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SUMMARY

A series of W-Cu composites were fabricated alternatively by infiltration method
(19-48vol%Cu) or by pressing and sintering method (20-80vol%Cu), and three-point
bend tests were carried out at temperatures between 77 and 363K.
Ductile-to-brittle transition behavior of the composite was investigated and also
effects of Cu content as well as fabrication method on the strength and ductility of the
composite were discussed. Results were summarized as follows. (1) Composite
containing 19-40vol% of copper demonstrated ductile-to-brittle transition behavior.
Transition temperature tended to decrease substantially with increasing Cu content,
though ductility of the composite by infiltration method was much better than that by
pressing and sintering method. (2) Composite containing 48-80vol% of copper did
not demonstrate transition behavior regardless of fabrication method. (3) These
results were well interpreted in terms of microstructure and fractography.
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INTRODUCTION

Tungsten-copper composites containing 10-60vol% of copper are widely used as
electric apparatus such as heavy duty electrical contacts, high current circuit breakers,
resistance welding electrodes and contact tips of arc welding guns, because of
good resistance to arc erosion and welding as well as good wear resistance of
tungsten, and because of excellent electrical and thermal conductivity of copper (1-3).
These composites are also used as heat sinks in electronic packages, because of low
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thermal expansion coefficients (4). More recently W-Cu composites are used as
thermal management and microwave shielding materials, because of high atomic
mass of tungsten (5). For improving properties and performance of composite,
densification of the material should be primarily considered. In these points of
view most researchers have ever tried applying mechanical alloying (5,6) and/or
adding elements such as iron, cobalt, nickel and rare earth metals (3,7).

Effects of fabrication method and conditions, and/or effects of Cu content on the
mechanical properties of the composite are also investigated extensively (1,6,8-10).
It is shown that both hardness and strength generally depend on microstructure and
composition. First hardness and strength increased almost linearly with increasing
volume fraction of tungsten in copper matrix obeying "rule of mixtures". Secondly
the composite fabricated by infiltrating tungsten powder skeleton with liquid copper
demonstrated superior properties to that fabricated by pressing and sintering the
mixed powders of tungsten and copper. However there are not many studies on the
ductility, particularly the ductile-to-brittle transition behavior of the composite.
Furthermore the mechanisms of deformation and fracture of W-Cu composites were
not fully understood.

Pure tungsten (one of BCC transition metals) in the recrystallized state shows no
ductility at and around room temperature and demonstrates ductile-to-brittle
transition behavior. In contrast, copper (one of FCC metals) has quite excellent
ductility even at relatively low temperatures regardless of heat treatment and
demonstrates no ductile-to-brittle transition behavior. In this study a series of
W-Cu composites containing 19-80vol% of copper were fabricated alternatively by
infiltration method (19-48vol%Cu) or by pressing and sintering method
(20-80vol%Cu). Microstructure of the composite was observed by SEM.
Strength and ductility of the composite were evaluated by three-point bend tests at
temperatures between 77 and about 363K, and then its fractography was carefully
examined using SEM. Finally effects of Cu content as well as fabrication method
on strength and ductility of the composite were discussed from the terms of
microstructure and fractography.

EXPERIMENTAL PROCEDURES

W-Cu composites containing 19-80vol% of copper were fabricated by two kinds of
methods. One was infiltration of tungsten powder skeleton with liquid copper.
In this paper this kind of composite was designated as "W-Cu(i)". Copper contents
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were 19, 27, 35 and 48vol% and the porosities were as low as 2-4%. The other
was pressing and sintering of mixed powders of tungsten and copper. In this paper
this kind of composite was designated as "W-Cu(m)" . Copper contents were 20, 40,
60 and 80vol%. The porosities in W-(20-60vol%)Cu(m) were 2-3%, whilst the
porosities in W-80vol%Cu(m) were 7%. Typical size and dimensions of the
composite were 25mm wide, 50mm long and 4mm thick. In this study commercial
pure copper (OFHC) and pure tungsten were also used for reference.

( a ) '

Photo 1 Typical microstructures of W-19vol%Cu(i) (a),
W-35vol%Cu(i) (b), W-48vol%Cu(i) (c) and W-60vol%Cu(m) (d)
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From each composite small specimen was cut out for the microstructural observation
by SEM. The specimen was mechanically polished using emery papers and buff
clothes. Typical microstructures of the composites are follows. In the
photographs dark region indicates Cu-phase including porosities, whist bright region
indicates W-phase. Generally Cu-phase in W-19vol%Cu(i) (Photo l(a)) was
distributed homogeneously and mostly isolated. This result suggests that W-W
contiguity was primary. With increasing Cu content, interconnection of Cu-phase
was frequently observable and hence W-W contiguity decreased as shown in Photo
l(b). In W-60vol%Cu(m) (Photo l(d)), on the other hand, W-phase was isolated
and surrounded by the Cu-phase in contrast to W-19vol%Cu(i). Microstructure of
W-48vol%Cu(i) (Photo l(c)) was just intermediate between that of W-35vol%Cu(i)
and that of W-60vol%Cu(m). It is noted that Cu-phase in W-48vol%Cu(i) was
distributed heterogeneously and local close-packing of Cu-phase was observed.

Three-point bend tests were carried out at temperatures between 77 and about 363K
with a crosshead speed of O.Ollmm/s. Typical size and dimensions of the test
specimen were 4mm wide, 25mm long and 1.5-2.0mm thick. Before each test,
specimen surfaces were polished mechanically using emery papers. From the
load-displacement curve obtained at a given temperature, yield strength(ay),
maximum strength(am) and bend angle(cc) were calculated using the following
equations.

oy,m=3aP/wt2 -(1)
a=2{90 " -[cos\a/(ah(2r+t-d)yi2)+cos\2r+t)/(a2+(2r+t-d)Y2)]} -(2)

vv(mm) is the specimen width and t(mm) is the specimen thickness. 2a(=16mm) is
the span of the supporting pins and 2r(=5mm) is the diameter of the loading and
supporting pins. P(N) is the applied load and d(mm) is the displacement of the
crosshead. Yield strength corresponds to the load at the yield point, whilst
maximum strength to the maximum load in the load-displacement curve. In this
study maximum displacement of the crosshead is mechanically limited and therefore
bend angle of 90 " is defined as "full-bended". For the failed specimen, fracture
surface was carefully examined by SEM, and manner of crack initiation and
propagation was investigated.

RESULTS

1. Temperature dependence of strength and ductility

In Fig.l yield strength and maximum strength evaluated for each composite were
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plotted against the reciprocal of test temperature(7), since it is experimentally
obtained that yield strength is approximately a linear function of (1/7). W-Cu(i)
composites containing 19-35vol% of copper demonstrated ductile-to-brittle transition
behavior. For example, W-19vol%Cu(i) (Fig.l(a)) failed after showing a certain
amount of plastic deformation at temperatures above room temperature, whilst failed
without any ductility at temperatures of <223K. In contrast W-48vol%Cu(i)
(Fig.l(b)) and W-60vol%Cu(m) (Fig.l(c)) failed after showing certain amount of
plastic deformation even at 77K. These results suggest that the composite
containing >48vol% of copper does not demonstrate transition behavior. It is noted
that pure tungsten in recrystallized state failed after showing no ductility at the
temperature as high as 363K, whilst pure copper did not fail, that is full-bended, even
at 77K.
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Fig.l Temperature dependence of yield and maximum strength for
W-19vol%Cu(i) (a), W-48vol%Cu(i) (b) and W-60vol%Cu(m) (c)
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Effects of fabrication method on the strength and ductility were recognized for the
composite containing 19-40vol% of copper. Generally both strength and ductility
of W-Cu(m) composite were inferior to those of W-Cu(i) composite.

2. Effect of Cu content on the strength and ductility

Yield strength at room temperature was plotted against Cu content in Fig.2.
strength generally decreased with increasing Cu content from 19 to 80voll%.
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Fig.2 Plots of yield strength as a function of Cu content

It is well known that electrical properties such as electrical resistivity and mechanical
properties such as hardness and strength obey the rule of mixtures by the following
equation.

M=MAVA+MBVB -(3)
Here M is the physical or mechanical property of the A-B composite, and MA and AfB
are the properties of the element A and element B, respectively. VA and VB are the
volume fraction of the element A and element B, respectively. Data for W-Cu
composite containing 19-40vol% of copper approximately dropped on the straight
line connecting between data for W-19vol%Cu(i) and data for pure copper. It is
noted that data for pure tungsten was not applicable, since this material failed without
any ductility at the temperature as high as 363K. However data for
W-48vol%Cu(i) and W-(60-80vol%)Cu(m) deviated slightly lower than the rule of
mixtures. Particularly yield strength of W-80vol%Cu(m) was as low as pure



Y. Hiraoka et al. RM23 169
15™ International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 1

copper. In Fig.3 slope of the linear relation between yield strength and reciprocal
of temperature as shown in Fig.l was plotted against Cu content. First the slope
tended to decrease substantially with increasing Cu content from 19 to 40vol%
irrespective of fabrication method. Secondly the slope for the composite
containing 48-80vol% of copper was relatively small (<24xlO3MPa • K). It is
interesting that the composite showing very small slope did not demonstrate
ductile-to-brittle transition behavior. It is well known that distinguish temperature
dependence of yield strength closely concerns the transition behavior of bcc metal.

20 40 60 80

Cu content (vol%)
100

Fig.3 Plots of the slope of linear relation as a function of Cu content

Change of maximum strength at room temperature as a function of Cu content was
not monotonous as shown in Fig.4. First the maximum strength for
W-(19-35vol%)Cu(i) was 1400-1500MPa irrespective of Cu content. It is noted
that the maximum strength for these composites corresponded to the fracture strength
and this value was relatively higher than that for pure tungsten (about lOOOMPa).
Secondly the maximum strength tended to decrease with increasing Cu content from
48 to 80vol%. It is noted that the maximum strength for these composites does not
correspond to the fracture strength but to the tensile strength. Effects of fabrication
method on the strength was recognized only for the composite containing 19-40vol%
of copper. It is shown that W-Cu(m) composite had generally lower strength than
W-Cu(i) composite. Additionally data for W-20vol%Cu(m) showed a large
scattering.
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Fig.4 Plots of maximum strength as a function of Cu content

Bend angle at room temperature generally increased with increasing Cu content as
shown in Fig.5. At Cu content between 19 and 35vol%, the bend angle increased
only gradually. However the composite containing >48vol% of copper showed
large bend angle of > 40 ° irrespective of fabrication method.

100

80

60

40

20

A W-Cu(i)
• W-Cu(m)
• OFHC

T

20 40 60 80

Cu content (vol%)
100

Fig.5 Plots of bend angle as a function of Cu content
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Effects of fabrication method on the ductility were recognized only for the composite
containing 19-40vol% of copper. W-Cu(m) composite had generally smaller bend
angle than W-Cu(i) composite. It is noted that the composite showing bend angle
of >40 ' did not demonstrate ductile-to-brittle transition behavior.

3. Fractography

(a)

Photo 2 Typical fractography of W-19vol%Cu(i) (a,b),
W-35vol%Cu(i) (c) and W-48vol%Cu(i) (d)



172 RM 23 Y, Hiraoka et al.
15" International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 1

Typical fractography of W-19vol%Cu(i) was shown in Photo 2(a) and 2(b). The
fracture surface basically consisted of W/W interface (marked by "A" in Photo2(b))
and W/Cu interface including Cu-phase (marked by "B"). With increasing Cu
content, ratio of W-W contiguity decreased, size of isolated WAV interface decreased
and deformation of Cu-phase became heavier (Photo 2(c)). Such a change of
fractography was almost consistent with the change of microstructure. In Photo 1
it is shown that W-W contiguity decreased and interconnection of Cu-phase increased
with increasing Cu content. Fractography of W-48vol%Cu(i) (Photo 2(d)) was
different from that of W-(19-37vol%)Cu(i). WAV interface was rarely observed
and deformation of Cu-phase was much heavier in the former composite.

Effects of fabrication method on the fractography were also recognized. W-W
contiguity in W-40vol%Cu(m) was almost equivalent with that in W-35vol%Cu(i).
However poor sintering of tungsten powder was locally observed.

DISCUSSION

It was reported that hardness of W-Cu composite well agrees with the rule of
mixtures (1,8). The hardness increased almost linearly with increasing Cu content,
though the hardness was also affected by microstructure and porosities. It is well
known that the relation between hardness and yield strength is linear. Thereby it is
deduced that yield strength of the composite agrees with the rule of mixtures. In
this study yield strength for W-Cu composite containing 19-40vol% of copper almost
agreed with the rule irrespective of fabrication method. However composite
containing >48vol% of copper showed generally lower strength than the rule of
mixtures. It is interesting that all the composites satisfying the rule of mixtures
demonstrated ductile-to-brittle transition behavior. Deviation from the rule for the
W-Cu composite containing higher Cu content is interpreted from the viewpoints of
microstructure. As mentioned above, distribution of Cu-phase was homogeneous
in the composite containing 19-40vol% of copper irrespective of fabrication method.
However distribution of Cu-phase in the composite containing >60vol% of copper
was heterogeneous and extensive interconnection of Cu-phase was observed ranging
the whole specimen. In the latter case it is possible that Cu-phase preferentially
deformed plastically without any effect by W-phase. Belk et al. (9) concluded that
cold deformation of composite containing 20-40mass% of copper can be modeled by
the confined deformation of Cu-phase with the tungsten remaining undeformed. In
such a case the composite may show a lower yield strength than that expected by the
rule of mixtures.
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Fig.6 Definition of critical stress and critical temperature

Change of maximum strength with increasing Cu content is explained as follows.
W-(19-35vol%)Cu(i) and W-(20-40vol%)Cu(m) composites failed after showing a
small deformation at room temperature and then maximum strength corresponds to
fracture strength. However, fracture strength of a material is represented more
nicely by the critical stress (11). Here the critical stress is defined as the stress at
the critical temperature where yield strength is equal to maximum strength as shown
schematically in Fig.6. The critical stress evaluated for each W-Cu composite was
plotted against Cu content in Fig.7. First it is shown that the critical stress for the
composite containing 19-35vol% of copper was almost constant (about 1550MPa).
W/Cu interface is the weakest site because of mutual insolubility of tungsten and
copper (1). Thereby the crack first initiates from the W/Cu interface, and then
propagates alternatively thorugh W/Cu interface or WAV interface. Fractography
revealed that fracture surface of the composite containing 19-35vol% of copper
consists of WAV and W/Cu interfaces. Ratio of the W/Cu interface increased and
deformation of Cu-phase became heavier with increasing Cu content, though the
W-W contiguity still remained. This result suggests that the crack propagation
might be obstructed by the W-W contiguity and the stress necessary for the further
crack propagation is as high as 1550MPa. Secondly it is shown that the critical
stress for W-Cu(m) composite is relatively lower than that for W-Cu(i) composite.
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Fig.7 Plots of critical stress obtained for the composite
containing 19-40vol% of copper as a function of Cu content

By considering the above discussion, this result suggests that the WAV interface in
W-Cu(m) composite should be weaker than that in the W-Cu(i) composite. The
composite containing >60vol% of copper showed large plastic deformation before
failure and did not demonstrate transition behavior. This result is interpreted as
follows. Microstructural observation for these composites revealed that W-phase
was isolated and that surrounded by the Cu-phase. Thereby propagation of the
crack initiating from the W/Cu interface is obstructed by the Cu-phase. Mu et al.
(10) reported that fracture toughness of the composite is effectively improved with
increasing Cu content through the preferential plastic deformation of Cu-phase.

Ductility is determined both by the yield strength and by the maximum (or fracture)
strength. Particularly low-temperature ductility of a material is represented more
nicely by the critical temperature as defined in Fig.6. The critical temperature is
also an expression of ductile-to-brittle transition temperature (DBTT) (11). In
Fig.8 critical temperature for W-(19-35vol%)Cu(i) and W-40vol%Cu(m) was plotted
against Cu content. First it is shown that critical temperature decreased
substantially with increasing Cu content. As mentioned above, fracture strength
(or critical stress) was almost constant irrespective of Cu content. Thereby change
of DBTT is attributed to the substantial decrease of the yield strength (Fig.2) as well
as to the substantial decrease of the slope (Fig.3) with increasing Cu content.
Secondly it is shown that the critical temperature of W-Cu(m) composite was much
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Fig.8 Plots of critical temperature obtained for the composite
containing 19-40vol% of copper as a function of Cu content

higher than that of W-Cu(i) composite. This result is attributed primarily to the
much lower critical stress of the former material, since the yield strength was almost
equivalent irrespective of fabrication method. Superior ductility of the composite
containing >60vol% of copper is interpreted as follows. Crack once initiating from
the W/Cu interface cannot further propagate, since Cu-phase surrounding W-phase
deforms easily because of very low yield strength and hence obstructs crack
propagation.

CONCLUSIONS

(1) W-Cu composite containing 19-40vol% of copper demonstrated ductile-to-brittle
transition behavior in a manner similar to pure tungsten, one of typical BCC
metals. The transition temperature decreased substantially with increasing Cu
content. This result is attributed mainly to the substantial decrease of yield
strength obeying the rule of mixtures as well as to the substantial decrease of the
slope of linear relation between yield strength and temperature, with the fracture
strength being unchanged. Fracture strength and ductility of the composite
fabricated by infiltration method were generally superior to those of the composite
by pressing and sintering method.

1) W-Cu composite containing >48vol% of copper regardless of fabrication method,
on the other hand, did not demonstrate such transition in a manner similar to pure
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copper, one of typical FCC metals. This result is attributed to the much lower
yield strength leading to the preferential deformation of Cu-phase with W-phase
being undeformed.
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