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Abstract

The overall objective was to develop multiwall gambnanotube (CNT) reinforced TaC
composite with an understanding of mechanical aidation properties. Spark plasma sintering
was employed to consolidate TaC reinforced withonBgC and carbon nanotubes. TaC and
TaC-1 wt.% BC powders were consolidated using spark plasmarsigt (SPS) at 1858 and
varying pressure of 100, 255 and 363 MPa. AdditbB,C leads to an increase in the density
of 100 MPa sample from 89% to 97%,@ nano-powder resists grain growth even at high
pressure of 363 MPa. Relative fracture toughnesgased by up to 93% on® addition. TaC-

4 wt.% CNT composites were synthesized using twamlkiof CNTs, having long (10-2@0m)
and short (1-3um) length. Addition of CNTs leads to an increaseha tlensity of 100 MPa
sample from 89% to 95%. Short CNTs are more effectn increasing the density of the
composites whereas long CNTs are more effectiviem gnawth inhibitors. Transverse Rupture
Strength of TaC reinforced with shorter CNTs digpth highest strength/density ratio with an
improvement of 65% as compared to pure TaC. Tlais attributed to strengthening caused by
CNTs and transformation of shorter CNTs into grayggheano platelets. Oxidation behavior of
TaC, TaC-B4C and TaC-CNT composites was evaluageekposing them to high temperature
DC plasma plume at temperatures close to 4D00aC and TaC-CNT composites displayed
comparable oxidation resistance which was 15 tioedter than TaC-EC composites.



M ajor Findings:

We have demonstrated that multiwall carbon nanot{@®eT) reinforced Tantalum Carbide
(TaC) can be successfully synthesized by sparknaasintering. The following objectives were
achieved:

1. Successfulispersionof CNTs in the TaC matrix by three methods. wet chemistry,
spray drying and chemical vapor growth.

2. Successfutonsolidationof TaC-CNT composites by spark plasma sinteringdgdifion of
4 wt.% CNT leads to an increase in the densityadf from 89% to 95%.

3. CNTsrestricted grain growthn TaC by grain boundary pinning. Taain size reduced
from 5.6um to 1.2um with CNT addition for the same sintering condiso

4. Fracture toughnesmhancement up to 60%as observed on CNT addition.

5. Modeling of stress in TaC was investigated by abggnted finite element method and
mesh free method as a function of microstructweatures.

6. Strength to density ratiof CNT reinforced TaC increased from 17 to 28, alahis an
increase of ~ 65%.

7. Oxidation behavior of TaC, TaC-B4C and TaC-CNT cosifes was evaluated by
exposing them to high temperature DC plasma plutrteraperatures close to 20a0
TaC and TaC-CNT composites displayed comparablgatioin resistance which was 15
times better than TaC;B composites.

The findings 1-5 listed above have been publishefdrim of three (3) journal articles which are
attached with this report. Findings 6 and 7 ar@d@repared as journal manuscripts at the time
of submission of this report. The results of fimgh 6 and 7 are shown in detail below.

Finding 6: High Strength to Density ratio of CNT Reinforced TaC

We learnt some interesting lessons from researclspamk plasma sintered TaC with CNT
reinforcement. Two kinds of CNTs, having long @®4m) and short (1-3im) length, were
added to synthesize TaC-4 wt.% CNT composite. Basethe conventional understanding of
the composite materials, it was expected that Tath Wwnger CNTs would evince higher
fracture strength as longer fiber can carry latgad. On the contrary, higher rupture strength
(330 MPa) was observed in short CNT reinforced Ta&C-SC) in comparison to long CNT
reinforced (TaC-LC) as shown in the bar chart (Fegda) below. TaC-SC shows a 16%
increase in the rupture strength over TaC-LC. Thisguing result followed by detailed SEM
investigation lead to the conclusion that shortedT€ were transformed into Graphene
nanoplatelets (GNP) during SPS and demonstrated! stnengthening mechanisms, which has
not been observed earlier in ceramic matrix comessiFigure 1b shows a stack of GNPs with
twists and folds, trapped between TaC grains. EigHows a GNP pullout from TaC grains.
Both microstructures are indicative of the higheergy dissipation mechanisms. Firstly, the
bends, folds and interlayer sliding (Figure 1b)ANP results in the absorption of the fracture
energy. This is a very unique mechanism and isamtmonly observed in ceramics. Secondly,
the pull-out energy of a GNP sheet (Figure 1c) fttwe matrix is estimated to be higher than a
nanotube/fiber due to “sheet wrapping” phenomen®rsimilar result has been observed in
recently published work on $bi;-Graphene composites. Thus, graphene owing taxasllent
elastic modulus (0.5-1 TPa) and tensile strengdld (BPa), has immense potential to increase the
elastic modulus and strength, when used as regfoeat in a ceramic composite structure.



The strengthening caused by GNP was more effettias@ CNTs. Hence, the idea of reinforcing
TaC with GNP was born. GNPs are very inexpensivan tbarbon nanotubes and readily
available in the large amount. The toughening meisha is elucidated schematically in Figure
1d.

(a) Strength/True Density
30
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TaC-AR TaC-BC TaC-LC TaC-SC

d
@ Figure 1: (a) Strength/True Density ratio for SPS TaC-CNT

composites. TaC reinforced with short CNTs (SC) show
highest transverse rupture strength due to transformation of
short CNTs into graphene platelets during SPS. (b) Stack o
GNPs with twists and folds (c) GNP embedded in TaC matfix
showing strong interface and (d) schematic showing energy
dissipation mechanism by folding and sliding of GNPs.
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Finding 7: Oxidation Resistance of Spark Plasma Sintered TaC

Experimental Procedure: Oxidation studies were carried out on the rectaargsdimples which
were machined from the SPS pellets which were ~mré thick and 20 mm in diameter.
Dimensions and nomenclature of the machined sanapéeshown in Table-1. The average grain
size and density of three compositions of TaC me iacluded in Table-1.

Table 1. Dimensions of TaC based samplesfor oxidation studies

Sample Sample Composition Dimensions Relative Grain Size
Id (mm) Density (%) (um)
TaC TaC 18.7x4.3x1.7( 89 0.56 + 0.12
TaC-BC TaC-1 wt.% BC 16.4x4.1x1.10 97 1.18 £ 0.39
TaC-LC | TaC- 4 wt.% long CNT 16.1x5.7x1.21 95 60,27




A fixture was designed and machined using pure di@mg (W) to withstand extremely high
temperature from exposure to the plasma jet. Figarehows the front and back (inset image) of
the fixture. TaC based sample was firmly held ia tiingsten fixture. A small hole (@ = 1 mm)
was drilled into the back face of the fixture belév2 mm below the fixture edge , as shown in
inset of Figure 2a. A K-type thermocouple (KMQS$02 Omega Engineering Inc.) was
inserted in this hole which touches the lower agat end of the sample to continuously monitor
the temperature during the oxidation test. The le@ation was selected to insert thermocouple
to prevent it from getting burnt during exposurehe plasma jet. SG 100 DC plasma spray gun
(Praxair, Danbury, CT, USA) was used for carrying the plasma oxidation studies. Figure 2b
shows the plasma spray set-up for the oxidatiodystliable 2 illustrates the process parameters
at which plasma oxidation test were carried outriiy the plasma oxidation studies, plasma
gun was positioned in front of the sample at 50 stamd-off distance. The temperature of the
particles emitted from plasma at 50 mm stand-afbtmn was measured using AccuraSpray™
in-flight diagnostic sensor (Tecnar Automation Lt€€, Canada). Temperature of the particle is
measured by two color pyrometry. Accuraspray drpemts were conducted without TaC
sample in the fixture. The prime reason to conduch experiment was to get an idea about the
temperature range at the front face of TaC sampkestated earlier, thermocouple could not be
inserted near front surface as it will melt in higgtmperature plasma. Accuraspray recorded a
temperature of 2800 K for the processing paramdiges] in Table 2. Hence, it can be safely
concluded that front face of the TaC samples eepedd temperatures greater than 2800
which is a critical requirement for ultrahigh temgieire application. TaC samples were exposed
to such extreme conditions of plasma jet for aqueaf 30 seconds.

Table 2: Process parametersfor plasma oxidation studies

Plasma power  Stand-off Primary gas | Secondary gas Spray time
(kW) distance (mm) (Argon) flow (Helium) flow (seconds)
rate (psi) rate (psi)

32 50 40 80 30




1
Sample . dija, hole °

/ xdized

TaC sample

Figure 2: (a) Digital picture of tungsten fixtur@osving its front and back face (inset). (b)
Plasma spray set-up before the plasma oxidatidn(d¢gplasma oxidized TaC sample after the
oxidation test.

Result and Discussion:

The average thickness of the oxide layer in eachposition was measured from several
such cross-sectional images and plotted in Figh& dxide layer thickness of pure TaC and
TaC-LC is thin and similar (25-28m) whereas TaC-BC shows a very thick oxide laye44x
pum after plasma exposurd&.he top surface of the oxide layer was also exathtoneunderstand
the oxide formation. Figure 4 shows the low andhhigagnification SEM images of the oxide
morphologies of TaC, TaC-BC and TaC-LC samplesd@ed surface of pure TaC sample (Fig
4(a) and Fig 4 (a-1)) shows porous and facetedasiiercture which might be caused by ablation
during high temperature plasma exposure. The surfawrphology of TaC-BC sample showed a
completely different topography which looks likeofpcorn-like” indicating higher internal




pressure of the material. TaC-LC sample shows er fgrained oxide structure with uniform
porosity in the inter-particle region. Oxide sudadn TaC and TaC-BC samples also showed
more severe crack formation as compared to TaC-A@dition of nano BC into TaC cause a
significant change in the microstructure of oxidgdr. A large number of pores were found in
TaC-BC oxide layer. BC reacts with oxygen to produce@ at the temperature over 1000°C.
B,O3; easily evaporates to transform into gas phaseangawore pores for oxygen ingress and
higher oxidation.

o 000 4440
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Figure 3. Thickness of oxidized layer section dfeslent TaC samples



Figure 4. SEM observation of the oxide surfacephologies of various TaC samples after

oxidation (a) (a-1) pure TaC; (b) (b-1) TaC-BC arfd) (c-1) TaC-LC samples
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TaC and TaC-1wt.% B4C powders were consolidated using spark plasma sintering (SPS) at 1850°C and
varying pressure of 100, 255 and 363 MPa. The effect of pressure on the densification and grain size is
evaluated. The role of nano-sized B4C as sintering aid and grain growth inhibitor is studied by means of
XRD, SEM and high resolution TEM. Fully dense TaC samples were produced at a pressure of 255 MPa and

higher at 1850 °C. The increasing pressure also resulted in an increase in TaC grain size. Addition of B,C

Keywords:

Tantalum carbide
Boron carbide

Spark plasma sintering
Grain growth
Densification

leads to an increase in the density of 100 MPa sample from 89% to 97%. B4C nano-powder resists grain
growth even at high pressure of 363 MPa. The formation of TaB,/Carbon at TaC grain boundaries helps
in pinning the grain boundary and inhibiting grain growth. The effect of B4,C addition on hardness and
elastic modulus measured by nanoindentation and the indentation fracture toughness has been studied.
Relative fracture toughness increased by up to 93% on B4C addition.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Applications involving temperatures more than 2000 °C such as
rocket nozzles, scramjets and supersonic re-entry vehicles require
materials with ultra high melting point, high temperature strength
and high temperature erosion resistance. Tantalum carbide (TaC)
is an interesting compound due to its remarkable high tempera-
ture properties. The high hardness (>20 GPa), high melting point
(>3800°C) and resistance to chemical attack and oxidation can be
attributed to the presence of strong covalent-metallic bond [1-3].
TacC also possesses good catalytic properties along with good ther-
mal and electrical conductivity [3]. Tantalum carbide (TaC) has the
NaCl type structure (B1, space group Fm3m) and can accommodate
large vacancies in the carbon lattice, without changing the crystal
structure [4]. Tantalum also forms a hexagonal carbide Ta,C. The
{-phase having a composition of Ta4C3 have been reported in two-
and three-phase samples in the Ta-C system between hexagonal
TaCy s, and cubic TaCy73 compositional range [5]. The mechani-
cal properties of TaC depend on the C/Ta atomic ratio. The highest
fracture toughness of 12.7 0.7 MPam'/2 is reported for TaCg g and
highest hardness value of 20 £ 0.5 GPa for TaCy g carbides [6].

* Corresponding author. Tel.: +1 305 348 1701.
E-mail address: agarwala@fiu.edu (A. Agarwal).

0921-5093/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.msea.2010.10.009

Tantalum carbide has been difficult to sinter due to its covalent
bonding, low self-diffusion coefficient and high activation energy
for viscous flow [7,8]. It was reported that even hot pressing at
a temperature of 3050°C at 15.7 MPa produced a density of only
90.5% [7]. Employing smaller particle size for TaC(<0.6 wm)led toa
densification of up to 97.5% by pressureless sintering at 2300°C [9].
Zhang et al. have used C and B4C as the sintering aid for improving
the densification [8]. A relative density of 97% was achieved in hot
pressed TaC containing 0.78 wt.% C, at 2300°C and 30 MPa pres-
sure with a 45min hold time in helium atmosphere. Addition of
0.36 wt.% B4C produced a 98% dense TaC sample at a lower temper-
ature of 2200 °C, which shows the efficacy of boron carbide over C,
as the sintering aid [8,10]. A recent study has shown that addition
of larger amounts of B4C (1:8 molar ratio ~3.5 wt.% B4C) to nano-
sized TaC powder leads to densification at 1800°C without any
application of pressure [11]. Kim et al. have used a high frequency
induction heating sintering (HFIHS) apparatus for the fast sintering
of fine TaC powders. Sintering of 33 nm grain size TaC powder at
80 MPa pressure took only 3 min to reach 96% theoretical density
with temperatures reaching up to 1400°C [12]. Similar technique
has been used by Sciti et al. for the consolidation of TaC-15vol.%
MoSi, and TaC-15vol.% TaSi, composites to achieve 96% density
within 20 min for temperatures below 1850 °C [13]. Free standing
TaC components have also been synthesized using Vacuum Plasma
Spray technique [14]. However, the high temperature and low pres-
sure conditions resulted in the partial decomposition of TaC to Ta,;C
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and TaCy (0.83 <x <0.94). Hot pressing has also been employed to
produce TaC reinforced with carbon fibers for space applications
[15,16].

In recent years, Spark Plasma Sintering (SPS) also known as
Electric Field Assisted Sintering (EFAS) and Field Assisted Sinter-
ing Technique (FAST) has been employed several researchers to
sinter ultra high temperature ceramics such as HfB,, HfC, ZrB,, ZrC.
The high sintering rates and lower sintering temperature required
for SPS are not only advantageous for energy savings, but also
resultin dense microstructures with decreased grain growth. Groza
and Zavaliangos have shown that SPS produces higher densities
for given temperature of sintering as compared to liquid phase
sintered WC-10wt.% Co and hot pressed Fe-2wt.% Al materi-
als [17]. An excellent review of SPS has been provided by Munir
et al. [18]. It is believed that sintering is enhanced due to the
cleaning action of micro-plasma formed between particles due
to arcing [18]; although some studies have questioned the pres-
ence of micro-plasma [19]. SPS has been utilized for sintering of
multi-phase materials for high temperature applications such as
HfB,-SiC [20], MoSi, [21], HfB,-MoSi, and HfC-MoSi; [22,23],
ZrB,-MoSi, [23,24], ZrB,-SiC [25-27], and ZrC-MoSi, [28]. HfC
having a melting point above 3900 °Cis found to densify only to 70%
when sintered at 1950 °C for 60 min without application of pressure
[29]. However, addition of 5 vol.% of MoSi, helped in densification
up to 98% [29]. Hafnium carbide [22,23] and zirconium carbide
[23] powders have been successfully consolidated to 98-99% dense
compacts by SPS at 2100-2200°C at a pressure of 65 MPa and hold
time of 3 min. The short sintering times required for SPS is evident
from these two studies. However, even the 3 min sintering time was
found to increase the mean grain size of ZrC from ~3.8 wm (starting
particle size) to 13 pwm, and that of HfC from 0.8 pum to 19 pwm. The
addition of MoSi, in the quantity of 1-9vol.% leads to a decrease
in the sintering temperature to 1750 °C. It was also found that the
grain growth was inhibited by addition of MoSi, and contained
to 1-2 pm from HfC-MoSi; and 4-7 wm for ZrC-MoSi, materials
[23]. MoSi; reacted with ZrC and HfC leading to the formation of
SiCwhich does not deteriorate the properties of the composite [23].
The low temperature phases like SiC and MoSi, not only serve as
sintering aids but also help in improving the oxidation resistance
[27].

The use of SPS for densification of TaC has not received much
attention. Even as this article was being prepared, a first report on
the use of SPS for densification of TaC was published by Khaleghi
et al. [30]. TaC powder of —325 mesh size (<44 wm) was consoli-
dated using SPS at a low pressure of 30 MPa with temperature being
in the range of 1900-2400 °C. Sintering at 1900 °C for 5 min led to
densification of 68% while increasing the temperature to 2400°C
increased the density up to 97%. Addition of 0.77 wt.% carbon nan-
otubes (CNTs) increased the density of TaC sintered at 2300 °C from
92% to 96% and the rupture strength from 336 MPa to 550 MPa [30].
The grain size was found to be dependent on the sintering temper-
ature and increased from 0.33 pwm at 1900 °C to 9.0 wm at 2400 °C.
In the present work, SPS has been carried out on sub-micron size
(0.36 £0.13 wm) TaC powder. Sintering has been carried out at sig-
nificantly higher pressures, while keeping the temperature lower
at 1850 °C, to study the effect of pressure on densification and grain
size. Sintering aid like B4C, have been employed in previous studies
had a size of 0.8 um as compared to 1-5 pm size of TaC [10]. Thus in
this study, the effect of nano-sized B4,C was studied on the densifica-
tion and grain growth of TaC. The mechanism of sintering is studied
using high resolution transmission electron microscopy (HR-TEM).
Effect of pressure and nano-sized B4C addition on the elastic
modulus, hardness and relative fracture toughness of TaC is also
determined.

2. Experimental
2.1. Powder feedstock and preparation

Tantalum carbide powder was obtained from Inframat
Advanced Materials LLC, CT, USA. The specification on the com-
position by weight was a purity of 99.7% with total carbon > 6.2%,
free carbon <0.15%, Nb<0.3%, and O between 0.15 and 0.3%. The
mean TaC particle size measured from SEM image shown in Fig. 1a,
was 0.36 +0.13 pm. Boron carbide nanopowder was obtained from
MTI Corporation, CA, USA. The average particle size was specified
as 50 nm and the purity level was 98%. Fig. 1b shows the fine size
of the B4C powders. In order to prepare TaC-1wt.% B4C powder,
0.25g of B4C powder was ultrasonicated in 50 ml of acetone for

TaC particles

Fig. 1. SEM images showing (a) as-received TaC powders, (b) as-received B4C nano-powders, and (c) TaC-1 wt.% B4C powder mixture.
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90 min followed by addition of 24.75 g of TaC powder. The mixture
was ultrasonicated for 90 more minutes. The mixture was dried at
50°C. The dried powder was crushed in an Agate mortar and pestle
to break the loose agglomerates. Fig. 1c shows the SEM image of
TaC-1wt.% B4C powder showing homogeneously dispersed nano
B4C on TaC particles.

2.2. Consolidation by spark plasma sintering

Spark plasma sintering (SPS) was utilized to consolidate TaC
based powders. SPS was carried out in Argon atmosphere at
1850°C. The heating rate of 200°Cmin~! was adopted to reach
the maximum temperature with a hold time of 10 min. SPS was
carried out at three different pressures of 100 MPa, 255 MPa and
363 MPa. The 100 MPa samples were approximately 4-5 mm thick
and 20 mm in diameter. The samples sintered at 255 and 363 MPa
had a thickness of 2-3 mm and were prepared in a 10 mm diame-
ter silicon carbide die with silicon carbide punches. SPS was carried
out at Thermal Technology LLC, CA, USA. Hereafter, the TaC samples
prepared at 100, 255 and 363 MPa pressure will be named as TaC-
100, TaC-255 and TaC-363 respectively. Similarly, TaC-1 wt.% B4C
samples prepared at 100, 255 and 363 MPa pressure will be named
as TaC-BC-100, TaC-BC-255 and TaC-BC-363 respectively.

2.3. Microstructural characterization of the composites

Sintered TaC samples obtained were ground using SiC papers to
remove the graphite layer attached on all surfaces. Subsequently,
the bulk density was measured using water immersion technique
employing the Archimedes principle. The relative density of the
TaC samples was calculated as a % of true density, which was mea-
sured for the powders using a Helium gas pycnometer (Accupyc
1340, Micromeretics Instrument Corporation, Norcross, GA, USA)
to be 14.67 gcm~3. The relative density of the TaC-BC samples was
calculated as a % of the theoretical density, which was calculated
from the rule of mixtures, to be 14.0 gcm~3. Metallographic sam-
ples were prepared by grinding until 600 grit SiC paper and then
polished using diamond suspension till 0.1 pm finish. Fracture sur-
face of the SPS samples were prepared by breaking the samples by
hitting with a hammer and observing normal to the fracture surface.
A JEOL JSM 630F scanning electron microscope (SEM) with a field
emission gun was used to study the morphology of the powders and
fracture surfaces. X-ray diffraction was carried out using a Bruker
D500 X-ray Diffractometer using Cu-Ka X-rays at a scan rate of
1°/min. A Philips/FEI Tecnai F30 transmission electron microscope
(TEM) using a field emission gun and operating at an accelerating
voltage of 300 kV was used to study the microstructure.

2.4. Mechanical property characterization

Hardness and elastic modulus of the sintered compacts were
measured by nanoindentation on the polished cross section. A

Table 1
Properties of TaC and TaC-1 wt.% B4C compacts prepared by SPS.
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Hysitron Triboindenter (Hysitron Inc., Minneapolis, MN, USA) was
used to carry out the tests. Indentations were carried out at a load
of 4.5 mN. The load function comprised of loading to 4.5mN in 10s
followed by holding at maximum load for 2 s and then unloading
to zero load in 10s. The reduced elastic modulus obtained from
nanoindentation (E;) by the Oliver and Pharr method was corrected
for the deformation of the indenter, which is significant due to the
high elastic modulus/hardness of the samples, using the following
equation.

l_l—v52+1—vl-2
E~ K E;

(1)

Here, E; is the actual elastic modulus of the sample, and v is
the Poisson’s ratio of TaC which is taken equal to 0.24 [31], E;
and vj; are the elastic modulus and Poisson’s ratio of the indenter
which is taken equal to 1141 GPa and 0.07 [32] respectively. Two
5 x 5 indentation test matrices (50 indents) were made at differ-
ent locations on each of the samples with 9 um spacing between
each indentation. Fracture toughness was evaluated using a Vick-
ers indenter on the polished cross section using a microhardness
tester (Shanghai Taiming Optical Instrument Co. Ltd., model HXD-
1000 TMC, Shanghai, China) at a load of 500g and dwell time of
15s. The crack lengths (c) were measured from the center of the
indents and the fracture toughness K;c was computed using the
Anstis equation [33]:

5)1/2 P

Kic = 0.0]6(ﬁ 5

(2)
where E is the elastic modulus, H is the hardness and P is the load
applied (500 g).

3. Results and discussion

3.1. Density and microstructure of the sintered TaC compacts

Table 1 lists the relative and true density of the SPS compacts.
Fig. 2 shows the variation of the relative density of the compacts
with the pressure. The density increases with the pressure and a
100% density was achieved for 255 MPa and higher pressure for
TaC. For the sake of comparison, TaC was also consolidated by SPS
at 1800°C and 2200 °C at low pressure of 60 MPa with a 5 min hold
time. Both samples had a very low density of 86% indicating that
temperature had little effect on the density. Fig. 3 shows the SEM
micrographs of the fracture surface of these samples. The pores
between the particles can be clearly seen. Fig. 3b shows that the
sample synthesized at 2200 °C/60 MPa has large pores (5-10 wm)
between severely coarsened TaC particles. Khaleghi et al. recently
reported the relative density of TaC sample prepared by SPS (hold
time =5min) at a pressure of 30 MPa and temperature of 1900°C
and 2300 °C to be 68% and 83% respectively [30]. The higher densifi-
cation (86%) seenin our study at 1800 °C could be due to sub-micron
TaC particles as well as increased pressure of 60 MPa. Liu et al.

Powder SPS compact Density (gcm~3) Grain size (pm) Nano-hardness (GPa) Elastic modulus (GPa) Relative fracture toughness
Actual Relative (%)
TaC-100 13.0 89 0.56 + 0.12 17.8 £3.2 335 +£28 a
TaC TaC-255 14.6 100 4.93 + 1.99 263 + 2.7 469 + 46 1+0.07°
TaC-363 14.6 100 56+24 25.7 £ 5.7 457 + 39 0.99+0.09
TaCo1 Wt TaC-BC-100 13.6 97 1.18 £ 0.39 216+ 1.8 403 £ 19 a
BaC ® TaC-BC-255 14.2 101 0.71 £ 0.26 246 +£2.2 364 + 38 1.34+0.22
4 TaC-BC-363 144 103 1.0 £ 0.29 234 +15 510 + 15 1.93+0.14

2 Indentation fracture toughness was not measured due to porous nature of the compact.
b Fracture toughness of TaC-BC-255 was taken as the reference for normalizing indentation toughness values.
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have obtained a density of 95% by using fine powders (<0.6 wm) by
pressureless sintering at 2200 °C for 30 min [9] indicating the finer
particle sizes aid in lowering the sintering temperature. Zhang et
al. reported a density of 75.2% and 89.1% in hot pressed samples
(45min hold time) at a pressure of 30 MPa and temperatures of
1900°C and 2200 °C respectively [8]. It is to be kept in mind that in
hot pressing or pressureless sintering methods, the heating rates
are usually low, e.g. 5-50°C/min whereas SPS employs very high
heating rates (150-300 °C/min) and short sintering times resulting
in faster densification with retention of fine grain size. As seen from

Fig. 3. SEM micrographs of the fracture surfaces of TaC samples prepared by SPS at
a pressure of 60 MPa and (a) 1800°C, and (b) 2200°C.

Table 1, the density of TaC sintered at 1850°C with a pressure of
100 MPa and 10 min hold time was 89%. Khaleghi et al. obtained a
density of 92% for TaC samples prepared by SPS at 2300 °C, 30 MPa
and 20 min hold time [30]. The present study and Ref. [30] indicate
that pressure has a significant effect on the density obtained during
SPS.

Munir et al. have expressed the pressure dependency of densi-
fication rate by the following relation [18]:

dp y
i =B (55 +7) ®
Here p is the density expressed as a fraction of theoretical value, B
is a term that includes diffusion coefficient (dependent on temper-
ature), g is a geometric constant, y is the surface energy term, x is
length scale parameter related to particle size, t is time of sintering,
and P is the applied external pressure. It is well known that diffu-
sion coefficient increases with the temperature in accordance with
an Arrhenius type of equation. However, pressure has an opposite
effect on the diffusion coefficient. Diffusion coefficient is related to
the pressure by the following relation [34]:

(4)

omD| AV
P | T kT
where D is the diffusion coefficient, P is the pressure, AV is the
activation volume for diffusion and T is the absolute temperature.
Since the activation volume for diffusion of a species is always pos-
itive, it follows that the increase in pressure reduces the diffusion
coefficient of the species. In this study, the TaC sample sintered at
2200°C/60 MPa was found to be low (86%) density compared to
the TaC sample sintered at 1850°C/100 MPa (89%) indicating that
pressure has a significant effect, i.e. the second term on the right
hand size of Eq. (3) has a dominating effect on densification. Table 1
shows that 100% theoretical density was achieved at a pressure of
255 MPa for TaC. The addition of 1 wt.% nano-sized B4C improved
the density of TaC-100 from 89% to 97%. Similar improvement of
density from 94% to >98% was reported for TaC samples hot pressed
at2300°Cby addition of 1 wt.% B4C[10]. Although TaC-BC-255 sam-
ple had a density value which was 101% the estimated value, it
had some localized porosity, which seemed to be regions of higher
nano-B4C content which consolidated faster and the higher shrink-
age resulted in the pores. TaC-BC-363 showed fully dense structure
with a measure density equal to 103% of the estimated true density.
The reason for observed densities being more than the true density
is the reaction between B4C and TaC leading to formation of new
products which is discussed in Section 3.2.1. These new products
are expected to alter the true density for 100% dense sample. How-
ever, the change is expected to be less because of the small amount
of reaction products.

Fig. 4 shows the fracture surface of sintered TaC compacts. TaC-
255 and TaC-363 samples do not show any pores, while small pores
are seen in TaC-100. The fracture is mostly inter-granular in nature
showing the faceted morphology of the grains. A few of the grains
have also fractured from the middle as indicated by the flat sur-
face of the grain indicating a brittle cleavage fracture. Fig. 5 shows
the fracture surfaces of TaC-BC samples. The fracture surface mor-
phology of TaC-BC samples is distinctly different than TaC samples.
The grains have an elongated morphology in the TaC-BC samples as
compared to equi-axed morphology in TaC samples. Fig. 6 shows
a comparison of high magnification SEM images of TaC-363 and
TaC-BC-363 samples. In some regions in TaC-363, abnormal grain
growth was observed. This is visible from the large grains which
have grown at the expense of smaller grains as seen in Fig. 6a. This
phenomenon was not observed in samples prepared at 100 and
255MPa pressure. Flat cleavage fracture of grains was observed
in the TaC-363 sample indicating that the strength of the grain
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°C and 363 MPa.

b) 1850°C and 255 MPa, and (c) 1850

. (

(a) 1850°C and 100 MPa

Fig. 4. SEM micrographs of fracture surfaces of TaC samples prepared by SPS at

Fig. 5. SEM micrographs of the fracture surface of (a) TaC-BC-100, (b) TaC-BC-255 and (c) TaC-BC-363 samples.
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Fig. 6. High magnification SEM micrographs of fracture surface of (a) TaC-363, and
(b) TaC-BC-363 samples.

boundaries increased with the SPS pressure indicating better con-
solidation. Fig. 6b indicates a slightly fibrous fracture surface for
TaC-BC-363 suggesting that grains have undergone some degree of
localized plastic deformation before fracturing. This could be due
to the formation of carbon (explained in Section 3.2.1), which could
lead to some deformation before fracture due to it softer nature.

3.2. Effect of SPS pressure and B4C addition on the grain size

It can be seen from Figs. 3-5, that the grain size of sintered
TaC and TaC-BC compacts is different from the starting powder.
The grain size was measured from several SEM images at different
magnifications. Only those particles were taken into consideration
which seemed to have more than half of them visible on the frac-
ture surface. The average of at least 50 such particles was taken
as the measure of the average grain size which is listed in Table 1.
Fig. 7 shows the variation of TaC grain size with SPS pressure. It
is observed that with an increase in SPS pressure, grain size of TaC
increases. The grain size of TaC-100 sample is 0.56 £+ 0.12 um which
is closer to the starting particle size (0.36 +£0.13 wm). The grain
size of the samples synthesized at 1800 °C and 2200°C at 60 MPa
pressure was 0.33 £ 0.08 wm and 8.36 + 2.95 pm respectively indi-
cating that grain size is very sensitive to SPS temperature, while
densification is not. Grain size has been found to increase with SPS
temperature in other materials such as hydroxyapatite [35]. At the
SPS temperature of 1850°C, the grain size was found to increase
with SPS pressure. This is contrary to the reports in the litera-
ture where the grain size has been observed to reduce as in case
of cubic zirconia with increase in SPS pressure [18]. Grasso et al.
have also reported decrease in the grain size of spark plasma sin-

B TaC

81| . Tac-BC

7 -

4
3

|l

100 255 363
SPS Pressure (MPa)

Grain Size (um)

Fig. 7. Variation of grain size of sintered TaC and TaC-BC compacts with SPS pres-
sure.

tered tungsten carbide with increasing pressure from 5 to 80 MPa
and even observed abnormal grain growth at 5 MPa pressure [36].
However, our observations for TaC are contradictory as grain size
of TaC increases with increasing SPS pressure, as seen in Fig. 7.
Increased pressure has an effect of decreasing the diffusion coef-
ficient according to Eq. (4) and hence is expected to slow down
diffusion related processes like grain growth. It is observed from
Figs. 4 and 5 that the 255 MPa and 363 MPa sintered samples are
100% dense without any porosity. Thus the grain growth is not
expected to be hindered due to pore-pinning which limits the grain
size. The pressures employed in this study are significantly higher
than that observed in the literature. So, the plausible reasons for
increasing grain size with SPS pressure is that such grain growth
may occur due to the increased heat transfer at such higher pres-
sures and movement of interfaces under the applied pressure due
to a creep kind of phenomena. The study of the mechanism of the
sintering and grain growth will require additional experiments at
different pressures as well as hold times, which is beyond the scope
of the present study.

The TaC-BC-100 sample shows slightly higher grain size than
TaC-100 sample. This is because the TaC-100 sample has densified
only to 89% and hence grain growth stage has not been attained.
This is supported by the fact that the measured grain size of TaC-
100 sample was very close to original particle size. Addition of B4C
has accelerated the densification to 97% and the grain growth stage
seems to have just begun. As seen from Figs. 4 and 6, the grain size
of TaC-BC-255 and TaC-BC-363 are smaller compared to the cor-
responding TaC samples indicating that addition of B4C acts as a
grain growth inhibitor at higher sintering pressures. Thus, addition
of B4C has an added advantage. This is contradictory to the observa-
tion of Zhang et al. who have reported an increase in the grain size
for hot pressed TaC-0.36 wt.% B4C prepared at 2200 °C and 2300°C
[8]. There could be two reasons for this. One is that the tempera-
tures were quite high (2200-2300°C compared to 1850°C in our
case) and pressures were lower (30 MPa compared to 100-363 MPa
in our case) which would lead to increase in diffusivities leading to
higher grain growth rates. Moreover, the nano-sized B4C utilized in
this study was dispersed very uniformly (Fig. 1c) and was effective
in pinning the TaC boundaries on all sides. The sintering mechanism
and grain growth inhibition was further studied with the help of
high resolution TEM as described in the following section.

3.2.1. Mechanism of sintering with nano-B4C addition
The addition of B4C has dual advantages viz. (i) as a sintering
aid and (ii) grain growth inhibitor. It has been reported that TaC
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reacts with B4C resulting in formation of TaB; [8,10] according to
the following reaction:

2TaC + B4C = 2TaB, +3C

Fig. 8 shows the free energy of the reaction as a function of tem-
perature as calculated from Thermochemical database of software

Carbon/TaB, at'drain
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Fig. 9. XRD patterns of TaC-BC samples synthesized at 1850°C and different pres-
sures indicating formation of TaB,.

FactSage [37]. It is observed that the free energy of the reaction
is negative (—48.4kJmol-1) at the SPS temperatures of 1850°C.
Also the heat of reaction was found to be equal to —62.3 k] mol~!
at 1850°C. This indicates that not only the reaction is thermody-
namically feasible but is also exothermic and will help in further
consolidation. The large surface area and good dispersion of nano-

Fig. 10. (a) SEM micrograph of the fracture surface of TaC-BC-363 sample indicating the presence of Carbon/TaB, at TaC grain boundaries, (b) TEM image of TaC-BC-363
sample showing the presence of carbon flakes between TaC grains, (c) high resolution image showing the (11 1) planes of TaC and amorphous carbon containing islands of
crystalline phase, (d) high resolution TEM image showing the lattice fringes of crystalline phase, and (e) the inverse FFT image showing inter-planar spacing corresponding

to (1010) TaB,.
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B4C powder (Fig. 1c) further facilitates sintering process. Talmy et
al. have reported that fine size TaC powders can be pressureless
sintered at 1800 °C using 2 wt.% carbon black as sintering aid [11].
Zhang et al. have also reported increase in the density of TaC by
addition of 0.78 wt.% C synthesized by hot pressing [8]. Carbon con-
centration in TaC-363 and TaC-BC-363 samples was measured by
LECO combustion analysis and found to be 6.19 wt.% and 6.42 wt.%
respectively. Thus, the formation of extra carbon may also assist
sintering. Fig. 9 shows the XRD patterns of the TaC-BC samples
indicating the formation of TaB, and carbon traces. TaB; has been
reported to have Young’s modulus of 551 4 8 GPa, Vickers hardness
0f 25.6 + 0.7 GPa and a fracture toughness of 4.5 + 0.3 MPam'/2 and
a melting temperature of 3200 °C [38]. Zhang et al. have reported
an increase in density of hot pressed TaC samples from 94% to
98.6% by addition of 10 wt.% TaB,, while the elastic modulus was
enhanced from 472 +7 GPa to 543 +7 GPa without affecting the
fracture toughness [39]. Therefore, it is expected that the formation
of TaB, will not deteriorate the properties of TaC compacts.

Fig. 10a shows the SEM image the of the fracture surface of
TaC-363. It can be seen that there are phases present at the grain
boundaries of TaC which could be Carbon/TaB, phase mixtures.
Fig. 10b shows a TEM image of TaC-BC-363 showing the presence
of flaky carbon like material between TaC grains. Fig. 10c shows a
high resolution TEM image showing (11 1) TaC surrounded by some
amorphous phase containing crystalline islands. The lattice fringe
images of the crystalline islands observed in the high resolution
image of Fig. 10d were refined by obtaining the Fourier transform,
refinement of the diffraction spot pattern, followed by Inverse FFT
operation to generate the image shown in Fig. 10e. The crystalline
islands were found to have a plane spacing of 2.63 A which cor-
respond to (1010) planes of TaB, which have a plane spacing of
2.683 A. The measured value of 2.63 A suggests a 2% compressive
strain in the TaB; lattice. This could be due to the fact that the carbon
formed due the reaction has a low density and the volume increase
would result in compressive stress in the entrapped TaB, particles
due to constrain of TaC grains. The presence of TaB, peaks in the X-
ray diffraction pattern of TaC-BC samples also supports TaB, phase
formation.

3.3. Mechanical properties of TaC and TaC-BC compacts

Fig. 11 shows the nano-hardness and elastic modulus values
of TaC and TaC-BC samples synthesized at different SPS pressures.
The scatter in the data is attributable to the localized nature of the
nanoindentation testing which results in values which are sensitive
to the local microstructure. However, the average value is an indi-
cation of the relative mechanical properties of the TaC and TaC-BC
samples. The increased hardness of TaC for TaC-255 and TaC-363
sample as compared to TaC-100 sample can be attributed to the
increased density. It is also observed that addition of B4C leads
to increase in the hardness for the 100 MPa sample. This can be
attributed to the increased density by addition of B4C. The hardness
of TaC-255 and TaC-363 sample was higher than the corresponding
TaC-BC sample. This could be due to the fact that the carbon gen-
erated due to reaction between B4C and TaC will tend to soften the
compact. Fig. 11bindicates that the elastic modulus of TaCincreases
with an increase in SPS pressure. This is again due to the increase in
density of the compacts. The elastic modulus of TaC-255 and TaC-
363 are similar due to similar densities. It is observed that addition
of B4C leads to increase in elastic modulus for samples synthesized
at 100 and 363 MPa. The porosity present in the TaC-BC-255 sam-
ple along with the formation of carbon by the reaction might be
leading to reduced elastic modulus at 255 MPa pressure as com-
pared to the TaC-255 sample. The scatter in the data represents the
localized nature of the nanoindentation tests and its sensitivity to
the local microstructure in the test area. Recently a novel method

32
B TaC
30 1| NN TaC-BC )
284 -
26 -
24 -
22
20+
18 4
16 -
14 -
12

Hardness (GPa)

100
SPS Pressure (MPa)

550

o

I TaC
500 4 |EEEE TaC-BC . %

450 -

400 - %

350 - 1‘

Elastic Modulus (GPa)

300

250 N
100 255 363

SPS Pressure (MPa)

Fig. 11. Variation of (a) nanohardness and (b) elastic modulus of sintered TaC and
TaC-BC samples with the SPS pressure.

for measuring the transverse rupture strength of the ceramic disks
prepared by SPS has been reported [30]. This method is unique as it
prevents crack generation in ceramic during machining of rectan-
gular flexure samples from disks. The bulk TaC properties and the
factors affecting them are the focus of our future studies.

Fig. 12 shows the relative fracture toughness of the samples syn-
thesized at 255 and 363 MPa. The values were normalized with the
fracture toughness for TaC-255 sample in order to see the relative
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Fig. 12. Relative fracture toughness of sintered TaC and TaC-BC samples with SPS
pressure normalized to the value of TaC-255 sample.
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improvement. Fracture toughness was not measured for the sam-
ples synthesized at 100 MPa due to higher porosity content in these
samples. It is known that the accuracy of fracture toughness val-
ues measured by indentation is debatable for porous samples [40].
However, a relative enhancement in the toughness property can
be gauged due to changes in processing or chemistry of the mate-
rials by using the indentation toughness values. Thus in Fig. 12, the
values of indentation toughness are represented by normalizing
the values with respect to TaC-255 sample. It is observed that the
fracture toughness remains same for TaC-255 and TaC-363 sam-
ples due to the similar densities and chemistry. With the addition
of B4C, the fracture toughness is found to increase. An increase in
the toughness up to 93% was observed for TaC-BC-363 as compared
to TaC-363. As observed in Fig. 6b, fracture surface of TaC-BC-363
sample showed some signs of localized plastic deformation. The
energy dissipation during this deformation might be the reason for
increased toughness of the TaC-BC composites. Another reason for
increased toughness could be the presence of carbon and nanosized
TaB, at the TaC boundaries which can increase the fracture energy.
The decreased grain size is also expected to improve toughness by
frequent crack deflections as it propagates along grain boundaries.

4. Conclusions

TaCand TaC-1 wt.% B4C compacts were successfully synthesized
to 100% density using spark plasma sintering. The grain-size of TaC
samples was found to increase with increasing SPS pressure. Full
density was achieved at an SPS pressure of 255 MPa at 1850 °C. It is
observed that pressure has a more dominating effect as compared
to temperature on densification of TaC. Grain growth was more
sensitive to SPS temperature. Nano-sized B,C was found to act as a
sintering aid and a grain growth inhibitor. XRD patterns and TEM
images suggested that TaC reacted with B4C leading to formation of
TaB, and carbon. The TaB;/carbon present at grain boundaries leads
to pinning of the grain boundaries and arrests grain growth. Hard-
ness and elastic modulus were found to increase with B4C addition.
The relative fracture toughness of the B4C containing TaC was up
to 93% higher than TaC synthesized at 363 MPa pressure.
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TaC-4wt.% CNT composites were synthesized using spark plasma sintering. Two kinds of CNTs, hav-
ing long (10-20 wm) and short (1-3 wm) length, were dispersed by wet chemistry and spray drying
techniques respectively. Spark plasma sintering was carried out at 1850°C at pressures of 100, 255 and
363 MPa. Addition of CNTs leads to an increase in the density of 100 MPa sample from 89% to 95%. Short
CNTs are more effective in increasing the density of the composites whereas long CNTs are more effective

grain growth inhibitors. The longer CNTs are more effective in increasing the fracture toughness and an
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higher than 100 MPa.

increase up to 60% was observed for 363 MPa sample. Hardness and elastic modulus are found to increase
by 22% and 18% respectively for 100 MPa samples by addition of long CNTs. Raman spectroscopy, SEM and
TEM images indicated that the CNTs were getting transformed into flaky graphitic structures at pressure

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The borides and carbides of group IV-V metals such as zirco-
nium, hafnium, and tantalum have high hardness, high melting
points and good corrosion resistance. These compounds and their
composites are particularly suitable for ultra-high temperature
applications such as rocket nozzle throat liners, nose and edge
components of re-entry vehicles, jet components and protec-
tion of carbon-carbon composites [1-6]. Properties such as high
temperature stability, high temperature oxidation resistance, ther-
mal shock resistance and high thermal conductivity are desirable
for such applications. Pressure-less sintering [7-10], hot press-
ing [2,11-18], reactive hot pressing [19-21] and plasma spraying
[22,23] have been utilized for the fabrication of monolithic or
composite structures and coatings of these ultra high tempera-
ture ceramics (UHTCs). Spark plasma sintering is a relatively novel
consolidation method that has the advantage of short sintering
duration and has shown better densification and properties than
hot pressing [24]. SPS has been extensively used for synthesis of
UHTCs and their composites [11,14,17,25-29].

* Corresponding author. Tel.: +1 305 348 1701; fax: +1 305 348 1932.
E-mail address: agarwala@fiu.edu (A. Agarwal).

0921-5093/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.msea.2010.12.017

Tantalum carbide has high melting point of 3880°C and is
stable for a large range of C/Ta ratio of 0.76-1 [13]. The strong
covalent-ionic bond results in high hardness of >20 GPa and elastic
modulus of up to 550GPa [30] which makes it extremely suit-
able for rocket components involving combustion temperatures
up to 3500K. TaC has been consolidated using techniques such
as pressureless sintering [7,31], hot pressing [13,15,16,18,32], high
frequency induction heating [33,34], vacuum plasma spraying [22]
and spark plasma sintering [27,35,36]. Due to the low self diffu-
sion coefficient, additives such as B4C [15,18,36], carbon [15,31],
TaB, [16,31] and TaSi, [34] have also been utilized to aid the
sintering.

In the present study, we have synthesized TaC composites rein-
forced with carbon nanotubes (CNTs) using spark plasma sintering.
CNTs have proved as effective reinforcement in increasing the frac-
ture toughness of ceramic materials through mechanisms such
as crack bridging and crack deflection [37-40]. Improvement in
the CNT dispersion leads to significant improvement in fracture
and wear properties of the composites and coatings [38,41,42].
Carbon fiber reinforced TaC composites have been prepared by
infiltration of carbon fiber weave Ta and C containing solutions fol-
lowed by vacuum sublimation treatments [43]. Recently, Khaleghi
et al. have synthesized a TaC-0.77 wt.% CNT composite using spark
plasma sintering. The relative density of the composite synthe-
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sized at 2300°C and 30 MPa pressure increased from 92% to 96%,
while the rupture strength increased from 336 to 550 MPa due
to addition of CNTs. Carbon has also been reported to play an
important role as a sintering aid [15,31] and grain growth inhibitor
[15].

In the current study, the overall carbon concentration is
10.2wt.% in Ta-C phase diagram near an eutectic of TaC and C.
The addition of 4wt.% carbon nanotubes is expected to have the
following benefits:

(a) Improved fracture toughness of TaC.

(b) CNTs are expected to suppress grain growth and simultane-
ously aid densification [15,31,44].

(c) It is envisaged that CNTs would reduce the decomposition
of TaC to Ta,C by providing extra carbon. Although TaC is
extremely stable, but under vacuum plasma spraying condi-
tions it decomposes to Ta,C [22].

(d) The oxidation resistance of TaC may be improved by suppress-
ing formation of Ta;0s5. Ta;05 can be converted to TaC by the
following reaction:

Tay05 +7C = 2TaC + 5CO

(AG=1142.3-0.823 x Tk]J [45], —ve for T>1388K).

Multi-walled CNTs of two different lengths have been employed
to evaluate the “length effect” on the densification, grain-growth
and reinforcement efficiency. The effect of powder preparation
technique leading to differences in CNT dispersion is elucidated.
Spark plasma sintering was carried at 1850 °C for three pressures
of 100, 255 and 363 MPa. The effect of the pressure on the grain size
and densification behavior is also studied. This is a first study on
TaC-CNT composites at such extreme pressures and temperatures
in SPS environment, which also examines the structural stability of
CNTs under the severe conditions.

Long CNT:

(Length=10-20 ym
Dia. = 3050 nm)

TaC Powder
{0.36 £0.13 pm)

Short CNTs
(Length=13 pm
Dia. = 40-70 nm}

2. Experimental
2.1. Powder preparation

Fine tantalum carbide powder (average particle
size=0.36+0.13 wm) was obtained from Inframat Advanced
Materials LLC, CT, USA. The composition of the powder by weight
was a purity of 99.7% with total carbon >6.2%, free carbon <0.15%,
Nb <0.3%, and O between 0.15 and 0.3%. Two kinds of multi-walled
carbon nanotubes (CNTs) were employed in the study, long and
short CNTs. The long -COOH group functionalized CNTs were
obtained from Nanostructured and Amorphous Materials Inc.,
TX, USA, and were more than 95% pure and had a diameter of
30-50nm and length between 10 and 20 wm. The shorter CNTs
were obtained from Inframat Advanced Materials (Willington, CT,
USA), and had a purity of more than 95%, diameter of 40-70 nm
and length 1-3 wm. SEM images of TaC powder, long and short
CNTs are shown in Fig. 1.

It is critical that CNTs are uniformly distributed in the matrix.
Two different approaches were carried out for dispersing 4 wt.%
CNTsin TaC powder. In the first approach using wet chemistry tech-
nique, 1 g of long CNTs were added to 100 ml of acetone in a beaker
and ultrasonicated for 90 min. Subsequently, 24 g of TaC powder
was added and the mixture was ultrasonicated again for 90 min. The
mixture was allowed to dry for 12 h and then crushed to obtain the
TaC-4 wt.% long CNT powder, which has been referred to as TaC-LC
powder. The second approach included spray drying [46-48]. In
this method, TaC powder and 4 wt.% short CNTs were added to pre-
pare a water based slurry using a small amount of water soluble
polymeric binder. The slurry is then atomized in a column where
hot air is passed from the bottom. The droplet of the slurry dry
up as they descent through the column and result in agglomer-
ates. The binder helps in providing strength to the agglomerates.
By this method, good dispersion of CNTs within micro- and nano-

Wet
Chemistry

TaC-SC Powder
(Agglomerate size =10.47 £ 4.81 pm)

Fig. 1. SEM images showing starting TaC powder, the two kinds of CNTs used in the study and the composite powder mixtures prepared using wet chemistry and spray

drying routes.
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sized particles can be obtained [37,49]. The spray dried TaC-4 wt.%
short CNT powders have been named as TaC-SC powder.

2.2. Spark plasma sintering

Spark plasma sintering (SPS) was utilized to consolidate TaC and
the TaC-CNT powders. SPS was carried out in Argon atmosphere
at 1850 °C. The heating rate of 200°Cmin~! was adopted to reach
the maximum temperature with a hold time of 10 min. SPS was
carried out at three different pressures of 100 MPa, 255 MPa and
363 MPa. The 100 MPa samples were approximately 4-5 mm thick
and 20 mm in diameter and were prepared using graphite dies and
punches. The samples sintered at 255 and 363 MPa had a thickness
of 2-3 mm and were prepared in a 10 mm diameter silicon carbide
die with silicon carbide punches. SPS was carried out at Thermal
Technology LLC, CA, USA. Hereafter, the TaC samples prepared at
100, 255 and 363 MPa pressure have been named as TaC-100, TaC-
255 and TaC-363 respectively. Similarly, samples prepared from the
TaC-4 wt.% long CNT powders at a pressure of 100,255 and 363 MPa
have been named as TaC-LC-100, TaC-LC-255 and TaC-LC-363
respectively. The samples prepared from spray dried TaC-4 wt.%
short CNT powders at a pressure of 100, 255 and 363 MPa have been
named as TaC-SC-100, TaC-SC-255 and TaC-SC-363 respectively.

2.3. Microstructural characterization

Sintered TaC samples were ground using SiC paper to remove
the graphite foil attached on all surfaces. Subsequently, the bulk
density was measured using water immersion technique. The rela-
tive density of the TaC samples was calculated as a % of true density,
which was measured for the powders using Helium gas pycnometer
(Accupyc 1340, Micromeretics Instrument Corporation, Norcross,
GA, USA) to be 14.67 gcm~3. The relative density of the TaC-CNT
samples was calculated as % of the theoretical density, which was
calculated from the rule of mixtures, to be 11.84 gcm3 taking the
true density of CNTs to be 2.1gcm™3 [49]. Metallographic sam-
ples were prepared by grinding until 600 grit SiC paper and then
polished using diamond suspension until 0.1 wm finish. Fracture
surface of the SPS samples were prepared by breaking the samples
with a hammer and observing normal to the fracture surface. A JEOL
JSM 630F scanning electron microscope (SEM) with a field emission
gun was used to study the morphology of the powders and fracture
surfaces. X-ray diffraction was carried out using a Bruker D500 X-
ray Diffractometer using Cu-Ka X-rays at a scan rate of 1°/min.
A Philips/FEI Tecnai F30 transmission electron microscope (TEM)
using a field emission gun and operating at an accelerating voltage
of 300 kV was used to study the microstructure. To study the effect
of the processing conditions on the CNT structure, micro-Raman
spectroscopy was carried out in the backscattering mode using an
Argon ion laser of wavelength 514.5nm and 18 mW.

2.4. Mechanical property characterization

Nanohardness and elastic modulus of the sintered compacts
were measured by nanoindentation on the polished cross section.
A Triboindenter (Hysitron Inc., Minneapolis, MN, USA) was used to
carry out the tests. Indentations were carried out at aload of 4.5 mN.
The load function comprises loading to 4.5 mN in 10s followed by
holding at maximum load for 2 s and then unloading to zero load in
10s. The reduced elastic modulus obtained from nanoindentation
(E;) by the Oliver and Pharr method was corrected for the defor-
mation of the indenter, which is significant due to the high elastic
modulus/hardness of the samples, using the following equation.

1 1-v2

1-v2
E Es E;

(1)

Here E; is the actual elastic modulus of the sample, and v; is the Pois-
son’s ratio of TaC which is taken equal to 0.24 [30], E; and v; are the
elastic modulus and Poisson’s ratio of the indenter which is taken
equal to 1141 GPa and 0.07 [50] respectively. Two 5 x 5 indentation
test matrices (50 indents) were made at different locations on each
of the samples with 9 um spacing between each indentation.

Fracture toughness was evaluated using a Vickers indenter on
the polished cross section using a microhardness tester (Shanghai
Taiming Optical Instrument Co. Ltd., model HXD-1000 TMC, Shang-
hai, China) ataload of 500 g and dwell time of 15 s. The crack lengths
(c) were measured from the center of the indents and the fracture
toughness Kjc was computed using the Anstis equation [51]:

12

K,c=0.016(g) 63% @)
where E is the elastic modulus, H is the hardness and P is the load
applied (500 g).

3. Results and discussion
3.1. Powder characteristics

Fig. 1 shows the high magnification SEM images of the TaC-LC
and TaC-SC powders after the mixing processes. The long CNTs
were found to be distributed between the sub-micron TaC parti-
cles by the wet chemistry method. Some CNT clusters were also
observed. The long length of entangled CNTs makes it difficult to
separate entirely by ultrasonication. On the other hand, spray dry-
ing leads to formation of spherical agglomerates of TaC-SC powder
(inset in Fig. 1). The average size of the spherical TaC-SC compos-
ite agglomerates is 10.5+4.8 pum. The high magnification image
shows that the CNTs are uniformly distributed on the surface. The
distribution of the CNTs is better in case of TaC-SC powder which
could be partially attributed to the smaller length of the CNTs.

3.2. Density and microstructure of the TaC-CNT composites

The density of the composites as measured by water immer-
sion technique is tabulated in Table 1. Fig. 2 shows the variation of
the density of the composites as a function of SPS pressure for TaC,
TaC-LC and TaC-SC powders. Addition of CNTs increases the den-
sity of TaC sample prepared at 100 MPa from 89% to 95% for both
short and longer CNTs. This could be due to the fact that CNTs are
able to occupy the fine porous regions between the TaC grains (as
seen in Fig. 4 later) due to their small size. Also, CNTs are expected

110 5
3.105-5 I TaC
. {1 [ TaC-LC
g 100 I TaC-SC
[m] ]
- 95
L
= ]
E 90 -
8 ]
2 85
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X 80

751
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SPS Pressure (MPa)

w
[-2]
w

Fig. 2. Variation of the density of the composites as a function of SPS pressure.
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Table 1
Properties of TaC and TaC-4 wt.% CNT compacts prepared by SPS.

Powder SPS compact Density (gcm~—3) Grain size (pm) Nano-hardness Elastic modulus Relative fracture
(GPa) (GPa) toughness
Actual Relative (%)
TaC-100 13.0 89 0.56 + 0.12 17.8 + 3.2 335 + 28 a
TaC TaC-255 14.6 100 493 + 1.99 263 +27 469 + 46 1b
TaC-363 146 100 56+ 2.4 257 +57 457 + 39 0.99+0.09
TaC-LC-100 113 95 061 + 027 229 + 2.1 395 + 17 a
TaC-4wt.% long TaC-LC-255 111 94 1.06 + 0.34 142 £ 18 288 + 29 1.58£0.04
CNTs TaC-LC-363 123 104 122 + 043 127 £07 369 + 18 1.60£0.12
Spray dried TaC-SC-100 111 94 1.85 + 0.72 17.5+ 2.4 331 4 47 a
TaC-4wt.% short TaC-SC-255 118 100 1.64 + 0.38 147 £ 25 313 + 37 1444021
CNTs TaC-SC-363 12.3 104 1.65 + 0.44 10.6 12 258 + 14 1.08+0.18

2 Indentation fracture toughness was not measured due to porous nature of the compact.
b Fracture toughness of TaC-BC-255 was taken as the reference for normalizing indentation toughness values.

to improve the heat transfer due to increased thermal conductiv-
ity [52] which will enhance diffusion and aid densification. Larger
increase in density has been observed by addition of CNTs than
carbon black in case of spark plasma sintered Al,03 [53]. For the
255 MPa pressure samples, the TaC-LC shows the same density as
100 MPa sample while TaC and TaC-SC samples attain full den-
sity. The lower (95%) density of TaC-LC-255 sample is attributed
to the possible hindrance to the grain boundary motion due to

longer CNTs which opposes not only grain growth but also densifi-
cation. The short CNTs however, may not pose as much resistance
to boundary motion and are also able to enter the micro-pores
between TaC grains. All samples attained full density at 363 MPa
pressure. Itis suggested that longer CNTs in TaC-LC sample undergo
significant deformation at higher pressure of 363 MPa resulting in
full density as opposed to 255 MPa. The larger than 100% density
measured for 363 samples is attributed to the fact that hollow cylin-

Fig. 3. SEM images showing the fracture surfaces of the TaC (a-c), TaC-LC (d-f) and TaC-SC (g-i) elucidating different grain morphologies. Note the lower magnification

required in b and c to see the grain structure.
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Fig. 4. High magnification SEM images of the fracture surface of (a) TaC-LC-100
and (b) TaC-SC-100 samples showing different grain morphologies and presence of
intact CNTs.

drical CNTs are transformed to flaky graphite (which is discussed
later in Section 3.4), which has a higher true density of 2.3 gcm=3.

Fig. 3 shows the fracture surfaces of TaC, TaC-LC and TaC-SC
samples prepared at different pressures. It is observed that except
the TaC-100 sample (Fig. 3a), all other samples appear dense as
they have 95% or more relative density. TaC-255 and TaC-363
samples show significant grain growth while TaC-LC and TaC-SC
samples show a fine grained structure even at highest pressure
of 363 MPa. The fracture surface of TaC samples synthesized at
255MPa and 363 MPa shows a faceted morphology correspond-
ing to inter-granular failure. TaC-100 and TaC-LC-100 samples also
show a faceted morphology except that there are lots of pores in
inter-particle region in TaC-100 sample. The TaC-SC-100 sample
(Figs. 3g and 4b) shows smoother fracture surface with rounded
grains suggesting some degree of melting.

Fig. 4 shows high magnification SEM images of the fracture
surfaces of TaC-LC-100 and TaC-SC-100 samples. The presence of
intact CNTs can be clearly observed in both composites. The rounder
and smooth morphology of the grains (Fig. 4b) in TaC-SC-100 sam-
ples suggest that TaC has undergone partial melting during the
process. This indicates a local temperature rise which could be due
to the joule heating of the CNTs. Individual multiwall CNTs have a
high thermal conductivity of up to 3000 Wm K~ [54] which could
help in increasing the heat transfer characteristics of the powder
compact during SPS. The better dispersion and the shorter length
of the CNTs would result in increased thermal conductivity [55]
in case of the TaC-SC powder leading to partial melting. This elu-
cidates the importance of CNT distribution in influencing the final
microstructure. Fig. 5 shows a high magnification SEM image of the
fracture surface of the TaC-SC-100 sample showing a re-solidified

Fig. 5. High magnification SEM image of TaC-SC-100 sample showing molten TaC
particle encapsulating at CNT.

TaC particle encapsulating a CNT. Such encapsulation of CNT inside
aTaC particle is not possible without local melting of TaC. This indi-
cates that the CNTs are the source of the heat (by joule heating) and
also indicates that CNTs can survive such high temperatures. It is
expected that encapsulated CNTs will act as links connecting grains
and lead to strengthening and toughening.

3.3. CNTs as grain growth inhibitors

The grain size was measured from the SEM images at differ-
ent magnifications using the software Image ]J. Only those grains
were considered which were half or more visible on the fracture
surface. More than 50 grains values were considered to obtain the
average value which is tabulated in Table 1. Fig. 6 shows the vari-
ation of average grain size of TaC in the sintered compacts as a
function of SPS pressure. The error bars indicate the standard devi-
ation. It is clearly observed that CNTs act as hindrances to grain
boundary motion and inhibit grain growth. In the case of TaC-LC
sample (Fig. 3d-f), the regions in the center of the microstructure
are observed to have larger grains than the periphery. At higher
magnification as shown in Fig. 7, the grain boundaries of the larger
grains are clean or have lesser CNTs at the interfaces and hence
had higher grain growth rate. Thus, it can be concluded that the
CNTs present in the inter-granular regions act as pinning agents
which decrease grain mobility. A similar behavior has also been
observed in case of plasma sprayed Al,O3—CNT composites [44].

8 1 - TaC

B TaC-LC
7 | NI TaC-SC [
6

Grain Size (um)
E-Y

100 255 363
SPS Pressure (MPa)

Fig. 6. Variation of TaC grain size of the samples with SPS pressure.
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Fig. 7. SEM image of fracture surface of TaC-LC-363 sample showing regions of
different grain sizes. Note that the regions with higher CNTs at the boundaries are
fine grained while the inter-granular regions of the larger grains are CNT free.

Al, 03 composites prepared by SPS at 1100-1900°C and 100 MPa
pressure have also shown that CNTs are more effective than car-
bon black in reducing the grain growth [53]. The average grain size
of TaC-SC is larger than TaC-LC for all pressures. This indicates
that longer CNTs are more effective in pinning the grain bound-
aries and offer more resistance to their movement without much
influence from pressure. This seems obvious since longer CNTs
can cover more inter-granular surface area and hence are more
effective.

3.4. Stability of CNTs in SPS

The structural stability of the CNTs is essential for the tough-
ening to occur. In SPS, the CNTs are subjected to the most severe
conditions of heat, pressure and electric current. As observed in
Figs. 4 and 5, most of the CNTs were found to be retained with
their cylindrical structure intact after being subjected to 100 MPa
pressure at 1850°C. Imam et al. have shown presence of CNTs
at the grain boundaries of Al;03-2 wt.% CNT composite prepared
by SPS at 1800°C and 100 MPa, although they look damaged in
the fracture surface [53]. Intact CNTs have also been observed in
HA-CNT composites prepared by SPS at 1100°C and 50 MPa [56]
and 60 MPa pressure [57]. However, TEM images showed some
CNTs to be damaged at 60 MPa pressure. In bulk CNT compacts pre-
pared by SPS at 2000 °C and 80 MPa pressure, CNTs were also seen
intact with partial graphitization [58]. CNTs were also retained in
bulk CNT composites synthesized by SPS at 1600°C and 60 MPa
pressure [59]. Zhang et al. have reported damage to CNTs and for-
mation of submicron sized diamond during SPS at 1500°C and
80 MPa pressure [60]. In a recent study on SPS of Al,03-CNT sam-
ples, Huang et al. have shown that using insulating BN layer on
the graphite punch tips helped prevent damage to CNTs indicating
that the damage occurred when current passed through the sample
[61].

Fig. 8a shows the Raman spectra of the long CNTs and sintered
TaC-LC samples. Similarly, Fig. 8b shows the Raman spectra of the
short CNTs and sintered TaC-SC samples. Raman peaks for CNTs
are generally observed at 1348 cm~! (D-peak), 1574 cm~! (G-peak)
and at 2691 cm~! (G’-peak or 2D peak) [62]. The G-peak corre-
sponds to the C-C stretching mode while the D peak arises due
to the presence of disorder and sp? defects. Table 2 tabulates the
peak positions and the ratio of the intensity of the D to G peak
(Ip/Ig). It is clearly observed that the D and G peaks shift to higher
wave numbers in the SPS samples as compared to free CNTs. This
indicates the presence of a compressive stress. The CNTs get com-
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Fig. 8. Raman spectra showing the D and G peaks from carbon nanotubes in (a)
TaC-LC samples and (b) TaC-SC samples.

pressed between the TaC grains under the pressure applied during
SPS. As sintering progresses, the grains coalesce and the stress on
the CNTs remains after processing. Another important observation
can be obtained from the Ip/I ratio of the D and G peaks. The Ip/Ig
ratio for long CNTs is 0.81 which reduces to 0.46 in TaC-LC-363
sample. The Ip/I¢ ratio for short CNTs is 1.07 which reduces to 0.23
in TaC-SC-363 sample. Raman spectra of highly ordered pyrolytic
graphite (HOPG) consists of just the G peak (Ip/Ig =0) [62]. So the
decreasing Ip/I trend indicates the conversion of CNTSs to graphite
like structures. This observation is different from Huang et al. who
observed increase in Ip/Ig due to passage of current through CNTs
leading to CNT damage [61]. It seems that the pressure greater
than 255 MPa causes graphitizing the CNTs. Table 2 also indicates
that the shorter CNTs show higher decrease in Ip /I ratio indicating
shorter CNTs are easily graphitized.

Fig. 9 shows the high magnification SEM images of the frac-
ture surface of TaC-LC-363 and TaC-SC-363 samples. It is observed
that while some cylindrical structures are still visible in TaC-LC
sample, most of the CNTs in TaC-SC have converted to a layered
and flaky morphology in the inter-granular region. This indicates
that CNTs are getting graphitized under the combined effect of
pressure and temperature during SPS. To further study the dam-
age occurring to CNTs, TEM was carried out on TaC-LC-363 and
TaC-SC-363 samples. Fig. 10 shows the TEM images showing pres-
ence of carbonaceous material between TaC grains. From Fig. 10b
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Fig. 9. SEM images of the fracture surface of (a) TaC-LC-363 and (b) TaC-SC-363
sample showing damaged CNTS (white arrows).

and d it is seen that several CNTs are getting damaged and con-
verted to flaky graphitic morphology as was observed in the SEM
images (Fig. 9). SEM images of TaC-LC-255 and TaC-SC-255 (not
shown here) also indicated similar graphitic morphology of carbon
between TaC grains. This indicates that most CNTs were able to sur-
vive 100 MPa pressure and 1850 °C, but were getting damaged at
higher pressures.

Based on the observations of the Raman spectra, it can be said
that the CNTs undergo compressive stresses which could lead
to collapse of the cylindrical structure. Buckling of CNTs under
hydrostatic compression has been studied earlier using molecular
mechanics and atomistic simulations and the collapse of the CNTs
leading to formation of ribbons has been reported [63-65]. Contin-
uum mechanics predicts the buckling pressure for collapse of tubes
as [65]

Py = %(%}3 3)

where Pg is the buckling pressure, E is the elastic modulus, v is
the Poisson’s ratio (=0.27), t is the thickness of the tube, and D is
the diameter. Using the average values for the dimensions of long
CNTs (t=16 nm, D=40nm) and the values for short CNTs (t=19 nm,
D=45nm) from our previous study [66], the value of Pg turns out to
be 0.14E for long CNTs and 0.16E for short CNTs. The radial elastic
modulus of the multiwall CNTs has been measured to be 21 &+ 7 GPa
at room temperatures [67]. Using these relations it turns out that
the pressure required for buckling and collapse of long and short
CNTs is ~3 GPa at room temperature. However, at the SPS tem-
perature of 1850°C, collapse is expected to occur at much lower
pressures. Collapse of the CNTs into ribbon like flaky structure at
high temperatures may lead to conversion of the CNT to graphite.

Table 2

Raman spectra data for peaks from carbon nanotubes from the SPS samples.
Sample D-peak G-peak In/l
Long CNTs 1343 1569 0.81
TaC-LC-100 1345 1578 0.82
TaC-LC-255 1353 1583 0.89
TaC-LC-363 1355 1582 0.46
Short CNTs 1348 1571 1.07
TaC-SC-100 1349 1578 0.25
TaC-SC-255 1355 1583 0.57
TaC-SC-363 1356 1580 0.23

Collapse and welding of CNTs have been observed at 1500°C and
7 MPa during SPS of aligned CNTs, which indicate that the pressure
required for collapse may be quite low at high temperatures [68].
A few of CNTs were also damaged in 100 MPa sintered samples as
seen in Fig. 4. The presence of 5-6% porosity leads to entrapment of
CNTs in the inter-granular regions. Due to the high hardness of TaC,
carbon nanotubes may not feel the applied pressure at 100 MPa,
except at the inter-granular contact areas, and hence could be
retained. However, the samples prepared at 255 MPa and 363 MPa
pressure are fully dense and the pressure is transmitted to most
of the CNTs leading to their graphitization at the inter-granular
regions.

3.5. Mechanical properties of TaC-CNT composites

Nanohardness and elastic modulus of TaC and TaC-CNT com-
posites measured by nanoindentation are listed in Table 1 and
plotted in Figs. 11 and 12 respectively. From Fig. 11 it is observed
that the hardness of TaC increases with SPS pressure which can be
attributed to the densification. The average values of the nanohard-
ness of TaC is larger than microhardness values (~15 GPa) reported
in the literature [13,18,33] which is due to the localized nature of
the nanoindentation testing. The increased hardness of TaC-LC-100
as compared to TaC-100 is attributed to: (i) increase in the density
from 89% to 95% and (ii) indentation resistance provided by long
length of the CNTs that help in holding the TaC grains together.
However, the shorter CNTs in TaC-SC-100 sample are not able to
improve the hardness despite the increase in density, which is not
clearly understood. The lower hardness of the TaC-CNT samples
prepared at 255 and 363 MPa pressure as compared to TaC sam-
ples is attributed to CNTs getting damaged and converting to flaky
graphitic structures. It is well known that graphite has a very low
hardness as compared to TaC.

Fig. 12 shows that elastic modulus of TaC increases with the
SPS pressure which is attributed to the densification. The lower
elastic modulus of the TaC-100 sample as compared to TaC-255
and TaC-363 sample is due to the porosity. TaC-LC-100 having a
higher density shows an increased elastic modulus as compared
to TaC-100 sample. Additionally CNTs have high elastic modulus
of 600-1000 GPa [69] which help in increasing the modulus. The
lower length of the CNTs in TaC-SC-100 leads to no increase in the
elastic modulus despite the increase in density because small CNTs
do not effectively share the load applied during indentation. The
effect ofincreased length to diameter ratio (aspect ratio) on increas-
ing the strengthening effect is well known in fiber composites as is
elucidated by in micromechanical models such as the Halpin-Tsai
model [70,71]. The decrease in the elastic modulus of TaC-CNT
samples with increasing SPS pressure is due to the progressive dam-
age to CNTs at higher SPS pressures. Thus, the effective amount of
CNTs reinforcing the TaC reduces, while the flaky graphitic struc-
tures formed are not expected to contribute towards the increase
in stiffness.

Fig. 13 shows the relative fracture toughness of the composites
as a function of SPS pressure. The fracture toughness of the 100 MPa
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Fig. 10. TEM images of TaC-LC-363 (a and b) and TaC-SC-363 (c and d) samples showing presence of carbonaceous structures between TaC grains and damaged CNT

structures.

samples was not considered because of the low density of the ref-
erence TaC-100 sample. It is observed that long CNTs are more
efficientinincreasing the fracture toughness of the samples as com-
pared to shorter ones. TaC-LC-363 sample showed a 60% increase
in the fracture toughness compared to TaC-255 sample. However,
TaC-SC-363 sample showed very small improvement in the frac-
ture toughness. This is attributed to the more extensive damage

32| { N TaC
B TaC-LC
28 I TaC-SC

N
-
1

Hardness (GPa)
N
o

12

vtz
vt

100 255 363
SPS Pressure (MPa)

Fig. 11. Variation of hardness of the composites with SPS pressure.

to the shorter CNTs which resulted in decreased toughening effect
as observed in Figs. 10 and 11. The effect of long and short CNTs
on different aspects (processing, microstructure and mechanical
properties) of the TaC-CNT composites is summarized in Table 3.
It is observed that the long CNTs are better in enhancing mechan-
ical properties but pose the challenge of uniform dispersion in the
matrix.
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Fig. 12. Variation of elastic modulus of the composites with SPS pressure.
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Fig. 13. Relative fracture toughness of sintered TaC, TaC-LC and TaC-SC samples
with SPS pressure normalized to the value of TaC-255 sample.

Table 3
A comparison of effect of adding long and short CNTs on TaC-CNT composites.
Property Long CNT Short CNT
Dispersion Difficult to disperse Relatively easy
Thermal conductivity of Smaller enhancement due Relatively higher
mixtures to decreased length enhancement is
efficiency observed
Extent of graphitization Relatively lower Relatively higher
Sintering aid Good Good
Grain growth inhibition Good Relatively poor
effect
Hardness improvement High Relatively lower
Elastic modulus Higher Relatively lower
improvement
Fracture toughness Higher Relatively lower
improvement

4. Conclusions

TaC composites with 4 wt.% long and short CNTs as reinforce-
ment were synthesized by SPS at various pressures. Spray drying
was observed to lead to better dispersion of shorter CNTs com-
pared to wet chemistry technique that was utilized for dispersing
longer CNTs. Addition of carbon nanotubes increased the density
of TaC from 89% to 95% for the 100 MPa pressure samples. TaC-SC-
100 sample showed partial melting of TaC grains which could be
due to better thermal conductivity and uniform dispersion of CNTs
due to spray drying. CNT act as grain growth inhibitors. The long
CNTs were more efficient in pinning the boundaries compared to
shorter ones. Damage to CNTs was observed at 255 MPa and higher
pressures during SPS. At higher pressures, CNTs converted to flaky
graphitic structures. Longer CNTs had better reinforcing effect than
shorter CNTs in terms of increasing the elastic modulus, hardness
and fracture toughness. Increase in fracture toughness of up to
60% was observed by addition of long CNT for the TaC-LC-363
sample. An optimum CNT length and intermediate SPS pres-
sure could further improve the mechanical properties of TaC-CNT
composites.
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In this study, the overall elastic modulus of spark plasma sintered TaC composite has been estimated
using a novel engineering analysis technique, called Scan-and-Solve, that makes it possible to perform
completely automated stress analysis directly from the segmented micrographs. The computed results
have been compared with object oriented finite element technique (OOF), which also makes use of the
microstructure. In contrast with the traditional mesh based engineering analysis methods, Scan-and-
Solve uses spatial meshes that may or may not conform to the shape of the geometric model. This makes

f\(/legi?rrg:method Scan-and-Solve computational technology essentially meshfree, and it makes it possible to eliminate
00F2 error-prone and time consuming data conversion and spatial meshing. The presented method guarantees

exact treatment of the prescribed boundary conditions. In the paper, we compare the stress simulation
results in porous TaC ceramic obtained by the Scan-and-Solve and object oriented finite element meth-
ods. It is shown that the effective elastic modulus predicted from the microstructure by the two methods

Elastic modulus prediction
Tantalum carbide

is very similar (266 vs. 270 GPa) provided the porosity coefficients are measured close to each other.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Prediction of the overall property of multi-phase materials is an
age old problem that dates back to Maxwell’s theory. A lot of re-
search work has been devoted towards the prediction of the overall
mechanical and thermal properties of multi-phase materials [1-5].
Several analytical models have been developed which take into
account the shape and volume fraction of the second phase particles
to predict the overall property. However, in most practical cases, the
second phase is irregular in shape and assuming it to be a regular
shape leads to errors in the prediction. Microstructure based finite
element modeling has the key advantage of being able to take the
variation of the actual shape and size of second phase and numeri-
cally compute the overall response of the microstructure based on
the applied boundary conditions. In a previous study, we had used
object oriented finite element method (OOF) to compute and accu-
rately predict the thermal conductivity of Al-Si-Carbon nanotube
composite at various length scales using corresponding microstruc-
tural images [6].

However, the creation of the mesh conforming to the boundary
of the second phase in the microstructure could be time consuming
as well as requires significant expertise. A mesh having a high

* Corresponding author. Tel.: +1 954 829 6311; fax: +1 305 348 1932.
E-mail address: igor.tsukanov@gmail.com (I. Tsukanov).

0927-0256/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.commatsci.2011.04.003

homogeneity and low shape energy is desired [7,8]. Recently,
meshfree computations have been investigated for similar applica-
tions [9]. In the present work, the overall elastic modulus of spark
plasma sintered TaC and TaC-1 wt.% B4C composite has been esti-
mated using OOF method and Scan-and-Solve meshfree approach.
In contrast with the traditional mesh based engineering analysis
methods, Scan-and-Solve uses spatial meshes that may or may
not conform to the shape of the geometric model. This makes
Scan-and-Solve computational technology essentially meshfree,
and it makes it possible to eliminate error-prone and time consum-
ing data conversion and spatial meshing. The presented method
guarantees exact treatment of the prescribed boundary conditions.
In addition, it also exhibits exponential convergence and enables
adaptive solution refinement by increasing the order the basis
functions and/or resolution of the spatial grid. The results of the
two techniques are compared and discussed in detail. Meshfree
computation is suggested as a viable method for analyzing stress
distribution in the complex microstructure and predicting overall
mechanical properties of the multi-phase materials.

2. Experimental techniques

Tantalum carbide powder was obtained from Inframat Ad-
vanced Materials LLC, CT, USA. The specifications on the composi-
tion by weight was a purity of 99.7% with total carbon >6.2%, free
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carbon <0.15%, Nb <0.3%, and O between 0.15% and 0.3%. The mean
TaC particle size measured from SEM image was 0.36 + 0.13 pum.
Boron carbide nanopowder was obtained from MTI Corporation,
CA, USA. The average particle size was specified as 50 nm and
the purity level was 98%. Boron carbide nanopowder was dispersed
in TaC by using ultrasonication technique as described in our
previous paper [10]. SPS was carried out in Argon atmosphere to
consolidate the powder mixtures. TaC powder was consolidated
at 2200°C and 60 MPa pressure with a 5min hold time. The
TaC-B4C sample was consolidated at 1850°C at a pressure of
100 MPa and a hold time of 10min. The heating rate of
150 °C min~' was adopted to reach the maximum temperature.
The samples were approximately 4-5 mm thick and 20 mm in
diameter. TaC sample will be referred to as TaC-2200, while the
TaC-B4C sample will be referred as TaC-BC-1850. SEM images of
fracture surface of TaC-2200 sample was obtained using a JEOL
JSM 630F scanning electron microscope (SEM) with a field emis-
sion gun, while the back scattered image of the polished cross
section of TaC-BC-1850 sample was obtained using a FEI-Phenom
SEM. Nanoindentation was carried out using a Hysitron Triboind-
enter (Hysitron Inc., Minneapolis, MN, USA) to measure the elastic
modulus of the matrix region of the coatings. Indentations were
carried out at a load of 4.5 mN and the reduced elastic modulus
obtained from nanoindentation (E,) by the Oliver and Pharr meth-
od. Two 5 x 5 indentation test matrices (50 indents) were made at
different locations on each of the samples with 9 um spacing be-
tween each indentation. The average values were used as the E
of the matrix for FEM calculations.

3. Computational techniques used
3.1. Scan-and-Solve meshfree method

To overcome difficulties in creating spatial meshes that can be
used for stress analysis in porous materials, Scan-and-Solve ap-
proach is proposed [11,12], which is based on the Solution Struc-
ture Method [13-15]. The method makes it possible to construct
solutions to the boundary value problems that satisfy all pre-
scribed boundary conditions exactly. The main idea of the method
is to represent the physical fields being modeled by powers of the
functions that vanish on the geometric boundaries where the
boundary conditions are prescribed [14]. In terms of stress analysis
problems components of the displacement vector that satisfy kine-
matic boundary conditions can be written as follows [14]:

U= wi® +ul, i=xYy1z (1)

where w; are the functions that take on zero value on the bound-
aries which are fixed or on which known values of the displacement
components u} are prescribed. The purpose of the functions @; in
the solution structure (1) is to provide the best approximation to
the governing equation of the problem. Since in many practical sit-
uations @; cannot be determined exactly, they are represented by a
linear combinations of the basis functions:

N .
=301 )

Representing the displacement components by the solution
structure (1) allows to separate geometric information represented
by zero sets of the functions w; and analytic information repre-
sented by functions @;. As the result, the basis functions {Xj}jN: 1
can be constructed over the spatial grids that do not necessarily
conform to the shape of the geometric domain. This makes the
Solution Structure Method essentially meshfree. Independence of
the basis functions used to approximate the solution of the
physical problem from the geometry for the computational domain

provides the Solution Structure Method with much higher level of
flexibility in handling complex geometric domains in comparison
with the traditional finite element methods. The solution structure
(1) does not restrict the choice of the basis functions or the solution
method used to determine numerical values of the degrees of free-
dom C;.

Success and applicability of the Solution Structure Method to
the real-world problems are determined to a large degree by the
ability to construct smooth functions w; that vanish on the bound-
aries of an arbitrary complex geometric domain. In this paper we
will use a Scan-and-Solve approach that provides capability to con-
struct functions w; from acquired geometric models including
images [11,12]. The construction process is illustrated in Fig. 1a-
e. It starts with a 2D micrograph shown in Fig. 1a. In order to sep-
arate pores from the areas filled with the material, the image seg-
mentation is performed. White color in the binary image in Fig. 1b
corresponds to the areas filled with material while black color
stands for the pores. Then a 2D Euclidean distance transform is
performed over the binary image. It produces a piecewise constant
distance field which can be visualized by a grayscale image where
the intensity of the gray color defines the distance of each pixel
from the nearest boundary pixel (Fig. 1c). In order to be used to
construct displacements, the distance fields constructed using
the distance transformation has to be smoothed out. This can be
done by a number of ways. In this work, we constructed a smooth
approximate distance field by applying a least square fit of B-
splines to the gray color values in Fig. 1c. This results in a contin-
uous smooth function w (Fig. 1d) which mimics the behavior of
the piecewise constant distance field in Fig. 1c. The zero set of w,
whose isolines are shown in Fig. 1d, approximates the boundary
of the geometric domain. As it was illustrated in [16], the geomet-
ric accuracy provided by this approach is comparable with the
physical size of a pixel in the micrograph. The described process
constructs the approximate distance field w for the whole bound-
ary of the geometric domain. However, in practical situations we
need to construct distance fields w; that correspond to the portions
of the domain’s boundary where the displacement values are pre-
scribed. This can be achieved by using trimming operation [17]
that combines the distance field for the whole boundary with dis-
tance-like functions for the boundaries of trimming volumes. The
trimming volumes enclose the portions of the boundaries at which
the displacement is known. Plot in Fig. 1e illustrates the result of
the trimming operation. Blue! color in Fig. 1e corresponds to the
boundaries where the displacement is specified. Functions u}
(Fig. 1f) transfinitely interpolate the prescribed values of the dis-
placement [14]. Once ; and u} are constructed and the basis func-
tions {Xj},N:] are chosen, a standard solution procedure can be
applied [12,15].

3.2. Object oriented finite element method

Object oriented finite element technique (OOF) allows compu-
tation of the mechanical properties directly from the microstruc-
ture. It is becoming an increasingly popular tool for the
computation of properties like thermal conductivity and elastic
modulus of multi-phase materials with complex microstructures
[18-21]. OOF can be implemented using the OOF2 software devel-
oped by Langer and co-workers at NIST [7,8]. It is based on the
adaptive mesh technology which allows for generating finite ele-
ment mesh conforming to the boundary of the phases in the micro-
structure. The different phases are selected based on their color or
grayscale and different properties (electrical, thermal and mechan-

! For interpretation of color in Fig. 1, the reader is referred to the web version of
this article.
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Fig. 1. Two-dimensional meshfree stress analysis from micrographs: (a) SEM micrograph of fracture surface of TaC-2200 sample. Image segmentation results in a binary
image (b) where white color depicts material and black color corresponds to the pores. (c) Two-dimensional distance transformation results in an image, where intensity of
the gray color depicts the distance to the nearest boundary pixel. (d) Least square fitting of B-splines to the gray values in (c) results in a smooth distance field. (e) Portions of
the zero set of the distance field in (d) are used to specify boundary conditions for the analysis. Analysis results: (g, h) horizontal and vertical components of the displacement

vector; (i) oy stress in porous ceramic material (shown on the scale from 0 to 16 GPa).

ical) can be assigned to each of these phases and the overall re-
sponse of the microstructure to the boundary conditions can be ob-
tained. Since the method is based on the actual microstructure, it
takes into account the morphology of the phases and gives an accu-
rate prediction of the overall properties. In the present study, the
SEM images containing matrix and porosity regions (Figs. 1-3a)
were converted into binary images (Fig. 1b) using Image ] software.
The binary images were then used in the OOF2 software and the
mesh was created. The matrix was allotted properties obtained
from nanoindentation and the porosities were allotted an elastic
modulus of 1078 GPa and a Poisson’s ratio of 0.48. The value of
Poisson’s ratio for porosity was chosen assuming it to be very soft
like elastomeric materials [22]. The stress distribution in the
microstructure was then calculated for a boundary condition cor-
responding to a uniaxial tensile strain of 1%. The overall modulus

of the microstructure was calculated by dividing the integral stress
at the boundary by the strain.

4. Results and discussion

Scan-and-Solve meshfree approach and object oriented finite
element analysis methods were adopted to calculate stresses in
TaC-2200 and TaC-BC-1850 microstructure for the same bound-
ary conditions and then evaluate the overall elastic modulus.
For both samples we have used two-dimensional plane stress for-
mulation with the same loading conditions. The bottom boundary
of the samples is fixed in both horizontal and vertical directions.
On the upper boundary 1% strain in the vertical direction is
applied.
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Fig. 2. (a) Micrograph of TaC-2200C sample. Distribution of the normal stress ¢, (shown on the scale from 0 to 16 GPa) obtained by (b) Scan-and-Solve meshfree method and

(c) FEA implemented in OOF2 software.

Fig. 2 illustrates results of stress simulation in TaC-2200 sample.
To perform the computations, we used the value of 283 GPa for the
modulus of elasticity, which was obtained experimentally from the
loading-unloading curve via nanoindentation. Poisson ratio was as-
signed the value of 0.24. Analysis of plots in Fig. 2b and c reveals
that distribution of the normal stress ¢, obtained by the Scan-
and-Solve meshfree method is very similar to the one obtained by
the FEA implemented in OOF2 software. Since OOF2 software treats
the pores as a separate material with a negligently low value of the
modulus of elasticity, the normal stress gy, in Fig. 2c is plotted over
the whole computational domain including the voids where it van-
ishes. Scan-and-Solve meshfree method defines computational do-
main as a set of points where the signed distance field (Fig. 1d) is
positive. To assemble the stiffness matrix and the load vector of
the algebraic system, meshfree method employs geometrically
adaptive numerical integration. In addition to the normal stress
oy, porosity coefficient and effective modulus of elasticity have
been computed by both methods. Porosity coefficient is a ratio of
the volume occupied by the pores to the total volume of the sample.
In the engineering practice it can be used to estimate the effective
modulus of elasticity using the rule of mixture. Due to the random
distributions of the pores, isotropic behavior of the homogenized
material is assumed.

For the TaC-2200 sample, the porosity coefficient and the effec-
tive (homogenized) modulus of elasticity were calculated to be
6.2% and 224 GPa respectively by the Scan-and-Solve method.
The corresponding values of the porosity coefficient and the effec-
tive modulus of elasticity determined by OOF2 software are 3% and
262 GPa respectively. The elastic modulus values are different due
to the difference in the porosity coefficient. The lower elastic mod-
ulus value obtained by Scan-and-Solve method could be attributed
to the higher measured porosity coefficient. It should be noted that
overall computed elastic modulus is lower than those obtained
experimentally via nanoindentation. This is due to the localized
nature of indents which are made in the dense region and hence,
do not account for the porosity. The rule of mixture estimates
the values of the effective modulus of elasticity to be 265.45 GPa
and 274.51GPa for Scan-and-Solve and OOF2 methods
respectively.

Results of stress simulations in TaC-BC-1850 sample are pre-
sented in Fig. 3. An experimental modulus value of 313 GPa was
used as the input for both computational methods. As in the previ-
ous numerical experiment, both Scan-and-Solve meshfree method
and FEA resulted in very similar distributions of the normal stress
gy. The values of the porosity coefficient reported by the Scan-and-
Solve and OOF2 methods are 3.7% and 4.2% respectively, and the



S.R. Bakshi et al./ Computational Materials Science 50 (2011) 2615-2620 2619

y (pm)

0 1 2 3 4
x(pm)

(c)

0.00000E+00 0.10000E+11

(b)

Stress in GPa

10

OANWANOD 4@ O

Fig. 3. (a) Micrograph of TaC-BC-1850 sample. Distribution of the normal stress ¢, (shown on the scale from 0 to 16 GPa) obtained by (b) Scan-and-Solve meshfree method

and (c) FEA implemented in OOF2 software.

values of the effective modulus of elasticity are 266 GPa and
270 GPa. It is observed that since the porosity coefficient is similar
as measured from both methods, the effective elastic modulus
predicted is also quite similar. The rule of mixture estimates the
values of the effective modulus of elasticity to be 301.42 GPa and
299.85 GPa for OOF2 and Scan-and-Solve methods respectively.
The scale of the stress distribution as predicted by both these
methods is also similar. This study proves that Scan-and-Solve
method could be an effective and time-saving method for the
prediction of overall properties from microstructure.

5. Conclusions

Meshfree Scan-and-Solve approach has a great potential to be-
come a powerful computational tool for analyzing composite and
porous materials in situ. The results on our preliminary numerical
experiments and comparisons with traditional analysis techniques
based on the finite element method demonstrate good agreement
of the results obtained by both methods. However, the estimates of
the effective modulus of elasticity given by the rule of mixture
substantially differ from the obtained numerical results. The rule
of mixture provides higher values of the effective modulus of
elasticity. This difference can be explained by the fact that the rule

of mixture does not account for the physics of deformation, and
therefore might not be reliable tool to determine the mechanical
properties of the homogenized materials. The presented meshfree
method possesses good numerical properties. In particular, it guar-
antees exact treatment of all prescribed boundary conditions at
every point on the geometric boundary. The big advantage of the
presented Scan-and-Solve meshfree method over traditional
mesh-based analysis methods is complete automated solution pro-
cedure which can be extended into 3D space. The method can per-
form analysis from 2D segmented micrographs as well as from
segmented 3D Computed Tomography (CT) scans. Extension of
the numerical computations into 3D will eliminate the errors
introduced by 2D analysis. In the reality, pores have complex
three-dimensional shape that cannot be captured from a 2D SEM
micrograph (such as show in Fig. 1a). In this case two-dimensional
numerical analysis assumes that the shape of pores does not
change in the third dimension.
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