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Abstract: W-Cu alloy has been applied in metallurgy, materials, electronics, military and other fields because it has good

arc-resistance, anti-welding, conduct heat and electricity and so on. Electrical conductivity is one of the important material

performance indexes and has attracted much attention. The electrical conductivity models of W-Cu alloy with different content of Cu

were studied in this paper. The characteristics and applicable ranges of these models were also discussed. The conductivity was

calculated using these models and compared with the experimental results and theoretical values. The suitable theoretical values of

W-Cu alloy were selected and compared to the experimental values. The results show that the experimental conductivity of the

W-Cu alloy with low or high Cu component is basically consistent with the theoretical values. Increasing copper content and

reducing porosity can increase the conductivity of W-Cu alloy. This offers a theoretical basis for designing the constituent and

electrical conductivity of W-Cu alloy.
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Tungsten has a low coefficient of thermal expansion, high
melting point and hardness. Copper has good ductility, high
conductivity and thermal conductivity. Tungsten-copper alloy
combines the excellent properties of both components and has
been applied in metallurgy, materials, electronics, military and
other fields" . In recent years, electric devices have been con-
stantly developed, transmission network has been continuously
extended, automatic control technologies have been rapidly en-
hanced and electronic technology has been increasingly popu-
larized. These have given higher demands on W-Cu contacts,
such as good arc-resistance, high heat and electrical conductiv-
ity, excellent fusion weldingand electrical wear resis-
tant ability™. Because the contact material takes the responsibil-
ity for switching on or interrupting current, it directly affects the
working reliability and life of the circuit converter and electri-
cal components. So the electrical conductivity is akey per-
formance index for W-Cu alloy. Scholars have never shifted
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their attention away from the study of alloy electrical conduc-
tivity and established the related models. The classical models
of alloy electrical conductivity are volume mixing model, ma-
trix model, multiphase alloy model, and so on). Lee et al'”.
have the conductivity of W-Cu composites was evaluated
through estimating topological microstructures. Lin et al ',
analyzed the electrical conductivity of Cu-Cr and Ag-W by
three dimensional finite element model and proved that this ap-
proach is effective. These approaches have their own character-
istics and application conditions.

In this paper, based on the different models of conductivity,
the theoretical values of W-Cu alloy were calculated and
compared with the experiment values. The application scope
and limitation of these models were also analyzed. The influ-
ence factors of the conductivity were preliminary studies,
which provides a theoretical basis for the components and
conductivity design of W-Cu alloy.
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1 Theoretical Models of Conductivity

1.1 Volume mixing model®

Teomp = OwV w0V ey (1
where, Gcomp, Ow, 0c, are the conductivity of W-Cu alloy, tung-
sten and copper, respectively; V,, and V¢, are volume fraction
of tungsten and copper, respectively.

1.2 Matrix model"

In matrix model, one phase was as matrix and the secondary
phase particles are embedded in body material. These particles
are unconnected with each other. The sketch map of this
model and structure are shown in Fig.1. The -calcula-
tion formula of the two phase alloys for the matrix model is as
follosv

Ucom - . 1+ I/vimpurity (2)
p matrix ] _ V .
impurity + o-matrix

3 o

impurity O-matrix

In calculation process, it may be regarded as a copper matrix
when V¢, is greater than 50%.
1.3 Statistics model

Disorder crystals form material and their distribution is
very irregular in the statistics model, as shown in Fig.1. The
calculation formula of this model is Eq.(3)".

Gy = [3Vy —Doy + 3V, — Do, ] +

4 3)
\/[(ww ~ Doy + Ve, =Doe, I |, 0w,
16 2

1.4 Multiphase alloy conductivity of model
The general formula® of multiphase alloy conductivity is
as follow
o, -0
Y ——C =0 )
o, +20
where o, 0; and C; are multiphase alloy conductivity, the
conductivity of the i-th phase and the volume fraction of the
i-th phase, respectively.

Fig.1 Matrix and statistics models (a) and microstructure sketch (b) "

1.5 German model

German considered that the microstructure of W-Cu alloy
is an interconnected structure, which is composed of the
tungsten skeleton and solidified copper distributed along the
skt eton. He also proposed that the calculation formula of
thermal conductivity (Qcomp) for W-Cu alloy, seen the in fol-

lowing equation "',

Oeomp = TR*Q, + (1-2R)’Q,,
. Q;Q(,u(m - 41;2 )
ERQW + (l _ER)QCU

®)

where, R=0.0113+1.58V, —1.83V:u/2 +1.06V:u » Ocomps Ocu
and Qy are the thermal conductivity of W-Cu alloy, tungsten
and copper, respectively. In the calculation process, Vy and

Vew Qcu and Qy are interchangeable when Ve, =70%.

The thermal conductivity is in accordance with Wiede-
mann-Franz law. Eq.(5) is substituted in to Eq.(6) to calcu-
late the W-Cu conductivity.

= Leom (©)
oT
where L is Lorentz constant; Qc,m, and ¢ are thermal con-
ductivity and conductivity of W-Cu alloy, respectively.
Lorentz constant is revised by volume mixing law. Ly is
3.30x10%(W-QK > and L, is 2.30x10°%(W-Q)/K*> when
thermodynamic temperature (7) is 293 K. Eq.(7) "lis used
to calculate Lorentz constant.

L=L,Vy, + L.V, (N

where Ly, Lc,are Lorentz constant of tungsten and copper,
Vw, Vcu are volume fraction of tungsten and copper, respec-
tively. The plausible assumptions of this model are strainless,
non-porosity and ideal interface combination.

2 Calculated Values of Different Models and
Analyses

The characteristic parameters of tungsten and copper are
Cu density of 8.69 g/cm’, tungsten density of 19.32 g/cm’,
copper conductivity of 100%IACS and tungsten conductiv-
ity of 30.05% IACS. Table 1 shows the dependence of the
experimental results of the conductivity and the relative
density on the Cu component in W-Cu alloy.

2.1 Experimental results vs the calculated value of
volume mixing model

The calculated values of the volume model are obtained by
Eq.(1) and compared with the experimental values. Their de-
pendence on copper mass fraction is shown in Fig.2. It can be
seen from Fig.2 that the calculated values are larger than the
experimental values, and a similar conclusion is obtained in
the calculation of CuCr alloy conductivity!"”. This model
does not consider the influence of material, crystal size, dis-
tribution and morphology of the two phases, grain boundary,
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Table 1 Dependence of the experimental results of the conductivity and the relative density on Cu component in W-Cu alloy

Cu mass fraction, wcy/% 10 20 30 40 50 60 70 80 90
Conductivity, o/%IACS 33.4304 459109 542204 5927019 64,911 73307 g5 ¥l 902  94.0
Relative density/% 94.35 96.68 99.57 98.11 99.6 99.2 99.6 99.5 992
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Fig.2 Curves of the calculated values of volume mixing model

and the experimental values changing with copper content

texture, and crystal scattering on the conductivity. The W-Cu

alloy can be simply regarded as packing rigid diatomic atoms.

So the calculated values of this model are greater than the ex-

perimental values.

2.2 Compared and analyzed the experimental results
with the calculated value of matrix model

The calculated values of matrix model are derived based on
Eq.(2) and compared with the experimental values, as shown
in Fig.3. In matrix model, one metal is considered as the ma-
trix while the second phase particles are uniformly dispersed
in this matrix. Meanwhile both of the phases cannot interact
with each other. Fig.3 shows that the calculation values is
well with the experimental results when the mass fraction
of copper (wc,) @c=70% or wc,<40%. Copper crystal is
distributed in the tungsten matrix when w¢,<40% in W-Cu
alloy while tungsten crystal is distributed in copper matrix
when w¢,=70%.

The more uniform the secondary phase particles are distri-
bution, the more suitable the calculated values of the matrix
model. When 40%<w¢,<70%, W-Cu alloy no longer belongs
to the realm of matrix model. So the calculated values of ma-
trix model and the experimental values have a large differ-
ence.

2.3 Compared and analyzed the experimental results
with the calculated value of multiphase alloy and
statistical models

The calculated values of multiphase alloy and statistical
model are estimated using Eq.(3) and (4) and compared with
the experimental values, as seen in Fig.4.

The calculated values of both models reveal completely
perfect agreement, which can also be found in literature!”’.
Alloy is composed of crystals with mess distribution and the
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Fig.3 Curve of the calculated values of matrix model and the

experimental values
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Fig.4 Dependence of the calculated values of multiphase alloy
model and statistical models and the experimental values

on copper mass fraction

crystal mixture ha no regularity in the statistical model. The
calculation values are a little large than the experimental re-
sults when w¢,<<30%. It is because they have no regard for
the influence of tungsten skeleton on the W-Cu alloy proper-
ties. The calculation values are consistent with the experimen-
tal results when wc,=66.5%. By the same token, the more
uniform the distribution of the secondary phase particles in the
matrix, the more consistent calculated values of the two mod-
els with the experimental values are. When 30%<w¢, <66.5%,
the calculated values of the two models are large than the ex-
perimental vh ues.
2.4 Compared and analyzed the experimental results
with the calculated value of German model

Based on Eq.(5), (6), the calculated values of interconnec-

tion model are obtained. Fig.5 shows that the calculated and
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Fig.5 Dependence of the calculated values of German model and

the experimental values on copper mass fraction

experimental values change with copper component of W-Cu
alloy. As shown in Fig.5, W-Cu alloy with wc,<30% con-
forms to interconnection model proposed by German, which
regards that alloy is composed of a tungsten particle skeleton
and the solidified copper liquid distributed along the skeleton.
So, the theoretical values of the conductivity are calculated by
interconnection model under this condition. When w¢,=70%,
the experimental values of conductivity accord basically with
the calculated values. It is because the higher component cop-
per forms a continual copper network structure and tungsten
particles are distributed in this network. If 30%<wc,<70%,
the W-Cu alloy has no interconnection structure, so this model
is unsuitable and thus the calculation accuracy is low.

It can be found from Fig.2 to Fig.5 that both experimental
values and calculated values are all increased with enhancing
the copper content. According to the energy-band theory, the
energy bands of different metals can partly overlap and form a
unfilled conduction band, which makes it easily to conduct
electricity ”. The valences of tungsten and copper are two and
six, respectively, and their energy bands can overlap and pro-
duce a unfilled conduction band. Because conductivity of the
copper is about three times than that of tungsten, it is a main
factor affecting the W-Cu alloy conductivity. When copper con-
tent in W Cu alloy is higher, the copper phase easily forms the
connected networks and the number of the free electrons in-
creases. This leads to an increase in the experimental conductiv-
ity. As shown in these four figure, the calculated values of all
models are greater than the experimental conductivity when
@c,=10%. This is because the density of W-Cu alloy is lower
and the residual pores block electron movement leading the
conductivity reducing. When 40% < ¢, <70%, the experimental
values are in consistent with the calculated values in these
model. In this condition, grain size, distribution and morphol-
ogy of W-Cu alloy and the influence of crystal scatter greatly
affect the conductivity. The phase boundary is also increased
and exerts a braking to electron movement. These factors lead
to decreasing the conductivity and make it to deviate from the
calculated values.
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Fig.6 Error between the theoretical value and experimental values

for all models

2.5 Error analysis between the theoretical value and
experimental values
The mean error (4 ), maximum error (dy,y), relative error
(Au) between the theoretical value and experimental value
are calculated by Eq.(8), (9) and (10).

-1
d= §Zacxp O (8)
dmax = o-exp - o-th( max) (9)
0., O, d|
M:P—MLMX]Q()% (10)
O-exp O-exp

The error analysis results are shown in Fig.6. It shows
that in these models, the four errors between the theoreti-
cal value of the volume mixing model and the experimen-
tal value are the biggest, whose mean error, maximum error,
mean relative error and maximum relative error are 8.0
TIACS%, 12.9 TACS%, 14.5%, 30.42%, respectively. The
four errors of the matrix model are the lowest, which are
2.28 TACS%, 6.6 IACS%, 4.11%, 14.87%, respectively.

Fig.7 shows the relative error of between the theoretical
values of five models and the experimental values in different
copper content ranges. It can be seen that when wc,<30%,
the relative errors of German model and matrix model are
small. Because German model is more suitable for reflecting
when we,<30%. The results in Fig.7 also show that the rela-
tive error of matrix model is the least when w¢,=70%. So,
matrix model is chosen to calculate theoretical conductivity in
this range. The relative errors of is the least when
30%<wc,<70%. However, it deviate the basic meanings of
matrix model, which leads to the inaccurate calculated value.
The relative errors of multiphase alloy or statistical models are
less and the meaning of both models is suitable. So when
30%<wc,<70% the theoretical conductivity of W-Cu alloy is
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calculated usingnu lItiphase alloy or statistical models.
2.6 Experimental results vs theoretical values calculated
using different modes

The change of the relative density and the experimental re-
sults and theoretical conductivity of W-Cu alloy with different
copper mass fractions are shown in Fig.8. For W-Cu alloy
with low or high copper content, the experimental values of
conductivity coincide with the theoretical values. This is be-
cause W-Cu alloy after hot-rolling or hot-extrusion has low
porosity and high density, leading to an increase in the con-
ductivity. The experimental values are still lower than the the-
oretical values because the material has crystal defect and
others factors, such as impurities and internal stress which af-
fects the conductivity. When 30%<w,<70%, the experimen-
tal values deviate from the theoretical values. It is because the
influence of size, distribution, morphology of the grains and
crystal scatter in W-Cu alloy greatly affect the conductivity.

In order to enhance the conductivity of W-Cu alloy, the
following measures can be adopted. First, tungsten-copper
powder should reduce impurities and increase purity. Second,
the densification techniques are optimized to improve the
material density and reduced the porosity and make the den-
sity close theoretical value. Thirdly, the suitable annealing
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Fig.7 Relation between relative error and copper content of all
models (1-volume mixing model, 2-matrix model. 3-statistics

model and Multiphase alloy model, 4-geman model)
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Fig.8 Dependence of the relative density and electrical conduc-

tivity of W-Cu alloy on copper mass fraction

processes are adopted to treat the material after cold work-
ing for removing of internal stress and lattice distortion, thus
increasing the mean free path of electron movement and
enhancing the W-Cu conductivity.

3 Conclusions

1) The theoretical conductivity of the W-Cu alloy is calcu-
lated using German model, multiphase alloy or statistical
models and matrix model when w¢, <30, 30%<w,<70%, and
wcu=70%, respectively.

2) Comparing the theoretical and experimental conductivity,
the results show the experimental conductivity is basically
consistent with the theoretical values for the W-Cu alloy with
low or high Cu content.
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