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Abstract

Graphite flake (GF)/Cu composites have received much attention as a promising thermal
management material. This work provides a homogenization method to examine the effect
of interfacial characteristics on the thermal conductivity of GFs/Cu composite. The finite
element homogenization method is used to establish models of representative volume elements
of material microstructure and interfacial layers, respectively, considering the distribution
morphology and thermophysical properties of interface compositions. The interfacial layers
are considered equivalent heat conduction materials, including interface compositions, pores,
and Kapitza thermal resistances between compositions. The results of the thermal conductivity
obtained by the approach were compared with the experimental results in the literature, and
it shows good agreement. The results have indicated that the thermal conductivity of GFs/Cu
composites is strongly affected by graphite sizes, graphite volume contents, interface contents,
pore shapes, the relative density of interfacial layers, and whether the interface component is
continuous has a significant influence.

Key words: effective thermal conductivity, Kapitza thermal resistance, finite element
method, graphite flake/Cu composite, microstructure, relative density

Nomenclature
thermal conductivity tin,i thickness of interfacial layer with TiC/CrsCs
thermal conductivity Var the volume fraction of GF's
copper Ry ij Kapitza thermal resistance between
graphite flakes two components
specific heat capacity K. ij TC of the thin layer represents Rx between
density two components
temperature Kini equivalent TC of the interfacial layer with
heat flux TiC/ CrsCs
convective heat transfer coefficient K. equivalent TC of composites
specific heat capacity of the matrix Kinp equivalent TC of the interfacial layer with a pore
the Debye phonon velocity Rin,i the interfacial thermal resistance with

longitudinal dimension of model
relative density of the composite
relative density of the interfacial layer
length of the graphite flake

thickness of components
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TiC/Cr3C2

Model 1a model of the interfacial layers with TiC
Model 1b model of the interfacial layers with Cr3Cs
Model 2 model of GFs/Cu composite with an interfacial

layer
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Subscript

component 1 (amorphous carbon)
component 2 (TiC)

component 3 (CrsCs)

graphite flake

copper

each component
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~
<.

1. Introduction

Heat dissipation capability in modern micro-elec-
tronic devices has become extremely important with
the power electronic devices toward miniaturization
and integration. It is vitally important to develop ther-
mal management materials with high thermal conduc-
tivity (TC) and tailored coefficient of thermal expan-
sion (CTE) values to minimize thermal stresses [1,
2]. Metal matrix composites combining the high TC
of metal and low CTE of the reinforcement can be
suitable candidates for electronic packaging materials
[3]. Recently, GFs-reinforced copper matrix compos-
ites have gained much attention due to their excellent
thermal properties, low density, and good machinabil-
ity.

Determining the equivalent TC is essential for the
design and preparation of composites and performance
research [4]. Maxwell assumed a perfect thermal con-
nection between the matrix and filler to calculate the
TC. Then, the Hasselman-Johnson model is widely
used to describe the TC of a composite by introducing
interfacial thermal resistance [5]. Several theoretical
models have been established to predict the thermal
conduction of particle-reinforced composites [6-8]. Vi-
gnesh P. used Representative Volume Element (RVE)
technique to evaluate the material properties of Al-SiC
composite [9]. Vieira C. proposes a three-dimensional
micromechanical model for evaluating the effective TC
of multiphase composites with periodic microstructure
[10]. Saoudi T. used the numerical homogenization
technique to evaluate the representative volume ele-
ment and to compute the effective thermal properties
of fiber-reinforced composites [11]. Zahid M. presented
a micro-structurally informed two-scale unit cell anal-
ysis for the prediction of thermal conductivities of
carbon/carbon composites [12]. Duschlbauer D. pre-
dicted the TC of fiber composites based on FEM, in
which the effect of thermal barrier resistance is taken
into account [13]. To describe the TC of particulate-
filled composites with inhomogeneous interfacial ther-
mal conductances and particle shape, the Finite Ele-
ment Method (FEM) is used to describe the thermal
properties of heterogeneous materials system [6, 14,
15).

However, the effect of the interface structure on
GFs/Cu composites has yet to be reported. This work
provides theoretical guidance to evaluate the effects
of different interfacial layers. The extended Acoustic

m matrix

re reinforcement component phase
in interfacial layer

Y longitudinal direction

X transversal direction

con continuous

dis discontinuous

Mismatch Model (AMM) is developed to calculate the
Kapitza thermal resistances, and model of representa-
tive volume elements (RVE) established by Abaqus is
applied to calculate the TC of composites, and quan-
titatively analyze the influence of the interfacial layers
on the TC of the composite and research which factors
will strongly or weakly affect material properties. An
example of composites with different graphite volume
contents of TiC and Cr3C, interfacial layers, together
with the experimental results from the references, is
provided to verify the rationality of the method.

2. Method
2.1. Finite element modeling

Based on the homogenization theory, this work se-
lects the microscopic units in the composite that can
accurately reflect its composition characteristics to
build the model, which is the representative volume
element (RVE). As shown in Fig. 1, these two pic-
tures are cross-sectional views of the interfacial layer
and GFs/Cu composite taken by SEM [16]. In Fig. 1a,
there are coated metal carbides and amorphous car-
bon at the interface of Cu and GF's.

Model 1a, Model 1b, and Model 2 are established
to describe the microstructure of the interfacial layers
and composite. The size ratio of the model to the real
object is 1:1, as shown in Figs. 2 and 3. According
to Delesse’s law in stereology, the percentage of two-
dimensional area measured on a random interface is
equivalent to the corresponding volume percentage in
three-dimensional space [17].

In Model 1a and Model 1b, the four partitions
from top to bottom are GFs, amorphous carbon,
TiC/Crs5Cz, and Cu. According to experimental mea-
surement [18], in Fig. 2a: t; = 65 nm, t; = 600 nm; in
Fig. 2b: t; = 8 nm, t3 = 700 nm.

Model 1a and Model 1b are used to calculate the
equivalent TC of the interfacial layer Kj,, and then in
Model 2, the interfacial layer is regarded as a new hy-
pothetical substance to calculate the TC of the com-
posite K.. The other thermophysical parameters of
the interfacial layer are weighted by the volume frac-
tion. Many studies have reported that the TC of com-
posites in the Z direction is lower than 80 Wm ™! K1,
which suffers from the low TC in the graphite c-axis,
and no further discussion is necessary. In the following
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Fig. 1. Typical SEM micrograph of (a) GFs/Cu composite
with TiC coating and (b) the interface for GFs/Cu-Ti.

discussion, we will focus on the TC in the X-Y plane.

2.2. Material parameters and boundary
conditions

According to the thermal conductivity theory of
composite [19, 20], the temperature at the interface
of two materials in perfect contact is not continuous
because of the Kapitza thermal resistance (Ry) [21],
which can be expressed as:

Ry = % (°C). 1)

The Ry has a significant impact on the TC of the
composite [22, 23]. The Ry of each interface can be
calculated by Acoustic Mismatch Model (AMM) [24],
which can be expressed as:

2
R = 2 (Pm¥m + PreVre) (%) ' @)

Cmprevrepgnvlgn Um

(a)

(b)

Fig. 2. Models used for predicting the TC of the interfacial
layers of (a) TiC-coated GFs/Cu composite and (b) CrsCs
coated GFs/Cu composite.

Fig. 3. Models used for Ti-coated GFs/Cu composite with
10-70 % volume fractions.

The average phonon velocity of graphite is:

2 2 2
22,2 3
v2 v12+v2 (3)

Amorphous carbon is produced by fracturing sp?
C-C bonds in graphite and has a higher proportion
of sp?C-C bonds. Therefore, amorphous carbon can
be regarded as a short-range ordered graphite crystal,
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Table 1. Material parameters for model predictions

Materials Density Thermal conductivity Specific heat Phonon velocity
(kgm™?) (Wm™ K1) (Jkg™' K1) (ms™h)

Cu 8960 400 385 2881

TiC 4930 36.4 562 6777

CrsCa 6680 19 456 5493

Graphite 2260 1000 710 14800

so the Ry between graphite and amorphous carbon
can be ignored. Table 1 shows the material param-
eters used in FEM heat transfer analysis and AMM
calculation [25-27].

In Model 1la and Model 1b, the Ry of each inter-
face is represented by an assumed thin layer. If the
thickness of the thin layer is 2 nm, the TC of the thin
layer is expressed as:

2x 1079
K,o="—— 4
Ry (@)

where after calculation K;i2 = 0.99Wm™! K1,
K25 =0442Wm 1K1 K, 13=0574Wm 1K1,
and K, 35 = 0.662Wm~1 K1

There are mainly steady-state and dynamic meth-
ods for simulating and calculating the TC of compos-
ites. In steady-state heat conduction analysis, tempe-
rature and heat flux meet the following equations:

0 oT 0 oT
2 ()\%> ‘e (Aa—y) 0, 5)
oT oT
Qe = —Ag—5 dy = — B (6)

Assuming the heat transfer direction is the y di-
rection, the vertical direction is the x direction.

The upper boundary of the model is loaded with
heat flux density, and the lower boundary is the heat
transfer boundary, which is expressed as:

or oT
)\%“‘)\a_y_h(Tf_TS)a (7)

where Tt and Tg are the ambient temperature and the
bottom surface temperature.

The TC is calculated when the steady state (tem-
perature difference < + 0.1°C min~!) is reached. Ac-
cording to the standard ASTM: E1225-99 ASTM
(1999), the following equation is used for calculation:

qL
K=

where T is the temperature difference between the up-
per and lower surfaces, obtained by averaging the sur-
face temperatures. When calculating, ¢ = 500 Wm™2,

Fig. 4. The temperature field of TiC (a) and Cr3C2 (b)
interfacial layers.

h =1000 Wm~2 K~!, and the ambient temperature is
20°C. The other boundaries are insulated boundaries.
As a test, three different heat flux densities were set,
and three identical results were obtained, verifying the
reliability of the model.

3. Results and discussion

3.1. Effect of graphite volume content and
carbide interfacial layers

As shown in Fig. 4, it is the temperature field dis-
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Fig. 5. The effect of graphite volume content on the TC of
composites with different interfaces.

tribution of the interfacial layers. The thickness of the
interfacial layers tin 2 = 675nm and ti, 3 = 708 nm
[28], the equivalent thermal resistance of the two inter-
facial layers is Rin 2 =2.72 x 107" m? KWL, Rins =
6.99 x 1078 m? K W, Model la and Model 1b are
used for calculation, and the equivalent TC of the in-
terfacial layers of the TiC-coated GFs/Cu composite
is Kipo = 2486 Wm ™! K~!. When Cr3C; is coated,
the value is Kiy 3 = 10.13Wm~ 1K1

When there is a perfect interface between graphite
and Cu, Ryx45 = 4.1 X 1072 m? K W1, if the thick-
ness of the assumed thin layer representing Ry is 2 nm,
Kinas = 0.4878 Wm~!' K. In practice, to improve
the interface bonding, the interfacial layer has to be
introduced. The TC of the composite with different in-
terfacial conditions (K¢ 2, Kc 3, Kcnon) and different
graphite volume fractions is shown in Fig. 5.

It can be seen in Fig. 5 that as the volume fraction
of graphite (Vgr) increases, the TC of the compos-
ites with three interface conditions increases, which
is consistent with the conclusions of published exper-
imental studies [28]. This is also consistent with the
law obtained by X. Han et al. in experimental research
[29]: as the volume fraction of the reinforcing phase in-
creases, the TC of the composite increases. When Vgp
increases from 0 to 70 %, K¢ 2, K¢ 3, and K¢ pon in-
crease by 72.72, 86.75, and 95.86 %, respectively. The
thermal resistance of the interfacial layer (Ryy,) is ex-
pressed as:

T;

R, = .
Kin,i

9)

It can be seen that Ri, 2 > Rin 3 > Rin non. The greater
the TC of the interfacial layer, the smaller the R;,,
the smaller the barrier effect of the interfacial layer on
heat flow, and the larger the TC increases with the

() (@

Fig. 6. Heat flux density field of the composite Vor: (a)
10 %, (b) 30 %, (c) 50 %, and (d) 70 %.

volume fraction, because the interfacial layer weakens
the enhancement effect of the GF's on the TC.

In Fig. 6, the heat flows from the hot end to the
cold end, and the heat flux density at the GF's is higher
than the matrix part. Due to the minimum thermal
resistance theory, heat preferentially selects the direc-
tion with smaller thermal resistance as the heat con-
duction channel. As Vgp increases, the high TC of
the GF's itself increases the TC of the material. In
addition, the heat flow in Fig. 6 is constant, and the
increase of Vo makes the difference in heat flow den-
sity between GFs and the matrix smaller, indicating
that the heat conduction path between GFs increases,
which in turn promotes the TC of the composite.

3.2. Effect of particle size and carbide
interfacial layers

Substituting the K, 2 and Kj, 3 calculated in 3.1.
section into the composite structure model with a
graphite volume fraction of 30 %, and calculating the
TC of the composite K. 2, and K. 3 that changes with
the size of GF's, gives results shown in Fig. 7.

From the rising trend of the two curves in Fig. 7,
it can be seen that as the size of the GFs in the
heat transfer direction (d) increases, K2, and K3
increase, but the increasing trend gradually decreases.
When Vgr is constant, d increases, and the introduced
interface decreases. Then the hindrance of the inter-
face to heat conduction is reduced, and the TC of the
composite is increased. Compared with experimental
data, consistent results can be obtained [18]. There-
fore, to increase the TC of the composite, the size
of the reinforcing phase should be appropriately in-
creased. Unlike the experimental results, the curve in
Fig. 7 does not show a downward trend because the
size effect has always existed, and the reduction of TC
in the experiment is related to other process factors.



To improve the interface bonding, the composite
has to introduce interfacial layers. Assuming that the
interfacial layer is a homogeneous heat transfer mate-
rial, when the proportion of a component in the inter-
facial layer changes, the TC of this equivalent heat
transfer composite Ki, o also changes, as shown in
Fig. 8. This section analyzes the influence of the thick-
ness of TiC and amorphous carbon layer changes on
Kin2 and K. However, the increase in Kj, o does
not mean that the interfacial layer has a reduced hin-
drance to the heat flow in the composite because the
thickness of the interfacial layer has also changed.

When analyzing the influence of TiC thickness,
t1 = 75nm; when analyzing amorphous carbon, to =
600 nm; Vgr = 30 %. From the downward trend of the
curve in Fig. 9, it can be seen that when the thickness
of the TiC layer and the amorphous carbon layer in the
interface increases, K. o decreases. Because the thick-
ness of the interface phase increases, R;, increases, and
the hindrance of the interface to the heat flow becomes
more apparent. Part of the heat flow passes through
the GFs, and another part of the heat flow is blocked
by the interface and bypasses the GFs. This leads to
a longer heat transfer path.
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Fig. 8. Effect of the thickness of (a) TiC and (b) amorphous
carbon on the TC of the interfacial layer.

TiC with a thickness of 600 nm and amorphous car-
bon with a thickness of 756 nm reduce K. by 5.63 and
46.69 Wm~! K1, respectively, indicating that amor-
phous carbon has a more significant impact on K »,
because the intrinsic TC of the amorphous carbon is
smaller than that of TiC. The interface with a smaller
thickness facilitates the formation of heat conduction
channels inside the composite. However, in actual sit-
uations, if the interface thickness is too thin, it will
cause defects such as cracks and voids in the inter-
face, and it is difficult for graphite to be wrapped en-
tirely, which seriously affects the heat transfer of the
composite. Therefore, an interfacial layer of appropri-
ate thickness should be designed, and the amorphous
carbon content should be minimized.
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Fig. 9. Effect of the thickness of (a) TiC nad (b) amorphous
carbon on the TC of the composite.

3.4. Effect of pores in the interfacial layer

Air pores are a common defect, often appearing
at the contact interface between the reinforcing phase
and the metal matrix, and seriously affects the TC of
the composite. Since the distribution, size, and shape
of the pores are difficult to be quantitatively pro-
cessed through experiments, this section uses simu-
lation methods to study the effects of different pore
shapes, pore sizes, and porosity on the TC of compos-
ites.

Let us assume that the position of the pore is at
the interface between carbide and Cu. In the enclosed
space, there is a compound heat exchange of natu-
ral convection, heat conduction, and radiation. The
Rayleigh number in the judgment of convective heat
transfer at the pores is extremely small, so convective

r
=

-
L

£

Thermal conductivity of interface (W/m K)

2.42 4
2.40 A
|
2.38 4
n
2.36 T T 1 I T

Aspect ratio

Fig. 10. Effect of the aspect ratio of pores on the TC of
the interfacial layer.

heat transfer and radiation heat transfer are extremely
small and can be ignored, so the heat transfer method
at the pores is heat conduction [30]. At 20°C, the TC
of air is 0.0257 Wm ™! K1, the density is 1.2kgm ™3,
and the specific heat capacity is 1.005 J kg~ K~ [31].
The equivalent TC of the interfacial layer with pores
(Kin,p) is calculated, and then the value is substituted
into the composite model to calculate K ».

3.4.1. Effect of the shape of pores

Assuming that the pores are rectangular, the vol-
ume fraction of the pores in the interfacial layer is
10 %, and the interval of each pore distribution is
1000 nm. After heat transfer analysis, Ki,, changes
with the pore aspect ratio, that is, the ratio of the lon-
gitudinal dimension (in the direction of heat flow/Y-
-direction) to the lateral dimension (perpendicular to
the direction of heat flow/X-direction), as shown in
Fig. 10.

In Fig. 10, when the aspect ratio is less than 6,
the larger the aspect ratio, the greater the TC of the
interfacial layer, indicating that the influence of the
pore on Kjj, ; is more negligible. At the current poros-
ity, when the aspect ratio is 6, the length of the pore
has penetrated the TiC layer, and how the pore af-
fects the thermal conductivity of the interfacial layer
has changed. In detail, when the pore length does not
exceed the thickness of the TiC layer, that is, when
the interfacial layer is continuous, the pores only re-
duce the thermal conductivity of the interface between
copper and TiC. When the pore length exceeds the
thickness of the TiC layer, the pores simultaneously
reduce the thermal conductivity of the copper-TiC in-
terface and the amorphous carbon-TiC interface, so
the thermal conductivity of the entire interfacial layer
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Fig. 12. Effect of the size of the pores in the (a) Y-direction and (b) X-direction on the TC of the interfacial layer.

is significantly reduced. Therefore, when the interfa- As shown in Fig. 11, a darker color indicates a
cial layer is discontinuous, the TC of the interfacial higher heat flux density. It can be seen that the heat
layer will be significantly reduced. flux density inside the pores is extremely low because
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the TC of the pores is very low. When the heat flow
encounters the pores, the heat flows around the pores.
When the pore area is the same, as the aspect ratio
is larger, the heat flow transfer path is shortened, the
hindrance of heat flow is weakened, and Kj, , shows
an upward trend.

The falling slope of the curve in Figs. 12a,b illus-
trates the degree of influence of the pore size in dif-
ferent directions on Kj, . The calculated results can
provide a quantitative reference for studying the TC
of pores to the interfacial layer in the experiment.

3.4.2. Effect of the relative density on the TC
of the interfacial layer

It can be seen from the curve in Fig. 10 that
whether the interface component is continuous or not
will have an important effect on the TC of the interfa-
cial layer. Therefore, Ki, , and K. should be analyzed
in two cases: the component is continuous (Kin con,
K¢ con) or discontinuous (Kin dis, Kc,dis). Assuming
that the interval of each pore distribution is 1000 nm
when the component is continuous, the pore aspect
ratio is 1. According to published experimental stud-
ies [19], the relative density of GFs/Cu composite (p.)
can reach more than 99.7 %. Assuming that the pores
in the composite all exist at the interfacial layer, when
pe = 99.7 %, the relative density of the interfacial layer
is pin = 58 %. Kinp changes with piy, as shown in
Fig. 13.

As shown in Fig. 13, both curves show an upward
trend. This is because the heat transfer efficiency of
the air component is low, and the pores hinder the
heat flow, which makes the heat flow transfer path
longer and more complicated. Therefore, as the den-
sity increases, the fewer the pores, the higher the TC
of the composite. Obviously, Kin con > Kin,dis- And as
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composites, and (c) curve change values in (a) and (b).
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pin increases from 58 to 100 %, that is, as the pore vol-
ume fraction decreases, Kiy, con increases from 2.283 to
2.487Wm~! K~ increased by 8.93 %, and Kiy gis in-
creases from 1.633 to 2.487 Wm~! K—!, increased by
91 %. Corresponding to Fig. 10, this difference further
illustrates that the TC of the discontinuous interface
is less than the TC of the continuous one. When the
thickness of the interfacial layer does not change, this
change will directly reflect the change in the TC of
the composite. Therefore, in the experimental prepa-
ration of particle-reinforced composites with an inter-
facial layer, the interface composition should be kept
as continuous as possible to reduce the influence of
pores on the TC of the composite.

As shown in Fig. 14, the curves show an up-
ward trend. The more significant the volume frac-
tion, the more pronounced the curve change trend
because more interfaces are introduced, and the ef-
fect is more evident when the interface characteris-
tics change. Compared with the continuous interface,
the discontinuous change trend is more pronounced.
In Fig. 14, to better compare the continuous and dis-
continuous cases, compare the data in Figs. 14a,b and
Fig. 14c, for composite with a graphite volume frac-
tion of 30-70 %. As Vgr increases, K., drop caused
by pores will decrease more severely when the compo-
nent of the interfacial layer is discontinuous.

4. Conclusions

In this work, the effective thermal conductivities
of GFs/Cu composites with interface were calculated
using FEM, following conclusions can be drawn:

As the volume fraction of GF's increases, the TC of
the composite increases. As the size of GFs increases,
the TC of the composite increases. When the thermal
resistance of the interfacial layer is smaller, the role of
the above two factors is more obvious.

The shape of the pores in the interfacial layer influ-
ences the TC of the composite. The lower the density
of the interfacial layer, the lower the TC of the interfa-
cial layer, which has a more significant impact on the
composite with a high volume fraction of graphite.
The TC of the composite decreases more severely
when the composition of the interfacial layer is dis-
continuous.

The simulation calculation results in this paper can
provide theoretical guidance for material manufactur-
ing for interface design and can also be applied to
other matrix composites.
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