CARBON 47 (2009) 295-305

]
Carban

available at www.sciencedirect.com

-=-s
*«’ ScienceDirect

journal homepage: www.elsevier.com/locate/carbon

Graphite nanoplatelet pastes vs. carbon black pastes
as thermal interface materials

Chuangang Lin, D.D.L. Chung’

Composite Materials Research Laboratory, University at Buffalo, State University of New York, Buffalo, NY 14260-4400, USA

ARTICLE INFO ABSTRACT

Article history:

Received 11 March 2008
Accepted 9 October 2008
Available online 17 October 2008

Comparison of graphite nanoplatelet (GNP) and carbon black (CB) pastes as thermal inter-
face materials shows that the optimum filler content for attaining the maximum thermal
contact conductance (copper proximate surfaces, roughness 15 pm) are 2.4, 15 and 2.4 vol.%
for GNP, CB (Tokai) and CB (Cabot), respectively. Except for CB (Cabot), the optimum filler
content is diminished when the roughness is decreased from 15 to 0.009 um. Comparing
the fillers at their respective optimum contents shows that (i) GNP is similarly effective
as CB (Tokai) for rough (15 um) surfaces, but is less effective than CB (Tokai) for smooth
(0.009 pm) surfaces, and (ii) GNP is more effective than CB (Cabot) for rough surfaces, but
is slightly less effective than CB (Cabot) for smooth surfaces. GNP gives higher thermal con-
ductivity and greater bond line thickness than CB (Tokai or Cabot), whether the comparison
is at the same filler content or at the respective optimum filler contents. In spite of the high
thermal conductivity, the effectiveness of GNP is limited, due to the high bond line thick-
ness. CB (Tokai) gives higher thermal conductivity than CB (Cabot), thus causing CB (Tokai)
to be more effective than CB (Cabot).

© 2008 Elsevier Ltd. All rights reserved.

as a thermal interface material. Spreadability refers to the
ability for the interface material to become very thin at the

1. Introduction

Thermal interface pastes are needed for improving thermal
contacts, which are critical to the cooling of microelectronics.
An example of a thermal contact is the interface between the
microprocessor and the heat sink of a computer.

A thermal paste comprises an organic vehicle and a solid
component that is thermally conductive. The solid compo-
nent is typically in the form of fine particles that are dis-
persed and suspended in the vehicle.

A high value of the thermal conductivity does not imply
that the material will be an effective thermal interface mate-
rial. This is because the thermal conductivity is only one of
the factors that affect the performance of a thermal interface
material. Other factors are the conformability and the spread-
ability. Even if the interface material may be an excellent ther-
mal conductor, poor conformability would make it ineffective
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interface. This factor is also important, because the thermal
resistance due to the interface material increases with the
thickness of the interface material.

Carbon black provides thermal pastes that are superior to
commercial silver paste (Arctic Silver Inc., Visalia, CA), com-
mercial ceramic paste (Arctic Silver Inc.), carbon nanotube
pastes and solder [1-9]. In spite of the high thermal conduc-
tivity of the commercial silver paste and the low thermal con-
ductivity of carbon black, the carbon black paste is more
effective [2,3,6]. This fact points to the importance of con-
formability, which is poor for the commercial silver paste.
Due to its conformability, the carbon black thermal paste is
more effective than commercial thermal pastes that contain
silver particles or boron nitride particles of high thermal con-
ductivity when the proximate surfaces of the thermal contact
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are sufficiently smooth (e.g., a roughness of 0.009 um [5]). The
rougher are the proximate surfaces, the more important is the
thermal conductivity within the paste. As a result, the supe-
rior performance of the carbon black paste occurs only when
the proximate surfaces are smooth enough.

Exfoliated graphite is a form of graphite that is made by
intercalation, followed by exfoliation, which is commonly
conducted by heating at a high temperature [10]. Exfoliation
is accompanied by extensive expansion in the direction per-
pendicular to the graphite atomic planes. Microscopically,
the exfoliation process involves the opening up of the graph-
ite structure like an accordion. Mechanical agitation (such as
sonication) carried out on exfoliated graphite tends to break
up the material into nanoplatelets [11], which are attractive
for making polymer-matrix nanocomposites, in which the
nanoplatelets serve as a reinforcement [12-15] and/or a con-
ductive filler [16-19]. Graphite nanoplatelets (GNP) are less
expensive than carbon nanotubes, but they are more expen-
sive than carbon black.

Yu et al. [20] recently reported that GNP is an effective filler
for a thermal interface material in the form of an epoxy-ma-
trix composite. However, this statement is not supported by
the research results of Yu et al., as explained below. Evalua-
tion of the effectiveness of a thermal interface material re-
quires measurement of the thermal resistance associated
with the sandwich that consists of the two proximate sur-
faces and the interface material between them. Such a mea-
surement is absent in the work of Yu et al.

Flexible graphite (sheet formed by compressing exfoliated
graphite without a binder; often known by the tradename
“Grafoil”) is also a thermal interface material [21]. In spite of
its resilience in the direction perpendicular to the sheet, flex-
ible graphite by itself is not highly effective as a thermal inter-
face material [21]. Nevertheless, flexible graphite is effective
as a carrier (substrate) for thermal pastes for providing ther-
mal gap-filling materials [5]. On the other hand, aluminum
foil is also effective as a carrier [5].

A large aspect ratio of the graphite nanoplatelets is advan-
tageous for the thermal conductivity within the composite, as
recognized by Yu et al. [20]. However, it may possibly be a dis-
advantage for thermal interface material performance. This is
because of the tendency for the nanoplatelets to orient pref-
erentially in the plane of the thermal interface. The thermal
conductivity of a nanoplatelet is relatively poor in the direc-
tion perpendicular to the plane of the nanoplatelet. Carbon
nanotubes have a similar problem, due to their tendency to
orient in the plane of the thermal interface. Alignment of
the graphite nanoplatelets or carbon nanotubes is possible,
but it adds to the cost and limits the applicability. For exam-
ple, aligned nanotube arrays can be grown by chemical vapor
deposition on silicon substrates [22,23]. In contrast, the car-
bon black particles are essentially spherical in shape. In spite
of the relatively high value of the thermal conductivity of the
carbon nanotube array [23], the large bond line thickness of
0.1 mm (or above) limits the effectiveness of the array as a
thermal interface material.

The relatively large size (0.35-1.7 pm) of a graphite nano-
platelet in the plane of the nanoplatelet [20] is another possi-
ble disadvantage for thermal interface material performance.
This large size is expected to limit the conformability, as the

valleys in the surface topography of the proximate surfaces
can be as small as nanometers in size. Carbon nanotubes
have a similar problem, due to their relatively large size along
the axis of the nanotube. In contrast, the carbon black parti-
cles are small, around 30 nm in size.

The conformability of a thermal interface material de-
pends on both the filler and the matrix. A stiff matrix will
not allow the composite material to conform. The matrix
used by Yu et al. [20] is epoxy that has been cured completely.
As a consequence, the composites of Yu et al. are stiff and not
conformable. The low conformability will result in poor per-
formance as a thermal interface material. In contrast, the car-
bon black pastes involve soft matrices [1-9].

Yu et al. [20] stated that the thermal conductivity attained
in their work surpasses the performance of conventional fill-
ers that require a loading of ~70 vol.% to achieve these values.
This statement is not accurate. The highest value of the ther-
mal conductivity attained by Yu et al. is 6.44 W/mK. This va-
lue is low compared to 11.0 W/mK for epoxy containing
60 vol.% aluminum nitride particles and 10.3 W/mK for epoxy
containing 57 vol.% boron nitride particles [24].

Due to the various problematic issues mentioned above
concerning the report of Yu et al. [20], this paper is aimed at
(i) evaluating the performance of GNP thermal pastes by mea-
surement of the thermal contact conductance across a sand-
wich consisting of proximate surfaces with the paste in
between - a measurement that is missing in the work of Yu
et al,, and (ii) comparing the performance of GNP pastes with
that of carbon black pastes with the same vehicle (a soft ma-
trix, in contrast to the stiff matrix used by Yu et al.).

2. Experimental

2.1. Materials

The as-received graphite intercalation compound flake (GIC,
flake graphite intercalated by sulfuric acid and nitric acid in
the presence of catalysts, with a flake size of 300 pm, as sup-
plied by Asbury Graphite Mills, Asbury, NJ) was heated in a
furnace at 1000 °C in purging nitrogen for 2 min for the pur-
pose of exfoliation to form expanded (or exfoliated) graphite
(abbreviated EG). The expanded graphite obtained was then
immersed in acetone and sonicated using an ultrasonicator
(Fisher Scientific International Inc, FS60H, Hampton, NH) at
100 W for 24 h in order to obtain GNP dispersions at a concen-
tration of 2 mg/ml.

GNP pastes were prepared using the following steps. A pol-
yol ester oil (Hatcol 2372, Hatco Corp., Fords, NJ) was added to
a GNP/acetone suspension, which was then subjected to
5 min of hand mixing. A large portion of the acetone was then
removed by evaporation using a hot plate held at 100 °C for
2h. Any remaining acetone was then removed by placing
the sample in a vacuum chamber and heating to 85 °C for
24h. Polyol-ester-based pastes containing 0.6, 1.2, 2.4, 3.6
and 4.8 vol.% GNP were studied.

For the sake of comparison, polyol ester pastes containing
carbon black (CB) were also studied. Two types of CB were
used, namely Vulcan XC72R (Cabot Corp., Billerica, MA) and
Tokaiblack #3800 (graphitized carbon black from Tokai Carbon
Co., Ltd., Tokyo, Japan).
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2.2.  Testing

2.2.1. Thermal contact conductance measurement

A steady-state method known as the guarded hot plate meth-
od (ASTM Method D5470) was used to measure the thermal
contact conductance of thermal contacts that utilized various
thermal pastes at the thermal interface. Various thermal
pastes were sandwiched between the 1x 1 inch (25 x 25 mm)
proximate surfaces of two copper blocks (both 1 x 1 inch sur-
faces of each block having a controlled degree of roughness).
Each copper block had a height of 35 mm. The two proximate
surfaces of the two 1 x 1 in copper blocks were either “rough”
(15 um roughness, as attained by mechanical polishing) or
“smooth” (0.009 um roughness and 0.040-0.116 um flatness,
as attained by diamond turning). A pressure of 0.46, 0.69 or
0.92 MPa was applied in the direction perpendicular to the
thermal interface during the measurement. The testing
method is as described in prior publications by Chung et al.
[7,8].

2.2.2. Thermal conductivity measurement
The thermal conductivity within a thermal paste is to be dis-
tinguished from the thermal contact conductance across a
thermal contact. This thermal conductivity measurement
was also based on the ASTM D5470 method, as explained
below.

The thermal resistance of a system consisting of a thermal
paste sandwiched by a heat source and a heat sink can be
simply modeled by thermal resistances in series. Thus,

R= % +Ri1+R, 1)
where A is the geometric area of the contact, h is the bond line
thickness, k is the thermal conductivity of the thermal paste,
R (in unit of K/W) is the total thermal resistance of the sand-
wich, and R; and R, are the interfacial resistances of the inter-
face between the thermal paste and the two surfaces that
sandwich the paste [24]. The geometric area is the flat contact
area and is to be distinguished from the true area, which re-
flects the interface area associated with the roughness of
each of the proximate surfaces. The total thermal resistivity
of the sandwich is RA (in unit of m?K/W). The inverse of the
thermal resistivity is the thermal contact conductance (in
unit of W/m?K).

The thermal conductivity k was determined by measuring
the thermal resistivity RA for various values of the thermal
paste thickness h. The plot of RA vs. h is linear, with slope
1/k, and intercept (R; + Rp) A at the vertical axis, as indicated
by Eq. (1) [25]. The product R;A is the geometric interfacial
resistivity of the interface between the thermal paste and
one of the two proximate surfaces, while the product R,A is
the geometric interfacial resistivity of the interface between
the thermal paste and the other proximate surface.

In order to control the bond line thickness of the thermal
paste sandwiched by the two proximate surfaces, four stain-
less steel spacers [26] were used, as illustrated in Fig. 1. Each
spacer was a short prism based on a 2 x2 mm?. In order to
control the thickness of the paste to be tested, four sets of
spacers with different column heights were used, namely
50, 100, 150 and 200 um. The proximate surfaces used for

thermal conductivity measurement had a roughness of
0.05 um. This roughness is between those of the rough and
smooth surfaces used in thermal contact conductance mea-
surement (Section 2.2.1). A pressure of 0.25 MPa was applied
in the direction perpendicular to the thermal interface during
the measurement. The pressure was borne by the four spac-
ers, while the thermal paste filled the space between the
two proximate surfaces. In other words, the thermal paste
was not under pressure during the thermal conductivity mea-
surement; only the spacers were.

Due to the absence of pressure on the paste, the values of
the thermal conductivity and the geometric interfacial resis-
tivity determined by this method are for the unloaded state
and are therefore different from the corresponding values in
the thermal contact conductance measurement configura-
tion, which involved application of pressure to the paste.
Since pressure helps the conformability of the paste to the
topography of the proximate surfaces, pressure is expected
to decrease the geometric interfacial resistivity. As a result,
the geometric interfacial resistivity determined by using this
method must be higher than that for the thermal contact con-
ductance measurement configuration. Furthermore, pressure
is expected to affect the thermal conductivity of the paste,
due to the effect of pressure on the preferred orientation of
the GNP in the paste and on the degree of squishing of the
carbon black in the paste.

The contribution of the spacers, which are high in thermal
conductivity, to the overall thermal resistance of the sand-
wich was excluded in the calculation of the thermal conduc-
tivity of the thermal paste in the sandwich. The contribution
of the spacers to the heat flow was determined by measuring
the thermal contact conductance of the sandwich held by the
spacers in the absence of a paste. Then the heat flow associ-
ated with the thermal paste was obtained by deducting the
heat flow due to the spacers from the heat flow due to the
combination of spacers and paste. Thus, the effect of the
spacers on the determination of the thermal conductivity of
the paste was eliminated.

2.2.3. Bond line thickness measurement

The bond line thickness (i.e., thermal paste thickness) of a
thermal contact is an important parameter that affects per-
formance. Measurement of the bond line thickness using a
strain gage in conjunction with the set-up for thermal contact
conductance is inaccurate when the thickness is below about
3 um [27]. Therefore, this work used other methods, called
Methods A and B, for bond line thickness measurement, as
explained below.

Method A involved an indirect method, in which the bond
line thickness was calculated from the controlled volume of
the thermal paste and the measured area of the thermal paste
after the spreading associated with its being sandwiched by
the copper blocks (those used for thermal contact conduc-
tance measurement) at a controlled load (provided by a con-
stant weight) for 1 min. The paste was applied to the center
of the surface of one of the copper blocks prior to bringing
the two blocks together and subsequent compression, which
caused the paste to spread. After the compression, the blocks
were separated and the diameter of the spread paste was
measured. The area of the spread paste was calculated from
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Fig. 1 - Thermal conductivity measurement by using spacers to control the thermal paste thickness. All dimensions are in
mm. (a) Three-dimensional view, with the height of each spacer much exaggerated. (b) Top view.

the measured diameter of the spread paste, as the area was
essentially circular. The pressure of the compression was cal-
culated from the constant weight and the area covered by the
spread paste. By using different volumes of thermal paste,
hence different areas covered by the spread paste, the pres-
sure on the paste was varied, thereby allowing investigation
of the dependence of the bond line thickness on the pressure.
The pressure range was similar to that used for thermal con-
tact conductance measurement (Section 2.2.1).

Method B involved direct measurement of the bond line
thickness as a function of time after application of a constant
pressure that was considerably below the pressures used in
thermal contact conductance measurement. That the pres-
sure used in Method B was low is because of the upper limit
in force that could be provided by the thermomechanical ana-
lyzer (TMA7, Perkin-Elmer Inc., Waltham, MA) used. This ana-
lyzer is attractive because it is capable of measuring
dimensional changes with a displacement sensitivity of
50 nm and a resolution of 3 nm [28]. Although it allows tem-
perature variation, this work used it only at room temperature.
The low pressure makes Method B not as relevant as Method
A, but Method B provides information on the change in bond
line thickness as a function of time after pressure application.

In Method B, a controlled volume of the paste to be evalu-
ated was applied to be interface between two copper discs of
diameter 7 mm and roughness 15 pym. A compressive load of
only 30 mN (i.e., a stress of 780 Pa) was applied to the sand-
wich in the direction perpendicular to the thermal interface.
The change of the bond line thickness immediately after
the load application was monitored as a function of time by
using the quartz position probe (with diameter 3mm and a
flat tip) associated with the thermomechanical analyzer.

2.2.4. Microstructural examination

The microstructure of EG (prior to sonication) and of GNP
(after sonication) was observed by using a scanning electron
microscope (SEM) in the secondary electron imaging mode.

3. Results and discussion

3.1.  Microstructure of EG and GNP

Fig. 2a shows the worm-like shape of EG, while Fig. 2b, at a
higher magnification, shows the accordion-like microstruc-
ture of EG. These shape and microstructure are typical of
EG, as previously reported [17]. They are consistent with the
well-known fact that exfoliation involved expansion by up
to several hundred times along the thickness direction of
the flake, due to vapor generation by the intercalate [10].

Fig. 2c and d show the nanoplatelet morphology of GNP at
two magnifications. The platelets had dimensions around 3-
8 um in the plane of a platelet. The platelet thickness was in
the nanoscale.

3.2. Thermal contact conductance

Table 1 and Fig. 3 show the thermal contact conductance of
GNP pastes and CB pastes for both rough and smooth sur-
faces. For the case of rough surfaces, GNP was slightly more
effective than CB (Tokai), which was in turn more effective
than CB (Cabot). For the case of smooth surfaces, CB (Tokai)
was more effective than CB (Cabot), which was in turn more
effective than GNP. This comparison is based on the best per-
formance among various filler volume fractions for each type
of filler. The highest value of the thermal contact conduc-
tance attained in this work for the rough case is 12 x 10* W/
m?°C (as attained by GNP); the highest value of the conduc-
tance attained in this work for the smooth case is
33 x 10* W/m? °C (as attained by CB (Tokai)).

The high effectiveness of GNP for the rough case is attrib-
uted to the high thermal conductivity of GNP (Section 3.3).
The high effectiveness of CB (Tokai) for the smooth case is
attributed to the high conformability that is suggested by
the low viscosity [27]. Thermal conductivity is more impor-
tant for rough surfaces than smooth surfaces, whereas
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Fig. 2 - SEM photographs. (a) and (b) Exfoliated graphite before sonication. (c) and (d) Graphite nanoplatelets obtained by
sonication of exfoliated graphite.

Table 1 - Thermal contact conductance of thermal contacts with GNP pastes and carbon black (CB) pastes. The bond line

thicknesses of various pastes are shown in Fig. 8.

Thermal paste Thermal conductance (10* W/m?°C)
Rough surfaces Smooth surfaces
Filler Vol.% 0.46 MPa 0.69 MPa 0.92 MPa 0.46 MPa 0.69 MPa
GNP 0.6 / / / 23.81+0.34 25.18 +0.21
1.2 10.66 + 0.04 11.38 + 0.05 11.66 + 0.06 24.26 + 0.66 25.66 + 0.06
2.4 11.72+0.28 11.98 £ 0.18 12.36 £ 0.10 22.07 £1.18 24.47 £ 0.37
3.6 10.32 +0.15 10.71 £ 0.05 11.17 £ 0.09 21.17 £ 0.07 22.16 +0.28
4.8 9.35+0.34 10.74 + 0.32 9.68 +0.34 17.40 £ 0.37 19.14 + 0.21
CB (Tokai) 1.2 9.45 +0.02 9.59 £ 0.09 9.89 +0.02 / /
24 10.20 £ 0.20 11.01 £ 0.05 11.87 + 0.08 24.23+0.17 27.75+0.11
4.8 10.12 £ 0.16 11.10 £ 0.10 11.59 £ 0.15 / /
8.0 10.85+0.20 11.39+£0.10 11.64 +0.12 30.41+ 047 32.75+0.19
12.0 11.06 £ 0.27 11.71+£0.12 12.57 +0.28 / /
15.0 11.27 £ 0.34 12.41+£0.22 13.18 £ 0.11 25.58 £ 0.35 27.86 £0.10
20.0 9.34+0.21 9.86 +0.11 11.11+0.13 17.48 £ 0.17 22.33+0.29
CB (Cabot) 1.2 8.50 £0.16 9.39+0.11 10.36 +0.20 / /
2.4 8.72 £ 0.07 10.18 £ 0.20 11.12 £ 0.12 25.91+0.16 27.75+0.14
4.8 8.45+ 011 9.39+0.15 10.58 £ 0.11 19.10 £+ 0.20 21.33+0.32
8.0 7.96 + 0.08 8.71+0.10 8.78 £ 0.09 16.52 + 0.61 18.17 +0.22
12.0 2.05 +0.02 2.28 £0.03 2.49 +0.02 / /

conformability is more important for smooth surfaces than respectively. For the case of smooth surfaces, the optimum

rough surfaces. was 1.2, 8 and 2.4 vol.% for GNP, CB (Tokai) and CB (Cabot),
The optimum filler volume fraction differed among the respectively. Thus, the optimum filler volume fraction was
three filler types. For the case of rough surfaces, the optimum diminished by having smoother proximate surfaces for GNP

was 2.4, 15 and 2.4 vol.% for GNP, CB (Tokai) and CB (Cabot), and CB (Tokai), but was not affected by the smoothness for
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Fig. 3 - Thermal contact conductance measured for the case of (a) rough surfaces, and (b) smooth surfaces. (A) GNP; (0) carbon
black (Tokai); (0) carbon black (Cabot). A vertical bar with a horizontal line at each end and indicating the data scatter is
shown for each data point, though the bar is negligibly short for most data points.

CB (Cabot). For GNP beyond the optimum volume fraction, the
conductance decreased significantly with increasing GNP vol-
ume fraction (Fig. 3). Due to the low value of the optimum fil-
ler volume fraction for GNP compared to CB (Tokai), GNP was
less effective than CB (Tokai) when the filler volume fraction
exceeded about 5vol.% for the rough case. The existence of
an optimum is due to the fact that the thermal conductivity
of the paste increases with increasing filler content, while
the conformability and spreadability of the paste decrease
with increasing filler content. That the optimum volume frac-
tion is higher for rough surfaces than smooth surfaces for the
same filler type, as shown for both GNP and CB (Tokai), is due
to the relatively high importance of the thermal conductivity
for the rough case and the relatively high importance of the
conformability for the smooth case. That the optimum vol-
ume fraction is higher for CB (Tokai) than CB (Cabot), as
shown for both rough and smooth cases, and that CB (Tokai)
is more effective than CB (Cabot), as shown for the rough
case, are due to the lower DBP value (i.e., the lower structure)
of CB (Tokai), as previously reported [27]. Although GNP is in
the nanoscale in the thickness direction of the platelet, it is
in the micrometer scale in the plane of the platelet. The large
in-plane dimension and the expected tendency for the flakes
to lie down in the plane of the thermal interface probably con-
tribute to causing GNP to have a low optimum filler volume
fraction, akin to CB (Cabot), in the rough case.

All values of the thermal contact conductance reported in
this work (Table 1) are higher than the highest value of
8x10* W/m?K that had been previously reported for both
an aligned multiwalled carbon nanotube (0.4 vol.%) array
and a non-aligned dispersed multiwalled carbon nanotube
(0.4 vol.%) silicone-matrix composite [23].

3.3.  Thermal conductivity

Table 2 and Fig. 4 illustrate, for the case of the paste with
2.4vol.% GNP, how the raw data were used, according to the
method described in Section 2.2.2, to determine the thermal
conductivity of a paste. Based on the linear equation associ-

ated with the plot of the thermal resistivity (overall) vs. the
paste thickness, the thermal conductivity k of the paste was
determined for this paste to be 1/2-103 =0.476 W/mK and
the total geometric interfacial resistivity of the two paste-cop-
per interfaces in the sandwich was determined for this paste
to be 6.2 x 107° m?K/W.

Table 3 shows the geometric interfacial resistivity for var-
ious pastes under no pressure. The values are comparable
for GNP and CB pastes. Under pressure, the values are ex-
pected to be lower, since the pressure increases the conform-
ability. In spite of the overestimation, the values of the
geometric interfacial resistivity of all the pastes studied are
of the order of 10>-10"° m?K/W which is comparable to val-
ues previously reported for the interface between copper (of
unspecified surface roughness) and an aligned carbon nano-
tube array [23]. Though the thermal conductivity of the array
is 1.21 W/mK, which is higher than any of the thermal con-
ductivity values of this work (Table 3), the array’s high bond
line thickness (0.1 mm or above) limits its effectiveness,
which is shown by the low values of the thermal contact con-
ductance mentioned in Section 3.2.

Table 3 and Fig. 5 show the thermal conductivity values
obtained for the various pastes under no pressure. The values
of the GNP paste thermal conductivity reported here are com-
parable to those previously reported for GNP filled epoxy at
similar filler volume fractions [29]. GNP gives higher thermal
conductivity than either type of CB, whether the comparison
is at the same filler volume fraction or at the respective opti-
mum filler volume fractions. In this context, the optimum fil-
ler volume fractions are those for attaining the highest
thermal contact conductance, as described in Section 3.2. In
case of rough surfaces, although the GNP optimum volume
fraction (2.4 vol.%) is much lower than the CB (Tokai) opti-
mum volume fraction (15 vol.%), the GNP paste is more con-
ductive thermally than the CB (Tokai) paste. In case of
smooth surfaces, although the GNP optimum volume fraction
(1.2 vol.%) is much lower than the CB (Tokai) optimum vol-
ume fraction (8 vol.%), the GNP paste is more conductive ther-
mally than the CB (Tokai) paste. In spite of its high thermal
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Table 2 — Raw data in the thermal conductivity measurement of the paste with 2.4 vol.% GNP.

Thickness (um) Thermal conductance Thermal resistivity Linear fit of the dependence

(x10* W/m?K) (x10~* m?K/W) of the thermal resistivity (y) on the bond
line thickness (x) (Fig. 4)
50 0.905 1.105 y=2.103x +6.2x 10 ° R* = 0.999
150 0.308 3.242
200 0.235 4.251
18.0 volume fractions, whether the surfaces are rough or smooth,
CB (Tokai) gives higher thermal conductivity than CB (Cabot)
g 16.01 (Table 3). This explains the higher thermal contact conduc-
NE- 140 tance attained by CB (Tokai) at its optimum volume fraction
5 120l than CB (Cabot) at its optimum volume fraction, whether
= the surfaces are rough or smooth, as shown in Table 1. At
210y the same filler volume fraction, CB (Tokai) gives slightly high-
% 8.0 er thermal conductivity than CB (Cabot), although the differ-
g aol ence is small. The above observations imply that, at the
= G respective optimum filler volume fractions, (i) the high ther-
g 48 / mal conductivity of CB (Tokai) compared to CB (Cabot) is
£ o207 . mainly due to the high value of the optimum filler volume
00 g A i ; fraction for CB (Tokai), and (ii) the high thermal conductivity
0 50 100 150 200 250

Thickness (um)

Fig. 4 - Dependence of the thermal resistivity of the thermal
contact on the thickness of the thermal paste. (A) 2.4 vol.%
GNP; (0) 2.4 vol.% CB (Cabot); (<) 15 vol.% CB (Tokai). A
vertical bar with a horizontal line at each end and indicating
the data scatter is shown for each data point, though the bar
is negligibly short for most data points.

conductivity, the GNP paste at its optimum volume fraction
gives thermal contact conductance that is comparable to
the CB (Tokai) paste at its corresponding optimum volume
fraction for the case of rough surfaces, and thermal contact
conductance that is less than that for CB (Tokai) paste at its
corresponding optimum volume fraction for the case of
smooth surfaces (Table 1). At the respective optimum filler

of GNP compared to CB (Tokai) is due to the inherently high
thermal conductivity of GNP.

In case of smooth surfaces and at the respective optimum
filler volume fractions, the thermal contact conductance for
the GNP paste (1.2 vol.%) is considerably lower than that for
the CB (Tokai) paste (8 vol.%) and is slightly lower than that
for the CB (Cabot) paste (2.4 vol.%) (Table 1). This occurs in
spite of the relatively high thermal conductivity of the GNP
paste (Table 3). This means that, at least for the case of
smooth surfaces, the thermal conductivity is not a good indi-
cator of the performance of a paste as a thermal interface
material.

The highest thermal conductivity attained in this work for
a GNP paste (4.8 vol.% GNP) is 0.75 W/mK, which is much low-
er than the value of 6.44 W/mK reported by Yu et al. [20] for a
GNP epoxy-matrix composite (25vol.% GNP). The relatively
low thermal conductivity of this work is due to the low vol-
ume fraction of GNP.

Table 3 — Thermal conductivity and geometric interfacial thermal resistivity of selected pastes under no load.

Filler Vol.% Linear fit of the dependence Geometric interfacial Thermal
of the thermal resistivity (y) on the bond resistivity® (x10 ° W/m?K) conductivity (W/mK)
line thickness (x) (Fig. 4)

GNP 1.2 y = 3.289x + 2.8x10 > R? = 0.999 28+5 0.304 + 0.003
24 y =2.103x + 6.2x107® R? = 0.999 62 +29 0.476 + 0.005
48 y = 1.334x + 3.4x10~°> R* = 0.995 34+2 0.750 + 0.010
CB (Tokai) 2.4 y =7.201x + 7.3x10 ® R? = 0.971 7.3+04 0.140 + 0.011
4.8 y = 5.838x + 9.2x10"° R* = 0.994 9.2+6.0 0.171 + 0.001
8.0 y = 4.441x + 2.6x107° R* = 0.998 26+4 0.225 + 0.002
15.0 y = 3.020x + 7.2x10"® R* = 0.997 7.2+1.3 0.331 + 0.002
CB (Cabot) 24 y =7.785x + 1.1x107° R? = 0.997 11+6 0.128 + 0.001
4.8 y = 6.718x + 1.0x10 > R? = 0.997 1011 0.149 + 0.003

a R1A + RyA, i.e,, the total geometric interfacial resistivity.
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Fig. 5 - Dependence of the thermal conductivity on the
thickness for selected pastes. (A) GNP pastes, (<) Carbon
black (Tokai), (OJ) carbon black (Cabot). A vertical bar with a
horizontal line at each end and indicating the data scatter is
shown for each data point, though the bar is negligibly short
for most data points.

3.4. Bond line thickness

An important factor that governs the performance of a ther-
mal paste is the bond line thickness, which relates to the con-
formability and spreadability of the paste. According to Eq. (1),
the thermal conductance, which is the inverse of the thermal
resistivity, is related to the bond line thickness. A higher bond
line thickness leads to a longer heat conduction path, and
hence a higher thermal resistance.

Fig. 6 shows the change of the bond line thickness of GNP
pastes with time from the start of application of a pressure of
780 Pa, as obtained by using Method B (Section 2.2.3). The
thickness decreases abrupt at the start of loading, due to
the partial squeezing out of the paste. The higher is the initial
thickness, the greater is the amount squeezed out. The bond
line thickness increases as the filler content increases. This
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Fig. 6 - Bond line thickness (measured using Method B)
as a function of time from the start of application of a low
compressive stress. (a) 1.2 vol.% GNP; (b) 2.4 vol.% GNP;

(c) 4.8 vol.% GNP.

trend is expected, since the viscosity increases with the filler
content. At the end of the period of loading, the thickness is 3,
49 and 230 um for GNP contents of 1.2, 2.4 and 4.8 vol.%,
respectively.

As reported in Section 3.3, the thermal conductivity of the
GNP paste increases as the filler content increases. However, a
higher filler content leads to a larger bond line thickness,
which increases the length of the heat conduction path,
thereby decreasing the thermal conductance of the sandwich.
Therefore, increasing the filler content to attain a higher ther-
mal conductivity does not help, as the benefit due to the ther-
mal conductivity increase is overshadowed by the negative
effect of a higher bond line thickness.

The thickness in Fig. 6 was measured at 30 mN (780 Pa),
whereas the thermal contact conductance testing was con-
ducted at 0.46 MPa or above. Therefore, the bond line thick-
ness in thermal contact conductance testing must be much
smaller than the values in Fig. 6. Nevertheless, Fig. 6 is valu-
able for providing comparative information.

When compared with CB (whether Tokai of Cabot) at the
same filler content, GNP gives higher bond line thickness, as
shown in Fig. 7. The high bond line thickness is one of the
causes for the low performance of the GNP paste compared
to carbon black pastes. The performance is low in spite of
the high thermal conductivity of the GNP paste compared to
those of the carbon black pastes in the case of smooth sur-
faces (Section 3.2).

Fig. 8a and b show the dependence of the bond line thick-
ness on pressure for various thermal pastes for rough and
smooth proximate surfaces respectively, as obtained by using
Method A (Section 2.2.3). For any paste, the bond line thick-
ness decreases with increasing pressure, whether the proxi-
mate surfaces are rough or smooth. This trend is consistent
with the increase in thermal contact conductance with
increasing pressure, as observed for any of the pastes investi-
gated, whether the proximate surfaces are rough or smooth
(Table 1). This implies that the thermal contact conductance
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Fig. 7 - Bond line thickness (measured using Method B) as a
function of time from the start of application of a low
compressive stress. (a) 4.8 vol.% GNP paste; (b) 4.8 vol.%
CB(Cabot) paste; (c) 4.8 vol.% CB(Tokai) paste; (d) 2.4 vol.%
GNP paste; (e) 2.4 CB(Tokai) paste; (f) 2.4 vol.% CB (Cabot)
paste.
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Fig. 8 - Bond line thickness (measured using Method A) of various pastes. (a) Comparison of results for rough (solid symbols)
and smooth (open symbols) proximate surfaces: (A) 2.4 vol.% GNP pastes; (¢) 15 vol.% CB (Tokai); (M) 2.4 vol.% CB (Cabot); (A)
2.4vol.% GNP pastes; (<) 15 vol.% CB (Tokai); (C) 2.4 vol.% CB (Cabot). (b) Comparison of results of various pastes for smooth
proximate surfaces: (A) 2.4 vol.% GNP pastes; (x) 1.2 vol.% GNP pastes; (<) 15 vol.% CB (Tokai); (O) 8 vol.% CB (Tokai); ()

2.4 vol.% CB (Cabot).

correlates with the bond line thickness for any of the pastes
investigated.

As shown in Fig. 8a, at the same pressure, 2.4 vol.% GNP
gives the highest bond line thickness, 2.4 vol.% CB (Cabot)
gives the lowest thickness and 15vol.% CB (Tokai) gives an
intermediate value, whether the proximate surfaces are
rough or smooth. In particular, at a pressure of 0.46 MPa,
which is one of the pressures used in the thermal contact
conductance measurement, the bond line thickness is respec-
tively 1.3, 0.72 and 0.36 pm for 2.4 vol.% GNP, 15 vol.% CB (To-
kai) and 2.4 vol.% CB (Cabot) pastes in case of rough surfaces.

Fig. 8b shows more complete data for the smooth case. At
the same pressure and for the same type of filler, an increase
in filler volume fraction increases the bond line thickness, as
shown for GNP pastes (1.2 and 2.4 vol.%) and CB (Tokai) pastes
(8 and 15 vol.%). This trend is expected.

Fig. 8b shows that, at the same pressure, the bond line
thickness is lower for CB (Tokai) paste (8 vol.%, which is the
optimum volume fraction for the smooth case, Table 1) than
GNP paste (1.2 vol.%, which is the optimum volume fraction
for the smooth case, Table 1). This explains why the former
gives higher thermal contact conductance than the latter (Ta-
ble 1). Fig. 8b shows that, at the same pressure, the bond line
thickness is slightly lower for CB (Cabot) paste (2.4 vol.%,
which is the optimum volume fraction for the smooth case,
Table 1) than CB (Tokai) (8 vol.%, which is the optimum vol-
ume fraction for the smooth case, Table 1), but the former
gives a lower value of the thermal contact conductance com-
pared to the latter (Table 1). On the other hand, the former
gives a lower value of the thermal conductivity than the latter
(Table 3). These observations mean that the higher thermal
contact conductance of CB (Tokai) paste (8 vol.%) compared
to CB (Cabot) (2.4 vol.%) is due to its higher thermal conductiv-
ity, which overshadows the negative effect of the larger bond
line thickness of CB (Tokai) paste (8 vol.%).

Fig. 8 shows that the bond line thickness varies with the
pressure more significantly for CB (Tokai) paste (15 vol.%)
than any of the other pastes, which include the CB (Tokai)

paste (8 vol.%) shown in Fig. 8b. The more significant pressure
dependence of CB (Tokai) paste (15vol.%) is attributed to it
high filler volume fraction, which causes the minimum pres-
sure for substantial decrease of the bond line thickness to be
relatively high.

For the same CB paste (whether Tokai or Cabot), the bond
line thickness is lower for the smooth surfaces than the rough
surfaces. For the GNP paste, the bond line thickness is essen-
tially the same for smooth and rough surfaces. This differ-
ence between CB and GNP pastes may be because of the
greater difficulty for the GNP paste to be compressed into
the microscopic valleys in the proximate surfaces (due to
the GNP nanoplatelets being large compared to the CB nano-
particles) and the consequent low conformability of the GNP
paste compared to the CB pastes.

Due to the low bond line thickness for the smooth case
compared to the rough case for the CB pastes and the absence
of effect of proximate surface roughness on the bond line
thickness for the GNP paste, the difference in bond line thick-
ness between the GNP paste and any of the CB pastes is larger
for the smooth case than the rough case. This explains why
the thermal contact conductance is lower for the GNP paste
than the CB (Tokai) paste in the smooth case, but is compara-
ble for these pastes in the rough case (Fig. 3).

For any of the pastes, the thermal contact conductance is
higher for the smooth case than the rough case (Table 1). In
the case of the CB pastes, this is at least partly due to the low-
er value of the bond line thickness for the smooth case. In the
case of the GNP paste, this explanation does not work, since
the bond line thickness is the same for the smooth and rough
cases. Therefore, the explanation for the GNP paste probably
relates to the lower geometric interfacial resistivity for the
smooth case, though evidence is not available to support this
explanation.

Although the bond line thickness for the 8 vol.% CB (Tokai)
paste is not included in Fig. 8 for the sake of presentation clar-
ity, its value, as measured for the smooth case, is lower than
that for the 15 vol.% CB (Tokai) paste and is close to that for
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the 2.4 vol.% CB (Cabot) paste. This means that, at the same
pressure and for the same filler, the bond line thickness is lar-
ger when the filler volume fraction is higher, as expected.

4, Conclusion

Comparative evaluation of GNP, CB (Tokai) and CB (Cobot)
pastes in their effectiveness as thermal interface materials
between copper proximate surfaces of roughness 15 pym and
held together at pressures ranging from 0.46 to 0.92 MPa
shows that the optimum filler volume fraction for attaining
the maximum thermal contact conductance are 2.4, 15 and
2.4vol.% for GNP, CB (Tokai) and CB (Cabot) respectively. Ex-
cept for CB (Cabot), the optimum filler volume fraction is
diminished when the roughness is decreased from 15 to
0.009 um,; it is diminished from 2.4 to 1.2 vol.% for GNP and
from 15 to 8 vol.% for CB (Tokai). Comparing the fillers at their
respective optimum volume fractions shows that (i) GNP is
comparable in effectiveness to CB (Tokai) for rough (15 pm)
surfaces, but is less effective than CB (Tokai) for smooth
(0.009 um) surfaces, and (ii) GNP is more effective than CB (Ca-
bot) for rough surfaces, but is slightly less effective than CB
(Cabot) for smooth surfaces. With consideration of the mate-
rial cost, the processing complexity, the chemical reactivity
(with likely residual acid in GNP) and the thermal contact
conductance, CB is a much more attractive choice than GNP
as a filler for thermal pastes.

Measurement of the thermal conductivity within a paste
under no pressure shows that, GNP gives higher thermal con-
ductivity than either type of CB, whether the comparison is at
the same filler volume fraction or at the respective optimum
filler volume fractions. In spite of its high thermal conductiv-
ity, the GNP paste at its optimum volume fraction gives ther-
mal contact conductance that is comparable to the CB (Tokai)
paste at its corresponding optimum volume fraction in case
of rough surfaces, and thermal contact conductance that is
lower than that of CB (Tokai) paste at its corresponding opti-
mum volume fraction in case of smooth surfaces. At the
respective optimum filler volume fractions, whether the sur-
faces are rough or smooth, CB (Tokai) gives higher thermal
conductivity than CB (Cabot). This explains the higher ther-
mal contact conductance attained by CB (Tokai) than CB (Ca-
bot) at their respective optimum volume fractions for both
rough and smooth cases. At the same filler volume fraction,
GNP gives higher thermal conductivity than CB (Tokai or Ca-
bot), while CB (Tokai) gives slightly higher thermal conductiv-
ity than CB (Cabot).

The bond line thickness decreases with increasing pres-
sure, such that the effect is more significant for CB (Tokai)
paste (15 vol.%) than any of the other pastes studied. This is
due to the high filler volume fraction of this paste.

At the same pressure, GNP gives higher bond line thick-
ness than CB (Tokai or Cabot), whether at the same filler vol-
ume fraction or at the respective optimum filler volume
fractions (whether the surfaces are rough or smooth). Thus,
in spite of the high thermal conductivity of GNP, the effective-
ness of GNP is limited, due to the high bond line thickness.

At the same pressure, CB (Tokai) gives higher bond line
thickness than CB (Cabot), whether at the same filler volume

fraction or at the respective optimum filler volume fraction
(whether the surfaces are rough or smooth), although the dif-
ference is small in case of comparison at the same filler vol-
ume fraction of 2.4 vol.% and in case of comparison at the
corresponding optimum filler volume fractions for the
smooth case. The superior thermal contact conductance of
CB (Tokai) compared to CB (Cabot) is attributed to the higher
thermal conductivity, which overshadows the effect of the
larger bond line thickness.

All values of the thermal contact conductance reported in
this work are higher than the highest value of 8 x 10* W/m?K
that had been previously reported for an aligned multiwalled
carbon nanotube (0.4 vol.%) array [23]. Though the thermal
conductivity of the array is 1.21 W/mK, which is higher than
any of the thermal conductivity values of the pastes of this
work, the array’s high bond line thickness (0.1 mm or above)
limits its effectiveness

In general, in order to attain high performance, as indi-
cated by the thermal contact conductance of the sandwich,
high thermal conductivity, small bond line thickness and
low geometric interfacial resistivity are valuable. High ther-
mal conductivity alone does not necessarily mean high ther-
mal contact conductance. In particular, for a paste that is
relatively low in the thermal conductivity (e.g., a carbon black
paste), a sufficiently low value of the bond line thickness can
cause the paste to be highly effective.
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