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a b s t r a c t

Carbonpaper, afibrousmaterial, is oftenusedas thegasdiffusion layer inpolymerelectrolyte

membrane (PEM) fuel cells, which are being vigorously developed as a zero-emission power

source for transportation applications. The temperature field and heat transfer in this

material is determined by its thermal conductivity and diffusivity, which are directly

dependent on the operating temperature. In thiswork,weuse a quasi-steadymethod known

as the thermal capacitance (slug) method to experimentally measure the through-plane

thermal conductivity of TORAY carbon paper for a temperature range from �50 to þ120 �C.

The effects of compression and PTFE loading on the overall thermal conductivity are also

investigated. Compression leads to a decrease in thermal resistance between the carbon

fibers; hence, an increase in the overall thermal conductivity. However, it is also found that

this thermal resistance is highly dependent on the temperature and the PTFE loading. In

contrast with our in-plane thermal conductivity measurements from a previous study, the

through-plane thermal conductivity is found to increase with an increase in temperature in

this study. This finding suggests that the thermal expansion of the carbonfibers is a direction

dependent quantity.

Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction carbon material can take on that of carbon or graphite
The temperature field and heat transfer in thin anisotropic

porous materials are often determined by their apparent

thermal conductivity and diffusivity, which are directionally

dependent properties. Carbon paper is an example of such

materials and it is widely used as the gas diffusion layer (GDL)

in polymer electrolyte membrane (PEM) fuel cells. Carbon

paper is a fibrous material that is composed of carbon fibers

and held together by a carbon binder. The properties of the
(X. Li).
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depending on the heat treatment it undergoes [1]. To assist in

liquid water removal and to increase its mechanical dura-

bility, PTFE is often added to the carbon composite to increase

the hydrophobicity of the resultant carbon paper. Due to its

manufacturing process, the resultant structure is strongly

anisotropic and highly porous. Typical operating tempera-

tures of PEM fuel cells lie in the range of�30 toþ120 �C. In this

temperature range, the thermal physical properties of the

carbon paper can be used to determine its thermal durability.
ublications, LLC. Published by Elsevier Ltd. All rights reserved.
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Knowledge of the thermal properties at subzero temperatures

is especially important during the cold start of the fuel cell. At

these conditions, the heating process of the fuel cell can

directly affect the start up mechanisms [2e4]. Numerical

simulations are often utilized to investigate the temperature

rise during the cold start process. This process is transient;

hence, the effect of temperature on the thermal conductivity

is of crucial importance for the accuracy of the numerical

simulation.

To-date, experimental efforts have been tailored to under-

standing the effect of compression on the through-plane

thermal conductivity using the guarded heat flux meter

method. With this method, Khandelwal and Mench [5]

measured the effect of temperature in the range of þ26 to

þ73 �C on the thermal conductivity of TORAY carbon paper.

They reported a decrease in the thermal conductivity with

temperature. Their measurements were reported at

a compression pressure of 2 MPa. This compression pressure

marks the pressure at which the contact resistance is mini-

mized. In the same study, they also measured the effect of

Teflon treatment on SIGRACET carbon paper and showed that

the addition of PTFE to carbon paper drastically reduces its

thermal conductivity. The effects of compression and addition

of PTFE on the overall thermal conductivity of carbon paper by

various manufacturers were also investigated in [6e13]. The

general trend observed was that the through-plane thermal

conductivity increases with the increase in compression pres-

sure, which is mainly attributed to the decrease of the overall

contact resistance between carbon fibers. In the study by Bur-

heim et al. [8], they investigated the effect of compression,

thickness, PTFE and liquidwater on the through-plane thermal

conductivity of carbon paper. In their study, they reported that

the addition of PTFE results in the decrease of the overall

thermal conductivity, while compression and liquid water

resulted in the increase of this property. Further, one of their

main observations was that TORAY papers with differing

thicknesses exhibited different thermal conductivity. They

attributed this finding mainly to the manufacturing process of

this carbon paper. Through SEM imaging of this paper, they

hypothesized that the thicker samples were manufactured by

stacking thinner samples together. In the study by Nitta et al.

[13] it was reported that the thermal conductivity of TORAY

carbon paper was found to be independent of the compression

pressure despite applying pressures up to 5.5 MPa. They argued

that this trendwasmainly caused due to heat transfer through

the air despite its low thermal conductivity in comparison to

that of the solid carbon fibers. It is important to note here that

according to the material specification [14], the through-plane

thermal conductivity of TORAY carbon paper is 1.7 W/Km at

room temperature despite the thickness of the paper. There is

nopublished information on themethod ofmeasurement used

by TORAY. Further, there ismuch discrepancy in the published

literature about thecompressionpressureneeded toobtain this

value. For instance, according to the studiesbyKhandelwal and

Mench and Burheim et al. [5,8], the compression pressure has

a significant effect on the overall thermal conductivity,

whereas, this is not the case as seen in Ref. [11e13].

Although much work has been done to experimentally

measure the thermal conductivity of various carbon papers,

much of the work is tailored to the measurement of this value
in a small range of temperature. Hence, a more comprehen-

sive understanding of the effect of temperature on this

important property is still needed. The present study is an

extension of our previous study on the measurement of the

in-plane thermal conductivity of carbon paper [15]. In our

previous study, we used the method of monotonous heating

[16e19] to measure the in-plane thermal conductivity for

a temperature range of �20 to þ120 �C and for four PTFE

loadings (0, 5, 20 and 50 wt.%). This measurement technique

allowed for the investigation of the effect of phase change due

to the addition of Teflon on the thermal conductivity. In this

same study, we found that the in-plane thermal conductivity

decreases with an increase in temperature for all samples.

However, the slope of decrease for the untreated sample was

much more pronounced. In other words, Teflon was found to

be the main contributor to the thermal resistance once it is

introduced to the sample.

The evaluation of the thermal physical properties of

a material, such as carbon paper, is necessary also in the

through-plane direction due to the anisotropic geometry of

such a material. Further, as we have shown in our previous

study [15], it is crucial to establish the dependency of the

thermal conductivity on temperature. However, experimental

measurements for a wide range of typical operating temper-

ature encountered in PEM fuel cells are still lacking. The use of

the standard steady state methods requires long testing

periods. Hence, the objective of this study is to experimentally

measure the effect of temperature, compression and Teflon

on the through-plane thermal conductivity in a time-efficient

manner. The experimental measurements can be considered

as development of thermal capacitance (Slug) calorimeter

ASTM E2584-07 [20], which is based on a quasi-steady

measurement technique and will be described in more detail

in the next section. New reference data are important for the

further development of the GDL of PEM fuel cells and the

validation of theoretical predictions.
2. Slug calorimeter method for thermal
conductivity measurement

The basic operational principle of this method is the use of

a slug that is manufactured from a thermally conductive

material [20]. The material of choice for the slug must have

a thermal conductivity substantially higher than that of the

tested material (carbon paper in this study). When the outer

surface of the test samples is exposed to a heating element,

heat will pass through the test material causing the temper-

ature of the slug to rise. The temperature rise through this slug

is controlled by three elements, the rate of heat conducted

through the slug’s surface, its mass and its heat capacity.

Hence, the rate in temperature rise of the slug is directly

proportional to the heat flux entering it. Under these condi-

tions, the slug becomes a flux-gauging device; hence, the

thermal conductivity of the sample can be calculated directly.

This technique can be used to measure the thermal conduc-

tivity of a wide range of geometries and the design of the slug

will be directly influenced by the geometry of the testmaterial.

In this study, the tested materials (carbon paper) have a rect-

angular shape; hence, the slug also is of a rectangular shape.

http://dx.doi.org/10.1016/j.ijhydene.2011.06.097
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Since this testing technique is based on the monotonous

heating of the specimens, it is very useful for the problem at

hand. In this study, our interest is to measure the thermal

conductivity of the carbon paper samples for a wide range of

temperatures, specifically for the range �50 to þ120 �C. As we

mentioned in our earlier study [9], using traditional steady

state methods, measurements for this wide range of temper-

ature could take up to weeks. However, using the thermal

capacitance calorimeter, measurements of the thermal

conductivity for this wide range of temperature will only take

1e2 h. Further, with the test set up, we are also able to

investigate the effect of compression, which is governed by

calibrated gaskets. This method was developed for measuring

the thermal conductivity of silica insulation under compres-

sion [19].

The experimental technique utilized in this study along

with the experimental conditions and the error associated

with this technique are discussed in the next sections of this

paper.
Fig. 1 e Experimental apparatus formeasuring the through-

plane thermal conductivity of the carbon paper GDL. (a)

Schematicof the thermal conductivity testmethod; (b) photo

of test apparatus; and (c) photo of measurement cell.
3. Experimental

3.1. Experimental technique and apparatus

In this study, the through-plane thermal conductivityofTORAY

carbon paper was measured at Integrity Testing Laboratory

(ITL) using a thermal capacitance (Slug) calorimeter (ASTM

E2584-07). This method has been used extensively in other

studies to measure the thermal diffusivity [16,21]. The method

was developed for measurement of thermal conductivity of

refractory, plastics and of compressed fiber insulation mate-

rials in the general temperature range 20e1700 �C [16e19].

A schematic drawing of the method and the setup used for

themeasurements in this studyareshown inFig.1.According to

Ref. [20] this method is based on the assumption that the heat

flow through the carbon paper sample is one-dimensional. In

other words, the temperature distribution in the carbon paper

sample depends on the spatial coordinate x shown in Fig. 1(a)

and time t; that isT¼ T(x,t). In this study, thesolution to theone-

dimensional problem is determined using a similar analysis as

that used in [22]. Here, the temperature of the surfaces of the

carbon paper samples exposed to the aluminum plates is

increasing at a constant rate. In this study, the analysis is done

using a pair of carbon paper samples each having a thickness L,

as shown in Fig. 1, and with the initial condition that the

temperature is constant throughout the thickness of the spec-

imen and the slug, that is, T(x,0)¼ Ti. At the mid-plane of the

steel slugplate, theadiabaticboundary canbeconsidereddue to

symmetry. Hence, only one half of the steel slug plate is

considered. With the assumption that the properties are

constant, the temperature in the specimenmust satisfy theone-

dimensional Fourier’s law of conduction:

v2T
vx2

¼ 1
a

vT
vt

(1)

where a ¼ ksample=rsampleCsample is the thermal diffusivity in

(m2/s), ksample is the thermal conductivity of the carbon paper

samples in (W/mK), rsample is the density of the carbon paper
samples and Csample is the heat capacity of the carbon paper

specimens.

If the rate of heating is maintained constant, say, vT=vt ¼ b

during the experiment, then the right-hand side of Eq. (1) will

be a constant; Eq. (1) can be integrated with the solution in the

form of second order polynomial in x,

Tðx; tÞ ¼ b

2a
x2 þ c1xþ c2 (2)

Hence, two boundary conditions are required to determine

the integration constants c1 and c2. Considering the left

sample shown in Fig. 1a without loss of generality, the

boundary condition at the left surface of the sample can be

written as

At x ¼ 0 : Tð0; tÞ ¼ btþ Ti ¼ T1 (3)

http://dx.doi.org/10.1016/j.ijhydene.2011.06.097
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where b is the heating rate, maintained constant during the

present experimental measurement, it has the unit (K/s); and

T1 is the temperature at x¼ 0 and is measured in this study

as well.

To determine the second boundary condition at the right

surface of the left sample in Fig. 1a, consider energy balance

for the left half of the steel slug in the middle of Fig. 1a: heat

conducted in through the sample carbon paper on the left

must equal the heat absorbed by one half of the steel slug

plate. Since the thermal conductivity for the steel slug ismuch

larger than that of the sample carbon paper, the steel slug,

having an equivalent Biot number of much less than 0.1,

essentially maintains a uniform temperature distribution.

Therefore, the energy balance for the steel slug will result into

the second boundary condition at the right surface of the left

sample as

At x ¼ L : ksample
vT
vx

þ Hb ¼ 0 (4)

where

H ¼ MslugCslug

2A
(5)

is the thermal capacity of the slug plate per unit surface area

(J/m2 K), Mslug is the mass of the slug (k), Cslug is the heat

capacity of the slug (J/kg K), and A is the cross-section area of

the slug, which is also the same as the surface area of the

sample carbon paper in this study, as shown in Fig. 1a, and is

equal to 6 cm by 6 cm¼ 36 cm2 in this study.

With the boundary conditions given by Eqs. (3) and (4), the

solution given in Eq. (2) becomes:

Tðx; tÞ ¼ brsampleCsample

2ksample
x2 �

�
Hbþ LbrsampleCsample

ksample

�
xþ T1 (6)

With the above solution for the temperature distribution

across the carbon paper sample, the temperature difference

across the sample can be written as:

DT ¼ Tð0; tÞ � TðL; tÞ ¼ bL

ksample

�
Hþ LrsampleCsample

2

�
(7)

Hence, the thermal conductivity of the carbon paper sample

can be found as:

ksample ¼
bL

�
Hþ LrsampleCsample

2

�
DT

(8)

using Eq. (5) forH and factoring out the cross-sectional area,A,

Eq. (7) can be rewritten as:

ksample ¼
bL
�
MslugCslug þMsampleCsample

�
2ADT

(9)

whereDT ¼ T1 � T0, and both T1 and T0, as shown in Fig. 1a, are

measured in this study. Then the thermal conductivity of the

carbon paper sample is evaluated at an average temperature,

which is equal to the average of the mean slug temperature

and the exterior specimen temperature; that is,

Tave ¼ 1=2ðT1 þ T0Þ.
As illustrated in Fig. 1, themain elements of the system are

the measurement cell, moveable furnace, thermocouples

connected to the Data Acquisition System (DAQ), power
supply, thermal control unit and computer. The moveable

furnace is shown in its upper position. When the experiment

is running the furnace is lowered to its base. The temperature

is increased at a constant rate, which is assured by an auto-

matic thermal control unit. Time-dependent thermal voltage

signals are measured by three K-type thermocouples and

registered by the DAQ system. In order to obtain measure-

ments of the thermal conductivity at sub zero temperatures,

the calorimetric system and samples were cooled in liquid

nitrogen before heating.
3.2. Experimental conditions

In this study, the experiment is carried out using a sample

composed of 6 layers of TORAY carbon paper TPGH-120 with

each layer having a thickness of 370 mm; hence, the total

thickness of each sample is 2.22 mm. The experimental

conditions encountered in this study under which the

through-plane thermal diffusivity was measured are

summarized as follows.

1. The effect of temperature on the through-plane thermal

conductivity was investigated for the temperature range

from �50 to þ120 �C for all the samples under study.

2. The effect of Teflon treatment on the through-plane

thermal conductivity was determined for two different

loadings (0 and 60 wt.%). The Teflon is added using the

dipping technique and the drying process is slow to ensure

that the Teflon is evenly distributed along the carbon paper

sheet.

3. The effect of deformation on the through-plane thermal

conductivity was measured for two different deformation

percentages (1% (low) and 16% (high)). The thickness of the

samples, L, was ensured by using stainless steel gaskets

calibrated with a tolerance of �0.01 (mm).

All measurements were made under atmospheric

pressure.
3.3. Uncertainty analysis

In this study, the through-plane thermal conductivity, as

shown in Eq. (9), is a function of the following parameters:

ksample ¼ f
�
b;DT; L;A; rsample

�
(10)

Hence, the uncertainty associated with determining the

thermal conductivity depends on these five parameters. It

should be pointed out here that the mass of the carbon paper

sample depends on its volume (area� thickness) and volu-

metric density. The main uncertainty in the experiments

comes from the variation of the heating rate, b with

a maximum error of 5%. The maximum error associated with

any variation in the thermocouples is 3% and with the thick-

ness and the area is 1%. The error associated with the density

measurements is 2.5%. The density of the samples was

measured in our previous study [15]. Hence, the uncertainty

for the thermal conductivity can be calculated from [23]:

http://dx.doi.org/10.1016/j.ijhydene.2011.06.097
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dksample

ksample
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
db
b

�2

þ
�
dDT
DT

�2

þ2

�
dL
L

�2

þ2

�
dA
A

�2

þ
 
drsample

rsample

!2
vuut

(11)

For the present study, the maximum uncertainty is esti-

mated to be �7%.
Fig. 3 e Effect of deformation and PTFE on the through-

plane thermal conductivity of TORAY TGP-H-120 carbon e

other experimental measurements taken from Ref. [5].
4. Results and discussion

4.1. Effect of deformation

Deformation of the carbon paper GDL in the direction of its

thickness (through-plane direction) is very common during

the assembly of the cell. The compression pressure has an

effect on the change in thickness of the carbon paper sample

as given in Fig. 2. As it can be seen, the PTFE loading has

a direct effect on the elasticity of the carbon paper sample.

Further increases in the PTFE loading result in the sample

reaching a plastic deformation region at high compression

pressure. When studying the effect of deformation on the

thermal conductivity, it is believed that a compressive force

will result in the decrease of contact resistances between

these components; hence, facilitating heat conduction as

shown in Fig. 3. As the compression level increases, regardless

of the PTFE content of the carbon paper, the thermal

conductivity increases.

At low deformation, the through-plane thermal conduc-

tivity increaseswith an increase in temperature. This increase

can be attributed to the thermal expansion of the graphitized

carbon fibers. Due to the increase in temperature, the contact

resistance between the fibers is decreased; hence, the overall

conductivity of the fibers is increased. This trend is especially

interesting when considering the change of the in-plane

thermal conductivity with temperature. As was shown in

our earlier study [15], the in-plane thermal conductivity of

TORAY TGP-H-120 carbon paper decreases with an increase in

temperature; in other words, the thermal expansion in the in-
Fig. 2 e Change in thickness of TORAY TGP-H-120 carbon

paper with compression pressure for samples with PTFE

loading of 5, 20 and 50 wt.%.
plane direction is negative. Hence, the findings of this work

and our previous work suggest that the coefficient of thermal

expansion of carbon paper is directionally dependent. This is

in agreement with the measurements of the thermal expan-

sion of graphite in [24]. Further, this change in trend with

temperature could be related to cracks in the carbon binder,

which usually exist in the through-plane direction and lead to

thermal resistance. This phenomenon is discussed in more

detail in the next sections of this paper.

As it can be seen from Fig. 3, at low deformation, the

change in the thermal conductivity is proportional to the

temperature. However, that is not the case once the defor-

mation level is increased. First, let us consider the untreated

carbon paper sample (PTFE content is 0%). As it can be seen, at

temperatures lower than �8 �C, the thermal conductivity

increases with the increase in temperature. At higher

temperatures, the change in thermal conductivity with

temperature is not as pronounced. There is a slight decrease

in thermal conductivity at temperatures higher than �8 �C
until reaching a temperature of 35 �C, after which the thermal

conductivity reaches a constant value. Taking experimental

errors into consideration, the results of this study and that of

Khandelwal and Mench [5] are in agreement. In the case

where Teflon is added to the sample, the thermal conductivity

of the carbon paper increases with temperature and reaches

a constant value at a temperature of around 35 �C, as seen in

Fig. 3. This temperature value corresponds to the temperature

at which PTFE transitions from the partially ordered to the

very disordered phase [25]. Further, another two instances

where a phase change occurs were measured for the 60%

sample at 3 �C and 19 �C. In [25], they detected an expansion

step for a pure PTFE sample at 19.2 �C that was attributed to

a partially ordered phase. This expansion resulted in

a decrease in the thermal conductivity of the PTFE sample. A

similar analogy can be used to explain the sudden decrease in

thermal conductivity of the 60% sample at about 19 �C. The

http://dx.doi.org/10.1016/j.ijhydene.2011.06.097
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measurements of the thermal expansion of Teflon in [25]

showed that a transition area exists between 19.2 �C and

35.4 �C. In this area, the thermal expansion changes from

negative to positive with a very steep slope. This transition is

very comparable in trend to that measured in this study.
4.2. Effect of PTFE loading

The effect of PTFE loading on the through-plane thermal

conductivity is investigated for two different loadings (0 and

60 wt.%) at both deformation levels (low and high) as given in

Fig. 3. As it can be seen, the general trend at both deformation

levels is the same in that the thermal conductivity of the

carbon paper GDL decreases with an increase in Teflon

loading. This decrease is generally attributed to the low

thermal conductivity of PTFE, which increases the overall

thermal resistance. This trend was also observed earlier for

the in-plane thermal conductivity [15]. Further, it is inter-

esting to point out that the through-plane thermal conduc-

tivity of both samples (0% and 60%) at high deformation is

comparable at temperatures higher than 35 �C. As mentioned

earlier, this temperature is denoted as a temperature where

a phase change in PTFE occurs. Further, from Fig. 3, it can be

seen that at high deformation levels, the thermal conductivity

of both samples is scattered around an average value. The

thermal conductivity of both samples under high deformation

lies in the range of 1:3 � ksample � 1:6 W=Km, with the average

thermal conductivity around 1.45 W/Km. This finding

suggests that the thermal conductivity is no longer dependent

on the PTFE content in the carbon paper sample. This is

similar to the trendwe have observed for the in-plane thermal

conductivity [15]. In addition, the change in the PTFE structure

at high temperatures, coupled with the high deformation,

might be resulting in a contact area between the carbon fibers

as that of the untreated sample.
Fig. 4 e SEM image of TORAY-TPGH-120 with (a) 0% PTFE e

low magnification [15]; (b) 0% PTFE e high magnification;

and (c) 60% PTFE.
4.3. Estimating the effect of temperature and
compression on the thermal resistance between fibers

In reality, cracks in the carbon binder can form during the

manufacturing process and will result in thermal contact

resistance between the fibers. Studying the scanning electron

microscope (SEM) images of the treated and untreated carbon

paper, Fig. 4, the cracks in the carbon composite binder are

observed. As it can be seen, the amount of Teflon in the

sample has a direct effect on the geometry and shape of the

crack. The cracks appearing in the 0% sample are sharp;

whereas the gaps in the binder of the 60% sample look more

like tears.

Theoretically, the thermal conductivity of a porous

medium can be represented as an average of the various

mechanisms contributing to the heat transfer in the medium.

In other words, the thermal conductivity of carbon paper may

be written as a function of [16,21]:

ksample ¼ Mksolidf1ð3Þ þ kgasf2ð3Þ þ krad þ kconv (12)

where M is a complicated function taking into account the

heat barrier resistance between fibers in the materials and

depends on the geometry of contact area and mismatch
between grains and fibers [16,21], ksolid and kgas are the

thermal conductivity of fibers and gas, respectively, f1ð3Þ and
f2ð3Þ are functions taking into account the effect of the porous

structure and the density of the material using the porosity, 3,

as the independent variable. krad is the heat radiation

component of the apparent thermal conductivity, kconv is the

convection component of the apparent thermal conductivity.

http://dx.doi.org/10.1016/j.ijhydene.2011.06.097
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heat barrier resistance coefficient, M.
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In this study, the contribution of the gas, radiation and

convection to the overall thermal conductivity is negligible;

hence, the thermal conductivity can be written as:

ksample ¼ Mksolid f1ð3Þ (13)

where the value of the heat barrier resistance coefficient,M, is

dependent on the resistances of the crack and the contact

layer of inter-grain material, the micro-crack thickness, the

distance between the micro-cracks and the effective radii of

the contact area and of the grain boundary. The variation in

the value of M can be influenced by the micro- and nano-

cracks between the fibers. The change of the area between

grains could lead to the change during the heating of the

carbon paper sample and can explain the decrease and

increase in the thermal conductivity of the sample under

deformation.

In order to estimate the contact resistance coefficient, M,

the function f1ð3Þ, the solid conductivity and the through-

plane effective thermal conductivity are needed. The func-

tion f1ð3Þ generally takes the following form [16,21]:

f1ð3Þ ¼ ð1� 3Þ1:5 (14)

Using the measurements of our earlier study [15] for the in-

plane thermal conductivity, the thermal conductivity of the

solid fibers can be estimated. From our previous study we

were able to obtain an empirical relation of the in-plane

thermal conductivity versus temperature for an untreated

TORAY carbon paper and is written as:

kin
eff ¼ �7:166� 10�6T3 þ 2:24� 10�3T2 � 0:237Tþ 20:1 (15)

where T is the temperature in degrees Celsius and kin
eff is the in-

plane thermal conductivity in W/mK.

In the in-plane direction, the carbon fibers are considered

without cracks (continuous fibers) or boundaries with inter-

faces; hence, the heat barrier resistance coefficient,M, may be

set equal to 1. Using M¼ 1 and Eqs. (12)e(14), the thermal

conductivity of the carbon fibers, ksolid can be estimated as:

ksolid ¼ �7:166� 10�6T3 þ 2:24� 10�3T2 � 0:237Tþ 20:1

ð1� 3Þ1:5 (16)

where ð1� 3Þ1:5 ¼ 0:103 for the untreated, uncompressed

sample, used for the measurements of the in-plane thermal

conductivity, which has a porosity of 78� 2.0%. The porosity

was measured using the method of standard porosimetry as

described in our earlier study [15]. With Eq. (16), the thermal

conductivity of the solid carbon fibers is evaluated as

195� 14 W/Km at a temperature of 0 �C. The thermal

conductivity of graphitized carbon is highly influenced by the

treatment process it undergoes and by its crystal structure as

seen in [26,27] with its value between 117 and 350W/Km at

0 �C. With this type of analysis, the effect of direction on the

thermal conductivity of the solid is taken into account

through the coefficientM [16,17,28]. This coefficient takes into

account the effect of the thermal conductivity of the inter-

grain material. In this case, this material can possess prop-

erties of graphite and carbon.

Using Eqs. (13), (14) and (16), the heat barrier resistance in

the through-plane direction for the untreated sample can be

estimated for both deformation levels as given in Fig. 5. It is
interesting to observe that M is smaller under low deforma-

tion. This is mainly attributed to the higher resistance

between the fibers. In other words, compression of the carbon

paper will facilitate in heat conduction between fibers.

Further, it is clear that M increases with an increase in

temperature. This finding suggests that heating of the carbon

fibers could result in their expansion, minimizing surface

contact resistance.
5. Conclusions

In this study, the thermal capacitance slug calorimeter was

used to experimentally measure the through-plane thermal

conductivity of TORAY carbon paper in the temperature range

of �50 to þ120 �C. The combined effect of temperature, defor-

mation and PTFE loading was also investigated. An increase in

the compression was found to drastically increase the thermal

conductivity of both treated and untreated carbon paper. This

increase is mainly attributed to the decrease in the overall

contact resistance between the carbon fibers. The addition of

Teflon resulted in the decrease of the overall thermal conduc-

tivity. However, at high deformation levels, the thermal

conductivity of both treated and untreated carbon paper was

found to be approximately the same and to remain constant at

temperatures higher than 35 �C. This temperature marks

a phase change in the structure of pure PTFE. Further, using the

experimental measurements of our previous study along with

the experimental data of this study, the thermal resistance due

to cracks and gaps between fibers was estimated.
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