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C arbon black dispersions as thermal pastes that surpass solder
in providing high thermal contact conductance
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Abstract

Carbon black dispersions based on polyethylene glycol (PEG) or di(ethylene glycol) butyl ether, along with dissolved
ethyl cellulose, provide thermal pastes that are superior to solder as thermal interface materials. The thermal contact

5 2 5 2conductance of the interface between copper disks reaches 3310 W/m 8C, compared to 2310 W/m 8C for a
tin–lead–antimony solder. The pastes based on PEG are superior to those based on butyl ether in their thermal stability
above 1008C. Carbon black is superior to materials that are more conductive thermally (graphite, diamond and nickel
particles, and carbon filaments) in providing thermal pastes of high performance. The performance of thermal pastes and
solder as thermal interface materials is mainly governed by their conformability and spreadability rather than their thermal
conductivity.
   2003 Elsevier Ltd. All rights reserved.
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1 . Introduction thermally conductive as well. Although much attention has
been given to the development of heat sink materials,

With the miniaturization and increasing power of micro- relatively little attention has been given to the development
electronics, heat dissipation has become critical to the of thermal fluids or pastes.
performance, reliability and further miniaturization of The most common thermal fluid is mineral oil. As a
microelectronics. Heat dissipation from microelectronics is fluid, it is highly conformable and spreadable, but it has a
most commonly performed by thermal conduction. For this low thermal conductivity. The most common thermal paste
purpose, a heat sink, which is a material of high thermal is silicone filled with thermally conductive particles[4–7].
conductivity, is commonly used. In order for the heat sink Due to the filler, it is relatively high in thermal con-
to be well utilized, the thermal contact between the heat ductivity, but it suffers from poor conformability and poor
sink and the heat source (e.g., a substrate with a semi- spreadability. Thermal fluids and pastes used in previous
conductor chip on it) should be good[1,2]. A thermal fluid studies are not as effective as solder (applied when it is
or paste is commonly applied at the interface to enhance molten)[8,9], but they do not require heating, which is
the thermal contact[3]. The fluid or paste is a material that required for the use of solder.
has high conformability so that it can conform to the This paper is focused on the addition of a thermally
surface topography of the mating surfaces, thereby avoid- conductive filler to organic vehicles for the purpose of
ing air gaps (which are thermally insulating) at the providing a thermal paste which is conformable, spread-
interface. The fluid or paste must be highly spreadable, so able and relatively high in thermal conductivity. The fillers
that the thickness of the paste after application is very thin included in this study are carbons (carbon black, 1 and 5
(just enough to fill the valleys in the surface topography of mm graphite particles, 0.1mm diameter discontinuous
the mating surfaces). Preferably the fluid or paste is carbon filaments and 25mm diamond particles) and 1 and

3 mm nickel particles. Of all these fillers, carbon black
[10], which is porous, is the only type that is itself*Corresponding author. Tel.:11-716-654-2593x2243; fax:
spreadable (compressible). The spreadability[11–13],11-716-645-3875.
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reason behind the superior performance of carbon black average value corresponds ton|8.68. It was a liquid at
compared to all the other fillers investigated. Furthermore, room temperature and optionally contained ethyl cellulose
the porosity of a carbon black particle allows penetration (E8003; Sigma, St. Louis, MO, USA) at either 3 or 5
of the vehicle into a carbon black particle. The porosity, vol.%. The ethyl cellulose was a white powder that was
probably along with wettability, enables the resulting paste dissolved in the vehicle. It served to improve the disper-
to have high fluidity, as previously shown for the case of sion and suspension of the solids in the pastes.
oil as the vehicle[14–18]. The other organic vehicle used was di(ethylene glycol)

Organic vehicles are commonly used as the suspending butyl ether (from Aldrich, Milwaukee, WI, USA). It
medium for dispersed inorganic particles in pastes[19– optionally contained ethyl cellulose at 10, 20, 30 or 40
22]. An organic vehicle system may consist of a solvent vol.%, from Sigma.
(such as butyl ether[23]) and a solute (such as ethyl The carbon black used was Vulcan XC72R GP-3820
cellulose[22]), which serves to enhance the dispersion and from Cabot (Billerica, MA, USA). This carbon black was
suspension[19]. Ethyl cellulose offers the further advan- chosen due to its electrical conductivity and easy disper-
tage of its slight conductivity[24,25]. sion. It was a powder with an average particle size of 30

2Another organic vehicle is polyethylene glycol (PEG, a nm, a nitrogen specific surface area of 254 m /g, a
polymer) of low molecular weight (400 amu)[8], which is maximum ash content of 0.2% and a density of 1.7–1.9

3different from silicone in that its viscosity is lower. By g/cm . The carbon black powder was mixed with a vehicle
using PEG in conjunction with boron nitride particles as a by hand stirring to form a uniform paste. Other thermally
thermal paste between copper disks, a thermal contact conductive solids, all used at 0.27 vol.% for the sake of

5 2conductance of 1.9310 W/m 8C has been produced[8]. comparison, were graphite particles [Asbury Graphite
This value is higher than that obtained by using a thermal Mills, Asbury, NJ, USA (i) artificial graphite, Grade Ultra
paste involving silicone and boron nitride powder (1.13 Fine 440, 99.4% typical carbon content, 1mm typical size,

5 210 W/m 8C) [8], but is lower than that obtained by using and (ii) natural crystalline flake, Grade Micro 850, 98.5%
a tin–lead–antimony solder (applied in the molten state) minimum carbon content, 5mm typical size], carbon

5 2(2.1310 W/m 8C) [8]. filaments (Applied Sciences, Cedarville, OH, USA, 0.1mm
All thermal pastes previously reported are inferior to diameter,.100 mm length, with intertwined morphology

solder in providing high thermal contact conductance. By and fishbone texture), 1mm nickel particles (INCO,
using carbon black as the thermally conductive ingredient, Missassauga, Canada, Type 210), 3mm nickel particles
we have attained thermal pastes that are superior to solder (Novamet Specialty Products, Wyckoff, NJ, USA, Type
in providing high thermal contact conductance. 525, 15–20mm length), and 25mm diamond particles

This work provides a comparative study of various (Warren Superabrasives, Olyphant, PA, USA, Type MB).
organic vehicles, namely PEG with 0–15 vol.% dissolved The pastes were prepared by first dissolving ethyl
ethyl cellulose and di(ethylene glycol) butyl ether with cellulose (if applicable) in the vehicle (either PEG or butyl
0–40 vol.% dissolved ethyl cellulose. The comparative ether). The dissolution was performed at room temperature
evaluation pertains both to the effectiveness of the thermal for butyl ether, but at about 608C (with heat provided by a
paste and the temperature resistance, as both attributes are hot plate) for PEG. The heating in the case of PEG was
relevant to the applications of thermal pastes. applied to hasten the dissolution of ethyl cellulose. After

Carbon black is used as a low-cost electrically conduc- this, the thermally conductive solid ingredient was added.
tive filler in polymers[26,27]. Most commonly, it is used Mixing was conducted by using a ball mill and stainless
as a reinforcement in rubber[28–33].In addition, it is used steel balls for 30 min. After mixing, the paste was placed
in electrochemical electrodes[34,35], inks [36–38], lubri- in a vacuum chamber (which involved a mechanical
cants[39–42], fuels [43–45], and pigments[46,47]. This vacuum pump) without heating for the purpose of air
paper provides a new application for carbon black. The bubble removal.
thermal paste involving carbon black is not only useful for
microelectronic cooling, but also for heat pipes for tapping 2 .2. Thermal contact conductance measurement
geothermal energy[48,49] and for thermal fluid heaters for
providing indirect process heat[50]. Various thermal pastes were sandwiched between the flat

surfaces of two copper disks (both surfaces of each disk
having been mechanically polished by using 0.05mm

2 . Experimental methods alumina particles), which had a diameter of 12.6 mm and a
thickness of 1.16 mm for one disk and 1.10 mm for the

2 .1. Materials other disk. The thermal contact conductance between the
two copper disks with and without a thermal interface

The PEG [or HO(CH CH O) H] used as an organic material was measured using the transient laser flash2 2 n

vehicle was PEG 400 from EM Science (Gibbstown, NJ, method[8,9,51,52]. The pressure on the sandwich was
USA). It had an average molecular weight of 400 amu; this controlled at 0.46, 0.69 and 0.92 MPa. This is because the
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pressure affects the thermal contact conductance, even for experimentally obtained. The calculation[9] assumed no
a material which is not resilient[9]. The thickness of the thickness and no heat capacity for the interface between
thermal interface material was 25mm or less. The uniform the two copper disks. In addition, it assumed no heat
distribution of the paste in the plane of the sandwich was transfer between specimen and environment except for the
made possible by the fluidity of the paste and the use of absorption of laser energy by the specimen. Moreover, it
pressure. The interface material thickness was obtained by assumed that the laser energy was uniformly absorbed on
subtracting the thicknesses of the two copper disks from the surface of the specimen, that the heat flow was one-
the thickness of the sandwich. All thicknesses were dimensional, and that the thermal contact conductance
measured using a micrometer. The interface material between the two copper disks was uniform. The validity of
thickness in all cases was the same before and after the these assumptions is supported by the calibration results
conductance measurement. and error analysis given below.

For the sake of comparison, solder (applied in the A Coherent General Everpulse Model 11 Nd glass laser
molten state) was also used as a thermal interface material. with a pulse duration of 0.4 ms, a wavelength of 1.06mm
The solder was tin–lead–antimony (63Sn–36.65Pb– and a pulse energy up to 15 J was used for impulse
0.35Sb), with activated Rosin flux core, and was supplied heating. The laser power was adjusted to allow the
as Solder Type 361A-20R by the Measurements Group temperature rise of the specimen to be between 0.5 and
(Raleigh, NC, USA). Molten solder at a temperature of 1.08C. The upper surface of disk 1 on which the laser
1878C, as measured by using a Type-T thermocouple, was beam would directly hit had been coated with carbon by
sandwiched between copper disks that had been preheated using a flame in order to increase the extent of laser energy
to this temperature also. This temperature was above the absorption relative to the extent of reflection (Fig. 1). An
liquidus temperature of 1838C. The heat was provided by E-type thermocouple (1) was attached to the back surface
a hot plate. The copper–solder–copper sandwich was of disk 2 to monitor the temperature rise. Another ther-
allowed to cool on the hot plate with the power off under a mocouple (2) of the same type was placed|30 cm above
slight pressure of 63 kPa. The thickness of the solder layer the specimen holder to detect the initial time when the
was also 25mm or less. laser beam came out. A National Instruments DAQPad-

The finite element program ABAQUS (Abaqus, OH, MIO-16XE-50 data acquisition board with a data acquisi-
USA) was used to calculate the thermal contact conduct- tion rate up to 20,000 data points per second at 16 bites
ance through temperature vs. time curves, which were resolution, along with NI-DAQ interface software coded in

 

Fig. 1. Experimental set-up for thermal contact conductance measurement.
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Visual Basic, was used to monitor the response of both 3 . Results and discussion
thermocouples simultaneously. A plexiglass holder (Fig. 1)
was used to facilitate pressure application. A Sensotec 3 .1. Thermal contact conductance
(Columbus, OH, USA) Model 13 load cell was used for
pressure measurement. Calibration using a standard NBS Tables 1 and 2give the thermal contact conductances
8426 graphite disk (thickness52.62 mm) was performed measured for different thermal pastes.
before testing each specimen in order to ensure measure- Without carbon black, the optimum ethyl cellulose
ment accuracy. The data acquisition rate used for each test content for attaining high thermal contact conductance
was adjusted so that there were at least 100 temperature using PEG was 5 vol.% (Table 1). The conductance was
data points during the temperature rise. less when the ethyl cellulose content was below or above

The experimental error in a transient thermal contact this value. This is attributed to the increase in both
conductance measurement consists of random error due to conductivity and viscosity provided by the ethyl cellulose.
experimental data scatter, and systematic error mainly due The conductivity helped the contact conductance, thus
to the lag of the thermocouple response and partly due to causing the conductance to increase as the cellulose
the method used to calculate the conductance from the content increased from 0 to 5 vol.%. On the other hand, the
temperature data. The higher the thermal contact conduct- viscosity was detrimental to the contact conductance, thus
ance, the greater is the error. The thermal diffusivity of a causing the conductance to decrease as the cellulose
standard NBS 8426 graphite disk, which had a similar content increased from 5 to 15 vol.%.
transient temperature rise time as the copper sandwich with The addition of carbon black to PEG containing 3 vol.%
the highest thermal contact conductance, was measured ethyl cellulose increased the contact conductance, provided
prior to testing each specimen in order to determine the that the carbon black content was 1.25 vol.% or below
systematic error, if any. The random error shown from the (Table 1). Exceeding this content caused the contact
6 value was determined from measurement for five conductance to drop, as shown for a carbon black content
individual specimens. of 1.5 vol.%, which gave an even lower conductance than

2This work uses thermal contact conductance (in W/m in the case without carbon black. In the case of PEG
8C units) to describe the quality of the thermal contact, containing 5 vol.% ethyl cellulose, the conductance was
because this quantity does not depend on the area of the diminished greatly by the addition of carbon black (even
contact. An alternate description is the thermal resistance just 0.5 vol.% carbon black). This is attributed to the high
(in 8C/W units), which is given by: viscosity when ethyl cellulose was present at 5 vol.% and

the further increase in viscosity upon carbon black addi-
Thermal resistance tion. The viscosity results are described in Section 3.2.

Among the PEG-based pastes, the highest contact conduct-1
4 2]]]]]]]]]]]]5 ance of 30310 W/m 8C was attained by using 3 vol.%Thermal contact conductance3 Contact areas d s d

ethyl cellulose and 1.25 vol.% carbon black.
The thermal resistance is a quantity that depends on the For butyl ether without carbon black the optimum ethyl

4contact area. For a thermal contact conductance of 30310 cellulose content for attaining high contact conductance
2W/m 8C (best case in this paper) and for a circular contact was 30 vol.% when the contact pressure was 0.46 MPa and

area of diameter 12.6 mm, the thermal resistance is was 20 vol.% when the pressure was 0.69 or 0.92 MPa.
0.0268C/W. Due to its low viscosity, butyl ether dissolved ethyl

cellulose more easily than PEG. However, the conductance
attained by butyl ether, whether with or without ethyl

2 .3. Viscosity testing
cellulose, is considerably lower than that attained by PEG,
whether with or without carbon black (Table 1).

The viscosities of the pastes were measured at room
The addition of carbon black to butyl ether had little

temperature by using a rotational viscometer (Brookfield
effect on the contact conductance, unless the ethyl cellu-

Engineering Laboratories, Middleboro, MA, USA, Model
lose content was high (40 vol.%). In this case, the

LVT dial-reading viscometer, equipped with a Model SSA-
conductance increased with carbon black content from 0 to

18/13R small sample adaptor).
0.20 vol.% and decreased with carbon black content from
0.20 to 0.53 vol.%. The optimum carbon black content was

42 .4. Thermal stability testing 0.20 vol.%, at which the conductance reached 28310
2W/m 8C.

The thermal stability of selected pastes was tested by For pastes based on PEG (with 3 vol.% ethyl cellulose)
thermogravimetry, which consisted of heating in air from and butyl ether (with 40 vol.% ethyl cellulose), the
room temperature to 1508C at a rate of 28C/min. A conductance was maximum at an intermediate content of
Perkin-Elmer (Norwalk, CT, USA) TGA7 instrument was carbon black. This trend had been previously reported for
used. boron nitride particle pastes based on lithium doped PEG
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T able 1
Thermal contact conductance for various thermal pastes (containing 0–3.20 vol.% carbon black) between copper disks at various contact
pressures

4 2Thermal interface material Conductance (10 W/m8C)

Vehicle Vol.% EC Vol.% CB 0.46 MPa 0.69 MPa 0.92 MPa

PEG 0 0 11.0060.30 / /
PEG 3 0 12.0260.86 13.9861.06 15.5761.03
PEG 5 0 18.5160.83 18.9260.91 20.7461.52
PEG 7.5 0 17.6160.11 17.6060.75 19.2160.79
PEG 10 0 12.3160.52 12.2960.61 14.6960.80
PEG 15 0 4.1460.25 4.4160.07 4.5960.33

PEG 3 0 12.0260.86 13.9861.06 15.5761.03
PEG 3 0.5 15.4560.94 17.6761.09 19.1060.43
PEG 3 1.0 18.8361.08 19.4161.38 22.8161.12
PEG 3 1.25 29.9060.79 28.9862.11 29.6361.92
PEG 3 1.5 9.9260.57 11.5060.90 12.2961.06

PEG 5 0 18.5160.83 18.9260.91 20.7461.52
PEG 5 0.5 9.0060.14 13.1660.19 13.2860.07
PEG 5 0.75 11.7160.44 12.9060.31 14.8360.63
PEG 5 1.0 10.6160.20 11.4560.33 11.6160.50

BE 0 0 2.8960.10 / 3.8660.08
BE 10 0 3.6560.13 4.5560.21 5.6860.06
BE 20 0 3.7060.08 5.1160.05 6.4060.11
BE 30 0 4.6060.28 5.0860.15 5.5460.21
BE 40 0 3.6760.13 4.3760.12 4.6160.06

BE 0 0 2.8960.10 / 3.8660.08
BE 0 1.34 2.1460.08 / 3.7560.06
BE 0 2.14 2.8560.04 / 3.0860.08
BE 0 2.67 1.6460.10 / 2.3760.09
BE 0 3.20 1.6260.07 / 2.3260.06

BE 10 0 3.6560.13 4.5560.21 5.6860.06
BE 10 0.53 1.1060.06 2.9960.06 4.4260.06
BE 10 1.34 4.5360.15 5.3560.19 5.4360.31
BE 10 2.14 3.7560.11 4.6460.22 4.7560.17
BE 10 2.67 1.7560.05 2.7560.06 4.0560.18

BE 20 0 3.7060.08 5.1160.05 6.4060.01
BE 20 0.53 4.0260.13 5.1760.09 5.4760.28
BE 20 1.34 4.1360.13 5.2560.16 5.5260.11
BE 20 2.14 5.0060.17 5.3960.13 5.6460.20
BE 20 2.67 1.0860.07 1.1360.03 1.4560.03

BE 30 0 4.6060.28 5.0860.15 5.5460.21
BE 30 0.27 3.4160.14 3.9460.10 4.1760.05
BE 30 0.53 4.2360.16 5.6060.22 6.6260.32
BE 30 1.07 1.6560.02 2.1360.05 2.8860.07

BE 40 0 3.6760.13 4.3760.12 4.6160.06
BE 40 0.10 10.9061.10 16.1961.02 16.9360.12
BE 40 0.20 27.4362.75 28.4162.12 28.0361.57
BE 40 0.27 18.9460.60 24.8761.00 25.7461.20
BE 40 0.30 13.6261.32 17.0561.26 18.5461.53
BE 40 0.40 6.0260.58 7.6860.10 9.5660.62
BE 40 0.53 4.9560.15 5.5860.17 5.5560.11

The interface material thickness was below 25mm. EC5Ethyl cellulose; CB5carbon black; BE5butyl ether. The symbol ‘‘ / ’’ means
that the value was not determined.
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T able 2
Thermal contact conductance for thermal pastes in the form of butyl ether containing 40 vol.% ethyl cellulose and 0.27 vol.% thermally
conductive solids, as tested between copper disks at various contact pressures

4 2Thermally Conductance (10 W/m8C)
conductive solid

0.46 MPa 0.69 MPa 0.92 MPa

Carbon black 18.9460.60 24.8761.00 25.7461.20
Graphite (5mm) 3.0360.09 3.6760.08 4.0260.12
Graphite (1mm) 1.5260.03 1.7760.04 2.0460.05
Nickel (3 mm) 1.8560.05 2.1460.02 2.8460.04
Nickel (1 mm) 0.9160.07 2.0360.10 2.6660.03
Diamond (25mm) 1.1560.02 1.2160.09 1.5460.03
Carbon filaments (0.1mm diameter) 1.0960.03 1.3260.02 1.5160.03
Single-walled carbon nanotubes* 13.560.2 13.860.3 14.160.4

* From Ref. [55].
The interface material thickness was below 25mm.

[8]. As noted above, this is attributed to the required important than thermal conductivity or size in governing
compromise between thermal conductivity and viscosity, thermal paste performance.
both of which increased with increasing solid content. The use of solder in place of a thermal paste as a
These viscosity results are also described in Section 3.2. thermal interface material gave a thermal contact conduct-

4 2The highest conductance attained by PEG-based and ance of (20.0860.60)310 W/m 8C. No pressure was
butyl ether-based pastes is similar. However, the optimum applied during testing. This value is consistent with that
carbon black content is much higher for the PEG-based previously reported following the same testing method and
paste and the optimum ethyl cellulose content is much configuration[8]. Thus, the optimized carbon black pastes
lower for the PEG-based paste. Due to the importance of a of this work are significantly superior to solder as thermal
low viscosity, the use of a high ethyl cellulose content interface materials.
requires that of a low carbon black content, and the use of The limited effectiveness of solder occurs in spite of the
a high carbon black content requires that of a low ethyl high thermal conductivity of solder. This is partly due to
cellulose content. the reaction between solder and the copper disks. This

Table 2 shows that carbon black is a much more reaction results in copper–tin intermetallic compounds at
effective conductive additive than graphite, nickel and the solder–copper interface[56–58]. The compound for-
diamond particles, as well as carbon filaments, for it mation causes the solder to not wet the copper surface
provides a thermal paste that gives an exceptionally high [59]. This makes it more difficult for the solder to conform
thermal contact conductance. The superiority of carbon to the surface topography of the copper. Once again, this
black occurs in spite of the relatively poor thermal suggests that conformability and spreadability are more
conductivity of carbon black. This fact is attributed to the important than thermal conductivity in governing the
conformability and spreadability of the paste, as enhanced performance of a thermal interface material.
by the compressibility of each carbon black agglomerate. The thermal contact conductance values reported in this
The compressibility of carbon black and the consequent paper for pastes and solder as thermal interface materials
electrical connectivity attained upon squeezing have been were all obtained using the same specimen configuration,
previously reported[53]. In particular, as an electrically testing method and data analysis algorithm. Therefore, the
conductive additive to a non-conductive MnO particle values are reliable on a relative scale. However, the values2

cathode of an electrochemical cell, carbon black resulted in deviate from the true values, due to the fact that the data
a lower resistivity than carbon filament without graphitiza- analysis algorithm neglects the thickness of the thermal
tion (same as the carbon filament used in this work), due to interface material[60].
the squeezing of the carbon black particles between
adjacent MnO particles[53,54]. In contrast, the other 3 .2. Viscosity2

conductive solids investigated are not compressible. Car-
bon black is even superior to single-walled carbon Table 3 shows the viscosity of selected pastes, as
nanotubes (Table 2) [55], the pastes of which were tested measured at room temperature for various appropriate
using the same method and equipment as used in this shear rates. The addition of ethyl cellulose to either PEG or
work. In spite of the small size and high thermal con- butyl ether monotonically increased the viscosity, as
ductivity of single-walled carbon nanotubes, carbon black shown in the absence of carbon black. PEG alone was
is superior. Conformability and spreadability are more higher in viscosity than butyl ether alone. However, PEG
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T able 3
21Viscosity (cP) at room temperature for various shear rates (s )

Vehicle Vol.% Vol.% Viscosity (cP)
EC CB 21 21 21 21 21 21 21 210.79 s 2.0 s 2.6 s 4.0 s 6.6 s 7.9 s 16 s 40 s

PEG 0 0 / / / 125 / 120 120 /
PEG 3.0 0 / / / 160 / 145 140 /
PEG 5.0 0 / / / 190 / 190 195 /
PEG 7.5 0 / / / 240 / 250 / /
PEG 3.0 0.50 / / / 175 / 185 185 /
PEG 3.0 1.25 / / / 200 / 195 200 /
PEG 3.0 1.50 / / / 210 / 210 215 /

BE 0 0 / / / / / / / ,10
BE 10 0 / / / / / / 25 20
BE 30 0 580 520 / 540 / / / /
BE 40 0 / / 4,000 / 3,900 / / /
BE 40 0.10 / / 4,720 / 4,400 / / /
BE 40 0.20 / / 5,200 / 4,800 / / /
BE 40 0.30 / / 5,600 / 5,200 / / /

aBE 40 0.20 / / 4,000 / 3,900 / / /
bBE 40 0.20 / / 4,800 / 4,480 / / /
cBE 40 0.20 / / 5,000 / 4,720 / / /

BE5Butyl ether; EC5ethyl cellulose; CB5carbon black.
a Graphite particles (1mm).
b Graphite particles (5mm).
c Carbon filaments.

with the optimum ethyl cellulose content of 3 vol.% was vol.% carbon black. However, it was noticed during paste
much lower in viscosity than butyl ether with the optimum mixing that the carbon black paste was much smoother
ethyl cellulose content of 40 vol.%. The addition of carbon than the graphite particle paste. The smoothness of the
black monotonically increased the viscosity, as shown for paste probably relates to the wettability of carbon black. It
PEG containing 3 vol.% ethyl cellulose and for butyl ether is apparently more important than the viscosity in govern-
containing 40 vol.% ethyl cellulose. ing thermal paste performance. Perhaps smoothness relates

The PEG with 5.0 vol.% ethyl cellulose and the PEG- more closely to the conformability than a low viscosity.
based paste containing 3.0 vol.% ethyl cellulose and 1.25 The viscosity of butyl ether-based paste with 40 vol.%
vol.% carbon black were similar in viscosity. The latter ethyl cellulose and 0.20 vol.% solid increased in the order:
gave a higher contact conductance than the former, due to 1mm graphite particles, 5mm graphite particles and
a decrease in the ethyl cellulose content and an increase in carbon filaments (Table 3). This trend is consistent with
the carbon black content. Thus, adjustment of the contents the notion that a larger particle size tends to result in a
of both ethyl cellulose and carbon black is needed in order paste with a higher viscosity and that filaments tend to
to attain an optimized thermal paste formulation. result in a higher viscosity than particles, provided that no

As shown inTable 1,the butyl ether-based paste with 40 significant agglomeration of individual particles takes
vol.% ethyl cellulose and 0.20 vol.% carbon black and the place.
PEG-based paste with 3 vol.% ethyl cellulose and 1.25 Although the viscosity is useful as a suggestive indicator
vol.% carbon black are the two thermal pastes that gave of thermal paste performance, it is not as relevant as the
the highest thermal contact conductance in this study. conformability, which is the attribute that really governs
Although the two pastes gave comparably high values of thermal paste performance. Since there is no standardized
contact conductance, the butyl ether-based paste exhibited method to evaluate paste conformability, this work re-
a much higher viscosity than the PEG-based paste, as sorted to viscosity measurements.
shown inTable 3.

Table 3 also shows that the viscosity of the butyl 3 .3. Thermal stability
ether-based paste with 40 vol.% ethyl cellulose was lower
when the paste contained 0.20 vol.% graphite particles (1 Figs. 2 and 3,respectively, show the thermogravimetric
or 5 mm) or carbon filaments than when it contained 0.20 results for PEG and butyl ether (with and without ethyl
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Fig. 2. Thermogravimetric results. (a) PEG by itself (initial weight562.11 mg). (b) PEG with 3 vol.% ethyl cellulose (initial weight573.98
mg).

 

Fig. 3. Thermogravimetric results. (a) Butyl ether by itself (initial weight534.72 mg). (b) Butyl ether with 40 vol.% ethyl cellulose (initial
weight542.54 mg).
cellulose in each case, but without carbon black, which
does not affect the thermal stability of the dispersion, as

T able 4shown by thermogravimetric analysis in this work). With-
Thermogravimetric results of thermal pastesout ethyl cellulose, PEG is much more stable thermally

than butyl ether. The dissolution of ethyl cellulose di- Vehicle Vol.% Residual weight (%)
minished the thermal stability of PEG, but increased that EC

50 8C 758C 1008Cof butyl ether.Table 4shows the comparison of residual
PEG 0 99.81 99.22 98.91weights at three temperatures. At 50 and 758C, butyl ether
PEG 3 98.73 95.47 93.36containing ethyl cellulose is more stable thermally than
BE 0 98.98 96.11 84.67PEG containing ethyl cellulose, but at 1008C, the reverse
BE 40 99.33 97.26 89.68is true. Above about 1008C, the weight loss of butyl ether,

whether with or without ethyl cellulose, is extensive (more EC5Ethyl cellulose; BE5butyl ether.
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than 50% weight loss at 1508C). However, the weight loss thermal conductivity in governing the thermal paste per-
remains less than 9% even at 1508C for PEG, whether formance.
with or without ethyl cellulose. Therefore, butyl ether- In spite of its relatively low thermal conductivity,
based pastes are not suitable for use above 1008C, whereas carbon black is much more effective than graphite, nickel
PEG-based pastes are suitable for use up to at least 1508C. and diamond particles and carbon filaments, all evaluated

at the same volume fraction, for providing thermal pastes.
This is attributed to the compressibility of a carbon black
agglomerate and the consequent conformability and

4 . Conclusions spreadability of the paste.

The use of a PEG-based paste (containing 3 vol.%
dissolved ethyl cellulose and dispersed carbon black in the A cknowledgements
optimum amount of 1.25 vol.%) as a thermal paste
between copper disks results in a thermal contact conduct- The authors thank Professor Yunsheng Xu of Winona

4 2ance of 30310 W/m 8C, compared to a value of 203 State University for technical assistance.
4 210 W/m 8C for tin–lead–antimony eutectic solder

applied in the molten state. Almost as effective as the
PEG-based paste is a butyl ether-based paste (containing
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