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Abstract: Due to its negligible solubility, it is difficult to obtain a W-30Cu composite with a homogenous
microstructure. However, with a selected W skeleton, a homogeneous phase distribution was
achieved for a W-30Cu composite in the present study. By detailed characterization of the mechanical
performance and microstructure of the W-30Cu composite, as well as the stress distribution state
under a loading condition, the effects of microstructure homogeneity on the mechanical properties
and failure mechanisms are identified. The mechanisms by which the ductility and strength depend
on microstructure homogeneity contain the effects on plastic deformation and stress coordination of
the Cu phase network. The dominant factors for the high ductility and strength of W-30Cu composites
are proposed.

Keywords: W-30Cu; microstructure homogeneity; dynamic compression strength; ductility;
failure mechanism

1. Introduction

Tungsten—copper composites have been widely applied in electrical contact materials and heat
sink materials due to their excellent properties of high electrical conductivity and good resistance
to high temperature [1-3]. With the development of military technology, W-Cu composites have
shown good potential in warhead materials that demand materials with good homogeneity and
excellent dynamic mechanical properties (especially ductility) [4,5]. Particularly, W-30Cu composite
shows an enormous potential in the military field due to its excellent comprehensive mechanical
performance [6,7]. Compared with W-20Cu composite, the W-30Cu composite has a higher plastic
deformation capacity and proper yield strength [8]. However, with the increase of copper content
(particularly, from 20 wt.% to 30 wt.%), it would be more challenging to fabricate a W-Cu composite
with a homogeneous microstructure via the conventional liquid phase sintering method due to the
negligible solubility of the W-Cu system [9,10]. In general, to achieve homogenous distribution of
the microstructure, the infiltration sintering method is commonly applied in the W-Cu system [11,12].
Ibrahim and Aziz [13] mentioned that subsequent infiltration treatment could increase the density and
microstructure homogeneity of the W-Cu composite via liquid phase sintering. Further, to improve
the sintering properties of the W-Cu composite, pre-treatments of powders such as mechanical
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alloying [14,15], oxidation-reduction method [16], and preparation of Cu-coated W powders [17,18]
have been investigated extensively.

It is known that W-W contiguity can be influenced significantly by Cu content and plays a
dominant role in the mechanical performance of the W-Cu composite [19,20]. Since W-W contiguity
will decrease according to the increase of Cu content, a considerable transformation of fracture behavior
from brittle to ductile may occur in a W-Cu composite [21]. Furthermore, Deng et al. [22] fabricated a
W-30Cu composite with a homogenous copper network structure by spark plasma sintering using
core-shell powders. They confirmed that the W-Cu composite shows a homogeneous microstructure
and high thermal conductivity due to the formation of a fine copper network structure and low
W-W contiguity. However, detailed effects of microstructure homogeneity on mechanical properties
for the W-30Cu composite are relatively deficient in previous studies.

In the present work, by inserting molten copper into the W-Cu skeleton and W skeletons,
respectively, W-30Cu composites with different microstructure characteristics were fabricated. It is
noteworthy that W powders with optimized particle sizes were used. Microstructure parameters were
proposed to quantitatively describe the distribution features of the W and Cu phases. ANSYSLS-DYNA
software was applied to simulate the stress distribution of the specimens during the deformation
process, and high-speed photograph technology was used to record deformation behavior of specimens.
The effects of microstructure homogeneity on mechanical properties and failure mechanisms under
tensile and compressive tests were analyzed.

2. Materials and Methods

2.1. W-Cu and W Skeleton

For the first method, W and Cu powders with compositions of W-15 wt.% Cu were ball milled for
6 hours in a WC-Co container with WC-Co balls at a speed of 200 rpm. The weight ratio of ball to
powders was 3:1. The milled powders were compacted at 250 MPa for 15 min by cold isostatic pressing
to obtain a W-Cu skeleton. The W-30Cu compact was produced by infiltrating molten copper into the
W-Cu skeleton. According to the processing steps (ball milling, compacting, and infiltrating (BCI)) the
W-30Cu compact composite was named as the BCI composite. For the second method, to obtain a W
skeleton with high porosity at a low compacting pressure, the particle size of W powders was first sifted
and controlled within a narrow range. To obtain the W skeleton with proper porosity corresponding
to the W-30Cu composite, the selected tungsten powders were compacted at various pressures and
times by cold isostatic pressing without any pre-sintering treatment. Eventually, the tungsten powders
were compacted at 100 MPa for 15 min to obtain a W skeleton. Another W-30Cu compact composite
was produced by infiltrating molten copper into the W skeleton. According to the processing steps
(sifting, compacting, and infiltrating (SCI)), the W-30Cu composite was named as the SCI composite.
The isothermal infiltration processes of the W-Cu skeleton and W skeleton were performed for 2 h
in dry H, at 1400 °C with a heating rate of 10 °C/min. Both desirable skeletons were infiltrated by
oxygen-free molten copper.

The morphology and size distribution characteristics of two kinds of skeletons are given in Figure 1.
It is seen that W particles possess a polyhedral morphology and a concentrated size distribution.
The W-Cu skeleton is composed of copper and tungsten powders. Most of the copper particles with
irregular shapes contain a broad particle size distribution and distribute around the tungsten powders.
These large-sized copper particles can be converted into a copper pool after melting, which may
promote the rearrangement of the tungsten particles, but the residual copper pool will cause copper
phase aggregation after solidification. In a pure W skeleton, the W powder particles mainly exhibit a
polygon shape with a diameter of 5-8 pm. The large-sized tungsten particles constitute the framework
of the W skeleton, and the small-sized tungsten particles fill the gaps between the large particles.
This is owing to the fact that fine tungsten particles are able to enter into the pores of the W skeleton by
pressure applied during the compacting process [23]. The W particles can be rearranged randomly
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by the capillary forces of molten copper, which are favorable to the homogenous microstructure of
W-30Cu composite.
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Figure 1. Microstructure morphology of skeletons: (a) W-Cu skeleton; (b) W skeleton. Size distribution
characteristics of skeletons: (c) W-Cu skeleton; (d) W skeleton.

2.2. Experimental Method

The density of the W-30Cu composite was measured by the Archimedes method. The theoretical
density was calculated by using inductively coupled plasma optical emission spectrometer
(ICP-OES) method. Scanning electron microscopy (SEM) (Hitachi High-Technologies Corporation,
Tokyo, Japan) and the Image-Pro Plus software (V6.0 For Windows, Media Cybernetics Corporation,
Rockville, MD, USA) were employed to analyze the microstructure characteristics of the two kinds
of composites. The SEM micrographs with different magnifications were applied to measure the
W-W contiguity and phase distribution features.

The W-W contiguity Cy.w was calculated using the following equation:

Cw-w = 2Lw.w/QLw-w + Lw-cu) 1)

where the Lyy.cy and Lyy.w represent the length of the W/Cu and W/W interfaces respectively and were
counted through the Image-Pro Plus software [24].

To quantitatively describe the distribution feature of W and Cu phase, a statistical parameter, i.e.,
the distribution homogeneity Dy, was proposed and calculated according to the following expression:

1 i=1\ Aw ~ Aw

Dy " 2)

-—\2
n (ACu ACu)

where Ac, and Ay represented the area of the Cu phase and W phase in SEM micrographs respectively,
which are counted through the Image-Pro Plus software for each W-30Cu composite. # is the amount
of statistical SEM micrographs. To make the statistic results more accurate, the value of n was at
least greater than 10. The ratio of Acy to Aw was a constant if the phase distribution is completely
homogenous, implying that the value of Dy tends to be infinite. Obviously, the larger the distribution
homogeneity Dy, the more homogenous the distribution of the W and Cu phases is.

Quasi-static tensile tests under different temperature conditions were conducted. The tensile
specimens were designed with dumbbell shapes, where the size of the reduced section was
@5 mm x 25 mm. Quasi-static tensile tests were carried out using the CMT5150 universal testing
machine with a strain rate of 1073 s~1. At least three specimens were prepared for tensile tests under
different temperatures, respectively.
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Furthermore, to clearly identify the effect of the microstructure homogeneity on the mechanical
properties in the W-30Cu composite, a hollow specimen was designed for compressive tests.
The geometry of the compressive specimen was designed as a hollow shaft of length L = 5 mm,
with an outer diameter of 5 mm and inner diameter of 3 mm. Quasi-static compression tests were
performed using CMT4150 universal testing machine with a strain rate of 1073 s71
compression tests were carried out using split hopkinson pressure bar (SHPB) (Beijing Institute of
Technology, Beijing, China) with a strain rate of 4500 s~!. At least three specimens were tested for each
condition. Furthermore, the deformation behavior of specimens under dynamic compression tests was
captured via high-speed photograph technology. The Photron FASTCAM Mini AX200 high-speed
camera (Photron, Tokyo, Japan) was used in the present work. In order to obtain more photos in the
same time on the premise of adequate pixel resolution, 10,000 frames per second (fps) at 768 X 768 pixel
resolution was chosen.

ANSYS LS-DYNA software (V15.0, Livermore Software Technology Corporation,
Livermore, CA, USA) was utilized to simulate the stress distribution during the deformation process.
The fracture surfaces of the specimens were observed by SEM to study the failure mechanism after
compressive and tensile tests.

, while the dynamic

2.3. Simulation Model

According to the actual structure of the Split Hopkinson Pressure Bar device, the geometric models
of the bullet, input bar, and output bar were established. The element type of bullet, input bar, and output
bar are solid elements, while the element type of hollow specimens is a shell element. It is noted that
the mapped mesh method is applied to reduce the calculating error in the mesh partition. The total
number of elements reaches 325,136. To simplify the calculation of simulation, the bullet, input bar,
and output bar were modeled through a rigid material model. The deformation process of compressive
specimens was modeled through the material model “MAT_PIECEWISE_LINEAR_PLASTICITY".
In this model, the stress—strain curve obtained from dynamic compression tests was selected for data
fitting in our simulation. The tested material parameters used for the specimen simulation model are
given in Table 1. Young’s modulus and the material density of the W-30Cu composite applied in this
simulation were obtained from the experimental results. Poisson’s ratio is an empirical parameter.
The initial condition of the simulation was set as follows: a bullet with a speed of 25 m/s strikes the
input bar, corresponding to the bullet velocity in the actual experiment.

Table 1. Material parameters for specimen simulation model.

Quantity Symbol Value Unit
Young’s modulus E 195 GPa
Poisson’s ratio M 0.35 -
Material density P 14,330 Kg/m3

3. Results and Discussion

3.1. Microstructure Characteristics

Quantitative characterizations of microstructure for W-30Cu composites are presented in Table 2.
The distribution homogeneity Dy of the SCI composite is 9.09 which is much higher than that of the
BCI (0.7). Further, the contiguity Cyy.w of the SCI composite is 0.38. However, the Cy.w of BCI is 0.49.
The results imply that, compared with BCI composite, the phase distribution is more homogeneous
in the SCI composite. A tungsten skeleton in the form of “isolated island” morphology distributes
homogeneously in the continuous copper network. In the SCI composite, polyhedral W grains have a
homogeneous distribution feature in the Cu matrix, which possesses a continuous network structure,
as shown in Figure 2a. By contrast, W grains with aggregated distribution exist in the Cu matrix in the
BCI composite, as shown in Figure 2b, which is attributed to the large-sized copper powders in the
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initial W-Cu skeleton. The copper network shows a phenomenon of “interruptions”, where tungsten
particles aggregate together.

20pm

Figure 2. Microstructure of W-30Cu composites prepared by different process: (a) and (c) microstructure

of the sifting, compacting, and infiltrating (SCI) composite; (b) and (d) microstructure of the ball milling,
compacting, and infiltrating (BCI) composite.

Table 2. Microstructure parameters of W-30Cu composites.

Quantity SCI Composite BCI Composite
Relative density 98.5% 97.6%
Distribution 9.09 0.70

homogeneity Dy
W-W contiguity Cw.w 0.38 0.49

3.2. Tensile Test

The true stress—strain curves under tensile conditions for the W-30Cu composites as a function
of temperature are plotted in Figure 3a,b. It can be seen that temperature plays an important
role in the tensile mechanical properties. The tensile properties of the W-30Cu composites exhibit
remarkable temperature dependence and follow the same trend: with an increase of testing temperature,
the strength value reaches its maximum at room temperature and then decreases, while the percent
elongation reaches its maximum at 300 °C and then sharply decreases. As depicted in Figure 3c in
detail, the strength of the SCI composite is higher than that of the BCI composite within a given
temperature range from 25 °C to 600 °C. In Figure 3d, the tensile percent elongation as a function
of temperature is given for the W-30Cu composites. It is noted that the SCI composite exhibits a
higher value in tensile elongation within the given testing temperature range. At room temperature,
tensile elongation of the SCI composite is 10.2%, while the tensile elongation of the BCI composite is only
6.51%. Considering the microstructure characteristics of W-30Cu composites, these results indicate that
a homogeneous microstructure can lead to a significant advantage in tensile mechanical performance.
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Figure 3. Quasi-static tensile tests of W-30Cu composites: (a) true stress—strain curve of the SCI
composite; (b) true stress—strain curve of the BCI composite; (c) tensile strength-temperature curve;
(d) percent elongation—temperature curve.

Figure 4 presents the typical fracture surfaces of the W-30Cu composites after tensile testing at 25 °C,
300 °C and 500 °C. At room temperature, as shown in Figure 4a,b, the deformation of the Cu phase
with the typical dimples and intergranular fractures of W particles dominate the failure of the W-30Cu
composites. However, the cleavage that occurred in the W-W interfaces can be observed as a result of
the presence of W phase agglomeration, as shown in Figure 4b, while the W phase is surrounded by
continuous well-deformed copper in Figure 4a. The deformation of the copper phase in the SCI composite
is more prominent and particularly visible. Furthermore, with an increase of the testing temperature,
an appreciable number of micro-cracks appear on the fracture surface in the BCI composite (Figure 4d).
The fracture surface shows uneven morphology, with a valley in the depth (Figure 4f). It is noticeable that
either visible micro-cracks or uneven surface provide direct evidence for the inhomogeneous deformation
of the BCI composite at room temperature, as well as high temperatures. The deformation degree
of the Cu phase represents a crucial factor affecting the tensile ductility of the W-30Cu composite.
As a consequence, the SCI composite with superior tensile ductile performance can be attributed to its
continuous copper network and homogenous phase distribution features. Although the difference in
microstructure homogeneity can lead to a difference in ductility, the two kinds of composites exhibit
similar temperature dependence. As shown in Figure 4c,d, as a result of the dimples fraction increasing
and reaching the maximum at 300 °C, the fracture surfaces shows transition phenomena from a rough
surface at room temperature to a smooth surface at 300 °C. As we know that copper displays features of
“intermediate temperature embrittlement” [25], the ductility of the Cu phase may have been weakened as
the testing temperature increased above 400 °C, which may have led to stress concentrations at W/Cu
interfaces, thus destroying the W/Cu interfaces, as shown in Figure 4e f. In previous studies [26,27], the Cu
phase can cause local crack deflection and generate an extensive plastic deformation at low temperatures
(T < 400 °C). However, the degradation in ductility of the Cu phase is the main reason for early failure of
W-Cu composites at high temperatures (I' > 400 °C).
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Figure 4. SEM micrographs of the fracture surfaces of W-30Cu composites after tensile testing at
different temperatures: (a) SCI composite at 25 °C; (b) BCI composite at 25 °C; (c¢) SCI composite at 300
°C; (d) BCI composite at 300 °C; (e) SCI composite at 500 °C; (f) BCI composite at 500 °C.

3.3. Compression lest

To study the stress distribution and deformation behavior of the two kinds of composites, a hollow
cylindrical specimen was designed for compression tests in this work. The true stress—strain curve of
W-30Cu composites under dynamic compression conditions is plotted in Figure 5a. It can be found
that the SCI composite exhibits a higher failure strain of 23.6%. In contrast, the failure strain of the BCI
composite is 13.9%. Furthermore, the strength of the SCI composite exhibits a constant stage, while the
strength of the BCI composite reaches its maximum at a strain of 12% and then drops off rapidly.
The different mechanical behaviors of the two composites indicate that a homogeneous microstructure
can contribute to homogenous plastic deformation under dynamic compression conditions.

To visually describe the stress distribution under dynamic compression conditions,
stress nephograms at different simulation moments were obtained via ANSYS LS-DYNA software
(V15.0, Livermore Software Technology Corporation, Livermore, CA, USA). In Figure 5b, it can be
found that the stress exhibits the same level in the whole specimen when the simulation time reaches
0.14 ms. The value of stress is mainly in the order of 970MPa. As shown in Figure 5c, the stress
gradually increases with the increase of simulation time. Particularly, the maximum value of stress is
observed around the center of the inner surface before failure. Thus, for hollow specimens, stress waves
rapidly pass and reflect through the whole specimen due to its thin-wall structure. The stress reaches a
high value in a short time and the stress distribution is relatively homogeneous, which demands that
the W-Cu composites should contain high strength and deformation capabilities.
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Figure 5. Mechanical performance and finite element modelling under compressive tests for W-30Cu
composites at room temperature: (a) true stress—strain curve; (b) stress distribution at 0.14 ms; (c) stress

distribution at 0.18 ms.
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For a better representation of evolution in material failure, as shown in Figure 6, the deformation
behaviors of the W-30Cu composites are captured by using high-speed photograph technology.
Under dynamic compression conditions, the SCI composite presents obvious plastic deformation in
Figure 6a. By contrast, in Figure 6b, the BCI composite shows rigid characteristics, which correspond
to the sharp decrease of stress values in Figure 5a. Furthermore, a significant amount of tiny debris
can be found in the SCI composite under dynamic compression, as shown in Figure 6¢, while several
fragments appear in the BCI composite in Figure 6d. These results indicate that, for the SCI composite,
homogeneous phase distribution can facilitate continuous plastic deformation and high dynamic
compressive strength.

Figure 6. High speed photographs of W-30Cu composites under dynamic compression conditions:
(a) the SCI composite with plastic deformation; (b) the BCI composite without plastic deformation;
(c) the destructed SCI composite with tiny debris; (d) the destructed BCI composite with

several fragments.
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To study the failure mechanism of the W-30Cu composites, the fracture surfaces after dynamic
compression testing are investigated as shown in Figure 7. For the SCI composite, as shown in Figure 7a,
the deformation of the Cu phase is obvious and continuous. Moreover, the micro-cracks are generated
at the interface of the W/W or W/Cu and are isolated in the well-deformed Cu phase. In contrast,
for the BCI composite, the micro-cracks propagate along the interface of the W/W at the location of the
W-phase agglomeration. Indeed, the Cu matrix plays a significant role in the plastic deformation and
coordination of stress concentration. Simultaneously, the W particles show slight elongation in the
W-Cu composites under dynamitic compression conditions [28].

Figure 7. SEM micrographs of the fracture surfaces of W-30Cu composites under dynamic compression
conditions: (a) the SCI composite; (b) the BCI composite.

Combining the results on the deformation behaviors and fracture surface morphology of
W-30Cu composites under dynamic compression conditions, the relationship between microstructure
homogeneity and compressive mechanical performance is established. Under the dynamic compression
conditions of the hollow specimens, the stress with a high value distributes homogeneously within the
whole specimen. In general, interfaces of W/W or W/Cu are readily propagated by micro-cracks due to
their poor bonding strength. As for the SCI composite, due to its homogenous Cu phase distribution,
micro-cracks nucleate and propagate randomly. Furthermore, it is known that the nucleation and
propagation of micro-cracks are mainly prohibited and compensated by the coordinated deformation
of a Cu phase network. The number of micro-cracks increases throughout the whole specimen until
the rupture of the Cu phase dominates the fracture mechanism of the W-Cu composite, finally leading
to the failure of the W-30Cu composite as a result of producing significant amounts of tiny debris.
On the contrary, in the BCI composite, the micro-cracks nucleate intensively at the location of the W
phase agglomeration. Due to the inhomogeneous distribution of the copper phase, the micro-cracks
cannot be prohibited timely by the copper phase, leading micro-cracks to coalesce and then propagate
along the W-W interface. Consequently, the BCI composite specimen breaks into several fragments.
These results indicate that the excellent advantage of the SCI composite in ductility is caused by its
homogeneous phase distribution and continuous Cu phase network.

4. Conclusions

In the present study, by infiltrating molten Cu phase into W skeleton and W-Cu skeleton,
W-Cu composites with different homogeneity of phase distribution were prepared. The effects of
microstructure homogeneity on the mechanical properties and failure mechanisms under tensile and
compressive conditions were investigated. The relationship between microstructure characteristics and
the failure of W-30Cu composites was studied in detail. The related conclusions are mentioned below:

1. The selected tungsten powders were compacted by isostatic cool pressing at 100 MPa to obtain
a W skeleton. The W-30Cu composite was prepared via infiltrating molten copper into the W
skeleton. The prepared W-30Cu composite exhibits homogeneous phase distribution feature and
continuous Cu phase network structure.

2. Quasi-static tensile tests of W-30Cu composites with a different homogeneity of phase distribution
were investigated. It was found that tensile elongation of the SCI composite is 10.2% while the
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BCI composite is only 6.51% at room temperature. It was confirmed that the homogeneous phase
distribution feature and continuous network structure are responsible for a high capacity of plastic
deformation in the W-30Cu composites. Further, as a function of temperature, both the SCI and
BCI composite display a similar ductile evolution with an increase in temperature. In addition,
their tensile elongation reaches a maximum of 16.7% and 14.1% for the SCI composite and the
BCI composites, respectively, at 300 °C.

Hollow cylindrical specimens were applied to study the effect of microstructure homogeneity
on strength and ductility of the W-30Cu composites under a dynamic compression condition.
The SCI composite exhibits an excellent plastic deformation capacity due to its homogenous
distribution feature and continuous network structure. The micro-cracks nucleate randomly
instead of concentrating on the location of the W phase agglomeration due to the homogeneous
phase distribution feature, and the micro-cracks can be prohibited and compensated by the
coordinated deformation of the continuous copper network.
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