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Abstract

®

CrossMark

This paper proposes a new technique to characterize the thermal conductivity and diffusivity of
thin strips made by graphene nanoplatelets (GNP). The evaluation of these parameters is
essential for a reliable design of thermal and electrothermal applications of graphene and is

usually performed by means of assessed but expensive techniques such as those based on Raman
effects and laser flash. The technique proposed here is simpler and less demanding in terms of
equipment, and combines the results of an experimental characterization of the strip heated by
the Joule effect obtained with infrared camera, with those provided by an electro-thermal model.
Specifically, the evaluation of the thermal conductivity and diffusivity is the result of the analysis
of the transient behavior of the measured and simulated solutions. The methodology is here

successfully validated by applying it to commercial graphene strips and benchmarking against

the thermal parameters provided by the manufacturers. Then, a complete characterization is
provided for commercial strips based on different formulations of GNP and binders such as
polyurethane, epoxy resin, and boron nitride. For these materials, the values of thermal
conductivity and diffusivity are found in the ranges (50—450) Wm ™' K~! and (0.5-3.5) x 10~*

m”s ', respectively.

Keywords: graphene nanoplatelets, electrothermal modeling, thermal conductivity, thermal

diffusivity

(Some figures may appear in colour only in the online journal)

1. Introduction

Graphene-related materials have been extensively studied in
view of their outstanding electro-thermal behavior [1, 2]. This
suggested their use in a large variety of applications, such as
thermo-electrical actuators [3—6] or sensors [7-9], as well as
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smart coatings or novel heat management systems [10-12].
For such reasons, it is of paramount importance assessing
reliable and fast characterization techniques able to accurately
estimate the electro-thermal properties associated with such
novel materials, such as the electrical and thermal con-
ductivity, the thermal emissivity, and so on.

A high thermal conductivity results in a faster pace for
conducting heat. The studies of graphene-related materials
have so far demonstrated some important facts (e.g. [13]): (i)
materials based on graphene are characterized by a high
thermal conductivity, as are materials like copper, natural

© 2023 The Author(s). Published by IOP Publishing Ltd
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diamonds, silver, gold, etc; (ii) the thermal conductivity is an
increasing function of the volume fraction of the nano-
particles; (iii) the thermal conductivity is also affected by the
size of the nanoparticles.

In the last decades, extremely accurate models and exper-
imental techniques have been proposed to characterize high-
quality graphene-based materials, such as mono- or few- layer
graphene sheets, perfectly aligned carbon nanotubes, and so on.
As a consequence, the electrothermal properties of these materials
can be considered well assessed in the literature, e.g. [14-19].

More recently, however, attention has been focused on
the so-called poor-quality graphene-based materials, being the
high-quality ones still unrealistic for many industrial appli-
cations due to the high costs that would be associated with
their mass production given the presently available fabrication
technologies. Therefore, alternative and cheaper materials are
investigated, like composites including carbon-based rein-
forcements, that can be graphene flakes, carbon nanotubes,
bucky-balls, and so on. A comprehensive review of such low-
cost versions of graphene, comparing costs and performance,
is provided in [20]. It is shown that a good trade-off between
good physical properties, large-scale production, and rea-
sonable costs, can be found in the materials based on gra-
phene-nanoplatelets (GNPs). The GNPs look like irregular
flakes of few-layer graphene [21] and can be fabricated with
several industrially-scalable techniques such as: microwave
irradiation [22, 23], ball-milling [24] or wet-jet milling [25].

The GNP materials investigated in this paper are mac-
roscopic strips characterized by a high percentage of GNPs,
with two dimensions of the order of cm and the third one
(thickness) of the order of fractions of mm. These GNP films
are proposed for realizing heating elements in several appli-
cations, like industrial ovens or de-icing systems.

In [26, 27] these materials have been studied and it has
been assessed a technique to evaluate their temperature-
dependent electrical conductivity and their thermal emissivity.
In this paper, the study is extended to the thermal conductivity
and to the thermal diffusivity in order to give a complete
analysis and characterization of these GNP-based strips.

Specifically, this paper proposes a low-cost and easy
technique to characterize such properties that can provide
reliable results compared to the reference techniques so far
adopted, at least in a significant range of values. The paper
refers hereafter to the in-plane properties that are of great
interest for the above-mentioned industrial applications.
Indeed, due to their strong anisotropy, these strips exhibit off-
plane values of such properties that can be orders of magni-
tude far from the in-plan ones.

A classical technique to characterize the in-plane thermal
conductivity and diffusivity is based on opto-thermal Raman
spectroscopy [16—18, 28, 29]. The main advantages of such
techniques are, above all:

(1) No need for sample preparation;

(i) Extremely quick (seconds) acquisition time for Raman
spectra;

(iii) Possibility of transmitting the laser light and Raman

scattered light by optical fibers over long distances for
remote analysis

(iv) Possibility to measure also the thermal diffusivity by
using laser flash Raman spectroscopy.

On the other hand, the Raman effect is very weak,
therefore requiring a sensitive and highly optimized instru-
mentation. Moreover, the fluorescence of impurities on the
sample surface can hide the Raman spectrum. In addition,
heating through intense laser radiation can damage the sample
or cover the Raman spectrum. Last but not least, the exper-
imental setup can be very expensive.

In order to overcome the above-mentioned disadvantages
and to design an experimental setup that can be generalized to
a very wide range of materials, alternative techniques have
been proposed, such as the so-called laser-flash technique
[30, 31]. Indeed, this is a technique applied for evaluating
thermal diffusivity [32] that has become standard [33]. In this
case, the thermal conductivity and diffusivity are obtained
from an unsteady measurement technique. Specifically, the
procedure consists of irradiating a surface of the GNP sample
and measuring the temperature increase on the opposite side,
preferably with a contact-less thermometer, such as a
pyrometer or an infrared (IR) camera. The method requires a
pulsed thermal source, usually a photographic flash or a laser.

The most important disadvantages are the following:

(1) A very short energy pulse can produce a meaningful
temperature increase on the irradiated surface, which can
even damage it;

(i1) The technique is particularly suited for homogeneous and
isotropic materials, which are not the case with GNP
films (corrections must be applied to handle non-
homogeneous and non-isotropic samples);

(iii) The sample illumination must be as uniform as possible;

(iv) In this case, too, the costs of the setup can be high.

The above-mentioned drawbacks of the standard char-
acterization techniques suggest the investigation of alternative
procedures. For instance, recent work [34] proposes to mea-
sure the thermal conductivity of carbon nanotube samples by
using a pulsed photothermal reflectance technique and a four-
layer heat conduction model based on the transmission-line
theory.

In the same stream, the present paper proposes an alter-
native methodology to measure both the thermal diffusivity
and conductivity of GNP strips, only based on the analysis of
the spatio-temporal distribution of the temperature over the
strip. Specifically, after heating by the Joule effect, the
temperature distributions over the strips are both measured by
means of an IR camera and simulated by means of a simple
electro-thermal model. The proposed technique retrieves the
thermal diffusivity and conductivity based on a joint analysis
of the simulated and measured results. Besides the use of
equipment that is much cheaper than standard techniques,
another advantage of the proposed methodology resides in its
simplicity of implementation.

The paper is organized as follows. The methodology is
detailed in section 2, after a brief description of the industrial-
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Figure 1. (a): The GNP strips under investigation (by NANESA); (b)
SEM image of a single flake (the scale is 2 pm).

grade GNP strips adopted here (fabrication and character-
ization). In section 3, the method is first validated against two
commercial materials with known parameters, then applied to
characterize several kinds of GNP strips. Conclusions are
drawn in section 4.

2. Methods and materials

2.1. Industrial strips of graphene nanoplatelets (GNP)

The graphene strips used in this work are freestanding, paper-
like commercial materials, from different manufacturers. A
picture of some of the strips produced by Nanesa srl [35] is
provided in figure 1(a): their planar dimensions are
1 cm x 10 cm. The basic components of such strips are GNP
flakes, as shown in the scanning electron microscope picture
in figure 1(b). The GNPs are produced by Nanesa by using a
proprietary liquid exfoliation technology, starting from gra-
phitic precursors. The flakes are characterized by an average
lateral dimension of about 30 m, and an average thickness of
about 14 nm, corresponding to about 40 graphene layers. The
dimensions and the high aspect ratio provide such GNPs with
interesting barrier properties, while their structure makes them
excellent thermal and electric conductors. A Raman
spectroscopy characterization (see figure 2) shows a low
intensity and broadness of the D-band and a high intensity

G-Band

20-8and

Raman sha /e

Figure 2. Raman spectroscopy characterization of the GNPs,
highlighting a low intensity of the D band and a high intensity of the
G band.

and sharpness of the G-band, therefore demonstrating that this
industrial GNP has a low concentration of defects.

The GNPs are then mixed at different percentages (from
25% to 100%) with polymeric binders to realize the strips in
figure 1(a). The process is carried out by means of a semi-
automatic spraying system with an automatic plotter and a
spray nozzle. Different deposition types are possible, either
based on solvent or aqueous dispersions. The final thickness,/
alignment ratio is optimized by a calendaring process. The
characteristics of the GNP strips analyzed in this paper are
listed in table 1: they differ in the type of binder, in the
percentage of GNP, in the thickness, and in the annealing
temperature.

As a general comment, the pure GNP strip (hereafter named
G-paper) has the best thermal and electrical properties, whereas
the G-Preg ones are more stable from a mechanical point of
view and better interact with other polymers or composites.

Two GNP strips of comparable dimensions, produced by
Panasonic and Graphtech, whose specifications are provided
in section III, have been utilized to validate the suggested
methodology.

2.2. Setup and models for the electrothermal characterization

The classical relation between the thermal diffusivity, a and
the thermal conductivity, k, reads as follows [36]:

a=—, (1
pC
where p is the density and c is the specific heat of the material.

The proposed methodology aims at measuring k and the
product pc so that the diffusivity a comes from (1). To this
end, the simple set-up of figure 3 is proposed, where a gra-
phene strip is heated by the Joule effect due to the flow of a
suitable electrical current, and the distribution in space and
time of the temperature over the strip is read by an IR camera.
The strip is mounted on a test-fixture (figure 4), allowing the
strips to free-stand, and equipped with two electrodes for
imposing the electrical current. The fixture is placed inside a
black hollow chamber.

Being the graphene strips very thin (the thickness is
lower than 100 pm, see table 1), the thermal gradient across
the thickness can be neglected without significant errors. On
the other hand, it is well known that 2D materials like gra-
phene exhibit an in-plane conductivity much higher (2-3
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Table 1. Characteristics of the GNP strips manufactured by NANESA studied in this paper.

Material GNP% Binder Annealing T (°C) Thickness ¢ (um)
G-paper 100 — — 74
G-Preg (95/5) 95 Polyurethane 200 75
G-Preg (80/20) 80 Polyurethane 200 75
G-Preg (70/30) 70 Epoxy resin 180 78
G-Preg (50/50) 50 Boron nitride 150 100
G-Preg (30/70) 30 Boron nitride 150 65
G-Preg (25/65-10) 25 Boron nitride-epoxy resin 180 75
Black box .|
ThermoCAM ’

_..~"'.G-paper strip

Power supply

Figure 3. Schematic measurement setup for the evaluation of the
thermal diffusivity of the GNP strips under investigation.

Figure 4. Picture of the measurement setup: a GNP strip is mounted
on the test-fixture, inside the black box.

orders of magnitude or more) than the off-plane one [36].
Therefore, given the assumptions, the proposed methodology
provides the value of the equivalent isotropic thermal con-
ductivity of the graphene film that can be associated with its
in-plane components.

b

Figure 5. Small region of the strip where the temperature is uniform.

2.83. Methodology for estimating the thermal conductivity and
diffusivity

The methodology proposed here is a two-step technique: in
the first step, the quantity pc was evaluated, being p the
density and c the specific heat of the material. The second step
provided an estimation of k. The thermal diffusivity was then
derived by applying (1).

The first step started with the identification of a small
volume of the GNP strip (of area A and thickness §), where
the temperature distribution can be assumed as uniform (see
figure 5). Note that the temperature associated with each
pixel of the IR image is the mean temperature of the pixel
area, and thus the proposed methodology requires the choice
of a pixel area much larger than that of the single GNP. The
IR camera detector resolution is 640 x 480 pixels. The pixel
area is about 0.5 mm X 0.5 mm, much larger than that of the
single platelet (about 30 um X 30 um), and wide enough to
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include the presence of both binder and nanoplatelets. Since
the IR camera thermal sensitivity (NETD) is about 0.05 °C,
in the following, the temperature is assumed to be uniform if
the maximum temperature gradient module is lower than
0.1 °C/pixel.

In such a region A, the radiative and convective heat
transfer can be assumed to be much higher than the con-
ductive one, and thus the following heat balance relation
holds [37]:

peV = 2ATR)(T (W) — Too) + o - (T*(@W) — TH],

2

oT (V)
09

where V is defined as V = Ad, h(«}) is the convective heat
transfer coefficient, and o and € are the Stefan-Boltzmann
constant and the thermal emissivity, respectively. In addition,
T is the volume temperature, 7., is the surrounding air
temperature and T, is the mean radiant temperature of the
surroundings.

The experiment proceeded as follows: the strip was
electrically heated by the Joule effect with a controlled current
until the desired temperature was reached, then the current
was interrupted and a thermal transient took place. The
transient evolution of the temperature (decay) allowed esti-
mating the desired quantity pc by numerically solving the
differential equation (2) and minimizing the following error
function:

B2 = Sy (T(0) — T ©

where T (1) was the measured temperature value. The fol-
lowing initial conditions were assumed: T (¢ = 0)=
T (¢ = 0). Note that the solution of model (2)—(3) required a
preliminary estimation of the emissivity € of the tested strips.
This was carried out according to the procedure described in
[26] and also applied in [27]. Specifically, the emissivity was
identified by varying its value until an agreement was reached
between the temperature values measured by the IR camera
and those given by the contact thermocouples placed on the
surface of the strip.

Once the product pc was estimated, the thermal con-
ductivity k£ was calculated through the second step of the
methodology, consisting of the solution of the Fourier
equation:

oT 0*T
e —=k-6-—+2-[h- (To—T
p-c 59 02 [A-( )
+o-e-(TH-TH1+ 0, 4

where Q is the source related to the Joule effect. Indeed,
equation (4) was discretized by applying the finite differences
(FD) method with the 1D domain discretization shown in
figure 6, leading to the following numerical equation at the

n-1 n n+l1
[ T . ; . . | 5
»=0 y=L

Figure 6. Domain discretization of the GNP strip in view of the
evaluation of k through a finite difference method.

generic nth node [38]:
LW+ 1) — T,0)

pcV,

A9
5. B — 1)
Ay
ks, T — L)
Ay

+ 2 A, - [h(0) - (T () — T,(9))
te-o- (THW) + —THM] + AR, ) - 1%, (5)

where A, =w- Ay and V, = A, - 6. Here, w is the dis-
cretization step in the lateral direction of the strip of width b
and ¢ is the strip thickness, as detailed in the next subsection.

Moreover: h, is the convective coefficient, AR, is the
electrical resistance of the nth sub-strip, T, is the air temp-
erature, T,, is the radiative equivalent temperature of the
cavity, and [ is the current flowing into the strip.

Denoting with T the temperature of each pixel measured
by means of the IR camera, the boundary conditions were:

T >0) =T > 0),

Tv@ > 0) = Ty(@ > 0), (6)

where N was the total number of sub-strips.

The equivalent value of the conductivity, k, was then
obtained through the minimization of the sum of the squared
eITors:

N—1
e?= > (L) — T,(¥)? )

n=2

taking into account that the p-c product was already estimated.
The measurement procedure to impose (7) was carried on
until steady conditions were almost reached (at least ten
minutes in the present study). Note that the dependence on T
of the electrical resistance AR, of the nth sub-strip was
estimated on the basis of the procedure reported in [27, 39].
Note that the equivalent thermal conductivity k identified
here also includes the contributions of the thermal interfacial
resistances associated with the single GNPs in the strip since
the pixel area is much larger than that of a single GNP. In
addition, the choice of analyzing an area of the strip far
enough from the strip ends (see figure 5) allows us to consider
as negligible the effect of the thermal interfacial resistances
occurring at the terminal electrode/strip contact region.

2.4. Numerical implementation of the models

The details of the numerical implementation of the above
models are provided in the following. The differential
equations (2) and (5) were solved by means of the FD method
by using a fully explicit scheme (Crank—Nicholson method).
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Being the frame rate of the IR camera equal to 9 Hz, a
time step of 1/900s was assumed, which is 1/100 of the
period. In addition, the temperature decay was considered in
an interval of about 1/3s, in order to avoid that the heat
exchange started to occur also in the planar directions.

For the IR frame corresponding to the time at which the
electric source was shut down (¢ = 0), the following algo-
rithm was applied to identify the uniformity region A
described before (see figure 5):

* Step 1: The temperature distribution across the strip was
de-noised by means of the so-called shock-filter [40]. The
de-noised temperature was denoted as 7.

» Step 2: The module of the temperature gradient was
evaluated for each pixel of the IR picture of the graphene
strip as follows:

A 2 A 2
. ot G, j) aT (i, j)
. = —_— _— 5 8
§0 \/( Ox )+( dy ) ®

where (i, j) were the coordinates of the examined pixel.

 Step 3: The area A was identified as the largest rectangle
for which g(i, j) < 0.1, as suggested in [41]. The upper
bound value of 0.1 was obtained by the authors on the
basis of numerical benchmarks.

The next step was the calculation of the convective heat
transfer coefficient h,(1). To this end, besides the dis-
cretization in the y-direction reported in figure 6, the strip was
divided in sub-strips in other planar direction (x-direction), so
to obtain the following discretization:

b—w<x<b+w
2 2

0<z<8, s Y <y <y, + Ay,

®

where b (figure 5) and ¢ (figure 6) are the strip width and
thickness, respectively. Since the analysis was based on the
frames provided by the IR images, Ay was taken as the length
of a vertical pixel and w is taken as a multiple value of the
length of a horizontal pixel (in particular, here it was equal to
7 pixels).

For each of such sub-strips, a mean temperature value at
the coordinate y, was evaluated by solving the above model.
This value, denoted as 7, («%), was then used to estimate the air
thermo-dynamical properties (such as the air temperature)
from which it was possible to evaluate the value of £,(1}) by
following the approach introduced in [42]. Note that, having
chosen a width of each sub-strip w smaller than b, the
boundary effects in heat transfer can be neglected, being the
boundaries of each sub-strip w along the x-direction almost
adiabatic.

3. Results and discussion

3.1. Setup calibration and preliminary characterization

A preliminary study was performed at room temperature, with
the aim of assessing the setup, evaluating and de-embedding

N

Voltage [V]
o o
[} © -

I
~

0.2

0 1 1 1 1 1 ;|
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Current [A]

Figure 7. Linear V-I characteristic of a pure g-paper strip: red dots
(measured values); blue curve (fitting).

Table 2. Fitting parameters for the linear model of the resistivity
(10), at the reference temperature of 20 °C.

Material po (m/kS) a (1/°C)

G-paper 7.8644 % 10°° —1.5452x 1073
G-Preg (95/5) 1.5583 x 107° —1.3761 x 1073
G-Preg (80/20) 2.0959 x 107> —1.2236 x 1073
G-Preg (70/30) 2.3360 x 107° —1.4468 x 1073
G-Preg (50/50) 53938 x 107> —1.2601 x 1073
G-Preg (30/70) 1.7102 x 107* —1.0542 x 1073
G-Preg (25/65-10) 9.5368 x 1073 —1.4009 x 107°

the setup parasitics, and verifying the linearity of the current—
voltage (I-V) response of the graphene strips. Specifically, in
view of using the Joule effect to heat the strip, the electrical
resistance was measured by using the multimeter AGILENT
34400A with the four probes method, in order to exclude the
contribution of the contact resitance due to the electrodes.
Resistance values of the order of Ohms were found with
satisfactory reproducibility and repeatibility performance.
Indeed, the standard deviation for 10 repeated measurements
on the same sample was equal to 0.87mS), and for the
measurements on 10 different samples was 31.2 m{2.

Next, by checking the voltage values corresponding to
the known current values imposed by the power supply QJE
QJ-3005A TII, a linear I-V characteristic was verified (see
figure 7) in the current range (0.01-1) A, for almost all the
graphene materials listed in table 1. Indeed, for the G-Preg
(30/70) and the G-Preg (25/65-10) strips the maximum
current level was set to 0.5 A, due to the higher content of
polymer.

Following the technique presented in [26], an electro-
thermal characterization was also carried out by placing the
strips inside a climatic chamber (ACS, Model DY110), to
verify the dependence of the electrical resistance with the
temperature in the range of (—40, +60) °C. Coherently with
the results in [26], all the graphene composites investigated
here showed a linear relation between the resistance and
temperature with a negative derivative:

peq = pO(l + a(T - Tb))’ (10)
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with the fitting parameters reported in table 2 (referred to Ty
= 20°C).

3.2. Uncertainty evaluation of the thermal parameters

The procedure adopted here to evaluate the uncertainties u2(-)
of the measured thermal properties follows the international
standard in [43].

Under the hypotheses of uncorrelated uncertainties, the
uncertainty on the value of p-c is given by the following
relation:

2 2
2 (pe) = (%) ) + (%) (A

20 oY (8(pc> )2

2 d(pc) ) W2 ( d(pc) ) 2
(h) + ( (e) + 57 u=(T).

(1)

Under the same assumption, the uncertainty on k is given by:

2 2
W2 (k) = (3") 2w >+(g';) 2(6)

WA Ok 2, 2
+ A (n)+(aA) u*(Ay)
+ ") 2<T)+(a") (T
> oT,

= | .2 %)2 2
+8hn) u(hn)++(aE ()

2
+ a") 2<ARn>+(‘;’;) 2(1>+(a") A (T)

OAR, oT

2
+ %) - u?(pc) + u?(mesh),

12)

where u?(mesh) is the uncertainty associated to the spatial
discretization in figure 6.

In addition, from (1) and [42] the combined standard
uncertainty for the thermal diffusivity can be written as:

LV
u(a) = \/(—) ~u? (k) + (
pc

As for the uncertainty of the measured temperature T, the
following relation holds:

2

u? (T) = u? (T)noise + u? (T)uniformity + uz(T)IR camera>  (14)

where 1 (T)poise is evaluated on the basis of the mentioned de-
noising procedure and it is equal to:

~ fhois - Td —noised
y e —noise
u(T)noise = max (

, 15
2\/§ )region ( )

whereas M(T)uniformhy is given by:

o T;lefnoised max T::lefnoised min
M(T)uniformity = ( , (16)
region

243

where ‘region’ is the uniformity area A previously defined.
Typical values of u(7") are lower than 0.2 K.

3.3. Validation and limits of applicability of the method

The proposed methodology was validated by applying it to
two GNP strips produced by Panasonic® and GrafTech®. The
planar dimensions were 1.3 cm x 18 cm for both the strips,
while the thicknesses were respectively 50 yum and 76 pm.
The values of the parameters obtained with the proposed
methodology are reported in table 3, compared with those
declared by the manufacturers (when available). In particular,
an excellent agreement was found in the evaluation of the
thermal conductivity k, with a low percent relative error
between measured and declared values, that was —0.6% and
+0.3% for the Graftech and the Panasonic samples,
respectively.

To estimate the limits of applicability of the proposed
methodology, it has to be noted that the lower limits are
dictated by the uncertainty rather than by the relative error. To
investigate this point, tables 4 and 5 report the budgets of the
combined standard uncertainty for k£ and p-c referred to the
benchmark cases. The sources of uncertainties can be grouped
in two categories: those related to the sample fabrication (such
as, for instance, its thickness 6), and those related to the
method (such as, for instance, the numerical discretization). In
principle, the uncertainty due to the fabrication can be low-
ered at will paying the price of a more and more accurate
preliminary morphological characterization of the sample.
Instead, the second type of uncertainty sets the real limit of
applicability of the method. As for the Panasonic sample,
uncertainty values of 3.7% on k and of 9.7% on a were found,
mainly due to the model (the most important contribution
comes from the estimation of pc). Instead, for the Graftech
sample, higher values of uncertainties were found (14.8% on
k and of 17.3% on a), but mainly associated to the fabrication
uncertainties. As a general trend, also confirmed by the results
shown in the following subsection 3.4, the uncertainty redu-
ces for higher values of k and a. Therefore, the lower limits of
validity are related to the maximum uncertainty which can be
tolerated when low values of k and a are considered. Given
the scope of this paper, a maximum uncertainty of 20% can be
accepted, which is in line with the uncertainty values found in
literature for similar methodologies, such as that in [34]. With
this choice, the lower limits of applicability of the proposed
method are equal to 150 Wm™ ' K™' for the thermal con-
ductivity k, and to 1.5 x 10" *m?s~" for the thermal diffu-
sivity a.

As for the upper limits, they depend on the quality and
performance of the IR camera. Indeed, higher values of &
would require a better resolution and sensitivity, to properly
estimate the thermal gradients across the sample, whereas
higher values of a would require a higher frame-rate. Con-
sequently, the upper limits could be increased by increasing
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Table 3. Method validation, measured values versus those declared by manufacturers (some data are not available (NA)).

Parameter Graftech (measured) Graftech (declared) Panasonic (measured) Panasonic (declared)
£ 0.50 NA 0.60 NA
u(e) 0.01 NA 0.01 NA
KWm K™Y 497.2 500 1303.5 1300
uk) Wm~' K™ 73.5 NA 48.3 NA
u(k)% 14.8 NA 3.7 NA
am?s™h 3.03x 107* NA 7.93 x 107* NA
u(a) (m2s™ ) 5.22 x 107 NA 7.67 x 107° NA
w(a)% 17.3 NA 9.7 NA
Table 4. Uncertainty budget for k.
Graftech Panasonic
Parameter u?(*) u?(*)/uP(k) x 100 u3(®) u?(*)/uP(k) x 100
T, 4.75 x 10° 8.79 6.09 x 107° 2.61x107°
T, 1.08 x 10" 0.199 213 x107° 9.13 x 1071
T., 1.44 x 10° 2.66 5.37 x 1078 230 x 107°
L 5.04 x 10° 933 x 102 7.44 0.318
b 1.61 x 10 0.298 120 x 1078 5.12x 10710
5 227 x 10° 42.0 435%x 1078 1.86 x 107°
£ 8.82 0.163 4.08 x 1078 1.74 x 107°
AR, 7.94 x 102 14.7 6.44 x 1077 276 x 1078
hy, 1.68 x 10° 31.0 6.10 x 107° 2.61 %1077
pc 3.94 x 107 730 x 107° 233 x 10° 99.7
Table 5. Uncertainty budget for pc.
Graftech pc = 2.32 x 10° Im 3 K™ u(pc) = 2.67 x 10° Panasonic pc = 1.27 x 10 Tm > K~! u(pc) = 1.09 x 10°
Jm3K™! ITm3K™!

Parameter u*(s) u?() /u(k) x 100 u*(s) u*() /i (k) x 100
T, 3.41 x 10'° 47.8 5.29 x 108 4.47
T, 3.61 x 108 0.506 1.62 x 108 1.37
T, 236 x 10° 3.30 8.43 x 108 7.13
B 7.85 x 10° 11.0 2.81 x 10° 23.8
5 1.92 x 108 0.269 4.60 x 107 0.389
Iy, 2.65 x 10'° 37.2 7.43 x 10° 62.8

the cost of the experimental setup. Given the characteristics of
the IR camera adopted here, the upper limit for k is equal to
1000 Wm ™' K™', whereas the upper limit for a is equal to
8 x 10 *m?*s™ "

Note that the values obtained here for the two benchmark
samples fall in the validity range of the method.

3.4. Thermal characterization of GNP strips

The proposed methodology was applied to the GNP strips
listed in table 1. Two thermal maps are reported in figure 8§,
showing the temperature distribution over the G-paper strip,
at the initial time instant and at steady-state. The thermal
transient is instead reported in figure 9, that plots the time
evolution of the temperature measured at the central point of
the strip. The transient evolution highlights the presence of a

fast thermal time-constant (in the order of seconds), as typical
for graphene-related materials.

The results of the characterization are reported in tables 6
and 7. For the strips characterized by a low percentage of
binder (from 0% to 30%), hence by a higher content of GNPs,
the thermal conductivity k values range from 162.6 to
453.8Wm ' K~'. For the same strips, the values of the
thermal diffusivity a fall in the range from 1.63 x 10~* to
3.65 x 107* m?s™". Increasing the percentage of the binder
to 50% and 65% (table 7) results in a significant decrease of k,
in the range from 54.7 to 329.5 W m~ ' K™, and of @, now in
the range from 0.69 x 10™* to 3.06 x 10~ m?s~".

As expected, a global trend can be observed, with the
thermal conductivity and diffusivity decreasing as the binder
percentage increases, as shown in figures 10 and 11. How-
ever, the G-Preg (50/50) sample presents an anomalous
behavior both for thermal conductivity and diffusivity,
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Figure 8. Temperature distribution over the G-paper strip at: (a)
initial time instant; (b) steady state (thermal regime).
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Figure 9. Thermal transient at the central point of the pure G-paper
strip.

whereas the G-Preg (70/30) one only for the thermal diffu-
sivity. Repeated measurements confirmed this behavior which
can be probably associated to a non-uniform distribution of
the binder in the considered samples. Morphological char-
acterization of these samples will be carried out to further
investigate this point.

Considering the analysis on the limits of applicability
reported in subsection 3.3, the results in tables 6 and 7 are
reliable for all the analyzed samples, except for G-Preg 30/70
and G-Preg (25/65-10), for which the uncertainties are too
high, as also evident from figures 10 and 11.

Finally, some considerations are to be made on the
estimation of the thermal emissivity. For such a parameter, no
value has been provided by the manufacturers of the bench-
mark strips analyzed in table 3, whereas some results are
available in [44] for the Nanesa samples G-paper and G-Preg
(70/30), in a comparable spectral band (7.5-14 um long
wave) of the IR camera used in the present paper. The results
obtained here are compared in table 8 to those reported in [44]
showing a good agreement, given the uncertainties of fabri-
cation of the samples.

4. Conclusions

This paper has proposed and validated a methodology to
estimate the thermal conductivity and emissivity of thin gra-
phene strips, based on the analysis of the spatial distribution
and of the transient evolution of the temperature of the strips
while heated by the Joule effect. Compared to existing stan-
dard techniques such as those based on Raman effects or
laser-flash, the one proposed here is less demanding in terms
of equipment, effort, and expertize, and therefore it candidates
to implement a fast and low-cost and quality control stage in
industrial fabrication processes. The main results obtained
here are the following.

— The methodology has been successfully validated by
applying it to two strips of GNPs produced by Panasonic®
and GrafTech®, of dimensions 1.3cm x 18cm and
thicknesses equal to were 50 ym and 76 pum, respectively.
Compared to the values declared by the manufactures, the
thermal conductivity k has been here estimated with a
percent relative error equal to —0.6% and to 0.3% for the
Graftech and the Panasonic sample, respectively.

— Strips of dimensions of 1cm X 10cm and thickness
ranging from 65 to 100 um have been analyzed,
composed by pure GNPs or by GNPs mixed to different
dielectric binders, produced by the manufacturer
Nanesa®.

— GNP strips with a low percentage of binder (from 0% to
30%) have shown a thermal conductivity k in the range
from 162.6 to 453.8 Wm ™' K, and a thermal diffusiv-
ity a in the range from 1.63x10™* to 3.65x
107 m?s ™",

— GNP strips with a higher percentage of binder (from 50%
and 65%) have instead shown a thermal conductivity & in
the range from 54.7 to 329.5 Wm 'K}, and a thermal
diffusivity a in the range from 0.69 x 10~* to
3.06 x 107" m*s ™.

— The lower limits of applicability of the proposed
methodology depend on the maximum allowed uncer-
tainty that has been here assumed to be 20%, in line with
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Table 6. Measured thermal properties for pure GNP (G-paper) and for strips with a binder percentage from 5% to 30% (G-Preg).

Parameter G-paper G-Preg (95/5) G-Preg (80/20) G-Preg (70/30)
€ 0.50 0.53 0.80 0.56
u(e) 0.01 0.01 0.01 0.01
kWm K™ 453.8 295.5 268.5 162.6
uk) Wm~' K™ 67.6 51.5 56.3 41.3
u(k)% 14.9 17.4 21.0 254
u(k)% method only 10.3 9.9 11.9 18.4

a (m?s™h 3.65 x 107* 2.06 x 107 1.63 x 107 240 x 1074
u(a) (m*s™ ) 6.28 x 107> 4.06 x 107° 3.72x107° 639 x 1073
u(a)% 17.2 19.8 22.8 26.6
u(a)% method only 12.3 12.5 139 19.6

Table 7. Measured thermal properties for strips with a binder percentage from 50% to 75% (G-Preg).

Parameter G-Preg (50/50) G-Preg (30/70) G-Preg (25/65-10)
e 0.70 0.75 0.82
u(e) 0.01 0.01 0.01
KWm K™Y 329.5 54.7 86.0
uk) (Wm ' K 44.9 73.9 63.0
u(k)% 13.6 135.2 73.2
u(k)% method only 7.2 100.0 46.4
am®s™h 3.06 x 107* 6.93 x 107° 1.09 x 107*
u(a) (m2s™ ) 491 x 1077 9.39x 1077 8.04 x 1077
u(a)% 16.1 135.6 73.8
u(a)% method only 10.0 100.0 46.8
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Figure 10. Estimated thermal conductivity values for the analyzed
GNP strips versus the binder percentage.

the values found in the literature for comparable
methodologies. With this assumption, these lower limits
have been estimated as 150 Wm ™' K™' for the thermal
conductivity k, and as 1.5 x 10~*m?s™" for the thermal
diffusivity a.

— The upper limits of applicability depend instead on the
quality and performance of the IR camera. Given the
equipment available here, the have been set to
1000Wm ™" K" for k, and to 8 x 10™* m*s™" for a.

10

Figure 11. Estimated thermal diffusivity values for the analyzed
GNP strips versus the binder percentage.

The results obtained here suggest the use of this indus-
trial-grade graphene for a large class of thermal and electro-
thermal applications although it obviously does not exhibit
those outstanding values of pure (but extremely expensive)
graphene (e.g. a conductivity of 4000 Wm™ ' K™ ").

As a perspective work, the method will be further
improved in order to lower the uncertainty related to the
numerical scheme, and thus widening its validity range.
Indeed, future works will implement a 2D (rather than a 1D)
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Table 8. Values of the thermal emissivity estimated here, compared
with the results in [44].

Sample Emissivity (here) Emissivity [44]
G-paper 0.50 0.40
G-Preg (70/30) 0.56 0.45

formulation of the numerical problem and thus the transverse
distribution of the temperature will be more accurately
simulated. This will reduce the uncertainty contribution due to
the approximation of uniform temperature in the transverse
section of the strips. Consequently, also the combined stan-
dard uncertainty in the evaluation of pc and k will decrease.
Moreover, other test setup configurations will be studied in
order to measure also the off-plane component of the thermal
conductivity.
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