e.
grain refinement, size and phase distributions [36,37]. For instance, the
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Ni-rich dendrites

decrease in the nickel content of the metal matrix shifted the solid
solution transformation position, and thus it decreased the formation
of the Ni-rich dendrite phase as the alloy cooled down. Also, the
observed morphological evolution has shown that the addition of
organic reinforcement influenced the physico-chemical properties
of the TiNi metal matrix composite. The microstructure (Figure 5(c))
of CCS-T3 appears more uniform which indicated deleterious grain
growth inhibition, i.e. the more the carbonized CSP microparticles,
the more the pinning effects on the metal matrix particles during
sintering. [38,39]. Also, an increase in the concentration of the
reinforcement particles caused a change in the liquidus and eutectic
transformation (reaction) temperature of the alloy as it diverges
from a pure alloy (TiNi) system to a metal matrix composite which
has a completely different thermodynamic property. The change in
the fraction of the major phases (Ti-rich and Ni-rich) is presented
in Table 3.

Figure 5. Photomicrographs for the TiNi based MMCs samples (a) CCS-T1, (b) CCS-T2 and (c) CCS-T3.

Table 3. Evolution in major phase fractions with the organic reinforcement contents.

Sample Total Area Average Size % Area (Ni-rich) % Area (Ti-rich)
(m?) (um)

CCS-T1 350438.99 141.42 49.53 50.47

CCS-T2 337787.33 87.99 41.08 58.92

CCS-T3 248066.55 104.45 3231 67.69

The x-ray diffraction spectra of the samples are presented as
shown in Figure 6. It is observed that all major phases detected are
common to all samples. However, in agreement with microstructural
analysis, peaks corresponding to TiNis intermetallic were
conspicuously absent in sample CCS-T3 (Figure 6(c)) with 5 wt%
organic reinforcement. The diffraction patterns indicate that the
samples are polycrystalline in nature with the existence of sharp
crystallographic peaks corresponding to distinct phases at different
26°. The reflections are indexed and were shown to have preferred
orientations at the planes observed at (020), (011), (111), (002) and
(022) corresponding to the intermetallic compounds and oxides of
titanium, nickel, and zircon. Meanwhile, other peaks are also
observed at relatively low intensity indicating the presence of
TisFe20 and TiNis intermetallic phases and silica compounds. This
agrees with the chemical analysis which indicated the formation of
three main phases with major constituents of Ti, Ni, and Ti-Ni.

Besides, a higher concentration of the organic reinforcement
impeded the formation of the TiNis intermetallic alloy phase
(the boundary layer between the Ti and Ni-rich phases). Though
intermetallic compounds may possess good hardness properties,
however, they are often avoided in some material requiring high
toughness quality to avoid failure, because of their brittleness
nature. Based on studies, the phase transformation induced by the
carbonized natural material would enhance the mechanical property
of the metal matrix composite [40]. Notably, substitution by amorphous
carbon with a relatively smaller atomic radius (0.7 A) from the
CSP organic material would introduce lattice strain within the
crystallographic structure of Ni and Ti with comparable atomic
radii (1.67 and 1.47 A respectively), and also induced amorphization
of crystalline phase(s) i.e. the disappearance of peaks corresponding
to TiNis intermetallic phase with increase in the organic reinforcement
(Figure 6(c)).

J. Met. Mater. Miner. 30(4). 2020
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Figure 6. Representative XRD spectra for samples (a) CCS-T1, (b) CCS-T2
and (c) CCS-T3.

3.3 Mechanical Properties

The mechanical properties of the metal matrix composites
were analyzed based on their relative density, microhardness, and
tensile strength. The nominal microhardness values for Ti-Ni alloys
are in the 200 HV range. However, with optimized transformation
processes, mechanical properties can be greatly enhanced beyond
the nominal values [41-42]. In this study, the relative density of the
samples increased from 96.4% at (CCS-T1) to 98.9% (CCS-T2) with
an optimum relative density of 99.99% for sample CCS-T3. It shows
that, as the content of organic material in the Ti-Ni metal matrix
increases, the microstructure of the composite became denser due to
grain refinement. An increase in densification is attributed largely
to the pinning influence of the carbonized coconut shell powder
microparticles widely dispersed within the metal matrix. Unwanted
grain growth within the metal particles is inhibited by the grain
boundary pinning effect and thus induced a gradual physical
transformation from a pure metal alloy to a metal matrix composite.
Based on the foregoing, pores formation associated with the grain

growth process was damped, thereby forming more a compact solid.
The microhardness, relative density, and yield strength values are
given in Table 4. For the microhardness analysis, ten indentations were
done and the average value was taken for each sample. The lowest
average HV value is 289.40, while the highest HV is 319.71 obtained
at 5 wt% of CSP. These values are found to be higher than the
nominal values for pure NiTi alloys [41-42]. The 3-D representations
of the morphology of the samples are given in Figure 7, the change in the
physico-chemical properties can be observed from the
microstructural differences presented. It is noted that morphology
becomes more compact and smoother with the increase in the CSP
organic reinforcement.

To directly determine other mechanical properties of the samples,
the relations between the hardness value, tensile and yield strengths
given by Cahoon et al. was used [43,44] as in Equations (1) and (2).
Hence, the tensile and yield strengths of the present Ti-Ni based
metal matrix composite have been derived from their hardness values.
The strain hardening coefficient, n, was taken to be 0.15.

15= (35) (35) @

rs=(4) " @)

The acronyms TS and YS are given as tensile and yield strengths
respectively, and n is the strain-hardening coefficient. The TS and
YS of the composite samples as calculated using the above expressions
above are given in Table 4. Expectedly, the yield and tensile strengths
increase accordingly with the addition of more reinforcement
particles from the coconut shell material. Also, an illustration of the
relationship between the amount of the organic reinforcement and
the physico-chemical properties are shown in Figure 8.

The comparative analysis of the hardness properties and the
yield strength values of some related Ti-based metal matrix composites
(MMCs) are presented in Table 5. It is shown that the mechanical
properties of the MMC samples prepared in this work are comparable
to others given in earlier studies [12,45-49]. It is shown that composites
with TiB and SiC reinforcements possess superior strength and hardness
properties. However, the yield strength values in some cases decrease
with the increase in the reinforcement quantity probably due to
reduction in toughness [45-46,49]. Meanwhile, the MMCs with
carbon fibre and carbon nanotubes (CNTSs) [12,47] have relatively
hardness and yield strength values compared to CCS-T samples..

Figure 7. 3-D surface morphology of the MMCs (a) CCS-T1, (b) CCS-T2 and (c) CCS-T3.

J. Met. Mater. Miner. 30(4). 2020
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Table 4. Relationship between sintered MMCs microhardness and CSP percentage weight.

Sample CCs-T1 CCS-T2 CCS-T3
Carbonized Coconut shell (wt%) 1 3 5
Relative density (%) 96.4 98.9 99.9
Microhardness (HV) 289.40 296.81 319.71
Yield Strength (MPa) 669.75 686.90 739.90
Tensile Strength (MPa) 925.94 949.65 1022.91

Table 5. Mechanical Properties of Some Ti-based Metal Matrix Composites.

Metal Matrix Reinforcement Microhardness Yield Strength Reference
(wt%o) (HV) (MPa)

Ti-Ni (CCS-T1) CSP (1) 289 670

Ti-Ni (CCS-T2) CSP (3) 297 687

Ti-Ni (CCS-T3) CSP (5) 320 740

Ti TiB (40) 768 140 [45]
Ti TiB (60) 856 280 [45]
Ti TiB (80) 1019 207 [45]
Ti Carbon fibre (10) 214 274 [46]
Ti CNTs (0.18) 275 682 [47]
Ti CNTs (0.24) 278 704 [47]
Ti-Al-Mo-Fe 5% TiB 335 1038 [48]
Ti-Al-Mo-Fe 10% TiB 392 1147 [48]
Ti-Al-Mo-Fe 15% TiB 428 741 [48]
Ti CNTs (1) 292 625 [12]
Ti CNTs (2) 336 662 [12]
Ti CNTs (3) 367 853 [12]
Ti-6Al-4V SiC (5) 460 - [49]
Ti-6Al-4V SiC (10) 369 - [49]
Ti-6Al-4V SiC (15) 315 - [49]

PZ2Z) Retative Density (%) into Ti-rich and Ni-rich compounds and separated by Ti-Ni intermetallic

Microhardness (HV)
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Figure 8. Relationship between the Ti-Ni composites densification and the
microhardness.
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