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Measurements of Thermal Conductivity and Electrical
Conductivity of a Single Carbon Fiber
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In this paper, the thermal conductivity of a single carbon fiber under different
manufacturing conditions is measured using the steady-state short-hot-wire
method. This method is based on the heat transfer phenomena of a pin fin
attached to a short hot wire. The short hot wire is supplied with a constant
direct current to generate a uniform heat flux, and both its ends are connected
to lead wires and maintained at the initial temperature. The test fiber is attached
as a pin fin to the center position of the hot wire at one end and the other end
is connected to a heat sink. One-dimensional steady-state heat conduction along
the hot wire and test fiber is assumed, and the basic equations are analytically
solved. From the solutions, the relations among the average temperature rise of
the hot wire, the heat generation rate, the temperature at the attached end of the
fiber, and the heat flux from the hot wire to the fiber are accurately obtained.
Based on the relations, the thermal conductivity of the single carbon fiber can
be easily estimated when the average temperature rise and the heat generation
rate of the hot wire are measured for the same system. Further, the electrical
conductivity of the single carbon fiber is measured under the same conditions as
for the thermal conductivity using a four-point contact method. The relation
between the thermal conductivity and electrical conductivity is further discussed,
based on the crystal microstructure.

KEY WORDS: electrical conductivity; microstructure; pin fin; single carbon
fiber; steady-state short-hot-wire method; thermal conductivity.

1. INTRODUCTION

Thermal conductivity is one of the most important properties to evaluate
the heat transfer characteristics of a fine fiber like carbon fiber [ 1, 2], metallic
and non-metallic fibers [3, 4], etc. Generally, it is very difficult to
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measure the thermal conductivity of such a fine fiber since it has a diameter
of 10 um or less, though a few measurements [5, 6] have been reported.
Therefore, the thermal conductivity of a fine fiber is usually estimated from
measurements of a composite specimen including a bundle of the fibers.
Due to the complicated effects of glue material and composite structure,
however, the conventional method [ 7, 8] sometimes gives thermal conduc-
tivity values far from the value for a single fiber. Consequently, a new effec-
tive and accurate method to measure the thermal conductivity of a single
fine fiber has been developed by Zhang et al. [9-11].

In our previous paper, we had obtained analytical solutions for various
measurement conditions and clarified quantitatively the applicability and
accuracy of this method. It was found that the thermal conductivity could
be measured accurately up to 1000 W-m~!- K ! for a fiber of 10 to 30 um
in diameter. Further, we had conducted preliminary experiments using
samples of Pt wire (100.8-um diameter) and Cu wire (41.7 um diameter)
and confirmed the validity of the present method. The present paper
describes the measurements of the thermal conductivity and electrical con-
ductivity of a single carbon fiber at different manufacturing conditions.
Based on the standpoint of microstructure, the relation between the thermal
conductivity and electrical conductivity is further discussed. Finally, a cor-
relation between them is proposed.

2. PRINCIPLE OF MEASUREMENT

Figure 1 shows schematically the measuring system, the physical
model, and the coordinate system for the following theoretical analysis.
The hot wire of radius r,, and length /,, is supported with the lead wire at
each end and supplied with a constant direct current to generate a uniform
heat flux. The test fiber of radius r; and length /; is attached to the center
position of the hot wire at one end, and the other end is supported with
a lead wire as a heat sink. The lengths of the left- and right-hand sides of
the hot wire from the attached point are /,; and /,,, respectively. Both ends
of the hot wire and the end of the test fiber attached to the heat sink are
maintained at the initial temperature during the entire measurement. The
system is similar to the heat transfer phenomenon from a pin fin. In the
present case, however, due to the low small heat capacity of the hot wire,
the base temperature of the fin is greatly affected by the heat transfer
characteristics of the fin itself. The temperature at the junction point of the
hot wire and test fiber depends on the values of the thermal conductivity
of the hot wire 4, and test fiber A;, the heat generation rate of the hot wire,
and the heat transfer coefficients around the hot wire and test fiber.
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Fig. 1. Physical model.

Therefore, if we know exactly the relation between these quantities
through the solutions of one-dimensional steady-state heat conduction
along the hot wire and the test fiber, we could obtain the thermal conduc-
tivity of the test fiber by measuring the heat generation rate and average
temperature of the hot wire. This method is applicable to both metallic and
nonmetallic test fibers.

3. THEORETICAL ANALYSIS

3.1. Basic Equations and Boundary Conditions

As described above, both ends of the hot wire and one end of the test
fiber are supported with the lead wires that have a high thermal conduc-
tivity and a large heat capacity compared to those of the hot wire and test
fiber. Therefore, the temperature at both ends of the hot wire and one end
of the test fiber can be assumed to maintain the initial temperature for the
entire measurement. Assuming a uniform temperature in the radial direc-
tion for both the hot wire and the test fiber due to their small Biot number,
the relevant basic equations are one-dimensional heat conduction equations
expressed in dimensionless form as follows.

For hot wire I,

00,, 0%0,, ) 1
= —2B — 1
3Fo axz,  Bilmt g 1
For hot wire II,
a0 00 1
R 2 )Bif,, +— (2)

0Fo 0XZ, R

C
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For the test fiber,

0Fo R,0X? ~R,R,

Bio; (3)

where the parameters R., R, R,, and Ry are the ratios of thermal conduc-
tivity, thermal diffusivity, heat transfer coefficient, and radius of the hot
wire and test fiber, respectively, and defined as

A /
2 Ry=2 R= Re=t (4)

R = = =
c ’ P s
Ag Og he re

The dimensionless variables in Egs. (1)—(3) are defined by

Bt O O LA SOLLE SR T U, .2
Gyl At T In T'n T'n T'n
(5)

Here ¢, is the heat generation rate per unit volume and time, and Bi is the
Biot number of the hot wire, which includes the effects of natural convection
and radiation heat transfer.

The initial conditions are given by

Fo=0:

9h1:0h2:0f20 (6)

and the boundary conditions are given by

Fo>0:
Opy = Onp = 0;=0; Xp1=Xn=X;=0
ehl|Xh1=th=0h2|Xh2:Lh2=9f|Xr=Lf (7)
% — _RR? { 001, 00, }
- c*vd
0X; X;=L; X Xy =Ly 0Xn> Xpp=Lp

3.2. Numerical Analysis of Transient Heat Conduction

The basic equations, Egs. (1)—(3), are solved numerically by the finite
difference method under the above initial and boundary conditions. Figure 2
shows the dimensionless temperature variations versus the logarithm of
Fourier number for the different thermal conductivity ratios. The volumetric
average temperature increases with an increase in Fourier number at the
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Fig. 2. 40, vs InFo at different thermal conductivity
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beginning and then reaches a steady-state temperature obtained by analytical
solution and expressed by Eq. (15) at Fo=10° which corresponds to
about 1 s in real time.

3.3. Analysis of Steady-State Heat Conduction

As shown in Fig. 2, it is easy to reach a steady state for the present
heat transfer model. Therefore, to develop a new steady-state method for
measuring the thermal conductivity of a fine fiber, the basic equations,
Egs. (1)—(3), without the unsteady terms are solved analytically. The general
solutions for those equations may be written as follows:

0. . =B.e ""vXn L B o™nXul 8
hl 1€ + b,e + 2R_Bi (8)
9h7=C167m11Xh2+Czethhz_i_; (9)
2 2R_Bi
0= D, e~ Y14 D" (10)

where the parameters m,, and m;, are defined as follows:

m,=/2Bi,  my=/2R,RyBi/R, (11)

Considering boundary conditions as given in Eq. (7), the constants B,, B,,
C,, C,, Dy, and D, are obtained as follows.
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. _ 2Dy sinh(mLp) + U(1 — emnla) )
' 2 sinh(my, Ly, )
Bz == _Bl —_ U
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1= 2 sinh(7, Lo) >
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Here S,, S,, and U are defined as
h(mgL
S, =2 { sinh(m; Lg){ coth(my Ly,) + coth(my L)} + Cos(g”)} \
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> + coth(my, Ly,;) + coth(my, Ly,) (13)
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The nondimensional average temperature of the hot wire can be expressed
as

1

_ (f‘“e X +j“"9 dX> (14)
_Lh1+Lh2 o hil hil o h2 h2

Substituting Egs. (8) and (9) into Eq. (14), we can obtain the final form of
the nondimensional average temperature for the hot wire as follows:

- - m
my(Lyy + Lyy) + Cpe™En 4+ C) — Cyt = (Lyy + Lyy)
2R_Bi

th

(15)
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The solution corresponding to various conditions is shown in Fig. 2. When
all parameters except for those including the fiber thermal conductivity A;
are given, we can obtain the value of A; through measurement of the
average temperature rise and heat generation rate of the hot wire by solving
Eq. (15) with the Newton method.

4. UNCERTAINTY ANALYSIS

The uncertainty factors of the present measurements are summarized
as follows.

4.1. Uncertainty of the Length of the Sample Fiber

The length of the sample fiber was measured with a micrometer having
a resolution of 25 um. According to the scattering range of several
measurements, the uncertainty of length measurement is within 0.05 mm.
When a sample fiber of about 6.5 mm in length is used, the uncertainty of
the measured thermal conductivity caused by the uncertainty in the length
of sample fiber is within 0.8 %.

4.2. Uncertainty of the Diameter of the Sample Fiber

The diameter of the sample fiber was measured with a scanning electron
microscope (SEM). For the platinum and copper wires, the uncertainty of
measurement is 0.1%. For the carbon fibers, however, the uncertainty of
measurement is about 1%, because the outline of SEM photographs is not
clear. Therefore, the uncertainty of the measured thermal conductivity
caused by the uncertainty in the diameter is estimated to be within 2 %.

4.3. Uncertainty of the Position of the Junction Point

Similar to the uncertainty of the length measurement, the position
measurement at the junction point is considered to be accurate to 0.05 mm.
However, even for the same uncertainty of position measurement, the
uncertainty of the measured thermal conductivity increases as the junction
point departs from the center of the hot wire. Table I shows the corre-
sponding uncertainty of the measured thermal conductivity for the various
positions of the junction point.
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Table I. Uncertainty in Thermal Conductivity Resulting from Junction Point Position

Junction point deviation

Sample from center of wire (mm) Uncertainty of A; (+ %)
Platinum wire 0.01 0.02
Copper wire 0.18 1.3
Carbon fiber
(A-1) 0.28 2.0
(A-2) 0.01 0.2
(A-3) 0.04 0.5
(B-1) 0.50 35
(B-2) 0.28 2.0
(B-3) 0.19 1.4
(C-1) 0.15 1.1
(C-2) 0.20 1.4
(D-1) 0.20 14
(D-2) 0.28 2.0

4.4. Uncertainty of the Measurement of the Average Temperature Rise

Based on precalibration of the hot wire, the uncertainty of the average
temperature rise is within 0.01 K. Therefore, the uncertainty of measured
thermal conductivity caused by the uncertainty of the average temperature
rise is about 0.4%. However, when the measurement is carried out at
vacuum conditions, the temperature rise at the end junction part between
the hot wire and the lead terminal should be considered. This temperature
rise can be obtained by solving two-dimensional steady-state heat conduc-
tion for the lead terminal with a constant heat flux at the junction area
between the hot wire and the lead terminal and with radiation heat transfer
at the other surrounding surfaces. Based on the dimensions of the measuring
probe, the numerical simulation shows about 0.02 K maximum temperature
rise at the end junction area for the case of an average temperature rise of
about 10 K. This end effect has been considered when we estimated the
thermal conductivity of a sample fiber.

4.5. Uncertainty of Heat Transfer Coefficients of the Hot Wire
and Sample Fiber

The heat transfer coefficients for the hot wire and sample fiber can be
measured before the sample fiber is attached to the hot wire by using hot
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wires of different diameters. As mentioned in our previous paper, when the
heat transfer coefficient is less than 15 W-m~2.K~!, a 10% uncertainty
of heat transfer coefficient results in less than 1% error in thermal conduc-
tivity. When the measurement is performed under vacuum conditions, the
apparent heat transfer coefficient is less than 1 W-m™2.K ~!. In this case,
even for a 5% uncertainty caused by staining the junction part between the
hot wire and the sample fiber with the platinum black glue, the uncertainty
of the measured thermal conductivity is less than 0.6 %.

4.6. Uncertainty Caused by Thermal Conductance at the Junction Part

Generally, the effect of thermal conductance between the hot wire and
the sample fiber increases as the thermal conductivity of the sample fiber
increases. It is confirmed that when the platinum black glue is used as an
adhesive agent, a 40 % uncertainty in the thermal contact resistance results
in less than 1% error in the thermal conductivity, because the total thermal
resistance of the sample fiber is large compared with the contact resistance.

Besides the above six uncertainty factors, the uncertainty caused by
the resistance measurements should also be considered. For the present
probe, to measure the average temperature rise accurate to 0.01 K, a digital
multimeter with 5.5 effective digits is required. In the present measure-
ments, because two digital multimeters with 8.5 digits were used and their
intrinsic fluctuations were limited to the last two digits, the uncertainty of
the resistance measurements could be ignored. Therefore, the actual values
of the overall uncertainty for the measured thermal conductivity are
within 7 %.

5. MEASUREMENTS

Figure 3 shows a schematic of the experimental setup. Figure 3a shows
the details of the measuring probe. A short annealed Pt wire, 10.12 gm in
diameter and 9.44 mm in length, is welded at both ends to a platinum lead
wire 1.5 mm in diameter that is supported by a ceramic rectangular plate
and connected with voltage and current lead wires. One end of the test
fiber is attached at the center position of the hot wire with platinum black
and the other end is attached to the platinum wire which has a diameter
of 1.5 mm. Figure 3b shows the measurement system. It consists of a DC
power supply and a voltage and current measuring and control system,
that is, two digital multimeters (DMs) and a personal computer (PC). The
power supply generates a constant current. The measurements were carried
out automatically by using a sequential program and GPIB controlled with
a personal computer.
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Fig. 3. Schematic of experimental setup. (a) Probe
and test fiber; (b) Schematic of measuring system.

The average temperature 7', of the hot wire can be obtained by

rep(a)

where R and R, are the electrical resistance of the probe at the measuring
temperature and 0°C, respectively, and where f is the temperature coef-
ficient of its electrical resistance which is determined through a calibration.

The measuring procedure is simply summarized as follows. The setup
of the probe and test fiber is first mounted on the bottom wall of a cham-
ber, then the chamber is evacuated to 0.7 Pa. After the probe and chamber
temperature becomes uniform and constant, a very small current, such as
0.1 mA, is supplied to the probe for 3 s to measure the initial wire tempera-
ture. Then a heating current of 3.4 mA is supplied to the probe. After the
hot wire temperature becomes stable, the wire average temperature and
heating rate can be measured. Therefore, the average temperature rise of the
hot wire can be easily obtained by subtracting the initial wire temperature
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from the wire average temperature. As described in Section 3.3, when all
parameters such as the dimensions and heat transfer coefficient at 0.7 Pa
were measured in advance, the fiber thermal conductivity A;can be estimated
by solving Eq. (15).

Table II shows the dimensions and manufacturing conditions of the
measured sample fibers. The platinum (purity, 99.98%) and copper
(99.99%) wires were made by the Nilaco Corporation in Japan. The
methylnaphthalene (mNP) carbon fibers (A-1)—(A-3) were made by the
Institute of Advanced Material Study at Kyushu University, Japan. The
carbon fibers (B-1)-(B-3), (C-1)-(C-2), and (D-1)—-(D-2) were made by
Nippon Mitsubishi Oil Corporation in Japan.

Table IIT shows the measured thermal conductivities and reference
values. Each measured thermal conductivity is the average value of five
measurements for the same sample fiber. For most measurements, the
scatter of the measured thermal conductivity for the same sample fiber is
within 1%, except for the carbon fiber (D-1), which shows differences of
about 5%. For the platinum and copper wires, the measured values of the
thermal conductivity are close to the reference values [ 127], which are the
bulk values of the test samples. For the carbon fibers, the reference data
[13] were estimated by measuring the thermal diffusivity of the bundle
composite specimen of the fibers with the laser flash method.

Figure 4 shows a comparison between the measured data and the
reference values obtained with other methods. For the platinum and copper
wires, the present data agree well with the bulk values. For the carbon

Table II. Dimensions and Manufacturing Conditions of Sample Fibers

Sample Diameter (um) Length (u«m) Notes
Platinum wire 10.12 6.33 Purity, 99.98 %
Copper wire 2224 6.43 Purity, 99.99 %
Carbon fiber
(A-1) 9.60 6.32 mNP Slit nozzle
(A-2) 9.86 7.40 400 rpm, air, 230°C
(A-3) 9.58 6.58 SHF, 2800°C x 5 min
(B-1) 6.64 7.76 E=870 GPa
(B-2) 6.48 6.53 G=3.7 GPa
(B-3) 6.94 6.40
(C-1) 6.64 8.33 E=716 GPa
(C-2) 6.64 5.85 G=39 GPa
(D-1) 7.46 7.88 E =522 GPa
(D-2) 7.08 6.58 G=4.1 GPa
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Table III. Measured Thermal Conductivity

T A Ref. A; Difference
Sample (K) (W-m~—1.K~1) (W.-m~1.K™1 (%)
Platinum wire 298 67.7 71.4 —52
Copper wire 298 410 398 3.0
Carbon fiber
(A-1) 293 593 800 349
(A-2) 297 534 800 49.8
(A-3) 300 506 800 58.1
(B-1) 295 369 505 36.9
(B-2) 296 438 505 15.3
(B-3) 299 373 505 354
(C-1) 296 277 261 —5.8
(C-2) 296 211 261 23.7
(D-1) 296 116 133 14.7
(D-2) 296 130 133 23

fibers, the present data agree with the reference values for low values of the
thermal conductivity. However, the difference between the two results
increases with an increase in thermal conductivity. This difference is as
large as 50 %, especially for carbon fibers A. Although we cannot find any
reasonable explanation why such a big difference between the two measure-
ment methods exists, we can provide the following facts. First, the laser
flash method can only directly measure the thermal diffusivity of the
carbon fiber bundle. When the density and heat capacity of the carbon
fiber bundle are further measured, the average thermal conductivity can be
estimated. Second, there are practical difficulties in keeping all of the
carbon fibers uniform in the composite specimen. Finally, the steady-state
short-hot-wire method can directly measure the thermal conductivity of
a single fiber and the values of the overall uncertainty for the measured
thermal conductivity can be precisely estimated. This difference further
demonstrates that the conventional method can give results for the thermal
conductivity far from the actual value of the single fiber.

Table IV shows the measured thermal conductivities and electrical
conductivities. The electrical resistance of the sample fiber can be measured
directly with the four-point contact method and can be expressed as

R=po 5 (17)
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Fig. 4. Comparison between measured thermal con-
ductivity and reference value.

where / and S are the length and cross-sectional area of the sample fiber,
which are measured with a micrometer and SEM, respectively. p, is the
electrical resistivity. The electrical conductivity is the inverse of p,. The
uncertainty of the measured electrical conductivity is estimated to be within
3%. The thermal conductivities of the carbon fibers (A), (B), (C), and (D)
are the average values of the group data for the same type fiber shown in
Table III.

Figure 5 shows the relation between the measured thermal conduc-
tivity and the electrical conductivity. The present data are close to the
values from Refs. 14 and 15. For the higher-electrical conductivity region,
a linear correlation between the thermal conductivity and the electrical
conductivity can be obtained and expressed as

Jp=126lg (18)

Table IV. Measured Thermal Conductivity and Electrical Conductivity

Sample Je(W-m™!1. K1) o (MS-m~1)

Carbon fiber
(A) 544 0.428
(B) 393 0413
(C) 244 0.205
(D) 123 0.158
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trical conductivity.

where o is the electrical conductivity and A, is the thermal conductivity. In
this region, the effects of the mean free path of phonons and relaxation
time of electrons are considered to dominate thermal and electrical trans-
port across grain boundaries of the crystal. Therefore, for the carbon fiber
with a higher electrical conductivity, the thermal conductivity can be
estimated by measuring its electrical conductivity. Further, as shown in
Fig. 5, when the thermal conductivity A is less than 30 W-m ~'- K ~' [14]
and 100 W.-m~!'.K~! [6, 15], the slope of the thermal conductivity
versus the electrical conductivity increases greatly. In this region, the effects
of defects inside the crystal grains are considered to be dominant.

6. CONCLUSIONS

The short-hot-wire method has been used to measure the thermal
conductivity of a single carbon fiber. The main conclusions are as follows.

1. Based on the uncertainty analysis, the short-hot-wire method
under vacuum conditions can be used to measure the thermal
conductivity of a single carbon fiber within an uncertainty of 7 %.

2. A correlation between the thermal conductivity and the electrical
conductivity for the fine carbon fiber at higher electrical conduc-
tivities has been proposed. This correlation can be used to predict
the thermal conductivity by measuring its electrical conductivity.
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3. Based on the crystal microstructure, the effects of the carbon fiber
microstructures on the thermal conductivity can be limited by
grain boundaries or by defects inside the grains.

NOMENCLATURE

Bi Biot number

Fo Fourier number

h Heat transfer coefficient (W-m~=2. K1)
I Length of test fiber (m)

Ly Length of hot wire (m)

L, Dimensionless length of test fiber ( = /;/ry,)
L, Dimensionless length of hot wire ( =1/, /ry,)

r Radius (m)

R Thermal conductivity ratio of hot wire and test fiber
Ry Radius ratio of hot wire and test fiber

R Thermal diffusivity ratio of hot wire and test fiber
R, Heat transfer coefficient ratio of hot wire and test fiber
S Cross-sectional area of the test fiber (m?)

t Time (s)

T Temperature (K)

T, Initial temperature (K)

X Dimensional Cartesian coordinate (m)

X Dimensionless Cartesian coordinate

0 Dimensionless temperature

A Thermal conductivity (W -m~'. K1)

o Thermal diffusivity (m?.s~!)

o Flectrical conductivity (MS-m 1)

Subscripts

f Test fiber
h Hot wire
v Volumetric average
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