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ABSTRACT In this study, we present some results on the preparation of a conical-shaped W-Cu composite
by using the combination of the spark plasma sintering and subsequent spinning process. The experimental
results demonstrated that the full density, fine grain and high hardness composite could be obtained. The
relative density of theW-Cu composite after the spinning process increased up to 99.8%which is higher than
that of the composite prepared by SPS processing (98.8%). Similarly, the microhardness of the composite
after the spinning process is improved compared to the sample obtained after SPS processing. This was
attributed to the grain size refinement and the increase of the dislocation density generated during the
spinning process. Besides, the dependence of the microstructure and microhardness of the conical-shaped
W-Cu composite on the positions of the cone was investigated in detail. As a result, the microstructure and
microhardness of the cone were altered at various locations from the inside to the outside walls. This could
be attributed to the difference in the interface bond strength between W and Cu matrix at different positions.
The current work promises to be an innovative and encouraging approach to producing high-performance
W-Cu composites for possible industrial applications and specially in shaped charge liners.

INDEX TERMS W-Cu composite, microstructure, microhardness, spark plasma sintering, spinning.

I. INTRODUCTION
Because of their superior mechanical properties, good wear
resistance, low thermal expansion, and high thermal conduc-
tivity,W-Cu composites have recently become very important
in the automotive, electrical, and military industries [1],
[2], [3], [4]. The requirement for the improvement of their
mechanical properties is important in order to make them
more durable, more reliable, and lower repair costs [1].
So far, many studies have suggested that improving the
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microstructure of W-Cu composites is a good way to improve
their performance [4], [5], [6], [7]. Also, it is well-known that
when the grain size reduces to the nanoscale, the character-
istics like hardness, tensile ductility, and wear resistance will
be improved significantly [8]. However, due to the significant
differences in melting points, densities, and mutual solu-
bility, W-Cu composites with ultra-fine grain are extremely
challenging to fabricate [9], [10]. Powder metallurgy (PM)
technology is often used for fabricatingW-Cu composites [1],
[2]. It is required to have a high sintering temperature
and a long holding time in order to achieve the required
level of densification when fabricating pseudo-alloys such as
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W-Cu [9], [11], [12]. However, grain coarsening is unavoid-
able, and copper may leach out of the skeleton, which causes
copper segregation, which in turn causes a non-homogenous
microstructure and poor product performance. Themost com-
mon approach used in the fabrication of W-Cu composites is
known as melt infiltration [13], [14], [15]. Specifically, W-Cu
composites with high tungsten concentrations (>80%) can be
only prepared using the melt infiltration process. However,
this technique remains some defects such as pores, copper
lakes, and tungsten agglomerates, resulting in a low-quality
product [16], [17]. Some other techniques such as microwave
sintering, hot extrusion, metal powder injection molding,
mechanical alloying and liquid sintering have been also used
to fabricateW-Cu composites [18], [19], [20], [21], [22], [23],
[24]. However, these techniques still require a high sintering
temperature and a long holding time. Recently, a promis-
ing processing technology known as spark plasma sintering
(SPS) has undergone widely used in the fabrication of Cu-W
composites [25], [26], [27], [28], [29]. Several studies have
demonstrated that the SPS technique can rapidly consolidate
powders to a high relative density sample at a low sintering
temperature compared to conventional sintering techniques.
In addition, SPS also allows the preparation of the samples
with finer and more uniform grain and thus resulting in the
improvement in the mechanical properties. However, most of
the study onW-Cu composites fabricated via the SPS method
is focused on how the copper content and sintering conditions
(i.e., temperature and pressure, etc.) affect the microstructure
and performance of W-Cu composites [9], [25], [28]. It is
noted that the samples with cylinder shapes were usually
prepared by SPS for further characterization. However, it is
well-known that W-Cu composites could be used in some
of the applications and specially in liners of some specialty
shaped charges. A dense, ductile metal is needed to achieve
the deepest penetrations. The most common shape of the liner
is conical, with an internal apex angle of 40o to 90o. To our
best knowledge, there is no study working on using the SPS
technique to prepare W-Cu composite with conical shape for
the microstructure and performance analysis up to now.

Additionally, some metal forming techniques such as spin-
ning, rolling, drawing, forging, and bending have been also
used for proceeding and deforming in order to obtain the
metal alloys or their composites with finer and uniform
grains [30], [31]. Among these techniques, an advanced con-
tinuous and local metal forming technology called spinning
which involves gradually shaping a rotating blank over aman-
drel to create rotationally symmetrical structures [32], [33],
[34]. Complex pieces with an interior rib or groove can be
produced using the spinning technique. One of the essential
components, the conical parts with transverse inner rib has
been extensively employed in a variety of industries, such as
aerospace, astronautics, the military, and other sectors [34].
According to above comments, the combination between SPS
technique and spinning technology could be a promising
approach to preparing W-Cu composites with full density,
fine and uniform grains and thus obtaining high-performance

FIGURE 1. SEM image of (a) Cu powder and (b) W powder.

composites for potential applications. The impact of the
approach on the structure and performance characteristics
of W-Cu composites has not been explored so far. In order
to provide ways to optimize the processing approach, it is
required to evaluate the effect of the SPS processing and
spinning technique on the properties of W-Cu composites.

Thus, this study aims to prepare the full density, fine grain
and high performance of W-Cu composite with a conical
shape for the first time using the combination of the SPS
processing and the spinning technique. The microstructure
and microhardness of the composites at different positions
were investigated and presented.

II. EXPERIMENTAL
A. MATERIALS
A commercial Cu powder (purity of 99.5%) with a particle
size in the range of 44-74 µmwas supplied by Xilong Chem-
ical Co Ltd., China (Fig 1a). The W powder with a purity
of 99.9%, angular shape, and the particle size in the range of
20-70 µmwas supplied by TaeguTec Co Ltd, Korea (Fig 1b).

B. FABRICATION OF W-Cu COMPOSITE
The fabrication process of the W-Cu composite by spark
plasma sintering and the subsequent spinning process is
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FIGURE 2. The schematic view of the fabrication process of the W-Cu composite by spark plasma sintering and
subsequent spinning process.

FIGURE 3. (a) The detail of shape and size, (b) graphite molds and (c) optical image of the fabricated conical-shaped W-Cu
composite.

described in Fig 2. First, W and Cu powders with 1:1 weight
ratio along with 1% paraffin added as a binder and 10%
n-hexane medium were mixed with a speed of 150 rpm for

48h to obtained uniform dispersed powder using a W-Co
hard alloy balls, the ratio of balls to powder is 2/1. After
mixing, the powder is taken out and dried in a vacuum oven at
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FIGURE 4. Sampling location to observe the microstructure of prepared
samples.

60oC for 24h under a pressure of 200 mbar. Next, the Cu-W
powder mixture after drying was pressed in a conical mold
(Fig 3) under a pressing pressure of 6 MPa. After pressing
and shaping, the billet is put into a pre-sintering process
conducted at a temperature of 930oC for 120 minutes under a
hydrogen atmosphere to obtain the necessary strength before
being sent to the sintering stage by the SPS technique. After
the pre-sintering process, the samples were cleaned and put
into a graphite mold for SPS processing using SPS Labox
350 system (Sinterland, Japan) with pulsed DC current (5 µs
ON, 5 µs OFF and without any pause). The SPS process was
carried out at a temperature of 900oC for 15 minutes under a
pressing pressure of 32 MPa in a vacuum (6 Pa). The heating
and cooling rates during SPS were 50◦C/min. After the SPS
process, the sintered samples were further proceeded by two
stages of the spinning process to obtain full density and fine
grain composites. In spinning 1, the samples were treated
three times by the spinning process with the parameters of
the spindle speed being 250 rpm, the feed rate of the roller
being 0.2 mm/min and the press amount of 0.1 mm. After
spinning 1, the samples were annealed to relieve stress at a
temperature of 150oC for 60 minutes at ambient atmosphere
with the heating and cooling rate of 5oC/min. Next, the sam-
ples were introduced in the spinning 2, with the parameters
of the spindle speed is 250 rpm, the feed rate of the roller
being 0.2 mm/revolution and the press amount of 0.1 mm.
The process was repeated two times.

C. CHARACTERIZATION
To study the structure of the conical-shapedW-Cu composite,
the sample was taken from the center position by using the
wire cutting method as shown in Fig 4. Then the sample
was ground, polished and etched with an etchant solution
of FeCl3 solution (5g) + HCl (10mL) + H2O (100mL).
The microstructure of the samples was studied using opti-
cal microscopy (Axiovert 40 MAT, Germany), scanning
electron microscopy (SEM, Hitachi S4800, Japan) and
transmission electron microscopy (TEM, JEOL JEM 2100,
Japan).

The density of the sample was determined by using the
Archimedes method (AND GR-202, Japan) in distilled water
at room temperature. The reported values are an average
of five measurements taken for each examined sample. The

FIGURE 5. (a) SEM image, (b) XRD pattern and (c) EDS spectrum and the
elemental content of the milled W-Cu composite powder.

relative density of the samples was evaluated by comparing
theoretical and experimental density. The theoretical density
of W-Cu (1:1) composite was calculated to be 12.23 g/cm3.
The XRD patterns of the samples were recorded in a range
of 20o–80o by using X-ray diffraction (XRD, Bruker D8
advance, Germany) with radiation of Cu Kα (λ = 1.5406 Å)
operating at 40 kV and 40 mA, scan step 0.03o and scan
rate 0.01 s/step. The XRD patterns were analyzed using
MDI Jade 6.0 software. The microhardness of the samples
was measured on a microhardness tester (IndentaMet 1106,
Buehler USA). To evaluate the accurate hardness measure-
ment results, the samples were made with five measurements
at different positions with a load of 0.2 kgf and a holding
time of 10 seconds. The reported microhardness value is the
average value of ten samples.
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FIGURE 6. (a) SEM image and (b) EDS spectrum of W-Cu composite after SPS processing, optical and SEM
image of the cone after etching (c-d) outside and (e-f) inside.

III. RESULTS AND DISCUSSION
A. MICROSTRUCTURAL ANALYSIS
Microstructure of W-Cu composite powder after milling is
shown in Fig 5a. As can be seen, Cu and W powders were
mixed and uniform dispersed together. The XRD pattern
of the W-Cu composite powder are shown in Fig 5b. The
obtained data indicated that only the typical Cu and W peaks
could be found. The typical peaks of Cu are located at 2θ of
43.8◦, 50.9◦ and 74.4◦ which correspond to (111), (200) and
(220) planes, respectively (JCPDS No. 003–1018). Mean-
while, the typical peaks of W are determined at 2θ of 40.3◦,
58.2◦ and 73.2◦ corresponding to (110), (200) and (211)
planes, respectively (JCPDS No. 04–0806). This suggested
that the phase composition of the W-Cu composite powder is
unaffected by the milling process. EDS spectra were used to
examine the chemical compositions of the W-Cu composite
powder. As shown in Fig 5c, the powder consist of two
primary components of the composite are Cu and W with the

content of 49.73% and 50.27 wt.%, respectively. This is in a
good agreement with the designed samples.

Fig 6a is the SEM image of the conical-shapedW-Cu com-
posite after SPS processing. As can be seen, it shows quite
uniform dispersion of W particles (white) on Cu background
(gray). The chemical compositions of the W-Cu composite
were analyzed by EDS spectra as shown in Fig 6b. It showed
that the composite consists of two main components includ-
ing Cu and W with an amount of 48.22 wt.% and 50.82%,
respectively. There is a slight difference between the Cu
and W contents as designed. In addition, a small amount of
oxygen with content < 1 wt.% can also be analyzed. This
is possible due to the possible amount of oxygen on the
surface of Cu and W particles during the sample fabrication.
However, with a low oxygen content of less than 1 wt.%,
it can also be considered as a sintering process that does not
cause oxidation for conical-shaped Cu-W composite. SEM
images and optical images of Cu-W composite after SPS
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FIGURE 7. Optical images and SEM images of W-Cu composite samples processed by SPS and spinning 1 at different position (a1-a2) inside,
(b1-b2) center and (c1-c2) outside.

FIGURE 8. Optical images and SEM images of W-Cu composite processed by SPS, spinning 1, annealing, and spinning 2 at different position
(a1-a2) inside, (b1-b2) center and (c1-c2) outside.

processing are shown in Fig 6, where mainly the structure
of the Cu-rich region is observed. Fig 6c-d corresponds to
the optical image and SEM image of the area near the outside
surface of the cone. Fig 6e-f is an optical image of the area
near the inside surface of the cone. The structure of the Cu
matrix contains many grains with a size distribution from a
few tens of micrometers to hundreds of nanometers. Thus,
the structure going from the outside to the inside of the cone

is nearly the same, there is not much difference in particle
shape and size.

The cones after SPS processing were annealed at 150oC
for 60 minutes to relieve stress, then proceed to the first
spinning process. The sample after the spinning 1 is also cut
at the same positions as the sample for the cone as shown in
Fig. 4 and marked on the inside and outside of the cone wall
for convenience in the observation and evaluation process.
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FIGURE 9. TEM images of W-Cu composite processed by (a) SPS and spinning 1 and (b) SPS, spinning 1, annealing and spinning 2.

FIGURE 10. (a) XRD patterns of W-Cu composite processed by (S0) SPS processing, (S1) SPS and spinning 1, (S2) SPS, spinning 1, annealing and
spinning 2 and (b) plotting and linearly fitting the relationship between βcosθ and 4sinθ .

Fig 7a1, 7b1 and 7c1 are optical images of the cone section
after spinning, polishing and etching at positions correspond-
ing to the structure of the section going from the inside
surface to the outside surface of the cone. It can be seen in
the inside surface of the cone wall (Fig 7a1), the Cu-rich
area has a structure similar to that of the cone wall after SPS
processing, that is, in copper grains containing many particles
with rather large sizes up to few tens of micrometers. In the
center of the cone wall, the structure shows that there are
still many Cu particles with large sizes, but some areas have
changed into smaller particles and the grain boundaries are
not observed (Fig 7b1). Coming to the outside region, the
microstructure of the copper-rich area is not clearly defined
the grain boundary between the copper grains. This could
be because of the copper particles became finer during the
deformation process (Fig 7c1). To see more clearly the struc-
ture of the cone wall after spinning 1, the cross-sectional
structure was further observed through SEM as shown in

Fig 7a2, 7b2 and 7c2. The corresponding imaging areas from
the inside surface to the outside of the cone walls are taken
in the same as for optical images. Observational results also
clearly show that, for the area on the inside and the center
of the cone wall, the Cu grains are larger. However, the Cu
grains were deformed and become smaller in the area of the
outside cone surface. When observed at higher magnifica-
tion, for the area outside the cone surface, the microstructure
of the copper-rich region consists of small grains with a
size of a few hundred nanometers. This demonstrated that
the spinning process is possible to form the ultra-fine grain
structure on the outside surface of the cone. However, the
inside surface of the cone still retains the coarse-grained
structure similar to after SPS processing. The grain size
transformation produces a grain size gradient from the
inside to the outside of the conical-shaped W-Cu composite
with a relation of the coarse grain to an ultra-fine-grained
structure.
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Fig 8 shows the cross-sectional optical image and SEM
image of the cone with the corresponding positions from the
inside to the outside of the cone wall of the sample after
the spinning 2. Observation of the optical image, there is
no longer appearance of coarse Cu grain from the inside
to the outside wall of the cone. This result demonstrated
that after spinning 2, the grain structure of copper in the
entire cone wall has been affected by the spinning process
and creates an ultra-fine-grained structure. This is further
clarified through SEM observations as shown in Fig 8a2, 8b2
and 8c2. As can be seen, the Cu-rich regions completely
contain mainly ultra-fine grains with a bar-like structure or
stacked plates with sizes ranging from a few µm to hundreds
of nm. Thus, after two spinning processes, the Cu-rich regions
is completely transformed into an ultra-fine structure.

To clarify the influence of the spinning process, the outside
surface structure of the cone was observed on transmission
electron microscopy. Fig 9a is the TEM image of the conical-
shaped W-Cu composite after spinning 1. As observed on
the TEM image, it clearly shows ultra-fine grains with a size
of several hundred nm. Furthermore, from the TEM images,
many dislocations are also observed in the Cu grains. Besides,
the dislocations tend to aggregate together to form dislocation
walls at the grain boundary positions. The appearance of the
dislocations is due to the continuous deformation of large
grains to form small grains during the spinning process.
When this deformation process becomes strong, the dislo-
cations also gradually move to the grain boundary regions
to form the dislocation walls. The structure of Cu matrix
after spinning 2 is also observed on the TEM image to eval-
uate the change compared with the composite prepared after
spinning 1 (Fig 9b). As can be seen, it is clear that the forma-
tion of the dislocations in the ultra-fine grains is observed.
In addition, the stronger and more concentrated formation
of dislocation walls is also observed at the grain boundary
positions compared with the structure of the composite after
the spinning 1.

Xray diffraction was used to validate the transmission
electron microscopy study. Fig 10a shows XRD patterns of
the W-Cu composite after SPS processing (S0), after the
spinning 1 (S1) and after the spinning 2 (S2). From the XRD
patterns, it is shown that the sample consist only of Cu and
W with typical peaks as noted in Fig 10a. This confirm that
the sintering and spinning process do not change the phase
composition of the composite. Using the Xray diffraction
data, the dislocation density (ρ) in all samples was calculated
by using the following Equation (1) [35]:

ρ =
2
√
3ε

dcb
(1)

where b is the dislocation Burgers vector, and using the
Williamson-Hall method described in Equation (2) [36], it is
possible to determine the microstrain (ε) and crystalline size
(dc) of the samples from the XRD peak broadening (βhkl):

βhkl cos θ =
0.94λ

dc
+ 4ε sin θ (2)

FIGURE 11. Density and relative density of W-Cu composite processed by
(S0) SPS processing(S1) SPS and spinning 1, (S2) SPS, spinning 1,
annealing and spinning 2.

FIGURE 12. Microhardness of W-Cu composite processed by (S0) SPS
processing and (S2) SPS processing and spinning 2.

where λ is the wavelength of Cu Kα radiation. By plotting
and linearly fitting the relationship between βcosθ and 4sinθ
(Fig 10b), the values of ε and dc were estimated using the
slope and intercept. The dc of the composite was calculated
to be 70.7 nm, 41.2 nm and 20.1 nm corresponding to the
W-Cu composite (S0) after SPS processing, (S1) after SPS
processing and spinning 1 and (S2) after SPS processing
and spinning 2, respectively. The obtained results are in
good agreement with the measured results observed by the
microstructural analysis as discussed in the above section.
Besides, the value of dislocation density (ρ) was calculated
using Equation (2) to be 7.38 × 1014 m−2, 1.65 × 1015 m−2

and 3.78 × 1015 m−2 for the S0, S1 and S2, respectively.
As a result, the dislocation density of the W-Cu composite
was increased with the number of the spinning process. Thus,
the spinning process not only reduces the grain size but also
increase the dislocation density of the composite. This will be
a key factor that leads to the improvement in the mechanical
properties of the W-Cu composites.
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FIGURE 13. Fracture surfaces of conical shaped W-Cu composite at different regions (a) inside, (b) center and (c) outside.

B. DENSITY AND MICROHARDNESS
In addition to the microstructure, the spinning process also
increases the density of the conical-shaped W-Cu composite.
The density and relative density of the W-Cu composite
were presented in Fig 11. After SPS processing, the density
of the W-Cu composite cone was measured to be 12.08 ±

0.12 g/cm3, corresponding to the relative density of 98.8 ±

0.2%. After the first and second spinning processes, the
density of the composite increased to 12.14 ± 0.09 g/cm3

and 12.2 g/cm3
± 0.08 g/cm3, respectively, corresponding

to the relative density of 99.3 ± 0.17% and 99.8 ± 0.15%,
respectively. The increase in the density could be due to
the pores that may exist in the cone structure having been
removed by the spinning process.

To evaluate the effect of the spinning process on the hard-
ness of the conical-shaped W-Cu composite, samples were
also cut from the conical wall and ground, polished, and then
measured with a Vickers microhardness tester at different
positions from the inside to outside walls of the cone. Fig 12
shows the microhardness of the composite after SPS pro-
cessing (S0) and after SPS processing and spinning 2 (S2).
As can be seen, the general trend is the hardness on the outside
wall of the composites remains a higher microhardness than
that of the inside wall. For composite after SPS processing
the highest hardness is obtained at the outside wall positions
of the cone with a value of 379 ± 6 HV followed by the
microhardness of positions located at the inside wall of the
cone. The lowest microhardness was measured at the position
located at the center of the cone with a value of 341 ± 7 HV.
For cones after SPS processing and then proceeding with the
spinning process, the highest microhardness was measured to
be 415 ± 6 HV, 396 ± 8 HV and 365 ± 5 HV corresponding

to the positions at the outside wall, the inside wall and the
center of the cone. It is noted that the microhardness of the
composite after the spinning process was higher compared
to the sample obtained after SPS processing. This could be
resulted from the increase in the dislocation density generated
during the spinning process as demonstrated by TEM and
XRD analysis. Besides, the improvement in the microhard-
ness could be attributed to the decrease in the Cu grain size
according to the Hall–Petch relation as given by Equation (3)
[37], [38]:

HC = HC0 + kd−1/2
c (3)

where HC is the microhardness of the conical-shaped
W-Cu composite, k is the Hall–Petch coefficient, and dc is
the Cu grain size. According to Equation (3), the decrease
in the grain size is a key factor leading to enhancing the
microhardness of the composites. In this study, the Cu grain
size of the composite decreased significantly from coarse to
ultra-fine grain after the spinning process as discussed in
the above section. In addition, it is interestingly noted that
the microhardness of the conical-shaped W-Cu composites is
different as measured at different positions from the inside
wall to the outside wall of the cone. This could be due to
the difference in the interface bond strength between W and
Cu matrix at different positions. Fig 13 shows the fracture
surfaces of the composites at different positions from the
inside to outside walls of the cone. As can be seen, the inter-
face bond strength between W and Cu matrix at the outside
region is much stronger than that of other regions. In which,
there are no gaps between W and Cu that can be observed.
On the contrary, some holes and gaps between W and Cu
were observed at the inside and center regions of cone. This
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implied that the interface bond strength betweenW and Cu at
these regions is weaker compared to that of the outside region.
The decrease in the W-Cu bond strength led to the reduction
in the load transfer strengthening from the softer and weaker
Cumatrix to harderW reinforcement and thus resulting in the
decrease in microhardness of the composites at the inside and
center regions of the cone.

IV. CONCLUSION
We have successfully prepared the full density, fine grain and
high hardness conical-shaped W-Cu composite by using the
combination of the spark plasma sintering and subsequent
spinning process. After the spinning process, the relative
density of theW-Cu composite increased to 99.8%, exceeding
the relative density of the composite made via SPS process-
ing (98.8%). The microhardness of the composite following
the spinning process is higher than the sample produced
throughout SPS processing. In addition, the microstructure
and microhardness of the conical-shaped W-Cu composite
at different positions were investigated. The obtained results
demonstrated that the microhardness of the prepared compos-
ites varies from the inner wall to the outer wall of the cone.
The proposed study has the potential to be an innovative and
encouraging new method for developing high-performance
W-Cu composites for use in future industrial applications.
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