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This work describes the measurement of thermal diffusivity and the subsequent calculation of thermal
conductivity and thermal contact resistance (from room temperature to 800 �C in N2 atmosphere) at
the material interface for carbon/carbon composites (C/C) joined to copper by using the laser flash
method. According to these measurements, the thermal resistance at the interface, that is related to
the heat transfer through the solid, is <10�6 m2 K W�1 up to 800 �C, indicating a high quality of the joint
and no limitations for the thermal heat transfer during operation, e.g. in a nuclear fusion reactor. This
measurement is proposed as an innovative non-contact and qualitative investigation technique to assess
the ceramic/metal joint integrity.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Carbon/carbon composites (C/C) will be part of the divertor, a
complex and critical component of ITER (Latin for ‘‘the way”) [1].
In particular, the divertor consists of a plasma facing material
made of C/C which must be joined to a Cu-based alloy coolant
structure. Between them there is a thin compliant layer of pure
copper, able to accommodate thermally induced stresses and to
provide high thermal conductivity, an essential parameter to re-
move the surface heat flux and to avoid overheating of the struc-
tures. Different design options for the joining of C/C to a Cu alloy
have been developed [2,3].

Measurements of thermal conductibility and contact resistance
of the C/C–Cu joint is helpful to understand and predict its in ser-
vice thermal behavior.

If we consider two solids, in contact by a planar surface, as for C/
C joined to copper, the thermal conductivity at the interface de-
pends on the quality of the joint itself. As a result of a poor joining
process, the surface can have a discontinuous interface and poor
thermal contact. The heat flow across an interface takes place by
conduction at the interface. Voids or porosity at the interface act
as thermal resistance to the heat flow. Since this resistance is con-
fined to a very thin layer between the surfaces, it is called ‘‘thermal
contact resistance” [4].

The values of thermal contact resistance depend on several
parameters: (1) the thermal conductivity at interface region; (2)
the joining process which should lead to a flawless interface; (3)
the materials to be joined (surface roughness, etc); (4) the induced
ll rights reserved.
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thermal stress due to the coefficient of thermal expansion (CTE)
mismatch.

High thermal contact resistance values are associated to a dis-
continuous interface and a poor quality of the joint; if the thermal
contact resistance is low, the joined component can dissipate a sig-
nificant quantity of heat for a given thermal gradient, thus con-
firming a good quality of the joint interface [5–7].

This paper reports on the measurement of thermal conductivity
and thermal diffusivity of joined C/C–Cu samples by using the laser
flash method, one of the most widely used techniques to measure
thermo-physical properties of materials. Furthermore, this work
analyzes the thermal contact resistance for this two-layered sys-
tem (joined C/C–Cu) with and without calibrated defects and dem-
onstrates that the measurement of the thermal contact resistance
can be used as a qualitative technique to detect defects at interface
that can impair the joined component performances appreciably.

For decades the laser flash method has been used to character-
ize the thermo-physical properties of thin solid materials. One of
the most important advantages of this non-contact technique is
the capability to analyze multi-layer samples by fitting the exper-
imental data with an appropriate analytical model describing the
transient heat transfer.

Theoretical models for the solutions of multi-layer systems
were proposed by Lee [8]: they were based on adiabatic models
that did not take into account any heat loss effects from the sample
surfaces. Nevertheless, in order to achieve an accurate estimation
of the contact resistance, a heat loss effect has to be included in
the fitting model of experimental data. This procedure was devel-
oped by Cowan [9] for single material samples and later extended
to multi-layer systems [10]. Several standards, referred to laser
flash techniques, are applied to single layer samples or bulk sam-
ples, but not to multilayers [11].
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To the best of the authors’ knowledge, no studies have been re-
ported till now about measurements of thermal contact resistance
between C/C composites and copper in joined samples.
Fig. 2. Principle of operation of laser flash apparatus used in the experimental
work.
2. Experimental

The geometry of the joined C/C–Cu component, which was cut
from a parallelepiped in a disk-shaped plane-parallel sample, is
shown in Fig. 1. The copper used for the joints is OFHC copper,
i.e. Oxygen Free High Conductive copper (purity is 99.95%).

The used C/C (carbon fiber reinforced carbon matrix composite)
is a high thermal conductivity 3D composite (CFC NB31) specifi-
cally developed for fusion application by Snecma Propulsion Solide,
France; the preform is made from a needled texture composed of
pitch- and PAN-based carbon fibres. This 3D texture is densified
with pyrocarbon through a CVI process and then heat treated at
high temperature to make it highly conductive and thermally sta-
ble. Fibers with maximum thermal conductivity are typically par-
allel to the direction of heat flux, i.e. perpendicular to the C/C
surface to be joined to copper [12].

The CFC NB31 surface was modified by forming a chromium
carbides layer and the joint between C/C and Cu is then obtained
by Cu casting. The joining process is described elsewhere [13,14].

In order to assess the behavior of joined samples with detached
interface, a C/C–Cu joined sample (disk-shaped, dimensions as
above) was manufactured with a calibrated joint defect at the me-
tal/composite interface; the defect has a circular cross section
(1.5 mm diameter); it was manufactured in C/C at the interface be-
tween C/C and the copper layer by machining from the side sur-
face. The reduction of the joint interface by making this defect
was about 1.5%, which is a reasonable value that can be ascribed
(in an effective joint) to a processing induced defect (i.e. porosity,
not well wetted area at interface, etc).

A Laser Flash Apparatus LFA 457 MicroFlash, allowing measure-
ments between room temperature and 1100 �C by a coupled fur-
nace, was used to investigate the samples [15].

The thermal properties of non joined Cu and C/C samples and of
C/C–Cu joints were measured from room temperature to 800 �C, in
N2 atmosphere with 80 ml/min flow; the used temperature ramp
rate is 1 K/min up to 200 �C and 10 K/min up to 800 �C and the
temperature stability during the measurement is 1 K/30 s. The
number of shots at each temperature is 5. The laser parameters
are the following: voltage = 1538 V, filter: 100% trasmissivity, ener-
gy = 11 J and laser pulse width = 0.5 ms.

The principle of operation is outlined in Figs. 2 and 3. In the la-
ser flash test, a short laser pulse, generated by a Nd-glass laser with
a duration of 0.5 ms, hits, guided by a mirror, the front side of a
plan-parallel sample disk.

The samples were not coated with either graphite aerosol or
other coating material before testing, even if this procedure repre-
sents a deviation from standard operating practice for flash diffu-
sivity regardless of single layer or multilayer analysis; in any
Cu 

C/C 

Fig. 1. Schematic of joined C/C–Cu sample with contacting surfaces (dimensions:
height = 8.35 mm, diameter = 12.7 mm; C/C thickness = 6.014 mm Cu thick-
ness = 2.335 mm; weight = 4.105 g).
case, the lack of a graphite coating on the top surface is not ex-
pected to influence the results.

The sample is placed on a carrier in the centre of a high temper-
ature furnace capable to operate between room temperature and
1100 �C (Fig. 3). The pulse energy is absorbed in very thin layer
on the surface and converted into a confined, bi-dimensional, heat
source. The heat waves diffuse through the sample and lead to a
temperature rise on the rear side of the sample. An indium antimo-
nide infra-red detector, cooled by liquid nitrogen, is directed to the
rear surface of the sample and generates a highly sensitive signal
on response to the temperature transient of the sample. The detec-
tor electronic signals are sampled at different time windows, rang-
ing from 700 ms (at sample temperature of 25 �C) to 2300 ms (at
sample temperature of 800 �C). After acquisition, the data, i.e. the
temperature rise versus time, are processed by a non-linear regres-
sion routine, allowing a curve fitting of the measurement results by
the Cowan model [10] of the heat propagation through the multi-
layer sample.

The measurement of thermal diffusivity in combination with
the determination of specific heat and bulk density allows, by cal-
culation of their scalar product, a direct determination of the ther-
mal conductivity according to:

k ¼ q � cp � a ð1Þ

where k is the thermal conductivity, q is bulk density, cp is specific
heat, a is the thermal diffusivity.

The utilized model used by the instrument for the calculation of
the thermal contact resistance requires the input of the value for
the thermal expansion coefficient since as the temperature in-
creases, the thickness of the layers forming the joint increases.

In addition, the C/C and Cu density values have been calculated
using thermal expansion data; the only density values that were
not obtained from CTE are the room temperature densities of both
C/C and Cu: they have been measured for C/C and Cu (i.e. 1.958 g/
cm3 and 8.93 g/cm3, respectively, determined by direct measure-
ment of their weight and volume), from which the temperature-
dependent densities were calculated using CTE data from Ref.
[16]. The used CTE values for C/C materials take into account the
3-dimensional structure of the composites.

Preliminary experiments were carried out on non joined Cu and
C/C samples, in order to measure thermal diffusivity, specific heat



Fig. 3. Schematic design of the LFA 457 MicroFlash System.
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and thermal conductivity of the two materials versus temperature.
Two disk-shaped plane-parallel samples of C/C and Cu have been
studied (thickness = 3.15 mm, diameter = 12.7 mm) as reference
samples. The thickness deviation of the joined C/C–Cu sample is
less than 0.01 mm, according to machining tolerance on flatness
of reference samples.

Specific heat values of the two layers (Cu and C/C) forming the
joined sample are obtained through comparative measurements
with a reference standard (high purity iron, supplied and certified
by Netzsch-Geratebau).
3. Results and discussion

Results on measured thermal diffusivity, thermal conductivity,
specific heat and calculated density between 25 and 800 �C for
non joined Cu and C/C are given in Table 1. The obtained values
of cp for Cu is higher than the literature value at room temperature,
but the discrepancy is significantly reduced at higher temperature
[17]. The calculated values for C/C fit well [18,19]; the reported
uncertainty of the instrument on cp calculation is about 5%. It con-
firms that laser flash method is less accurate then differential scan-
ning calorimetry DSC measurement (which is the standard method
Table 1
Measured thermal diffusivity, specific heat, thermal conductivity and density between 25

Copper

T (�C) Diffusivity
(mm2/s)

Specific heat
(J/kg K)

Conductivity
(W/m K)

Density
(g/cm3)

25 110.8 447 442 8.920
150 104.5 455 424.3 8.860
300 98.7 468 412.2 8.790
450 93.8 480 401.8 8.700
600 89 493 391.5 8.616
700 85.5 503 383.8 8.570
800 82.2 511 374.8 8.483
for getting specific heat values), but it serves the purpose of this
study.

An SEM backscattered image of the measured C/C–Cu joint is
shown in Fig. 4. Two interfaces can be observed: C/C–chromium
carbides and chromium carbides–Cu interfaces; the average thick-
ness of the carbides layer is about 10–15 lm. The further discus-
sion will be concentrated on the case of a 10 lm thick layer.

It can be supposed that, in the experimental conditions of the
laser flash test, the Cr diffusion at interface is low and significant
growth of the Cr carbides will not occur. In the following discus-
sion it will be assumed that the physical state of the sample re-
mains constant over the whole testing time.

The thermal diffusivity of the joined sample has been measured
as described in the Section 2 for the non joined samples: the curve
describing the thermal diffusivity is obtained by interpolation tak-
ing into account in the model the presence of two layers in contact.
The joined sample has been modeled by two layers in contact
through a contact resistance.

All thermal parameters reported in Table 1 (specific heat, ther-
mal conductivity and thermal diffusivity) measured for the two
materials have been used in the model. Thermal contact resistance
is the only open parameter that can be changed in the instrument
model.
and 800 �C for non joined Cu and C/C.

C/C

Diffusivity
(mm2/s)

Specific heat
(J/kg K)

Conductivity
(W/m K)

Density
(g/cm3)

216.5 695 294.4 1.959
133.8 965 253 1.959

90 1280 225.5 1.959
69.3 1508 204.2 1.958
56.7 1659 183.6 1.958
51 1710 170 1.957
47.1 1730 156.4 1.956
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Fig. 4. SEM microstructure of C/C–Cu interface area; a chromium carbides layer is
evident between the C/C and Cu.
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The pulse propagation across the sample can be described by
using an adiabatic model [10]. It states that the laser beam is
evenly absorbed over the whole front of the test piece in an infi-
nitely short time, the initial temperature of the test piece is con-
stant and the test piece is homogeneous. No heat exchange with
the surroundings occurs. An adiabatic heat transport (mathemati-
cally one-dimensional) takes place in the test piece if the above
conditions have been fulfilled. At first, the temperature at the back
of the test piece rises. It remains constant after reaching its maxi-
mum. It has been calculated [10] in this case that the thermal dif-
fusivity a is:

a ¼ L2=t1=2 ð2Þ

where L is the sample thickness and t1/2 is the half rise time of the
temperature versus time curve.

As explained before, the mathematical model can consistently
evaluate the thermal contact resistance between two different
materials, as long as the ratio

tlayer1

tlayer2
with ti ¼

L2
i

ai
ð3Þ

(where L is the thickness of the layer and a is the thermal diffusiv-
ity) is lower than 10.

In the present case, the layer 1 corresponds to C/C and the layer
2 to Cu, since the mismatch of the diffusivity and the thickness of
the two layers is significant and the layer with the highest t1/2, i.e.
the C/C layer, dominates the temperature change as a function of
time. For higher temperatures (>600 �C) the result accuracy is re-
duced because of lowered mathematical model fitting [10].

Fig. 5 represents the model of a two layer system, made of two
solids in contact through a joint namely solid 1 (Cu) and solid 2 (C/
Fig. 5. Schematic view of an interfacial joint for two contacting interfaces, namely
solid 1 (Cu) and solid 2 (C/C); solids 1 and 2 have thicknesses x1 and x2 and thermal
conductivity k1 and k2, respectively. Upon heating, the heat flows from the surface
at temperature T2 to the surface at temperature T1 across the interface.
C). The solids 1 and 2 have thicknesses x1 and x2 and thermal con-
ductivities k1 and k2, respectively. The heat per unit of area that
flows, assuming thermal equilibrium, from the front surface at
temperature T2 across the interface to the backside surface at tem-
perature T1, is given in (4)

QðW=m2Þ ¼ T2 � T1

x1=k1 þ Rc þ x2=k2
ð4Þ

Therein Rc is the thermal contact resistance at the interface.
This equation is analogous to the Ohm’s law for electric circuits

where the charge flow (i.e. the current density) is replaced by the
heat flow Q, T2 � T1 substitutes the electric potential difference and
the denominator is the sum of three resistors; this justifies the
choice to name x/k as thermal resistance and Rc as thermal contact
resistance. It allows comparing the effect of the thermal resistance
of the two layers to that of the contact.

The copper thermal resistance RCu and the C/C thermal resis-
tance RC/C are:

RCu ¼
xCu

kCu

RC=C ¼
xC=C

kC=C

ð5Þ

To perform the analysis, the thermal expansion coefficient from
Ref. [16], the measured specific heat and thermal conductivity ver-
sus temperature of the non joined Cu and C/C (Table 1) have been
used. As the temperature increases, the sample changes its dimen-
sions according to its CTE variations and the heat pulse propaga-
tion modeling is modified by the different sample geometry.
Moreover, the density of the two layers is changed by the temper-
ature increase and, according to Eq. (1), the thermal conductivity
too. The CTE is required by the model to calculate the thermal
parameters in the temperature range. It has been estimated that
multilayer thickness correction due to thermal expansion affects
the measurement uncertainty by less than 1% up to 1000 �C.

The C/C–Cu joints, with and without calibrated defects, have
been tested at various temperatures between 25 and 800 �C in N2

atmosphere. Measurement has been repeated five times for each
value of temperature; Fig. 6 shows the obtained results for the C/
C–Cu joints. The dots indicate the average of the contact resistance
calculated at each temperature in each individual run; five shots at
each temperature have been performed. The respective standard
deviation are also introduced in the figure as bars.
Fig. 6. Calculated contact thermal resistance an standard deviation for C/C–Cu
joints as-joined and with calibrated defect at interface; the dots indicate the
average of the contact resistance calculated on five shots per each temperature.
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The trend of the two curves is similar: the thermal contact resis-
tance of a defective sample is higher than that of the flawless one
by about 3 � 10�6. The thermal resistance of the joint is thus re-
lated to the integrity of the joint itself and is an indication of the
actual heat transfer area. Thermal resistance is minimized by mak-
ing the joint as continuous as possible by eliminating interstitial air
and making sure that both surfaces are in intimate contact and
flawless [20].

As it can be observed in Fig. 6, in the case of ‘‘as-joined” sample
the difference between the Rc at room temperature and that at
200 �C falls into the uncertainty of the measurement. Regarding
the sample with calibrated defect, a substantial variation of the
sample geometry has been induced thus conditioning the sample
modeling. The induced flaw in the defective joint can be described
as a cylindrical hole; on the other hand, the fitting model is based
on a thermal contact resistance area as a thin layer between the C/
C and the Cu and does not refer to a local discontinuity.

At temperatures lower than 200 �C the accuracy of the model is
affected by the difference between true (with local discontinuity)
and ideal geometry (without any discontinuity) and the diffusivity
values obtained at room temperature are no representative; at
temperatures above 200 �C the model accuracy is not influenced
by the local discontinuities.

If the contact between the two interfaces (copper–chromium
carbides and chromium carbides–C/C, Fig. 5) is ideal, without de-
fects and stresses, the thermal contact resistance can be ascribed
to the chromium carbide layer (Rc = RC,Cr–carbides). By assuming the
average thickness of the chromium carbides layer to be about
10 lm, the thermal conductivity of the chromium carbides layer
can be determined by readjusting Eq. (6) and compared with liter-
ature data.

RC;Cr—carbides ¼
xCr—carbides

kCr—carbides
ð6Þ

The calculated value of thermal conductivity of chromium car-
bides of the as-joined sample is 16.6 W/m K at room temperature
and about 21.4 W/m K at 200 �C. In Ref. [21] it is reported that
the chromium carbides thermal conductivity is 19 W/m K at RT,
comparable to the value achieved by our estimation. This means
that the thermal quality of the as-joined sample is very good, with-
out pores or discontinuities. In fact, the presence of only few pores
in the joint area gives a significant increase of thermal resistance,
due to the very low value of the thermal conductivity of air
(0.026 W/m K at RT).

4. Conclusions

Experiments were performed using laser flash technique to
measure thermal properties of a joint interface between C/C and
copper.

The thermal contact resistance of the chromium carbides layer
at interface provided useful information regarding the quality of
the joint; this technique has the advantage of being fast and non-
destructive, to require small samples and an easy sample
preparation.

It can be used as an investigation method for characterizing
thermal performance of ceramic/metal structures, especially for
those components which cannot be correctly analyzed with tradi-
tional NDT [22]. Moreover, it can be one of the few suitable meth-
ods for the thermal analysis of multilayer components. While use
of this technique is valuable to provide engineering data and infor-
mation on detached interface at lab-scale, it does not replace the
need for non-destructive examination of fabricated components,
since it requires preparation of samples on the order of 10 mm in
size and cannot probe for large areas of delamination or interface
defects on the meter scale.

A preliminary study on influence of calibrated defect on the
thermal contact resistance for a two-layered system has been car-
ried out; further investigations will be addressed to correlate the
result for the thermal contact resistance to the amount of defects.
Further studies with different amounts of defects will be per-
formed which then may lead to higher Rc values; the correlation
between defects and reduction of thermal performance of the
joints will be investigated.
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