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This  paper  presents  a new  numerical  inverse  method  coupled  with  an  improved  apparatus  based  on the
laser  flash  (LF)  technique  for  the  measurement  of thermo-physical  properties  of materials  at  high  temper-
atures.  Using  this  thermal  conductivity,  specific  heat  capacity,  thermal  diffusivity  and  spectral  emissivity
have  been measured  at temperatures  above  1500  K. The  method  improves  the  characterization  of  input
parameters  such  as laser  power  profile,  which  was  shown  to impact  thermal  conductivity  and  specific
heat  capacity  by  15–20%.  Convective  heat  losses  are  characterized  semi-empirically  and  are  not  fitted.
The  apparatus  has  been  enhanced  via  the  adoption  of  a spectropyrometer  for  the  simultaneous  measure-
ment  of spectral  emissivity  within  an  uncertainty  of  5% (equivalent  to  0.3–0.7%  error  in temperature  in
the  range  1500–3000  K)

The  results  obtained  on  isotropic,  isostatically  pressed,  graphite  are  in good  agreement  with  literature

values  (around  1500  K) and extend  the  available  data  up  to 2800 K. Additionally,  a model  has  been  devel-
oped  based  on  the  theory  of  Debye  and  Klemens  for predicting  the temperature  dependence  of thermal
conductivity,  specific  heat  capacity  and  thermal  diffusivity  of isotropic  graphite.  The model  is in  good
agreement  with  the new  experimental  data  and  previous  lower  temperature  data  and  therefore  provides
confidence  in  the  new  experimental  approach.

©  2017  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
. Introduction

The determination of thermo-physical properties of refrac-
ory materials has become crucial in tailoring the performance of

achine and equipment components subjected to extreme tem-
eratures. These properties include thermal conductivity, specific
eat capacity, thermal diffusivity and emissivity and few tech-
iques exist that facilitate measurements at high temperatures.
his can be seen from Table 1, a summary of the available tech-
iques for the measurement of properties and their practical limits.
It must be noted that the application limits presented in Table 1
re semi-quantitative and could vary from set-up to set-up. Hence

he summary presented in Table 1 is indicative and helps situating
he current work.)

∗ Corresponding author.
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Below 2300 K techniques such as guarded hot plate (GHP) [1],
the hot wire method (HW) [2] and the radial method (RM) [3]
can measure thermal conductivity relatively accurately (<10%). Dif-
ferential scanning calorimetry (DSC) [4] and adiabatic calorimetry
(AC) [5,6] provide accurate specific heat capacity measurements
below 1900 K. The direct electrical heating (DEH) [7] method facil-
itates measurement of both thermal conductivity and specific heat
capacity of metals up to around 3000 K, however, it is not applicable
to wide band gap semi-conductors or insulators. Existing tech-
niques for the measurement of thermal diffusivity (wave method
– WM [8], and laser flash – LF[9]) have generally no equipment
related, high temperature limit when heating up the sample via
a laser. However, only the laser flash method has been tested at
high temperatures (>2000 K). Most of the techniques for measuring
emissivity (laser polarimetry – LP [10], integrating sphere reflec-

tometry – ISR [11], multi-wavelength pyrometry – MWP  [12]) have
no intrinsic temperature limit since a laser can be employed to heat
the sample.

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Comparison of the different techniques for measuring thermo-physical properties. GHP- guarded hot plate; HW-  hot wire; RM-  radial method; DEH – direct electrical heating;
AC-  adiabatic calorimetry; DC- drop calorimetry; DSC- differential scanning calorimetry; LF- laser flash; WM-  wave method; LP- laser polarimetry; BBC- black body cavity;
ISR-  integrating sphere reflectometry; MWP  – multi-wavelength pyrometry; CM – comparative method. N/L stands for no limit.

Technique Approximate application limits

insulators metals gases liquids max.
measurement
temperature
(K)

min.
measurement
time (s)

min. specimen
size (m3)

error
range (%)

reference

Thermal conductivity GHP
√ √

X X 1000 5.00E + 03 4.00E − 02 0.2–4 [1,20,21]
HW

√
X

√ √
1800 3.00E + 02 1.00E − 03 1–8 [2,3,22,23]

RM
√ √

X X 1800 1.00E + 03 1.00E − 03 2–12 [3,24,25]
DEH X

√
X X 3000 1.00E − 01 2.00E − 06 4–14 [7,26–29]

Specific heat capacity AC
√ √ √ √

800 2.00E + 03 7.00E − 05 0.1–2 [5,6,30,31]
DC

√ √
X

√
3000 1.00E + 03 7.00E − 08 2–14 [32–37]

DSC
√ √

X
√

1900 1.00E + 03 7.00E − 08 2–10 [4,38–41]
DEH X

√
X

√
3000 1.00E − 01 2.00E − 06 5–10 [42–44]

Thermal diffusivity LF
√ √

X
√

N/L 1.00E − 01 2.00E − 08 2–10 [16,17,45–48]
WM

√ √ √ √
N/L 2.00E − 01 2.00E − 08 2–10 [8,49–52]

Emissivity LP
√ √

X
√

N/L 1.00E − 08 1.00E − 08 2–8 [29,53,54]
BBC X

√
X X 3000 1.00E − 08 1.00E − 08 1–2 [54]√ √ √
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ISR X
MWP

√ √
X

√
CM

√ √ √ √

It is evident that few techniques are applicable at temperatures
bove 2000 K and even fewer that exceed 3000 K. The summary in
able 1 suggests that the LF technique is a strong candidate for
he measurement of high temperature thermo-physical proper-
ies. In addition LF also offers other significant benefits: 1) very
hort measurement time and thus limits possible sample insta-
ility – vaporisation, dissociation, etc.; 2) relatively small sample
ize; 3) wide applicability to conductive and non-conductive solids.
he current study will also utilize another advantage of the LF
echnique: the possibility of simultaneously determining specific
eat, thermal diffusivity and thermal conductivity. These make
he LF method well suited for testing nuclear fuel materials at
emperatures representative of reactor accident conditions [13].
n particular the LF method can be used on a single specimen to
btain multiple thermo- physical properties, which can be very
eneficial in the case of limited availability and quantity of irra-
iated nuclear materials. Also, the technique can be particularly
uitable for examining aerospace materials at elevated temper-
tures (e.g. the temperatures experienced by thermal protection
ystems during hypersonic flight [14,15]).

In the LF technique (initially developed by Parker [9]) an energy
ulse is supplied to one side of a sample and the thermal response
temperature elevation as a function of time) is measured on the
ther side [9]. Parker’s solution assumes: a) an instantaneous sur-
ace heat source; b) opaque sample; c) no heat losses and d) axial
eat flow. Other analytical solutions were introduced to better
escribe heat losses [16], allowing for the technique to be applied
t higher temperatures. Ronchi et al. [17] and Baba et al. [18] intro-
uced an optical fibre in order to homogenise the spatial profile of
he laser beam, while Ronchi et al. [17] also considered both radial
nd axial heat flow in their analytical solution of the heat equation
nd attempted to simultaneously determine specific heat capacity,
hermal diffusivity and conductivity. However, Ronchi et al. used
he heat transfer coefficient, emissivity and laser beam radius as
ossible fitting parameters, which they showed could lead to over-
tting [17]. Furthermore, it was assumed that the spatial profile of

he laser can be represented by a top hat function, and whilst this
s a good approximation and can be very representative in some
ore high quality laser flash units [18,19], it is not exact and can
ead to significant uncertainties in lower quality LF setups.
N/L 1.00E − 08 1.00E − 08 1–5 [11,55–57]
N/L 1.00E − 08 1.00E − 08 5–15 [12,58]
2000 1.00E − 08 1.00E − 08 1–2 [41,59]

In the context of increasing needs for facilities and techniques
capable of measuring thermal conductivity, specific heat capac-
ity, thermal diffusivity and emissivity at high temperatures, the
present study will utilizea LF-MWP  apparatus coupled with a novel
numerical model for the determination of these properties. The
new inverse method, in addition to having the previously described
LF features, also accurately describes the spatial power profile of
the laser and the impact of this on evaluating specific heat capac-
ity and thermal conductivity. This enables the method to be used
with lasers, which may  have a spatial profile deviating from the
perfect top hat shape. Furthermore, convective heat losses are char-
acterized semi-empirically rather than fitted. Spectral emissivity is
simultaneously measured via the MWP  method as part of the same
experiment, facilitating an accurate conversion from radiance to
true temperature.

The new method was  applied to isotropic isostatically pressed
graphite and extends the available literature data up to 2800 K. Fur-
thermore, the experimental data will be supported by a solid state
physics model with the purpose of describing the governing physi-
cal phenomena responsible for the evolution of the properties with
temperature. The potential agreement between model and exper-
iment will provide more confidence in the proposed methodology
and associated high temperature experimental results.

2. Methodology

2.1. Experimental methodology

A schematic of the LF experiment and related equipment is
shown in Fig. 1. The apparatus includes a disc shaped sample,
held by three or four zirconia pins to a graphite sample holder,
all of which are sealed within a chamber. The sample can have
a diameter between 5 and 12 mm and the thickness tends to
be in the range of 0.5–3 mm.  In this work two nearly identical
graphite samples were used with a thickness of around 3 mm and
diameter of 4.95 mm.  The dimensions of the samples were mea-
sured using a thickness gauge and Vernier Callipers. The weight

of the samples was  measured using an analytical balance. From
the measured dimensions and respective weights of the cylindrical
samples, the room temperature density was calculated. The speci-
mens are kept under a controlled atmosphere. The pressure in the
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Fig. 1. Schematic of the l

hamber can be varied between 5 �bar and 4 bar (possible buffer
ases include: argon, oxygen, argon/hydrogen, air, carbon diox-
de). For all current measurements argon was used as a buffer gas.
here are transparent sapphire windows on both sides of the stain-

ess steel chamber, which allow for two continuous-wave lasers
Nd-YAG with � = 1064 nm), to preheat each side of the speci-

en  from around 300 K to a chosen equilibrium temperature. The
quilibrium temperatures can be varied from around 1000 K to
bove 3000 K. The temperatures are continuously monitored by
igh speed pyrometers on the front and rear sides. Furthermore,

 spectropyrometer measures the radiance on the front side at 256
avelengths in the range 500 nm–1000 nm.  The spectropyrometer

as a nominal spot diameter of 0.4 mm and a maximum devia-
ion from linearity of 0.3% of end point. The pyrometers as well as
pectropyrometer have been calibrated using both tungsten ribbon
amps and a black body.

Once the desired steady-state temperature has been reached
the temperature measured by the pyrometer becomes stable over
ime) a short pulse is applied (generally around 10 ms)  using the
ront Nd-YAG laser. On the rear side, the rise in temperature is mea-
ured as a function of time via a pyrometer, which is automatically
riggered upon the initiation of the laser pulse. The pyrometer mea-
urements are transferred to a 14-bit digitiser (Nicolet Pro 34) and
ubsequently the radiance signal is converted into temperature.

The samples are made out of polycrystalline graphite produced
y cold isostatic pressing. The specimens were produced by SLG
arbon group and are grade R6650P5 with purity above 99.9998%.

.2. Computational methodology

A logic diagram of the method is shown in Fig. 2. The exper-
mental thermograms are converted from a signal reading to a
emperature reading. Prior to the onset of the pulse the temper-
ture is recorded, which provides the information necessary for

 base line correction. Furthermore, Fast Fourier transforms are
mployed to filter high frequency noise.
.2.1. Noise filtering
In order to filter the inherent data noise, fast Fourier transforms

FFT) were employed. A low frequency band pass filter was  used,
utting off high frequency noise. The cut-off frequency was  chosen
ash experimental set-up.

such that the accuracy of the fitted parameters was not affected.
This has been tested using synthetic thermograms with known
properties, which were passed through filters of different band
width. The narrowest band width, which did not hinder the accu-
racy, was chosen and corresponds to 1–200 kHz (2% of the total
frequency spectrum) and hence 98% of the high frequencies are
filtered.

2.2.2. Finite Element Analysis (FEA)
The FEA model, which has been created with the FlexPDE [60]

software, is axisymmetric (shown in Fig. 3). The model describes
the onset of the transient conditions in the sample immediately
after the application of the laser pulse.

The governing equation is the transient heat equation:

�cp
∂T
∂t

= ∇ · (k∇T) + q (1)

where q is the volumetric heat source (J s−1 m−3), � is the den-
sity (kg m−3), cp is the specific heat capacity at constant pressure
(J kg−1 K−1)), k is thermal conductivity (J s−1 m−1 K−1), T is temper-
ature (K) and t is time (s).

In this case there is no volumetric heat source (q = 0). Further-
more, a reduced variable is introduced such that:

T (t, r, z) = T (0, r, z) + � (t, r, z) = T0 + � (2)

where T0 is the steady state temperature (K) and � is the reduced
variable temperature (K). Hence, the reduced boundary conditions
are:

k
∂�

∂z
|
z=0

= � (r, t) × ε1064 − h (T) × [T − T0] − εtot (T) × � ×
[
T4 − T0

4
]

− (3)

k
∂�
∂z

|
z=tsample

= −h (T) × [T − T0] − εtot (T) × � ×
[
T4 − T0

4
]

− (4)

k
∂�
∂r

|
r=rsample

= −h (T) × [T − T0] − εtot (T) × � ×
[
T4 − T0

4
]

− (5)
where h(T) is the temperature dependent convective heat transfer
coefficient (W m−2 K−1), �tot is the total hemispherical emissivity
and �(1064nm) is the emissivity at the laser wavelength (absorptiv-
ity).
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Fig. 3. The geometry of the axisymmetric model and the mesh used in FlexPDE.
Fig. 2. Logic scheme

The initial condition is:

t=0 = 0 (6)

The properties of the graphite samples used are tabulated in
able 2 while the FEA mesh is displayed in Fig. 3. Quadratic tri-
ngular elements (6 nodes per element) have been used. Adaptive
e-meshing has been used in order to achieve convergence on the
emperature output of the model to less than 0.001 K. Furthermore,
he model is based on the approximation of an isothermal steady
tate, which was tested using synthetic (calculated) thermograms
nd was shown to hold within an accuracy of less than 1% of the
tted properties. Furthermore, the effect of the zirconia pins was
xamined (via a full 3-D FEA model) and found negligible due to
he low thermal conductivity of zirconia and the small contact area
ith the sample.

The power profile of the laser is time and space dependent. The
ime dependence of the power is measured by a voltmeter (volt-
ge is converted to power based on a calibration curve) and can be
ccurately described by a top hat function for pulses longer than

 ms.  The spatial profile has been measured and calibrated using a
SBeamPro PS-2323 beam profiler. The spatial profile has been cal-

brated for powers of 50 W and 100 W and the best focus has been
etermined invariant within a range of 14 mm.  Furthermore, mea-
urements of the defocused profile were performed up to 60 mm
way from the best focus, in order to set conservative limits for the
rror analysis (50 mm defocusing). The spatial profile of the laser
an be described via two intersecting linear functions (shown in
ig. 6 and Eq. (11)). The space-time profile, described by the � (r, t)

unction in Eq. (3), can be expanded in the following manner:

(r, t) = P (r,  t)
	rb2

= P (r) ×  P (t)
	rb2

(7)
The  red dashed line denotes the axis of symmetry at r = 0. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of  this article.)

where P (J s−1) is the power of the laser pulse, � is the power density
(J s−1 m−2) deposited by the beam, rb is the nominal beam spot
radius (m).
2.2.3. Optimization algorithm
The Levenberg-Marquardt method [63,64] was used to find the

least squares minimum between the experimental thermograms
and the model thermograms. The convergence criteria used is the
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Table  2
Material properties and sample dimensions of isostatically pressed graphite. (density (�298), thickness (tsample), radius (r sample) measured at temperature T = 298 K and pressure
p  = 0.1 MPa; average spectral emissivity at 640 nm (�(640nm)) in the temperature range 1700–2400 K measured at pressure p = 0.4 MPa).

Material properties (isostatically pressed graphite) Reference

RT density �298 (kg m−3) 1804 measured (this work)

�(T)+ �298 ×
(

−1.174 × 10−12T3 + 1.677 × 10−5T2−
−1.676 × 10−5T + 1.005

)
Hay et al. [61]

�(1064nm)
+ 4.053 × 10−5T + 0.874 Hay et al. [61]

�(640nm) 0.87 measured (this work)
�tot

+ 0.92 − 5.33 × 10−5T Matsumoto et al. [62]

Sample dimensions
Thickness tsample (mm)  3.03 measured (this work)
Radius  rsample (mm) 2.475 measured (this work)

Laser  beam characteristics
beam spot radius rb (mm) 1.5 measured (this work)
Pulse  duration (ms) 10 measured (this work)

+polynomial fits to experimental data obtained from the respective reference
aStandard uncertainties u(p) = 4 kPa, u(T) = 2 K, u(�298) = 5 kg m−3, u(tsample) = 0.005 mm,  u(rsample) = 0.005 mm,  u(�(640nm)) = 0.05.
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ig. 4. Example of a thermogram-temperature vs. time graph obtained from experi

elative difference in the parameter vector between two consec-
tive iterations. If the difference in all individual parameters was

ower than 10−4 of the current parameter estimate, the code ter-
inates. The fitted parameters are thermal conductivity (k) and

pecific heat capacity (Cp) and hence the parameter vector is:

 =
(
k

cp

)
(8)

The computer code, however, has been designed in a flexible
anner, whereby any combination of 4 fitting parameters (ther-
al  conductivity (k), specific heat capacity (Cp), total hemispherical
�tot) and heat transfer coefficient (h)) can be chosen, while provid-
ng the other unselected parameters as input.

. Application of method to fine grained isotropic graphite

An example thermogram is shown in Fig. 4. The thermogram’s

scent is dominated by the thermal diffusivity and conductivity, the
mplitude of the thermogram is predominantly dependent on the
pecific heat capacity and density of the material, while the descent
s due to heat losses such as convective and radiative heat transfer.
 compared to the model thermogram obtained via least squares minimization.

3.1. Sensitivity analysis

In order to examine the relative importance of the different
model parameters a sensitivity analysis was  performed. The sensi-
tivity analysis shown in Fig. 5 is based on the following numerical
derivative:

S = p
df

dp
(9)

where S is the sensitivity coefficient (K), p is the respective param-
eter, f is the temperature output of the FEA model or model
thermogram (K). The parameters with the highest absolute sen-
sitivity coefficients (positive or negative) will have the strongest
effect per change in parameter on the model output thermogram.
Hence, small changes in these sensitive parameters will lead to rela-
tively big differences in the model output. Furthermore, parameters
with sensitivity coefficients close to zero will have a much lower
relative effect on the calculated output.

The sensitivity analysis in Fig. 5 shows that the highest absolute
sensitivity was  exhibited by sample thickness (ts) at 0.12 s. How-
ever, the spatial profile shows the greatest integral sensitivity over

the first 1.5 s. The spatial profile sensitivity has been obtained by
changing the parameters describing the radial dependence of the
power (Section 2.2.2). These are incrementally changed from values
corresponding to the most focused state of the laser beam to values
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Fig. 5. Sensitivity coefficients vs. time for thermal conductivity (�), specific heat
capacity (c ), convective heat transfer coefficient (HTC), the total hemispherical
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Fig. 6. The calibrated spatial profile (blue dashed line) of the laser compared to
a  top hat approximation of the spatial laser profile (red line). P(r) represents the
calibrated or measured power as a function of radius, while Pmax represents the
integral power. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Table 3
A comparison between the calculated properties (thermal conductivity (k) and spe-
cific heat (cp)) using the calibrated and top hat laser profiles at pressure p = 0.4 MPa.
Furthermore, results are compared to the values obtained by Hay et al. [41].

T (K) k (W m−1 K−1) cp (J kg−1 K−1)

Top hat approximation 1536 46.93 2327
Calibrated profile 1536 40.87 1938
B.  Hay et al. (JRC – ITU) [41] 1523 42.04 1976

)

p

missivity (�tot), spatial laser beam profile (P(r)), absorptivity (�1064) and thickness
ts).

f a more defocused state. Furthermore, it can be concluded that the
hermogram is sensitive to thermal conductivity and specific heat
apacity. This is important as it shows that relatively small changes
n these properties will have a measurable effect on the thermo-
ram. Additionally, since the peaks and shapes of the curves are
oticeably different, this means the two are not highly correlated.
ence, the method is suitable for the determination of these two
roperties by fitting. It must be noted that the sensitivity coeffi-
ient of density (�) follows exactly the one of specific heat capacity
cP) and has not been plotted in Fig. 5 for better clarity. This means
hat these two properties are completely correlated – a result of
he formulation of the heat equation (Eq. (1)) where specific heat
apacity and density are the two multiples composing the energy
tored per unit temperature. Furthermore, it is evident that the sen-
itivity coefficients of total hemispherical emissivity, spatial laser
rofile, absorptivity, density (equivalent to cP) and thickness are
ll significant. Hence, uncertainties in these input parameters can
ropagate and lead to an appreciable uncertainty in the calculated
utput (specific heat capacity and thermal conductivity). Therefore
hese will be examined carefully and based upon their uncertainty,
t will be possible to estimate the model output error (described
n section 4.8). It is worth noting that for certain materials with
oorly understood high temperature properties, such as thermal
xpansion and hence density, the current method would need to
e coupled with techniques for measuring these properties.

.2. Impact of the laser beam’s spatial profile

From the sensitivity analysis it was shown that one of the most
nfluential parameters was  the spatial profile of the laser beam. In
ig. 6 the spatial profile (calibrated for the optical arrangement)
f the laser is compared to a top hat function. The integral of the
ower with respect to the normalized radius is the same for both
rofiles. This implies that the total laser power was the same in
ach case, only its spatial distribution differs. It is evident that
he actual characteristics of the laser beam are significantly dif-
erent from the assumed top hat characteristics. Previous studies
hat developed similar methods have used the approximate top hat
orm in their analytical model (a sufficiently accurate approxima-

ion in their case considering they had measured a relatively flat
ear square shaped spatial power profile) and also fitted parame-
ers such as r0 (beam spot or waist radius) [65]. The latter may  be
roblematic due to a high degree of correlation between the beam
aCombined expanded relative uncertainties Ur(T) = 0.7%, Ur(cP) = 15.2%,
Ur(k) = 19.4%, Ur(�) = 15.0% with 0.95 level of confidence (coverage factor of
2).

spot radius and specific heat. In this work the more representa-
tive spatial laser profile (for the presented optical configuration in
Fig. 1) will be implemented in the finite element model. In order
to examine the effect of the spatial profile on the fitted properties
(thermal conductivity and specific heat), two  cases will be run for a
single thermogram at 1536 K. The first case will evaluate the prop-
erty using the top-hat approximation as input, while in the second
case the calibrated or measured profile will be used.

The top hat function has been implemented in the finite element
model as follows:

P (r)

⎧⎨
⎩
Pmaxfor0 ≤ r

rB
≤ 1

0for
r

rB
> 1

(10)

The calibrated profile is expressed in the following manner:

P (r)

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

Pmax

(
0.967 − 0.2342 × r

rB

)
for0 ≤ r

rB
≤ 1.1587

Pmax

(
8.2923 − 6.5561 × r

rB

)
for1.1587 ≤ r

rB
≤ 1.2648

0for
r

rB
> 1.2648

(11

The impact of the different spatial laser profiles is presented in
Table 3. It is evident that the effect on thermal conductivity and spe-
cific heat capacity is around 15% and 20% respectively. Furthermore,

the values obtained via calorimetry measurements combined with
conventional LF diffusivity measurements at JRC – ITU[41] were in
very good agreement with the output from the method using the
calibrated power profile. However, this finding does not discard



T. Pavlov et al. / Thermochimica Acta 652 (2017) 39–52 45

Table  4
Comparison of the effect of noise filtering on the fitted properties (thermal conduc-
tivity and specific heat capacity), the computational time (tcomp) and signal to noise
ratio (SNR) for a thermogram at temperature T = 2219 K and pressure p = 0.4 MPa.

T (K) k (W m−1 K−1) cp (J kg−1 K−1) SNR (103) tcomp (103 s)

Unfiltered 2219 35.64 1895 1.406 2.789
Filtered 2219 35.64 1895 2.443 1.834
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Fig. 7. Calculated heat transfer coefficient as a function of temperature at a pressure
of  1 bar.
Standard uncertainties u(p) = 4 kPa, u(SNR) = 1, u(tcomp) = 1s, combined expanded
elative uncertainties Ur(T) = 0.7%, Ur(cP) = 15.2%, Ur(k) = 19.4%, Ur(�) = 15.0% with
.95 level of confidence (coverage factor of 2).

he accuracy of studies where the laser spatial profile was  square
haped, it just serves to show the numerical model can be used to
arness the full potential of the LF method when using lasers with
patial power profiles deviating from the ideal.

.3. Impact of noise filtering

The signal to noise ratio can be improved either by post-
rocessing the experimental data by noise filtering or increasing
he laser pulse power and hence increasing the signal gain. The sec-
nd is appropriate only to the extent, whereby the fitted properties
re not significantly impacted by the temperature variation of the
ample (e.g. large temperature amplitude on the front side leading
o deviation from the equilibrium assumption or inducing phase
hanges, such as melting). Hence, a combination of sufficient sig-
al gain and adoption of noise filtering has been used. In Table 4 the
esults for thermal conductivity and specific heat capacity of iso-
tatically pressed graphite are compared for two cases: 1) a noisy
unfiltered) thermogram; 2) the same thermogram passed through
he low pass filter (filtered). The values of these two properties are
xactly the same in both cases. However, the signal to noise ratio
nd the computation time are significantly improved when using
he FFT low pass filter.

.4. Convective heat transfer coefficient

One of the heat loss mechanisms is natural convection and
s described by a convective heat transfer coefficient. Previously
alues for this property have been either fitted [65], arbitrarily cho-
en [66] or approximated as constant over a broad temperature
ange [67]. In this work the convective heat transfer coefficient is
emi-empirically evaluated based on the sample geometry and the
roperties of the gaseous atmosphere. The relationship in eq. (10)
as been used in order to derive the heat transfer coefficient (h̄D)
s a function of temperature.

¯
D = NuDkg

D
(12)

here kg represents the thermal conductivity of the gas

W m−1 K−1), D is the sample diameter (m)  and NuD represents the
usselt number. Churchill and Chu [68] suggested the following
xpression for the Nusselt number during laminar flow for a vertical
late:

uD = 0.68 + 0.67 × RaD
1/4

{
1 +

[
0.492

Pr

]9/16
}−4/9

(13)

here RaD and Pr are the Rayleigh and Prandtl numbers.

aD = gˇ
TD3

˛�
(14)
r = ˛

�
(15)

here gis the gravitational acceleration (m s−2),  ̌ is the gas com-
ressibility, � is the gas thermal diffusivity (m2 s−1) and � is the
Fig. 8. Inverse temperature as a function of wavelength measured by a 256 channel
spectropyrometer.

kinematic viscosity of the gas (m2 s−1). The properties of argon have
been taken from Little[69] and Stewart et al. [70].

The results from Eqs. (12)–(15) for the convective heat transfer
coefficient are shown in Fig. 7 and are used as input in the finite
element model.

3.5. Spectral emissivity (640 nm)

At higher temperatures (>2000 K) the uncertainty in normal
spectral emissivity can lead to significant temperature measure-
ment uncertainties.

1
TB

= 1
TR

+ �

c2
ln (ε) (16)

where c2 is the second radiation constant (m K), � is the wavelength
(m), TR is the radiance temperature (K) and TB is the black body
temperature (K).

Eq. (16), also known as Wien’s law [71] can be used to esti-
mate the true temperature and emissivity from multi-wavelength
pyrometry. Assuming that this property does not vary within a
given wavelength range (600–800 nm)  and from the measured
radiances (and hence temperatures) at different wavelengths

(via a multi-wavelength spectropyrometer) the emissivity can be
retrieved from the linear fit shown in Fig. 8.

Once, the spectral emissivity at the pyrometer wavelength
(shown in Fig. 8) has been determined, the pyrometer radiance
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tblSpectral emissivity at a wavelength of 640 nm for fine grained
polycrystalline graphite.

Table 5
Measurements of normal spectral emissivity at 640 nm (�(640nm)) and respective
uncertainties at various temperatures and at a pressure p = 0.4 MPa.

T (K) �(640nm) (−) uncertainty of �(640nm)

1966 0.889 0.043
1971 0.881 0.048
2168 0.908 0.038
2341 0.873 0.049
2390 0.874 0.051
2236 0.882 0.049
2085 0.872 0.050
2157 0.869 0.054
2022 0.880 0.050
1934 0.876 0.050
1900 0.874 0.051
1807 0.862 0.061
1709 0.874 0.050

a Standard uncertainty u(p) = 4 kPa, combined expanded relative uncertainty
Ur(T) = 0.7% with 0.95 level of confidence (coverage factor of 2) and expanded uncer-
t
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Fig. 10. Measured specific heat capacity as a function of temperature for polycrys-
talline graphite compared to the calculated specific heat capacity using Eq. (20). The
literature data (green triangles and red rhombohedra) has been taken from Hay,
et  al. [61]. The error bars on the blue data points correspond to two standard devi-
ations and are equivalent to 15.2% relative error (for details on error analysis refer
to  Section 4.3). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
ainty U(�(640nm)) estimated for each measurement with 0.95 level of confidence
coverage factor of 2).

emperatures (TR) can be converted into true temperatures (TB)
gain using Eq. (16).

The low R-squared value of the linear fit in Fig. 9 is due to the
esidual sum of squares (difference between data and fit) being
omparable to the total sum of squares (difference between data
nd data mean). This indicates that the mean of the data is almost
dentical to the fitted line. Hence, the spectral emissivity at 640 nm
Table 5) can be considered temperature invariant in the range
700 K to 2400 K. The mean value of 0.87, also shown in Table 2, will
e used to convert the radiance temperature to true temperature.

In order to examine the importance and effect of emissivity
he following formulation can be obtained from the derivative of
missivity with respect to true temperature:

TB = T2�dε

c2ε
(17)

It can, hence, be estimated that for a given uncertainty in emis-
ivity of 30%, the uncertainty in the measured temperature at
40 nm would be 54 K at 2000 K (≈2.7%) and rising to 121 K at
000 K (≈4%). Hence, an accurate value of normal spectral emis-

ivity is necessary to reduce the uncertainty in the measured
emperature.
3.6. Specific heat capacity

Measurements of specific heat capacity, thermal conductivity
and thermal diffusivity are summarised in Table 6 and presented
in Figs. 10 11 and 12, respectively, where they are compared to
literature data obtained from the same batch of isostatically pressed
graphite.

The specific heat capacity results obtained from the inverse
method, described in this work, are shown in Fig. 10. The estimated
error (equivalent to two  standard deviations) was 15%. It is evident
that there is good agreement between the measured heat capaci-
ties and previously reported values at temperatures close to 1500 K.
Around 1800 K, the results obtained in the National Physical Labo-
ratory (NPL) by Hay et al. [61] show a steeper increase in specific
heat capacity relative to the measurements in this work. In view of
this discrepancy and in order to gain a physical understanding of
the phenomena that govern the temperature dependent changes
of this property, a physical model was developed. It is based on
solid state theory and will be extended to predict thermal conduc-
tivity and hence thermal diffusivity as a function of temperature.
The theory of the model will be described and discussed in Section
4.

3.7. Thermal conductivity

The estimated error on the thermal conductivity data presented
in the current study is just under 20%. Fig. 11 shows that at tem-
peratures close to 1500 K the thermal conductivity results obtained
are in excellent agreement with the ones measured by Hay et al.
[61]. At around 1800 K, there was  some disagreement between the
current results and the ones obtained at the NPL [61]. This work sug-
gests a continued degradation of thermal conductivity with respect
to temperature in the range 1500 K–1800 K, while the NPL results
show that the rate of decrease in thermal conductivity with respect
to temperature is more gradual. The model data is in very good

agreement with most of the experimental results.
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Fig. 11. Thermal conductivity of isotropic graphite as a function of temperature.
Experimental data is compared to the model described in this work. The error bars
on the blue data points correspond to two  standard deviations and are equivalent
to  19.4% relative error (for details on error analysis refer to Section 4.3). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 12. Thermal diffusivity of isotropic graphite as a function of temperature. The
error bars on the blue data points correspond to two standard deviations and are
equivalent to 15% relative error (for details on error analysis refer to Section 4.3).
(
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Table 6
Measurement values of specific heat (cP), thermal conductivity (k) and thermal
diffusivity (�) as a function of temperature at a pressure p = 0.4 MPa.a

T (K) cP (J kg−1 K−1) k (W m−1 K−1) � (10−6 m2 s−1)

1613 1957 40.28 11.67
1732 1971 41.92 12.09
1747 1985 40.27 11.54
1759 1941 39.69 11.64
1850 1933 37.12 10.95
1942 1917 36.06 10.75
1974 1984 37.08 10.69
2230 1900 35.03 10.61
2232 1943 34.36 10.18
2298 1954 36.66 10.82
2428 2015 30.56 8.78
2430 2047 32.98 9.33
2474 2018 31.82 9.14
2528 1983 27.93 8.18
2531 2011 28.22 8.15
2574 2051 28.01 7.95
2574 2051 28.01 7.95
2626 1928 27.42 8.29
2629 2050 28.00 7.96
2631 2113 29.60 8.16
2632 2100 28.23 7.84
2698 2008 26.83 7.80
2702 2050 28.07 8.00
2760 2047 28.00 8.01
2760 2036 27.20 7.82
2772 2045 27.91 7.99

a Standard uncertainty u(p) = 4 kPa and the combined expanded relative uncer-
tainties Ur(T) = 0.7%, Ur(cP) = 15.2%, Ur(k) = 19.4%, Ur(�) = 15.0% with 0.95 level of
confidence (coverage factor of 2).

Table 7
Summary of parameters used in the specific heat capacity and thermal conductivity
models.

Parameter description Units Symbol Value Reference

Debye temperature in “a” direction K ϑa 2280 [73]
Debye temperature in “c” direction K ϑc 760 [73]
Sommerfeld constant mJ  mol−1 K−2 �e 0.014 [74]
formation enthalpy of Frenkel pair kJ �HF 467.94 [75]
bulk modulus GPa KT 8.82 [76]
Lorenz number �W � K−2 L 200 [77]
Grüneisen parameter – � 2.0 [78]
atomic mass u Mat 12.01 [79]
free electrons per carbon atom – ne 1.0 [80]
deformation potential ev ε1 6.13 [81]
grain size �m Lg 7.0 [82]
thermal conductivity of pore gas W m−1 K−1 kp 0.07 [70]
pore fraction (at 298 K) – vp 0.202 *
molar mass kg mol−1 Mmol 0.012 –
atomic volume Å3 � 8.813 –
density (theoretical) kg m−3 �TD 2260 [83]

* experimentally determined from the measured density (�298) and theoretical den-

where the superscripts “h”, “el”, “d” and “m”  stand for harmonic,
For interpretation of the references to colour in this figure legend, the reader is
eferred to the web  version of this article.)

.8. Thermal diffusivity

The uncertainty in thermal diffusivity was estimated to be close
o 15%. The thermal diffusivity has been obtained from the specific
eat capacity, thermal conductivity and density as follows:

(T) = k (T)

 (T) cp (T)

(18)

Fig. 12 shows excellent agreement between the diffusivity
btained in this work and the results of Hay et al. [61] The model for
hermal diffusivity is based on the models for specific heat capacity
nd thermal conductivity linked via Eq. (18) (using the measured
ensity in this work, corrected for thermal expansion based on

he work of Hay, et al. [61]). Furthermore, the model describes the
emperature evolution of diffusivity almost exactly.
sity  (�TD).
a Standard uncertainty u(vp) = 0.002.

4. Discussion: Comparison with solid state theory

4.1. Specific heat capacity

In order to understand the evolution of specific heat capacity, as
a function of temperature, it is necessary to deconvolute the various
contributing mechanisms. One can express the specific heat in the
following way:

ctotP = chV + celV + cdV + cmV + �cV→P (19)
electronic, defect and magnetic contributions, respectively and the
subscript “V” means at constant volume. Detailed analysis of the
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ndividual mechanisms (refer to Appendix A and Table 7) lead to
q. (20):

tot
v = 9NACB

(
T

ϑ

)3
∫ ϑi

T

0

x4ex

(ex − 1)2
dx + �eT +

√
6�HF 2

2RT2
exp

(
−�HF

2RT

)
+ ˛2TKTMmo


 (T)

(20

It must be noted that second order and higher anharmonic con-
ributions are not treated by Eq. (20).

From Fig. 10 it is evident that there is excellent agreement
etween the model and both the current and previous experimental
ata. The model therefore demonstrates the current experimental
esults can be understood in terms of established physics. At high
emperatures the specific heat capacity saturates and approaches
he Dulong-Petit limit. This occurs as a result of a decrease in
he number of new, higher energy, unoccupied phonon states.
he slight linear ascent noticeable above 2300 K results from the
mall electronic contribution to Cp. A significant defect contribution
owards specific heat capacity would only be expected at tempera-
ures above 3500 K due to the large formation energies associated
ith the creation of Frenkel pairs.

.2. Thermal conductivity

Graphite is a semi-metal, meaning its Fermi level lies in the
onduction band, just above the band edge. Thus, conduction elec-
rons, as well as phonons, contribute to thermal transport. Thus,
he thermal conductivity can be written as [72]:

tot = kel + kl (21)

here kel and kl stand for the electronic and lattice contribution
espectively.
The model described in Appendix B is presented in Fig. 11
nd all input parameters are listed in Table 7. It is clear that
he model is in very good agreement with experimental data.
he observed maximum, which occurs close to 300 K, is due to
le plot (bottom left), thermal conductivity values (top middle) with its respective
s respective quantile – quantile plot (bottom right).

the competition between two main mechanisms: 1) phonon heat
capacity appreciation and 2) phonon life time reduction. From 0 K
to 300 K the thermal conductivity increases as it is dominated by
the increase in the phonon specific heat. Above 300 K this increase
is overcome by degradation of thermal conductivity due to an
increase in the frequency of phonon scattering events. This dimin-
ishes the average phonon life time. At temperatures below 300 K
phonon scattering is dominated by electron- phonon interactions,
grain boundary scattering and impurity scattering, while at higher
temperatures phonon–phonon interactions become the dominant
scattering mechanism. The overall agreement between theory, new
and previous experimental data supports the efficacy of the exper-
imental approach presented here.

4.3. Error analysis

Previously little effort has been made to accurately estimate
the error of equivalent methods (arising from uncertainty in input
parameters) [17,84]. The sensitivity analysis performed (shown in
Fig. 5) has shown that the five input parameters – total hemi-
spherical emissivity, spatial laser profile, absorptivity thickness and
density, have a significant impact on the calculated thermogram.
These parameters are then used as factors in a 3-level full factorial
design.

The five parameters selected, based on the sensitivity study,
have been split into three levels corresponding to a best estimate,
minimum and maximum value, both at two  standard devia-
tions away from the mean estimated value. The corresponding
histograms of the output are presented in Fig. 13. From the quantile-
quantile plots it can be seen that a normal distribution is a
reasonable approximation of the output distributions of thermal
conductivity, specific heat capacity and thermal diffusivity.

Assuming the input parameters are randomly distributed and

treating them as independent events, the total uncertainty can be
represented in the following way:

�total = �model + �exp. (22)
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here �exp. is the uncertainty associated with experimental scat-
er based on a variation in the recorded thermograms for the same

easurement temperature, while �model is the propagated error
esulting from uncertainties in the five model input parameters

 total hemispherical emissivity, spatial laser profile, absorptivity
spectral emissivity at 1064 nm), density and thickness. The num-
er of different ways to combine the 5 input parameters, each
onsisting of 3 levels, is 243. One can weigh the output of each
ombination of input parameters assuming a Gaussian probability
ensity function for each input parameter.

model =

√√√√√∑243

k=1

wk

(
yk − yw

)2

(
N
N−1

∑
wk
) (23)

here k is the combination index, yk is the output value (�, CP, k)
f that particular combination and the weighted mean (yw) is:

w =
∑243

k=1ykwk∑243
k=1wk

(24)

here the weight (wk) is expressed as follows:

k =
5∏
i=1

⎡
⎣exp

−(xij−�i)
2

2�i
2

⎤
⎦ (25)

here the value of a certain parameter of certain level is:

ij =

⎧⎪⎨
⎪⎩
�i + 2�iforj = 1

�iforj = 2

�i − 2�iforj = 3

(26)

here � represents the arithmetic mean, � stands for one standard
eviation, i represents the input parameter and j is the level.

The results from the error analysis are summarized in Table 8.
hermal conductivity has the largest associated error of 20% while
pecific heat capacity and thermal diffusivity have an error of
round 15%. The reason for thermal diffusivity having a smaller
ssociated error is due to the negative correlation between thermal
onductivity and specific heat capacity, whereby the increase in the
tted value of one of these properties is generally compensated by
n increase in the other. This implies that thermal diffusivity, repre-
enting the ratio of the two prior properties, would not necessarily
ollow the error propagation law, as seen from Table 8.

. Conclusions

This paper has presented a new numerical inverse method and
mproved apparatus for the determination of high temperature

hermo-physical properties of materials. Specifically:

A significant improvement in the accuracy of how the laser spatial
profile is implemented in the FEA model is shown to improve the

able 8
ummary of the output uncertainty of specific heat (
cP), thermal conductivity (
k)
nd thermal diffusivity (
�) for a thermogram at temperature T = 2050 K and at a
ressure p = 0.4 MPa.

uncertainty type 
cP (J kg−1 K−1) 
k  (W m−1 K−1) 
� (10−6 m2 s−1)

2�model/yw 0.095 0.123 0.085

2�exp./yw 0.047 0.071 0.065

2�total/yw 0.152 0.194 0.150

Standard uncertainty u(p) = 4 kPa and the combined expanded relative uncertainty
r(T) = 0.7% with 0.95 level of confidence (coverage factor of 2).
 Acta 652 (2017) 39–52 49

evaluation of thermal conductivity and specific heat capacity by
15% and 20%, respectively.

• The apparatus has been modified for the simultaneous mea-
surement of spectral emissivity, reducing the uncertainty in the
measured temperature to 0.3–0.7% between 1500 and 3000 K.
Other strengths include high temperature capability, simultane-
ous property evaluation and semi-empirical determination of the
convective heat transfer coefficient instead of fitting.

• The method has been tested on isotropic graphite and specific
heat capacity, thermal conductivity and thermal diffusivity are
in good agreement with literature values.

• The measured temperature range of these properties for
isotropic, isostatically pressed graphite has been extended from
1700 K to 2800 K.

• The errors in specific heat capacity and thermal diffusivity val-
ues have been estimated to be 15% while the error in thermal
conductivity approaches 20%.

• A model based on the Klemens and Debye formalism has been
proposed for the temperature evolution of specific heat capac-
ity, thermal conductivity and thermal diffusivity of isotropic
graphite.

• The values obtained from the model are in very good agreement
with previous experimental data and the new experimental data
up to 2800 K. This provides additional confidence in the experi-
mental approach presented here.
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Appendix A. Model of specific heat

The harmonic contribution to specific heat capacity was calcu-
lated using the Debye approach, where lattice vibrations are treated
as phonons in a box with wavelengths varying from two  times
the inter-atomic spacing up to the dimensions of the box. Debye
expressed the specific heat capacity in the following way:

chV = 9NACB
(
T

ϑ

)3
∫ ϑ

T

0

x4ex

(ex − 1)2
dx (A 1)

The evaluation of this integral can be performed numerically
using the trapezium rule.

The hexagonal crystal structure of graphite imposes a degree of
anisotropy on the thermal transport. The macroscopic isotropy is
achieved by small, randomly oriented grains. Nevertheless, on the
meso-scale there are two major contributions − from in-plane and
out-of plane vibrations. Hence, the harmonic term of the specific
heat capacity can be described in the following way  [73]:

chV = 2
3
chav + 1

3
chcv (A 2)

chV = 9NACB
(
T

ϑi

)3
∫ ϑi

T

0

xi
4exi

(exi − 1)2
dxi (A 3)

xi =
�ωi
CBTi

(A 4)

where i = a or c stand for contributions from the crystallographic

directions along the a-axis and c-axis respectively, CB is Boltz-
mann’s constant (m2 kg s−2 K−1), 	 is the phonon frequency, T is
temperature (K), 
 is the Debye temperature (K) and NA is the num-
ber of atoms per mole (mol−1). There is some uncertainty in the
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eported values for in-plane and out of plane Debye temperatures
85]: here the values have been taken from Magnus [73] as 2280 K
nd 760 K respectively.

The electronic contribution can be approximated by the follow-
ng equation [74]:

el
V = �eT (A 5)

here �e is the Sommerfield coefficient.
The specific heat capacity contribution due to defect formation

an be derived from statistical thermodynamics. Assuming that the
ominant defect species will be Frenkel pairs and based on the
ork by Reich et al. [75] it is estimated that there are 6 intersti-

ial sites per carbon atom. This leads to the following expression
or configurational entropy:

Sconf = Rln
(
�
)

(A 6)

A7)  ̋ = WiWv

 = (6N)!
(6N − n)!n!

× (N)!
(N − n)!n!

(A 8)

here R is the gas constant, N is the number of carbon lattice sites
nd n is the number of vacancies. Using Stirling’s approximation
86] (Eq. (A 6)) for high values of N:

n (N!) ∼Nln (N) − N (A 9)

d�Sconf
dn

= ln

(
n2

(1 − n) (6 − n)

)
(A 10)

The total contribution to the enthalpy can be expressed as:

A11)�H  = n�HF

here �HF is the enthalpy of formation for a carbon Frenkel pair.
t equilibrium d�G

dn = 0 and assuming negligible contributions from
he vibrational entropy term the following expression holds:

HF = RT
d�Sconf
dn

(A 12)

 =
√

(1 − n) (6 − n)exp
(

−�HF
2RT

)
(A 13)

Assuming small defect concentrations:

 =
√

6exp
(

−�HF
2RT

)
(A 14)

Hence

d
V = d (n�HF )

dT
=

√
6�HF

2

2RT2
exp

(
−�HF

2RT

)
(A 15)

Finally, considering polycrystalline graphite is diamagnetic and
as no unpaired electrons one can assume its net magnetization is
qual to zero and thus:

m
V = 0 (A 16)

In order to convert the specific heat at constant volume to one at
onstant pressure the following expression has been used, which
akes into account the quasi-harmonic contribution of thermal
xpansion to specific heat capacity:

p = cV + ˛2TKTMmol

 (T)

(A 17)

2

cV→P = cp − cV = ˛ TKTMmol


 (T)
(A 18)

here KT (Pa) is the bulk modulus at constant temperature, � is
he linear thermal expansion coefficient (m K−1), Mmol is the molar
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mass (kg mol−1) and 
 (T) is the temperature dependent density
(kg m−3).

ctotv = 9NACB
(
T

ϑ

)3
∫ ϑi

T

0

x4ex

(ex − 1)2
dx + �eT +

√
6�HF

2

2RT2

exp
(

−�HF
2RT

)
+ ˛2TKTMmol


 (T)
(A 19)

It must be noted that second order and higher anharmonic con-
tributions are not treated.

Appendix B. Model of thermal conductivity

The electronic contribution (kel) to thermal conductivity is
treated semi-empirically. According to the Wiedmann-Franz law
[72] one can express the electronic term as:

kel = L� (T) T = LT

ϒ (T)
(B 1)

where T is temperature (K), L is the Lorenz number (W � K−2),
� is the electrical conductivity (�−1 m−1) and � is the electrical
resistivity (� m).  The resistivity is taken from literature data on
isotropic polycrystalline graphite [87] and the following expression
has been fit to the data:

ϒ (T) =

⎧⎨
⎩

−3.91 × 10−7T3 + 1.65 × 10−3T2

−2.15 × T + 1.75 × 103 ∈ T < 1700K

2.15 × 10−1T + 5.56 × 102 ∈ T > 1700K

(B 2)

The theoretical Lorenz number is 2.443 × 10−8 W � K−2, how-
ever, lower values have been determined experimentally [77,88].
In this work the value of 2.0 × 10−8 W � K−2 was used based on the
work by Bapat et al. [77]

With the effective medium approach of Bruggeman [89] one
can express the lattice thermal conductivity of a polycrystalline
material with polyhedral grains as follows:

kl =
1
2

(
−kc +

(
ka

2 + 8kcka
) 1

2

)
(B 3)

where the subscripts “a” and “c” stand for the respective crystallo-
graphic directions.

ki =
(
CB
�

)3 CB
2	2Vi

T3

∫ ϑi
T

0

�totxi
4exi

(exi − 1)2
dxi (B 4)

where i is the index of the respective crystallographic direction (i = a
or c), Vi is the sound velocity in graphite in the direction i (m s−1),
and �tot is the total relaxation time (s), which can be expressed as
follows:

1
�tot

= 1
�u

+ 1
�im

+ 1
�gb

+ 1
�e−ph

(B 5)

where �urepresents the contribution from Umklapp processes and
according to the work by Klemens [78] can be expressed as follows:

1
�u

= 2�2CBTω2

MViω
d
i

(B 6)

where � is the Grüneisen parameter, M is the atomic mass and
ωd
i

is the Debye frequency. Furthermore, since graphite contains
around 1% C13 the following impurity scattering mechanism can
be employed[90]:( )2 4 4
1
�im

= 
M

M

nimCB �ω

4	�4Vi
(B 7)

where 
M is the impurity atom-host atom mass difference and nim
is the concentration of impurity atoms and � is the atomic volume.
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ince, this type of graphite is fine grained with a specified grain
ize of 7 �m,  one can express a purely diffuse scattering due to
rain boundaries using the following expression[90]:

1
�gb

= Vi
Lg

(B 8)

here Lg is the mean free path due to boundary scattering and
s approximately equal to the grain size. Finally, graphite is a
emi-metal and hence there will be interaction between the free
onduction electrons and the lattice phonons, which is expressed
n the following way [91]:

1
�e−ph

= neε1
2ω


TDVi
2CBT

√
	m∗Vi
2CBT

exp

(
−m

∗Vi
2

2CBT

)
(B 9)

here ne is the free electron number density, ε1 is the deformation
otential, m*  is the effective electron mass and 
TD is the material
heoretical density.

The above formulation of thermal conductivity applies to fully
ense graphite (ks) and since thermal conductivity is dependent on
orosity, an appropriate correction must be made. As a result the
xperimental data could then be compared to the results obtained
rom the phonon scattering model described above. The follow-
ng correction has been applied according to “Effective medium
ercolation theory” [92]:

keff = 1
4

[
kp
(

3vp − 1
)

+ ks (3vs − 1)

+
((
kp
(

3vp − 1
)

+ ks (3vs − 1)
)2 + 8kpks

) 1
2

]
(B 10)

here keff, ks and kp are the effective, solid and pore thermal con-
uctivities while vp and vs stand for pore and solid volume fractions.
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