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Fracture Properties of SPS Tungsten Copper Powder
Composites

MEDHAT AWAD EL-HADEK and SALEH HAMADA KAYTBAY

Tungsten-copper composites with various copper nano-particles volume fractions were manu-
factured and examined. Tungsten-copper composites with 20 pct, 25 pct, and 30 pct volume
fractions were mechanically mixed and sintered. spark plasma sintering (SPS) method was used
for samples preparation at two different sintered temperatures 1273 K and 1373 K (1000 �C and
1100 �C). The effect of copper nano-particles on the bulk density, hardness, the coefficient of
thermal expansion (CTE), electrical conductivity, and stress-strain behavior of the produced
composites were studied. The hardness was found to decrease with the increase of the copper
volume fraction in the composites. Conversely, the CTE and electrical conductivity increases
with the increase of the copper volume fraction in the composites. Furthermore, the elastic
modulus were extracted from tensile stress-strain behavior were found to increase with the
increase of the copper volume fraction in the composites. Finally, the fracture surface roughness
was studied using high resolution optical investigations and was noticeably higher with the
increase of the copper volume fraction in the composites.
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I. INTRODUCTION

TUNGSTEN-COPPER (W-Cu) composites are
characterized by high thermal conductivity, low thermal
expansion and high wear resistance combined with
excellent electrical conductivity.[1] The high thermal
conductivity of copper and the low thermal expansion
coefficient of tungsten make W-Cu composites attractive
for thermal management materials in microelectronic
devices.[2] Some of the potential applications can be
summarized in electrical applications and high voltage
arc contacts such as, electronic application includes,
heat sinks and spreaders, microwave carriers, hermetic
package bases, ceramic substrate carriers, and laser
diode mounts.[3] Tungsten-copper composites are also
reported to be used in wireless telecommunication
devices as well as other power and radio-frequency
packages for the microelectronics industry.[4,5] However,
the W-Cu system exhibits mutual insolubility or negli-
gible solubility.[6] W-Cu powder compacts show very
poor sinterability, even by liquid phase sintering above
the melting point of the Cu phase.[6]

The properties of composites depend strongly on the
preparation method, particle size, and particle matrix
interface adhesion. Particle size has a great role on the
properties of the final composites. For example Bera
et al.[7] have synthesized copper alloys with extended

solid solubility and nano Al2O3 dispersion by mechan-
ical alloying and equal channel angular pressing. It was
found that the copper-Al2O3 alloys[7] appear to have
high-strength, wear/erosion-resistant and Cu-based elec-
trical contacts with nano-ceramic dispersion. Further-
more, Bera et al.[8] have developed a wear-resistant
Cu-Cr-Ag electrical contacts alloy with nano-Al2O3

dispersion by mechanical alloying and high pressure
sintering. It was reported[8] that the hardness and wear
resistance of the Cu-Cr-Ag alloy with nano-Al2O3

dispersion increase significantly with the addition of
nano-Al2O3 particles. El-Hadek, and Kaytbay[9] have
reported that copper-Al2O3 composites with nano size
Al2O3 particles have the lowest electrical resistivity
values. This was attributed to the higher densification,
generating a break in the continuous copper matrix
network. As the Al2O3 particles sizes in the metal
increases, the failure stresses decrease.[9] This leads to
the reduction of the elastic modulus with the increase of
Al2O3 particles sizes. Approximately 75 pct reduction in
the elastic modulus between composites with Al2O3

particle size 100 nm, and 20 lm was evident.[9]

The classic conventional method for fabrication
W-Cu composites is performed by the infiltration of a
porous tungsten skeleton with liquid copper.[10] Infiltra-
tion is a two-step process that wicks molten copper into
the open pores of a previously sintered tungsten porous
structure. Since copper and tungsten are mutually
insoluble, alloying does not occur in the general condi-
tions (i.e., pressures and temperatures) usually employed
in the infiltration process. Following the infiltration
stage, the parts are mechanically machined to the final
dimensions. Moreover, the infiltration process does not
result in a homogeneous microstructure and it is not a
net shape process, thus causing high production
costs.[10,11] In order to reduce cost and to produce net
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shape components with homogeneous structure, high
density W-Cu parts was produced by liquid-phase
sintering of composite powders characterized by very
fine dispersions of both metals.[12] The sinterability of
W-Cu composites was increased by using SPS sintering
process.[13] Lee et al.[14] has produced tungsten with
20 pct copper weight fraction composites with an
average tungsten particle size of 1 lm. Lee et al.[14] have
manufactured these composites without the addition of
a sintering activator through a combination of the
mechano-thermochemical process and liquid phase
sintering.

Recently the spark plasma sintering (SPS) method of
variation on field effect techniques has attracted consid-
erable attention of researchers.[15–17] SPS method is
simultaneous pulsed direct current used with uniaxial
pressure to primarily sinter the powders. The SPS
method used in sintering studies[16,17] is general related
to the role of plasma that is generated between the
powder particles.[18] While the concept of SPS plasma is
rational, the role of the pulsed current remains not
completely understood.[18] The main advantages of the
SPS process is the fast heating rates reported to range
from 323 K/min to 1273 K/min (50 �C/min to 1000 �C/
min) and the uniform heating energy conditions.[19] In
addition, the electrical current enhances the mass
transport through electro-migration,[20] as well as the
influence on the generation and mobility of point
defects.[21]

The scope of this research is to manufacture tungsten-
copper powder composites using SPS method with
focused on characterizing tungsten-copper composite
with various copper nano-particles volume fractions
(20 pct, 25 pct, and 30 pct) at different sintering tem-
peratures [1273 K and 1373 K (1000 �C and 1100�C)].
The powder composites were prepared by mechanically
mixing two different volume fraction ratios according to
the composition design and sintering by using SPS
sintering. The microstructure surface was examined
using high resolution optical analysis. The effect of
copper nano-particles volume fraction on the bulk
density, hardness, the coefficient of thermal expansion
(CTE), electrical conductivity, and stress-strain behavior
of the produced composites were investigated. More-
over, the fracture surface roughness was examined for
all the tested composites.

II. MATERIALS PREPARATION

The importance of the SPS method as a tool for
consolidating powders was the reason for selecting it as
the method for preparing tungsten-copper (W-Cu)
composites. The SPS process utilizes pulsed high current
along with uniaxial pressure to consolidate powders
through short time durations.[13] Two sintered temper-
atures were selected based on experimental observations
namely 1273 K and 1373 K (1000 �C and 1100 �C). The
melting temperature of copper the matrix material is
1357 K (1084 �C) as shown in Table I, so one of the
sintered temperatures is above the melting temperature
of copper to ensure encompassing of all the tungsten

particles and the elimination of air gaps in the final
composites.
When raising the temperature above 1373 K

(1100 �C) the melted copper overfill the die and the
bunch losses the volume fraction of the designed copper
in the sample irregularly. This is due to the fact that the
sintering process occurs during pressing. In case of
lowering the sintering temperature below 1273 K
(1000 �C) the copper in the samples does not completely
melt and this leads to insufficient sintering. Purity of the
tungsten used in SPS process for all composites was
99.85 pct and density was 19.3 g/cm3, with an approx-
imate particle size of 2 lm, and manufactured by H.C.
Starck GmbH, Germany. The Young’s Modulus for the
tungsten used is 411 GPa, as body-centered cubic crystal
structure, with apparent density of 3.6 g/cc, and tap
density of 6.75 g/cc. Whereas, the copper powder used
in all composites were electrolytic processed, with an
approximate particle size of 35 lm and purity greater
than 99 pct and density was 8.8 g/cm3, manufactured by
Alfa Aesar, USA. The Young’s Modulus for the copper
used ranges between 110 to 128 GPa, as face-centered
cubic crystal structure, and with tap density of 3.8 g/cc.
To ensure uniformity of the particle shapes, the

tungsten and the copper powders were mechanically
milled and mixed in an agate rock mortar with high
energy boll milled for half an hour with different volume
ratios according to the composition design. The milling
of the two powders resulted in uniform sphere-like
nano-size particles for both tungsten and copper as
presented in Figure 1(b). The powders were then loaded
into a graphite die and were heated by passing an
electric current through the assembly. SPS rapidly
consolidate the composite powders to near theoretical
density through the action of a rapid heating rate,
pressure application, and proposed powder surface
cleaning. The powder mixtures were spark plasma
sintered at different temperatures at a heating rate of
200 �C/min under a pressure of 100 MPa in a vacuum
atmosphere, using SPS-1050. This was generated by
electrical discharge at the beginning of the pulsing. The
direct current pulse energizing method generates the
spark plasma, spark impact pressure, heating energy, as
well as an electrical field diffusion effect.[13]

The tungsten and copper powders were weighted to
form three different volume fraction composites calcu-
lated using Eq. [1]. The tungsten and copper densities
are 19.3 and 8.96 g/cm3, respectively.

Vf ¼
qmWf

qmWf þ qmWf
½1�

Table I. Three Volume Fractions of Tungsten-Copper

Composites

Volume Fraction
Tungsten Weight

in Grams
Copper Weight

in Grams

30 Pct Cu 83.4 16.6
25 Pct Cu 86.56 13.4
20 Pct Cu 89.6 10.4
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where Vf is the copper volume fraction, Wf is the weight
of copper, Wm is the weight of Tungsten, qf is the
density of copper, and the qm is the density of Tungsten.
To ensure reputability of the composites, each powder
was weighted separately and the three compositions of
selections were made out of the weights presented in
Table I.

The final densities of the materials were determined by
the Archimedes method with deionized water as the
immersion medium, as presented in Table II. The
density of each sample was measured by taking its
weight in air and in water. According to Archime-
des role and MPIF standards, and ASTM- B328

standard,[22,23] the density q can be measured from
Eq. [2]. Finally, melted wax of known density was used
to coat the samples surface with a thin film of wax to
isolate the surface porosity to prevent corrosion. The
samples were weighted again in air.

Density ¼Wair= Wair �WH2Oð Þ g/cm3 ½2�

where Wair and WH2O are the weights in air and water
respectively.
When comparing the tungsten-copper composites

density to the tungsten theoretical density (19.3 g/cm3)
which forms the main structure of the composites, it is

Tungsten 
Large Particles 

Copper 
Small Particles

(a)

(b)

Fig. 1—(a) The surface microstructure of tungsten-copper composites with 30 pct copper volume fraction after using SPS, (b) magnification of
the copper particles which are in the range of nano size that is relatively small compared to the tungsten particles.

Table II. The Three Densities of the Three Volume Fraction Tungsten-Copper Composites Under Two Sintered Temperatures

Conditions Composites in Terms of g/cm
3
, and in Terms of Pct to Tungsten Theoretical Density (19.3 g/cm

3
)

Sintering
Temp. [K (�C)]

Density for Samples
with 20 Pct Cu

Density for Samples
with 25 Pct Cu

Density for Samples
with 30 Pct Cu

In Terms of
g/cm3

In Terms of
Pct to W Density

In Terms of
g/cm3

In Terms of
Pct to W Density

In Terms of
g/cm3

In Terms of
Pct to W Density

1273 (1000) 15 77.7 14.6 75.6 13.8 71.5
1373 (1100) 14.3 74.1 14.8 76.7 13.9 72
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clearly noticed that the with the increase of the copper
volume fraction the relative density of the composite
degreases. However, the density change of the investi-
gated composites was not significant, other than tung-
sten-copper composites with 20 pct Cu where the
density decreases with the increase of the sintering
temperature. Moreover, it was also found that with the
increase of the copper volume fraction in the composites
the density decreases notably. This was explained
through the HR-SEM images were the particle distri-
bution was more homogeneous with increase of the
copper volume fraction.

III. MATERIAL EXPERIMENTATION AND
CHARACTERIZATION

A. SEM Examinations

The investigated copper-carbon composite materials
were studied using scanning electron microscope (SEM)
through the preparation process. High resolution scan-
ning electron microscopy (HR-SEM) was performed
with a Jeol 2000 FX analytical electron microscope
operated at 200 kV to capture fine formations that SEM
imaging cannot capture. A HR-SEM type FEI Tecnai
F30 Super TWIN with a Schottky field emitter, using an
acceleration voltage of 300 kV, point resolution limit
0.2 nm was used. The HR-SEM is equipped with a
scanning transmission electron microscope (STEM) unit
(smallest probe size 0.2 nm). For HR-SEM, the speci-
mens were grinded, mechanically dimpled and thinned
by Ar milling.

Figure 1 shows the surface microstructure of tung-
sten-copper composites with 30 pct copper volume
fraction after using SPS. The upper left corner of
Figure 1 presents a magnification of the copper particles
which are in the nano size range that is relatively small
compared to the tungsten particles. It was noticed the
homogenous distribution of the copper particles (the
small particles) through and surrounding the tungsten
particles (the large particles). The high resolution scan
imaging of the carbon powder particles was a challeng-
ing process, this was due to the light distraction
associated with the particles morphology. It also could
be explained due to the activation layer coating the
tungsten powder particles, where the surface is shinier.
The reason for this homogenous distribution could be
explained by the HR-SEM images itself. Each tungsten
particle was fully coated with nano copper precipitations
allowing limited contact between the tungsten particles.
This results in the reduction of the deboning zones
throughout the materials. This homogenous distribution
was reflected on the uniformity of the measured
mechanical properties across the composites and the
hardness across the composites thickness. It also
improves the electrical conductivity of the compos-
ites.[2,10] So the SPS method was used on two different
metals with nano sizes and the nano size is maintained in
the final composites.

It should be observed that the particle sizes for the
tungsten and copper have not significantly increased in

size through the SPS, and after the sintering process
because of the very short duration of the thermal
exposure of the composites.

B. Hardness Measurements

Vickers microhardness, Hv, measurements were con-
ducted using Neophot hardness tester and a load of
(5 to 100 g) applied for 10 s. Vickers’s microhardness
measurements were carried out for the investigated
composites of the two different sintering temperatures as
well as for the three copper volume fraction composites
using a load of 10 kg. To insure consistency though out
the material surface and homogeneity, a minimum of ten
readings were taken for each case which was of
consistent as homogenous uniform distribution of the
copper particles through and surrounding the tungsten
particles observed through the SEM investigations.
The Vickers micro-hardness results are presented in
Table III.
It should be noticed that the specimens with the

lowest copper volume fraction in the W-Cu composites
were the hardest. As the increase of the copper volume
fraction in the composites the hardness was found to
decrease. The hardness values were notably increasing
with the increase in sintering temperature. This is a
reflection of the strong bonding between the particles for
high sintering temperature, which is an indication of the
high bulk density.

C. Electrical Resistivity Measurements and Coefficient
of Thermal Expansion

The measured electrical resistivity was converted into
the international annealed copper standard conductivity
(IACS) units according to ASTM standards B193-72.[24]

The electrical properties of copper were standardized in
1913 by the international electro technical commission
which defined the IACS where the conductivity of
copper was set at 100 pct. With its exceptional current
carrying capacity, copper is more efficient than any
other electrical conductor because of its superior con-
ductivity. Annealed copper is the international standard
which contains all other electrical conductors for
comparison.[25] The electrical resistivity of the copper-
carbon composites was measured by using high preci-
sion Micro-Ohmmeter, Omega CL8400. The electrical
resistivity (q) was calculated according to Eq. [3]:

r ¼ R=Að ÞL ½3�

Table III. The Hardness (MPa) of the Three Volume

Fraction in the Tungsten-Copper Composites Under Two
Sintered Temperatures Conditions Composites

Sintering
Temp. [K (�C)] 20 Pct Cu 25 Pct Cu 30 Pct Cu

1273 (1000) 1910 1880 1700
1373 (1100) 1920 1900 1720
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where R is the resistance in ohm, L is length (cm), A is
the cross section (cm2) and q is the electrical resistivity
measured in lX/cm.

Table IV presents the measured electrical conductiv-
ity in lX/cm (which is 1/q), for the W-Cu composites
with three volume fractions of copper at two different
sintering temperatures [1273 K and 1373 K (1000 �C
and 1100 �C)]. The value of (1/58 = 0.017241) mm2 X/m
is the international equivalent of volume resistivity of
annealed copper equal to 100 pct electrical conductivity.
The latter term means that a copper bar of 1 cm2 in
cross section at 293 K (20 �C) would have a resistance of
1.7241 lX/cm.[24,25] All the measured resistivity data
were converted to the international conductivity units
(IACS) according to the latter relation. This was in
contestant of the Chang et al.[26] observations, where the
experimental resistivity of composites followed the trend
of the theoretical prediction, increasing with increasing
volume fraction. It was also noticed that the electrical
conductivity (pct IACS) value changes with the sintering
temperature were moderate, whereas the electrical
conductivity (pct IACS) value increases with the
increase of the sintered temperature.

It has been reported that there is a relation between
the thermal conductivity and the electrical resistivity of a
metal.[2,27] Heat transfer by conduction involves transfer
of energy within a material without any motion of the
material as a whole. The rate of heat transfer depends on
the temperature gradient and the thermal conductivity
of the material. Thermal conductivity is a reasonably
straightforward concept. When you are discussing heat
loss through the walls of your house, you can find tables
which characterize the building materials and allow you
to make reasonable calculations. More fundamental
questions arise when you examine the reasons for wide
variations in thermal conductivity. For metals, the
thermal conductivity is quite high,[27] and those metals
which are the best electrical conductors are also the best
thermal conductors. At a given temperature, the thermal
and electrical conductivities of metals are proportional,
but raising the temperature increases the thermal con-
ductivity while decreasing the electrical conductivity.
Wiedemann and Franz[28] derived a relation equation
between the thermal and electrical conductivities. Thus,
if electrical resistivity can be measured, the thermal
conductivity can be calculated this behavior is quantified
in the Wiedemann-Franz Law as in the Eq. [4][28]:

rk
T
¼ p2K2

B

3e2
¼ L ¼ 2:443� 10�8 JX=K2s: ½4�

where k is the thermal conductivity (W/mK), r is the
electric resistivity (lX/cm), T is the ambient temperature
[298 K (25 �C)], KB is Boltzmann constant, and L is
Lorentz number.
From the quantum mechanical point of view, the

thermal conduction of the metal occurs by electron
Fermi energy level. Thus the thermal conductivity can be
expressed by the number of electrons and the effective
mass of the electrons, which has Fermi energy level.
Similarly, electrical conductivity can be expressed by the
electrons. However, the electrical conductivity decreases
with particle velocity increase because the collisions
divert the electrons from forward transport of charge.
This means that the ratio of thermal to electrical
conductivity depends upon the average velocity squared,
which is proportional to the kinetic energy. The propor-
tional relationship between electrical conductivity and
the CTE was observed and reported in Figure 2. The
CTE was measured using a dilatometer of sensitivity of
10�4. The CTE was measured in the temperature interval
from 323 K to 523 K (50 �C to 250 �C). The linear CTE
was calculated using the Eq. [5] as presented in Figure 2.

K ¼ DL= L0 � @Tð Þ ½5�

where K is linear CTE, ¶T is the temperature interval
(change), DL is the relative length expansion due to
temperature change as DL = (L � L0), where L is the
length of the sample after expansion, L0 is the sample
length before testing.
Since copper is one of the most important materials in

electrical and electronic applications due to its high
electrical conductivity.[2] Copper CTE is reported to be
17.6 9 10�6 K�1,[2] where the CTE of tungsten is
4.3 9 10�6 K�1.[2] It could be noticed that the tungsten
reinforced composites with the highest copper volume
fraction have higher electrical conductivity. Further-

Table IV. The Electrical Conductivity (pct IACS) of the

Three Volume Fraction Tungsten-Copper Composites Under

Two Sintered Temperatures Conditions Composites

Sintering
Temp. [K (�C)] 20 Pct Cu 25 Pct Cu 30 Pct Cu

1273 (1000) 30 35 38
1373 (1100) 31 35 39
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Fig. 2—The measured Electrical conductivity in (pct IACS), and the
CTE in 10�6 K�1 for tungsten-copper composites with three volume
fractions of copper and at two different sintering temperatures
1273 K and 1373 K (1000 �C and 1100 �C).

548—VOLUME 44A, JANUARY 2013 METALLURGICAL AND MATERIALS TRANSACTIONS A

Author's personal copy



more, it is observed that the W-Cu composites with high
volume fraction of copper have the highest CTE values,
which could be attributed to the higher densification,
generating a break in the continuous copper matrix
network. Tungsten-copper composites are characterized
by high thermal conductivity, high thermal expansion
combined with excellent electrical conductivity.

D. Tensile Mechanical Measurements

Room temperature tensile experiments were con-
ducted using MTS Testing Machine (Model 610) fitted
with a 160 KN load cell operating in the displacement
control mode. The electromechanical testing machine
was conducted under quasi-static loading (strain rate of
8 9 10�5 to 1.3 9 10�4 s�1). Cylindrical specimens with
5 mm in diameter and 20 mm in height were prepared
from the cast rods. The contact surfaces of the samples
were ground and polished to prevent frictional effects
between the specimen and the punches. The samples
were deformed until fracture occurred. To ensure
consistency and homogeneity, a minimum of three
samples for each case were subjected to the same
loading conditions and the average value was reported
in the results. The results indicated a measurement
variation less than 8 pct. The stress-strain responses of
the W-Cu composites with three volume fractions of
copper and at one different sintering temperature
1273 K (1000 �C) were measured using the uniaxially
tensile testing performed accordingly to ASTM standard
E-9 for metals. The cross-head speed was 1 mm/min.
The stress-strain responses were presented for three
W-Cu composites with 20 pct, 25 pct, and 30 pct of
copper volume fractions respectively, and at one sinter-
ing temperature of 1273 K (1000 �C) as shown in
Figure 3.

For W-Cu composites with 30 pct volume fraction of
copper, the stress-strain response was the highest,
reflecting an elastic modulus value of 22071.51 MPa.
As the copper volume fraction in the W-Cu composites
decreases the failure strains decreases. This leads to the
reduction of the elastic modulus, whose values decrease
monotonically with the copper volume fraction over the
entire range. The elastic modulus for W-Cu composites
with 25 pct Cu was 19511.18 MPa, and for 20 pct Cu
was 18021.18 MPa. Whereas, the failure strains for
W-Cu composites with 30 pct, 25 pct, and 20 pct of Cu
were 3.1 pct, 2.98 pct, and 1.94 pct, respectively. Also,
by calculating the stiffness to weight ratio or specific
stiffness, which is a materials property consisting of the
elastic modulus per mass density of a material. The
specific stiffness for W-Cu composites with 30 pct,
25 pct, and 20 pct volume fraction of copper were
16.38 9 106 (m/s)2, 13.36 9 106 (m/s)2 and 12.014 9
106 (m/s)2, respectively. High specific stiffness materials
find wide application in aerospace applications where
minimum structural weight is required. For comparison
purposes the specific stiffness for copper is reported to be
13 9 106 (m/s)2, and for 21 9 106 (m/s)2.[22,27] Approx-
imately 18 pct reduction in the elastic modulus between
composites with highest and the lowest copper volume
fraction W-Cu composites is evident.
Close investigation of the fractured surfaces, as

presented in Figure 4, shows a typical vein structure in
the direction of the maximum shear stress. The direct
observations of crystallization within the shear bands of
W-Cu composites induced by bending are reported.[2,29]

The fracture surface of the 30 pct volume fraction
copper composite as shown in Figure 4(c) was found to
have the roughest fracture surface as a reflection of the
highest value of the ultimate tensile strength.
The top of the fractured specimens for the tungsten-

copper composites is characterized by severe rough
surface due to the release of the load at the final event of
fracture in this very limited area, as presented in
Figure 4 the higher magnification SEM. This could
explain the high fracture strain that was noticed in
Figure 3. The size of the nanocrystalline particles
relative to the width of the nanocrystalline bands is
critical in inducing the inhomogeneity in the flow
deformation and micro-crack formation in the fracture
composites.[30] The viscosity of the flow may have been
increased with the help of the nanoscale particles,
without forming any micro-cracks that leads to particle
strengthening of the composites. Close investigation of
the fractured surface specimen shows that the two layers
(veins and featureless area) deform at different rates,
since the vein-like layer is extruded out of the surface
relative to the featureless layer, as shown in Figures 4(a)
through (c).

IV. CONCLUSIONS

This research focuses on the manufacture of tungsten-
copper composites using the SPS method with various
copper nano-particles volume fractions (20 pct, 25 pct,
and 30 pct) at different sintering temperatures [1273 K
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Fig. 3—The stress-strain responses for tungsten-copper composites
with three volume fractions of copper and at 1273 K (1000 �C)
sintering temperature.
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and 1373 K (1000 �C and 1100 �C)]. Evaluation and
determination of the effect of different copper volume
fraction and sintering temperature on the mechanical,
electrical, and fracture properties of the composites were
successfully achieved. HR-SEM investigations revealed
homogenous distribution of the copper particles sur-
rounding the tungsten particles. The hardness of the
composites was found to monotonically decreasing with
the increase of the copper volume fraction in the
composites and increase with the increase of the sintering
temperature. This was a reflection of the strong bonding
between the particles at high sintering tempera-
tures, which indicates high bulk density. Similarly the
Electrical conductivity (pct IACS) increases with in-
crease of the copper volume fraction in the compos-
ites and increase with the increase of the sintering
temperature.

For the tungsten-copper composites with higher
volume fraction of copper, the stress-strain response
was the highest. The stress-strain response decreases
with the decrease of copper volume fraction in the W-Cu
composites. This is due to the nanostructure of the
composites with high volume fraction of copper and the
inter-granular surface that contributes in affecting
the stress-strain of the composites. This explains the
fact that the composites with high volume fraction of
copper show high fracture strain values compared to the
composites with lower volume fraction of copper.
Furthermore, it clarifies why the crack faces higher
resistance in penetrating through composites at higher
copper volume fraction than composites with lower
copper volume fraction. Approximately 30 pct reduc-
tion in the elastic modulus between W-Cu composites of
30 pct, and 20 pct copper volume fraction respectively.

Fig. 4—The SEM fracture surfaces and higher magnifications at the top the fractured tungsten-copper composites for copper volume fractions of
(a) 20 pct, (b) 25 pct, and (c) 30 pct, at 1273 K (1000 �C) sintering temperature.
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Conversely, the specific stiffness increases with the
increase of the copper volume fraction in the composites
which reflects good bonding between two different types
of elemental powders that have no solubility.
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Mücklich: J. Mater. Sci., 2008, vol. 43 (20), pp. 6777–83.
doi:10.1007/s10853-008-2941-2.

28. S. Raymond: Physics for Scientists and Engineers with Modern
Physics, 3rd ed., Saunders College Publishing, Forth Worth.

29. A. Abousree Hegazy, M. Abdallah, A. Ibrahim, and S.F. Mostafa:
Res. Bull. Aust. Inst. High Energ. Mater. This manuscript has been
reviewed and accepted for publication in the 2010, ISBN: 978-0-
9806811-8-5, http://bulletins.ausihem.org/.

30. X. Shi, S. Wang, X. Yang, Q. Zhang, and Y. Wang: J. Wuhan
Univ. Technol. (Mater. Sci. Ed.), 2010, vol. 25 (6), pp. 909–13.
doi:10.1007/s11595-010-0118-8.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 44A, JANUARY 2013—551

Author's personal copy

http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://dx.doi.org/10.1007/s11595-010-0118-8
http://bulletins.ausihem.org/
http://dx.doi.org/10.1007/s11595-010-0118-8

	Fracture Properties of SPS Tungsten Copper Powder Composites
	Abstract
	Introduction
	Materials Preparation
	Material Experimentation and Characterization
	SEM Examinations
	Hardness Measurements
	Electrical Resistivity Measurements and Coefficient of Thermal Expansion
	Tensile Mechanical Measurements

	Conclusions
	References


