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High-strength and highly conductive copper matrix composites can not only maintain excellent electrical
and thermal conductivity but also enhance the strength and hardness of materials, showing that composites
have a bright future for development. Predictions of the effective electrical conductivity of copper matrix
composites disagree with experimental data due to the dependence of the composites on several factors.
Most prediction models simply consider the influence of the particle volume fraction on conductivity. In the
present study, the influence of the volume fraction and the size of the TiB, particle on the electrical
conductivity of TiB,/Cu composites are investigated. The obtained electrical conductivity results correlate
with the volume fraction, size, and distribution of particles in a pure copper matrix. A modified model for
predicting the electrical conductivity is proposed where the particle spacing parameters are introduced into
the existing Maxwell model. The particle spacing parameter, as a fitting parameter, fits the experimental

data of the copper matrix composites excellently.

Keywords copper matrix composites, effective electrical conduc-
tivity, model

1. Introduction

Copper matrix composites offer many uses because they
exhibit an excellent combination of electrical and thermal
conductivity. However, the applications of pure copper at high
temperatures are limited due to its poor mechanical properties
(Ref 1-7). However, reinforcement of copper matrix composite
with particles not only enhances the mechanical performance
but also maintains the desirable thermal and electrical conduc-
tivity of copper (Ref 6, 8-11). However, several factors
influence the electrical conductivity of copper matrix compos-
ites, including the volume fraction, size, interfacial bonding
state, and distribution of the reinforcing particles. Although
optimal performance can be obtained by adjusting the prepa-
ration parameters, the experimental setup is costly and requires
a great deal of effort. Modeling, however, is an appropriate
substitution method for promoting the experimental procedures.

Over the past 100 years, several models have been used to
predict the electrical conductivity of metal matrix composites.
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Maxwell was the first to obtain an expression for the effective
electrical conductivity of composites based on electrostatic
theory that satisfies the Laplace equation. This approximation
considers a dilute volume fraction in the model (Ref 12, 13).
Rayleigh assumes that the reinforcing phase is spherical or
cylindrical and uniformly distributed in the matrix and that the
electrical conductivity of the reinforcing phase and matrix is of
the same order of magnitude (Ref 14). Roig and Schoutens (Ref
15-17) developed a general theory for alloy electrical conduc-
tion at cryogenic and higher temperatures. Bruggeman’s model
can be used to calculate the electrical conductivity of particle-
reinforced metal matrix composites with a high-volume fraction
(Ref 18). Frank et al. (Ref 19) proposed a model that considers
the combined electrical conductivity of both the matrix and the
reinforcements. This theory considers the volume fraction and
the geometric arrangement of the reinforcements. The Hashin
composite spheres model can also predict the conductivity of
metal matrix composites (Ref 20, 21); however, the particle size
is not taken into account.

The aforementioned electrical conductivity models for metal
matrix composites are based on the electrical conductivity of
the matrix and the reinforcements and the volume fraction of
the reinforcements. However, these models do not account for
the effect of particle size and the interfacial bonding state on
electrical conductivity; in some cases, substantial deviation
from the experimental results is observed. Efe et al. (Ref 1)
discovered that particle size affects the electrical conduction of
composites. Zhang (Ref 22) and Wang (Ref 23) prepared the
Z1B,/Cu composites and indicated that their electrical conduc-
tivity increased with increasing particle size. Guo et al. (Ref 24)
studied the effect of the interfacial bonding state on the
electrical conductivity of MgO,/Cu composites and found that
the electrical conductivity of composites with an incoherent
interface was lower than that with conforming or semicon-
forming interface.
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Therefore, in the present work, we considered the influence
of the particle size and interfacial bonding state on the electrical
conductivity. TiB,-reinforced copper matrix composites were
produced by powder metallurgy, and the influence of the
particle size and volume fraction of TiB, on the material’s
electrical conductivity was investigated. For the particulate-
reinforced copper matrix composites, the particle size, volume
fraction, and interfacial bonding state were taken into consid-
eration in the modified model. The predictions of the modified
model agree well with experimental results from the literature.

2. Experimental Details

To fabricate the TiB,/Cu composites containing 1, 3, and 5
vol. % TiB,, commercial Cu powder (99.9% purity) of 75 um
particle size and TiB, powders (99.7% purity) of 10, 50, and
100 pm sizes were used. The powders were mechanically
mixed and then pressed into cylinders of @80 mm x 60 mm at
a pressure of 350 MPa. The samples were then sintered at
950 °C for 1 h in a bell-type furnace under hydrogen. The
sintered samples were hot-extruded into (J18 mm rods at
900 °C and 840 MPa. The samples were then mechanically
ground, polished, and etched with a corrosive agent (3 g FeCls,
2 mL HCIl, and 95 mL C,HsOH) for metallographic examina-
tion. Microstructural analysis was subsequently conducted
using a metallographic microscope (Axio Vert Al). The
morphologies and sizes of the Cu and TiB, particle were
examined using a scanning electron microscope equipped with
an energy-dispersive spectrometer (SEM and EDS, JSM-
5610LV). The particle size was evaluated with a laser particle
size analyzer (LS-909). The electrical conductivity of each
sample was determined using a digital conductivity meter
(Sigma 2008B1).

3. Results and Discussion

3.1 Microstructure

Figure 1 illustrates the SEM microstructure of the copper
and TiB, powders and size distributions of the TiB, powders.
Figure 2 illustrates an optical micrograph of the polished
surfaces of the hot-extruded composites reinforced with TiB,
particles of different sizes and content amounts. Figure 2 shows
that the gray particles are TiB, and are homogeneously
dispersed in the copper matrix without any agglomeration. In
the hot-extrusion process, the agglomerated TiB, particles can
be dispersed uniformly because of the rapid flow of copper
matrix, and the pores in the copper matrix can also be filled
rapidly. Both factors can lead to an increase in the density and
electrical conductivity of the TiB,/Cu composite. As shown in
Fig. 2, the TiB, particles distribute uniformly in the copper
matrix with a compact microstructure. For composite materials,
achieving a homogeneous reinforcement in the matrix is critical
to enhance the mechanical, electrical, and thermal properties
(Ref 1).

SEM images, the corresponding element mapping images,
and EDS lines scans of Cu-5 vol. % 10 pm TiB, composites
are shown in Fig. 3. Figure 3(a) shows that the composite has a
compact structure and that TiB, particles are distributed
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uniformly in the dispersed copper matrix, where the gray
particles are TiB,. The EDS line scans show that no mutual
solubility exists between the TiB, particles and copper matrix,
which confirms the stability of the copper and TiB,. No
interfacial reaction is observed between the TiB, and copper
matrix. Figure 3(a) also shows fine gaps at the interface
between TiB, particles and the copper matrix. Therefore, the
interface is a mechanical conjunction.

3.2 Electrical Gonductivity

The electrical conductivity of the TiB,/Cu composites is
shown in the contour diagram in Fig. 4. The electrical
conductivity of the TiB,/Cu composites can be affected with
both the TiB, particles volume fraction and its particles size.
When the particle size is fixed, the electrical conductivity
decreases with increasing volume fraction. This is behavior is
attributed to the electrical conductivity of the reinforcing
particles being lesser than that of the copper matrix; the
introduction of the reinforcing particles into the copper matrix
destroys the continuity of the copper matrix and weakens the
conductivity of the composites. However, when the particle size
nears the micron level, the particle spacing is much larger than
the mean free path for electron conduction. In this case, the
volume fraction is the predominant factor; thus, the effect of
particle size on the electrical conductivity is minor. This
hypothesis is confirmed by experimental data. Although the
volume fraction is constant, the smaller particle size introduced
in the copper matrix means a larger quantity of particles and
smaller particle spacing. The metal free-electron theory sug-
gests that a decrease in particle spacing has a weakening effect
on the conductivity. Therefore, the electrical conductivity
increases with increasing particle size. As shown in Fig. 4,
when the volume fraction is constant and the particle size and
spacing are small, the decrease in the electrical conductivity of
the copper matrix composites is more profound.

Similar varieties of electrical conductivity were found in
copper matrix composites reinforced with SiC or ZrB, particles.
Efe et al. (Ref 1) investigated the effect of the SiC particle size
on SiC/Cu composites and showed that the electrical conduc-
tivity of the SiC/Cu composites decreases with increasing SiC
particle volume fraction and increases with increasing SiC
particle size. Zhang (Ref 22) and Wang (Ref 23) investigated
the ZrB,/Cu composites and found that the electrical conduc-
tivity also increases with increasing particle size. This effect has
once again been proven. Therefore, the electrical conductivity
of two-phase composites depends on the volume fraction, the
size, and the electrical conductivity of the constituent phases.

3.3 Establishment and Verification of the Electrical
Conductivity Model

Maxwell was the first to obtain an expression for the
effective electrical conductivity of composites based on elec-
trostatic theory that satisfies the Laplace equation (Ref 12, 13).
In this model, there are n spheres of radius 7 and resistance p,,
placed into a larger sphere of radius . These spheres are at
such distances that they do not interact and can be taken as
independent of each other. Furthermore, this larger sphere is
placed into an infinitely extended homogenous medium whose
resistance is p,,. The ratio of the volume (p) of the smaller
spheres (r1) to that of the larger sphere (r,) that contains them
is:
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Fig. 1 SEM micrographs of the original powders: (a) 75 um Cu powder; (b) 10 um TiB, powder; (c) 50 um TiB, powder; (d) 100 um TiB,
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The potential that a large distance from the center of this
sphere will be of the following form is:

Py~ Pm Eor3

Vl = —E()RCOSQ—FPW R? C
p m

os 0 (Eq 2)

Now, if the entire sphere of radius 7, and resistance pPyraxwell
is considered, the equation becomes:

p —p ;
Vy = —EgRcos ) + —Maxwell  Pm 792 5050

(Eq 3)
szaxwell + Pm R

The far-field potential is indicated by V; = V5; therefore, the

resistance of the composite is obtained by:

20p + P +P(Py = Pm) )
20p + Pm = 20(Py — Pm) "

PMaxwell = (Eq 4)

Since electrical conductivity ¢ is equal to 1/p, the electrical
conductivity of the composites can be obtained by:

0p + 20, +2p(0, — Om) _
op + 20, —p(o, — om)

OMaxwell = Om (Eq 5)

According to Eq 3, the particle volume fraction (p) is
determined by the selection of n, 7|, and r,. If n and r; are fixed,
the arbitrary selection of 7, can yield an infinite number of ps,
while Eq 5 calculates the corresponding oyjaxwerr- If 72 and p are
fixed, when n is modified, »; will also change. However,
according to Eq 5, regardless of n, r; for the electrical
conductivity calculation remains constant. Therefore, the
Maxwell equation takes into account the influence of the
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volume fraction on the conductivity, while the size of the
particles is not reflected in the equation.

The lattice of an ideal metal has a strict periodicity, and the
electrons move in the periodic equivalent potential field.
According to the Schrodinger equation for ideal metals,
electron motion has a nonzero velocity and does not decelerate
due to collision. For ideal crystals, the conductivity is infinite.
A sphere placed in an infinitely extended homogenous medium,
which destroys the periodic potential field, will result in
electron scattering. Therefore, when p and r, are constant, » is
greater, r; is smaller, and electron scattering increases, the
electrical conductivity decreases.

According to the Drude model of electron theory, the
relationship between the electrical conductivity and electron
mean free path is given by (Ref 19):

a
mfpe constant (Eq 6)
where mfpe is the mean free path for electron conductivity and
o is the electrical conductivity. The mfpe of pure copper is a
constant (approximately 42 nm); however, when the particles
are introduced into the pure copper matrix, the mfpe is reduced.
However, nearly all of the existing models express electrical
conductivity of composites in terms of volume fractions, which
results in deviations between the predicted and experimental
values. The volume fraction of the particle strongly influences
the electrical conductivity of the composite; however, the
particle size and interface also have strong effect on the
electrical conductivity. The particle spacing affects the elec-
tronic mean free path of composites, which in turn affects the
electrical conductivity of the composites. The particle spacing
is determined by the volume fraction and size of the particles,
which can be calculated by Eq 9. Thus, based on the Maxwell
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Fig. 2 Optical micrographs of TiB,/Cu composites reinforced with various volume fractions and particle sizes of TiB,

model, the dimensionless particle spacing parameter equation
g(L) is introduced to describe the effect of the particle size and
interface on the electrical conductivity of composites. The
dimensionless particle spacing parameter is suggested to be
established by the volume fraction (p), particle size (d), and
interfacial factor (a). This equation is derived as follows:

o= (1 — g(L)) * OMaxwell (Eq 7)
o) = (Bq 8

)" =
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where a is the particle-matrix interfacial factor and d is the
particle diameter. By substituting Eq 8 and 9 into Eq 7, the
following equation for the electrical conductivity of composites
is derived:

a ln(42) * OMaxwell (Eq 10)
)

) ln{(%)l/z.(g

For a constant a, the theoretical electrical conductivity
(0Maxwerr) Of the TiB,/Cu composites is taken with the volume
fraction of 1%, 3%, or 5%. The value of a can be calculated
using Eq 5; experimental data (o), particle size (d), and volume
fraction (p) from Table 1; Eq 8 and 9; and the electrical
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Fig. 3 SEM images, corresponding EDS maps, and element line scans of Cu-5 vol. % 10 um TiB2 composite
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Fig. 4 Electrical conductivity (% IACS) contour diagram of TiB,/
Cu composites as a function of TiB, particle size and volume
fraction

conductivities of TiB, (o, = 11.97% IACS) and copper (o, =
100% IACS). These data are then substituted into Eq 10:
Then,
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a= (1 - GM;WCH) ~ln{<§—7;)1/2~<§)] / In(42)  (Eq 11)

According to Eq 11, the a; value was calculated using the
volume fraction and particle size of TiB,/Cu composites, as
given in Table 1. The results in Table 1 illustrate that the
particle—matrix interfacial factor (a) of each composite is
different. Since the TiB, particles are irregular spherical shapes,
they do not assume an ideal uniform distribution in the matrix.
Therefore, @ must be determined by averaging the values.

The mean a values were obtained by fitting the electrical
conductivity of 10 um, 50 um, and 100 um TiB,/Cu samples
of different volumes (%) from Table 1, wherein a = 0.43. By
substituting a = 0.43 into Eq 10, we derive the electrical
conductivity prediction model of the copper matrix composites
as:

1.61
0= 1 - :| * OMaxwell (Eq 12)

ln{(%)l/Z.(g

The electrical conductivity of the ceramic particles is
significantly less than that of copper, which is almost zero.
Consequently, Eq 12 can be simplified to Eq 13.

Journal of Materials Engineering and Performance



Table 1 Experimental parameters of TiB,/Cu composites

Samples no. TiB,/Cu composite Experimental data, % IACS a; Maxwell model, % IACS Modified model, % IACS
1 10 um-1 vol. % 88.3 0.32 98.8 84.5
2 10 pm-3 vol. % 81.3 0.44 96.3 81.7
3 10 um-5 vol. % 77.8 0.48 93.9 79.3
4 50 um-1 vol. % 89.1 0.33 98.8 86.3
5 50 um-3 vol. % 82.4 0.47 96.3 83.7
6 50 um-5 vol. % 78.3 0.53 93.9 81.3
7 100 pm-1 vol. % 89.4 0.34 98.8 87.0
8 100 pm-3 vol. % 83.6 0.46 96.3 84.3
9 100 pm-5 vol. % 79.7 0.51 93.9 82.0
- 1.61 2—-2p (Eq 13)

W) ) 2

Equation 12 and 13 are deduced on the basis of the Maxwell
equation, where the particles are assumed to be spherical and
the volume fraction is less than 15%. Thus, Eq 12 and 13 are
only applied to predict the conductivity of the spherical-
particle-reinforced copper matrix composites.

The modified model was compared with the Maxwell
equation, and the results of the prediction are given in Table 1.
We agree that the influence of particle size on the electrical
conductivity of the copper matrix composites should be
considered. Here, we focused mainly on the effect of the
volume fraction and particle size on the electrical conductivity.
We further increased the precision of our model compared with
that of other prediction models.

The electrical conductivity under different volume fractions
and particle sizes can be predicted using Eq 12, as shown in
Fig. 5. The electrical conductivity can more intuitively be
determined by the volume fraction and particle size. As observed
in Fig. 5, when the particle size is on the nanoscale, the electrical
conductivity of the copper matrix composite is predominantly
affected by the particle size. However, when the particle size is on
the micron range, the electrical conductivity of the copper matrix
composites is more so affected by the volume fraction.

To verify the modified model, the predicted modified model
data were compared with the experimental data reported in Ref
24 (Table 2). The comparison shows that the modified model
prediction can be used to predict the electrical conductivity of
the copper matrix composites. As such, particle size is an
important factor to consider. Efe et al. (Ref 1) studied the effect
of SiC particle size on the electrical conduction of SiC/Cu
composites. The data of the modified model prediction agree
with the experimental data displayed in Table 2.

3.4 Effect of the Interfacial Bonding State on the Electrical
Conductivity

The main factors affecting the electrical conductivity of the
particle-reinforced copper matrix composites include the vol-
ume fraction, particle size, distribution, and the interfacial
bonding state between the particles and the copper matrix.
Copper matrix composites can be prepared by ex situ or in situ
synthesis. Although the ex situ method can easily control the
particle size, the interface bonding state is often ignored.
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Fig. 5 Dependence of electrical conductivity on volume fraction
and size of TiB, particles

Comparatively, in situ synthesis can improve the interface
bonding state; however, maintaining a uniform particle size (all
nanometers, submicron or microns) is extremely difficult.
Therefore, under the assumption that the interfacial bonding
state is reasonable, we investigated the effect of the volume
fraction and particle size on the electrical conductivity of an ex
situ synthesized copper matrix composite.

The modified model was further verified, as was the effect of
interfacial factors on electrical conductivity. Our research group
has recently studied the effect of the interface bonding state of
MgO,/Cu composites on their electrical conductivity (Ref 24).
Figure 6 displays the morphology of the MgO particles in the
1.0 vol. % MgO,/Cu composite fabricated by ex situ and in situ
methods, respectively. Here, the black MgO particles are
uniformly distributed in the copper matrix. The interface
between MgO,, and the Cu matrix of the MgO,,/Cu composite
prepared by ex situ synthesis is incoherent, similar to that of the
TiB,/Cu composites prepared by ex situ synthesis. Thus, the
interfaces of the MgO,/Cu composite prepared by in situ
synthesis possess semicoherent interfaces and a crystallo-
graphic orientation relationship between the MgO, and Cu
matrix. The electrical conductivity of the two composites was
75.1% IACS and 88.2% IACS, respectively. The electrical
conductivity predicted for the two composites by Eq 13 is
71.6% IACS and 58.8% IACS. These results indicate that
Eq 13 can predict the electrical conductivity of the MgO,/Cu
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Table 2 Comparison of the present model with the experimental data reported in Ref 1, 6, 23-27

Experimental data, % Modified model, % Error, %
Preparation Composite Particle size, nm IACS IACS IACS Ref
Ex situ Cu-5.36 vol. % SiC 1000 76.7 73.7 -3 Ref 1)
Ex situ Cu-7.90 vol. % SiC 1000 66.6 70.4 3.8 Ref 1)
Ex situ Cu-5.36 vol. % SiC 5000 82.9 76.8 — 6.1 Ref 1)
Ex situ Cu-7.90 vol. % SiC 5000 77.3 73.5 — 38 Ref 1)
Ex situ Cu-1 vol. % MgO 50 75.1 71.6 - 35 Ref 24)
In situ Cu-1 vol. % MgO 5-10 88.2 88.4 0.2 Ref 24)
In situ Cu-1.94 vol. % TiB, 400-900 87.2 91.1 3.9 Ref 6)
In situ Cu-0.5 vol. % Al,05 20-50 93.0 92.3 - 0.7 Ref 25)
In situ Cu-0.54 vol. % Al,05 18 93.0 91.3 - 1.7 Ref 26)
In situ Cu-1.53 vol. % ZrB, 5000 94.1 93.8 —-03 Ref 22)
In situ Cu-0.91vol. % Cr 10-20 90.8 90.3 - 05 Ref 27)
In situ Cu-1.53 vol. % ZrB, 200 89 92 3 Ref 23)

70 nm

Fig. 6 Morphology of the MgO particles in the 1.0 vol. % MgO,/Cu composite fabricated by ex situ (a, b) and in situ (c, d) synthesis,

respectively (Ref 24)

composites prepared by ex situ synthesis but not the conduc-
tivity of those prepared by in situ synthesis.

According to the theory of solid physical metal electrons,
the ideal crystal lattice has no scattering effect on the electrons.
When the lattice orientation at the interface between the particle
and matrix is consistent, the effect of the interface on the
electrical conductivity is negligible. When the interface bond-
ing state between the particles and matrix is coherent or
semicoherent, the lattice orientation of the interface tends to be
consistent. This process decreases the lattice distortion of the
matrix and interfacial resistivity; otherwise, the interfacial
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resistivity would increase. Therefore, when the interface
between the particles and copper matrix is incoherent, the
interfacial factor a = 0.43. When the interface is coherent or
semicoherent, in accordance with the experimental data in Ref
24 and Eq 11, the interfacial factor a = 0.11, which is lower
than the interfacial factor (@) of an incoherent. Thus, a coherent
or semicoherent interfacial bonding state exhibits weaker
electron scattering and improves the electrical conductivity of
the composites. Comparisons between model predictions and
experimental data reported in Ref 1, 6, 23-27 are given in
Table 2. When the volume fraction, particle size, distribution,
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and interface are considered, the modified model predicts the
electrical conduction of the copper matrix composites well and
the error is very small.

4. Conclusion

Experimental and theoretical analyses have revealed that the
particle size, volume fraction and interfacial bonding state are
key parameters that influence the electrical conductivity of
composites. The electrical conductivity of copper matrix
composites decreases with increasing particle volume fraction
and increases with increasing particle size. Therefore, particle
size should be considered in the predictive models. The
modified model was established based on the Maxwell model,
which is in accordance with the experimental data reported in
the literature. In this regard, particle size is a necessary element
for calculating the electrical conductivity.
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