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Abstract Achievement of the most desirable mechanical
properties through smooth processing techniques has led
to the development of composite materials for sustainable
applications. Powder metallurgy (PM) finds a special area
of interest in fabricating composite materials among several
processing strategies. Introduction of nano-TiB, particles in
Cu matrix through in situ or ex-situ processing is recently
addressed to achieve a good combination of strength and
conductivity. In this present investigation, Cu and TiB, pow-
ders (5 wt%) were subjected to ball milling and subsequently
manufactured through three different powder metallurgy
routes, i.e., hot pressing (HP), spark plasma sintering (SPS),
and equal channel angular pressing (ECAP). A conventional
PM route through simultaneous pressing and sintering (HP)
is being compared with a severe plastic deformation (SPD)
process (ECAP), while SPS operates with a completely dif-
ferent principle. This article guides toward the pros and cons
of the three different processing routes in terms of relative
density, porosity, hardness, strain, and the microstructure
has been revealed through optical microscopy, field emis-
sion scanning electron microscopy, and X-ray diffraction.
Transmission electron microscopy for the TiB, particles
was performed to ensure the particle size and dynamic light
scattering for particle size distribution. Among all the three
processing routes, the samples consolidated through SPS
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were found to possess the best relative density (~97.5%),
microhardness (~ 142 Hv), and strain (~0.269), followed by
ECAP and HP samples. A comparison of the grain refine-
ment mechanism of the composites processed through dif-
ferent routes has also been presented.

Keywords Powder metallurgy - Hot pressing - Equal
channel angular extrusion - Spark plasma sintering

Introduction

Cu-based composites have been a topic of great interest
among researchers worldwide for the last 20 years. It has
gained much popularity due to its various applications in
the electronic and manufacturing industries, especially in
the production of sliding contact bearings, motor bushes,
welding electrodes, machine housings, heat sinks, substrates,
etc. [1, 2] that require microstructural stability at high tem-
peratures in addition to sound mechanical and electrical
properties [3, 4]. Furthermore, adding ceramic or compound
materials to the Cu matrix as reinforcements to ensure better
mechanical properties (such as stiffness, toughness, ambient,
and high-temperature strength) is not unheard of [5, 6]. Such
reinforcements may include particulates, continuous and dis-
continuous fibers, and/or whiskers [7]. Several attempts have
been made in the last few years to reinforce the Cu matrix
by dispersing particles like oxides, carbides, or borides
through powder metallurgy or melt-casting routes [8-10].
The addition of titanium diboride (TiB,) either by in situ
or ex-situ processes into the Cu matrix has been reported to
be a promising route in improving the desired properties of
the composite, like stiffness, hardness, and wear resistance,
along with a decrease in its coefficient of thermal expansion
(CTE) [11-15]. Moreover, the high melting point (3253 K),
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low density (4.52 g/cmS), high thermal (25 W/m-K), and
electrical conductivity (9 x 1073Qm) of TiB, make it a supe-
rior reinforcing material for Cu. However, the formation of
in situ TiB, inside the Cu matrix through the conventional
powder metallurgy route (pressing followed by sintering)
demands precise control over the processing parameters,
which contributes to the complicacy of the process. Various
properties of Cu—TiB, composites can be achieved by vary-
ing the degree of reinforcement (% of TiB, in Cu matrix),
thereby making the composites suitable for any typical
applications. Also, the processing techniques (powder metal-
lurgy, melting and casting technique, etc.) govern the physi-
cal properties and microstructures obtained in the compos-
ites [16]. Several researchers [17-19] have reported a high
value of relative density, uniform distribution of reinforce-
ment particles, and moderate hardness values with an addi-
tion of 5 wt% TiB,. Zongning Chen et al. [17] achieved a
140% improvement in the UTS value without compromising
its ductility concerning the Al matrix. Chidambaram et al.
[18] also studied the microstructure and mechanical proper-
ties of AA6061-5 wt.%TiB, in situ metal matrix composite
subjected to equal channel angular pressing. They showed
excellent grain refinement and high strain with increased
mechanical properties. Abdollah Bahador et al. [19] also
demonstrated remarkable strengthening while sustaining a
considerable elongation using 5 wt%TiB,. Promising results
have also been reported with Cu-5%TiB, reinforcement par-
ticles, although in all of the cases, the formation of TiB, has
been controlled in an in situ manner [20, 21]. An effort has
been made to investigate the effect in properties by adding
TiB, through an ex-situ mechanism, maintaining the same
composition, which has delivered the best results.

The powder metallurgy route, in particular, is capable of
synthesizing a wide variety of compositions and generating
more complex shaped composites with controlled poros-
ity as compared to the orthodox melting and casting route.
Some of the well-known powder consolidation processes
include hot pressing (HP), spark plasma sintering (SPS), and
equal channel angular pressing (ECAP). The HP technique
involves the deformation of the powder mixture through
creep and material transfer by being pressed into a die at high
temperatures. Here, the heat transfer rate between the die
and the sample is low, which causes the process to last even
for hours. The SPS process, also known as field-assisted sin-
tering technique (FAST) or pulsed electric current-assisted
sintering (PECAS), is just a variant of HP in which a pulsed
DC current is passed through the powder mixture, which
in turn acts as the heat source. It is a well-known and well-
established technique that efficiently produces high-density
powder metallurgy components in a shorter sintering time
than conventional techniques. Furthermore, SPS can be used
to complete the densification of many materials that are typi-
cally difficult to sinter using other conventional processes
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[22]. However, the non-homogenous distribution of tempera-
ture is one of its drawbacks. In contrast, the ECAP process
is a deformation technique that produces ultrafine grains by
passing the composite powder through an angular die. It
was first presented as a shaping cycle in which high strain
was forced into the metal by basic shear. It has become a
significant handling method for refining microstructure in
metallic materials through the severe plastic deformation
(SPD) process [23]. A high degree of homogeneity might be
accomplished through the ECAP technique when the number
of ECAP passes is large enough. However, the degree of
homogeneity achieved in ECAP also relies upon the solidi-
fying qualities of the material. Handling by ECAP prompts
huge reinforcing of the material at surrounding temperature
and gives the ultrafine grains sensible thermal stability at
high strain rates. Among the processes mentioned above,
SPS and ECAP offer outstanding densification and matrix-
reinforcement bonding over HP, thereby developing excel-
lent mechanical properties [24]. The SPS samples exhibit
low porosity and high strength, revealing better bonding of
matrix — reinforcements. Thus, this work aims to report a
comparative study among HP, SPS and ECAP performed
at 500 °C for TiB, reinforced Cu matrix and judge the best-
suited process in terms of development of microstructure
leading toward the exhibition of the best properties among
these composites.

Materials and Methods
Details of as-Received Powders

The starting materials for the three processes chosen for the
present investigation are Cu and TiB, powders. The details
of the as-received powders are presented in Table 1.
Figure 1 represents the SEM microstructure of the as-
received elemental powders. It can be seen that pure Cu
powder is dendritic in shape, while TiB, powder has a
hexagonal or irregular shape when coagulated. Clearly,

Table 1 Description of as-received powders

Powder Cu TiB,
Company Loba Chemie Intelligent
Materials
Pvt. Ltd
Purity 99.9% 99.9%
Color Reddish brown powder  Grey
Particle size —45 micron <80 nm
Melting point (°C) 1083 3230
Density (g/cm3) 8.94 4.52
Molecular weight (g/mol)  63.55 69.489
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15.0kV SEI SEM

Fig. 2 TEM micrograph of as-received TiB, nano powder a SAED
pattern b lattice fringes

15.0kV SEI

transmission electron microscopy (TEM) would be a bet-
ter technique for revealing the size and shape of the TiB,
powder.

Figure 2 represents the TEM micrograph of as-received
TiB, nano powder with (a) corresponding SAED and (b)
lattice fringes. The micrograph exhibits that TiB, is poly-
crystalline, having numerous single nanoparticles around the
structure. The size of the nanoparticles is proved to be quite
prominent according to the dynamic laser scattering (DLS)
method, as it is measured to be less than 80 nm (Fig. 3).
SAED pattern characteristics consisted of multiple rings that
were indexed as (001), (100), (101), and (110). This further
supported the fact that the as-received nano-powders were
polycrystalline These polycrystalline structures demon-
strated a direct view of the hexagonal lattice structure, which
is in good agreement with the atomic model of TiB,, con-
sisting of a hexagonal arrangement of Ti and B atoms [25].

The dynamic laser scattering (DLS) method, previ-
ously known as Photon Correlation Spectroscopy (PCS) or
Quasi-Elastic Light Scattering (QELYS), is an efficient and
powerful tool for characterizing the particle size as well as
particle size distribution under Brownian motion [26] in a
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Fig. 3 DLS study of the raw materials of a Cu, b TiB,, and ¢ milled powder
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suitable solution. It is a simple, non-destructive, and mini-
mal expense method, and its activity is moderately straight-
forward and quick [27]. This study used the DLS technique
with Litesizer 500 instrument at RT. The recorded data were
taken by ISO particle size analysis mode using water as a
solvent with a refractive index of 1.3302 and viscosity of
0.8863 mPa.s.

The particle size distribution of the as-received samples
(Cu, TiB,) and the milled powders were analyzed by the
DLS technique. The results showed strong evidence of the
particle size curves being a function of distribution percent-
age, especially with the peaks becoming narrower (Fig. 3).
The results also showed that the particle size of Cu was
in the range of 1.5-3 pm, TiB, was near about 100 nm to
1 pm, and the milled powder had the size of about 100 nm
to 5 pm. The particle size of Cu powder being within the
micron range and TiB, being in the nanorange declares the
data from the manufacturer to be trustworthy.

The results achieved can be reasoned with (a) the dis-
persion of the powders in water is improper due to the low
solubility of metal powders, (b) metal powders have a higher
density (c) this technique reflects the fact that the direction-
based size analysis provides the diameter of the coherently
scattered grains by lightweight scattering or imaging meth-
ods, but in this case, the powders were found to have an
irregular shape.

Ball Milling
The intended composition of powder mixtures between Cu
and TiB, (5 wt% TiB,) was achieved through ball-milling

using a planetary ball-mill (FRITSCH, Planetary Mono Mill
PULVERISETTE 6). Tungsten carbide balls (35 in number),

(a) Pressure | (b)

| Pressure (C)

each weighing 10 gm and possessing a diameter of 10 mm,
were used inside a tungsten carbide vial. The ball-to-powder
weight proportion was maintained at 20:1. Dry millings of
the mixtures were performed at a speed of 300 rpm, and
milling was continued for 26 h. Finally, a vacuum furnace
was used at 50 °C for 30 min to dry and overcome the stiff-
ness of the powder mixture.

The Fabrication Processes

The milled powders were subjected to three different con-
solidation processes, e.g., hot compaction, SPS, and ECAP.

For hot compaction, the powders were loaded into the
hot compaction chamber and compacted at 500 °C with a
constant pressure of 20 tonnes, keeping a holding time of
2 min. Finally, the compacts were cooled by compressed air.
The hot compaction technique combines the effect of press-
ing and sintering the powder in a controlled environment
while retaining dimensional precision. For the hot press-
ing (HP) operation, a hydraulic pump and graphite resistors
inside the graphite molds were used to manage the pres-
sure. A schematic description of the process is represented
in Fig. 4a. After the evacuation process, the chamber was
filled with nitrogen and heated at 10 K/min. The pressure
was increased to 20 tonnes and sustained for 2 min after
reaching the required temperature. The samples were then
air-cooled before being used for optical microscopy (OM),
scanning electron microscopy (SEM), and X-ray diffractom-
eter (XRD).

Spark plasma sintering (SPS) was performed at Interna-
tional Advanced Research Centre for Powder Metallurgy and
New Materials Department (ARCI, Hyderabad) with SCM
1050 machine manufactured by Sumitomo Coal Mining Co,
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Fig. 4 Schematic diagram of a HP b SPS and ¢ ECAP processes
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Ltd Japan. A 20 mm graphite die was used to conduct the
SPS technique, and a uniaxial pressure of 70 MPa [28] was
applied with an inert Argon atmosphere. A heating rate of
90 °C/min was used during consolidation, and the samples
were held at 500 °C for 15 min. The surface impurities that
caused contamination were then removed by grinding all
the samples in graphite dies. A schematic description of the
process is represented in Fig. 4b.

The ECAP process was carried out by putting the powder
mixture inside a Cu can, thus ensuring its consolidation. The
inner diameter and height of the can were 11.9 and 60 mm,
respectively. The ECAP process was carried out at 500°C
using a muffle furnace. In the furnace, the Cu can filled with
milled powder was left for 1 h and subsequently introduced
straight away into the ECAP chamber for consolidation with
a pressure of 15 tons. The mixed powders were pressed
through route A by using an ECAP die that had a horizontal
and a vertical channel converging at an angle of §=90° with
a curvature at the corner angle of ¥ =20° (Fig. 4c). Moreo-
ver, MoS, lubricant was used to reduce the friction between
the samples and punch and die channel surface during the
process. It must be noted that the height and the diameter of
the die channels were 126 mm and 12.3 mm, respectively.
Fig. 5 represents the shape of the consolidated samples after
each powder metallurgy route. Quite naturally the samples
appeared disc shaped afte HP (Fig. 5a) and SPS (Fig. 5b),
while cylindrical after ECAP (Fig. 5¢)

Characterization of the Composite After Consolidation

The compacts, after fabrication, were sectioned by an elec-
trical discharge machining (EDM) machine to reveal the
section of interest for microstructural investigation (Fig. 6).
Grinding was followed by paper polishing (200-1200 grit
SiC particle-based emery papers), cloth polishing (velvet
cloth), diamond polishing (by 0.5—1 um diamond paste), and
finally etching (mixing of ammonia solution, distilled water,
and hydrogen peroxide (3%) in a volume ratio of 1:1:2) for
10 s by swabbing to reveal the microstructure under optical
microscopy (Leica, DM6 FS). The phases present were ana-
lyzed with an X-ray diffractometer (Bruker, D8 ADVANCE).
The XRD data that revealed various phases present in the

(a) (b)

:
I Shear plane Undeformed portion

Microstructure and hardness plane ‘ Deformed portion

Fig. 6 Schematic area of the sample unveiling microstructure and
hardness planes

structure were obtained using copper Ko radiation having a
wavelength of 0.15408 nm, within a scan range of 10 to 100°
and at a scan rate of 0.02° per second. SEM (JEOL JSM-
7610F FEG-SEM) was used for microstructural analysis.
Mechanical characterization in the form of microhardness
tests was also conducted by applying a load of 200 gf for
15 s dwell time by INNOVATEST VERZUS 750 CCD Uni-
versal Hardness Tester. A minimum of 7 data points were
recorded with a confidence index of 0.92 and an accuracy
of £2% to calculate the average hardness.

Results and Discussion

Revealing Phases of the Composites by X-ray
Diffraction

Figure 7 shows the XRD pattern for the initial powders and
composites consolidated through different processing routes.
The XRD data revealed only the presence of Cu and TiB,
phases in the structure, indicating the absence of any chemi-
cal reaction between the matrix and the reinforcement. How-
ever, the orientations of the domains were different typically
for TiB, particles, and the most plausible explanation lies in
the difference in strain mode for the three different fabrica-
tion routes. The sample processed through ECAP recorded

Lol |y

| 12l doasl. b oss|

Fig. 5 Real images of consolidated samples through a HP, b SPS, and ¢ ECAP processes
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Fig. 7 X-ray diffraction data of a pure Cu, b TiB,, ¢ HP, d SPS, and
e ECAP-ed sample

the absence of (001), (002), (110), and (012) peaks for TiB,
particles as compared to the other two processes. Similarly,
for the SPS samples, (110) orientation was found absent.
In the case of an SPS sample, the TiB, phase was more
prominent than the other two processing routes. This can
be reasoned with high strain values and fine particles in the
structure, which imposed a high level of strain in a short
duration of time with sufficient activation energy [29] to
accelerate the formation of TiB, phases.

Development of Strain After Different Consolidation
Processes

XRD is a crucial technique that can determine strain devel-
opment during the consolidation process after analyzing
the XRD peak profiles. The factors responsible for strain
are non-uniform lattice distortions, dislocations, antiphase
domain boundaries, etc. The most accepted equation used
for the calculation of strain is as follows [30]:

€= 4
4tan @

ey

where ¢ is the strain, £ is the line broadening at FWHM (full
width at half maximum), and € is Bragg’s angle (all values
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peak fitting and was then substituted in the formula to find
the strain. Subsequently, a graph was plotted for ¢ versus 20
values for all the three fabrication processes.

Figure 8 represents the micro-strain (¢) versus 26 val-
ues of the composite after undergoing ECAP, SPS, and HP
processes. From this, it can be inferred that the strain devel-
oped in SPS processed composites is the highest, followed
by ECAP and HP processes for low values of 26. However,
the strain developed for higher values of 20 is almost the
same for all the processes. SPS processed composites consist
of smaller crystallite sizes due to which larger micro-strains
were present in the compact because the value of strain is
higher for more refined grains [31]. The reduction in crystal-
lite size may be due to subgrain formation, dislocation, and
grain boundary sliding that happened in the materials while
the heterogeneous debris interacted and their atoms tried to
diffuse for the duration of the SPS system due to the applied
heat and sintering pressure.

Table 2 Porosity % of the samples processed through HP, ECAP,
and SPS

Sample Weight Weight Weight in water Porosity (%)
inwetair indryair (gm)
(gm) (gm)
HP 13.93412 1391991  11.84641 0.68
SPS 21.59841  21.59608  18.91324 0.087
ECAP  5.66412 5.66333 5.03681 0.126
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Porosity Measurement and Change Density

Porosity is a fundamental physical quantity strongly related
to other mechanical properties, such as fatigue life, tensile
strength, and ductility [32, 33]. Pores act as stress concen-
trators that degrade a component’s mechanical strength and
life and introduce variations in mechanical test results. In
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Fig. 9 Relative density of the composites after consolidation through
different processing routes

Fig. 10 Optical micrographs
of a HP, b SPS, and ¢ ECAP-ed
sample

the present work, an attempt has been made to measure
the open porosity (in % of voids or pores) present in the
composite surfaces by the water absorption method (NF
P 18-459 standard). The porosity measurements involve
the removal of water from the pores and subsequently
filling the same with a suitable fluid using the formula
(equation 2):
Weight in wet air — weight in dry air < 100%
@)

Samples processed by HP possessed the highest poros-
ity (0.68%) level, while the SPS samples had the lowest
(0.087%) amount (Table 2). These results confirmed that
the SPS process is the most promising consolidation process
as the voids created during sintering in terms of trapped air
or trapped volatile gas were removed. The plasma activa-
tion stage in sintering can explain the low porosity, which
incorporates a higher diffusion rate, hot pressing, resistance
heating, and the high-frequency pulse current between the
atomized powder particles [34].

The compacts’ relative densities were calculated using
Archimedes’ principle to substantiate the porosity experi-
ment, according to ASTM B962-08 [35]. The relative
densities of these composites were calculated in agree-
ment with the linear rule of mixture, considering the
theoretical densities of Cu and TiB, as 8.96 g/cm® and

%Porosity = —— - —
’ y Weight in wet air — weight in water
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7.76 glcm?, respectively. From Fig. 9, it can be concluded
that the relative density achieved is in the sequence of
SPS > ECAP > HP, with the highest appearing first. SPS
is a decent way to deal with sinter materials, particularly
those with lower sinterability. High-energy plasma can
achieve a few peculiarities that can upgrade densification,
for example, particle surface initiation, neighborhood
or local dissolving, and dissipation on the outer layer of
the powder particles, which instigate neck arrangement
between particles. The SPS interaction makes it conceiv-
able to sinter diboride-based materials (ZrB,, HfB,, and
TiB,) at a lower temperature and in a more limited time
contrasted to the other conventional processes like HP [36,
37]. On the other hand, effective densification of powder
could be achieved through SPS due to Joule heating and
electric field diffusion [38, 39]. This approach usually is
suitable for consolidating nano-powders without allow-
ing enough time for grain growth. Therefore, it may be
concluded that SPS is a promising approach to obtaining
high-density composites.

ECAP direction
— 10pm JEOL
15.0kV COMPO SEM WD 16.5mm 16:28:23

Fig. 11 SEM micrograph of a HP, b SPS, and ¢ ECAP-ed sample
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Microstructure of the Composites

The microstructure of the composites was revealed through
OM and SEM and the compositions at different places were
traced by energy-dispersive X-ray spectroscopy (EDS).

The macrostructure of the metal-matrix composites of the
HP, SPS, and ECAP is shown in Fig. 10a, b and c, respec-
tively. The nano-sized TiB, particles were coagulated and
subsequently dispersed throughout the Cu matrix. Metal
matrix composites processed through SPS (Fig. 10b) seem
to be well bonded and clean with little trace of porosity.
Moreover, the uniform dispersion of strengthening particles
within the matrix, better matrix—reinforcement bonding, and
grain size refinement are the predominant causes for improv-
ing the mechanical properties in an SPS processed sample
[40]. The alignment of grains along the ECAP direction is
evident from the OM.

Figure 11 shows the micrographs (SEM) of as-sintered
materials obtained through various processing routes. The
homogeneous distribution of the reinforcing elements can
be depicted throughout the Cu matrix for the SPS process.

sy Grain refinement 3.

X 500 15.0kV COMPO

mo e

1/21/2020 |
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Cu 3.47 wt%
Ti  47.14 wt% Ti
B 49.39 wt% B

Fig. 12 EDS micrograph of a HP, b SPS, and ¢ ECAP-ed sample

The absence of porosity also ensures a more excellent
interfacial bonding between the matrix and the reinforce-
ments [41]. This is a result of the exceptional qualities of
the powder metallurgy route that produces materials with
a uniform dispersion of different components. The SPS
surface shows reduced porosity and better grain refinement
compared to HP and ECAP-ed samples, which supports the
highest values of hardness for SPS samples. The optical
micrographs corroborated the improved bonding between
the matrix and the reinforcement improvised by reduced
porosity and voids during SPS. The oxide patches are sig-
nificantly reduced in the case of both SPS and ECAP, as
shown in Fig. 12b and c, respectively. These results signify
the improved microstructure in terms of grain refinement
and homogeneous particle size distribution of the SPS sur-
face in comparison with the other routes.

Impact of Fabrication Routes on the Hardness

Among the three processing routes, the average hard-
ness is the maximum for the SPS process (Fig. 13). The
reported average hardness values are achieved after seven
tests avoiding elastic interference from each indentation. A
greater degree of pore elimination and consequent increase
in density can be held responsible for achieving the highest
microhardness values for this process [42]. The impact of
less porosity is further escalated by the predominant pres-
ence of high-density sintered composites. The grain of
a- copper is believed to be responsible for the decrease in

Cu 1.93 wt%
87.70 wt% Ti
7.39 wt% B

Cu 1.06 wt%
58.85 wt%
40.09 wt%
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Fig. 13 Average microhardness of the composites through different
routes

microhardness of the HP sample. Theoretically, the hard-
ness of the composite should be uniform from one end to
the other. However, due to the non-uniform distribution of
reinforcement particles in combination with varied load
applied across the cross sections at the time of consolida-
tion, the values of hardness obtained at different portions
on the surface were different (cf. Figure 14). However,
several other factors like cooling rate, gravity, and/or non-
uniform distribution of the reinforcement particles in the
matrix have led to some discrete values of hardness.
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Conclusions

Composites with 5 wt% TiB, particles in Cu matrix were
fabricated through three different processing routes, i.e.,
HP, SPS, and ECAP, and the properties of the compacts
were compared. From the article, the following conclu-
sions can be drawn:

e The initial powders were characterized through SEM,
TEM, and DLS. SEM has been used to identify the
shape of the particles, TEM to reveal the degree of
crystallinity, and DLS for particle size distribution.
Among the three different routes, SPS was the most
promising route for developing composite materials in
the light of density and matrix—reinforcement bonding.

e The samples processed through SPS exhibited bet-
ter microhardness than ECAP and HP samples due to
higher relative density and grain refinement, as evident
from the FESEM micrographs.

e XRD data revealed that the sample processed through
SPS exhibited the highest intensity of the TiB, phase,
while the other processes contained Cu and TiB, phases
in equal proportions.

e SPS processed composites developed the highest
amount of strain, followed by ECAP and HP processes
which have been held responsible for the increased
hardness of the composite.
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