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Abstract: Achieving efficient thermal management urges to exploit high-thermal-conductivity materials to satisfy
the boosted demand of heat dissipation. It is critical to adopt standardized characterization protocols to evaluate
the intrinsic thermal conductivity of thermal management materials. However, for the most representative laser
flash method, the lack of standard measurement methodology and systematic description on the thermal
diffusivity and influencing factors has led to significant deviations and confusion of the thermal conduction
performance in the emerging thermal management application. Here, the measurement error factors of thermal
diffusivity by the common laser flash analyzer (LFA) are discussed. Taking high-thermal-conductivity graphitic
film (GF) as a typical case, the key factors are analyzed to guide the measurement protocol of related
carbon-based thermal management materials. The basic principle of the LFA measurement, actual pre-processing
conditions, instrument parameters setting, and data analysis are elaborated for accurate measurements.
Furthermore, the graphene thick films and common isotropic materials are also extended to meet various thermal
measurement requirements. Based on the existing practical problems, we propose a feasible test flow to achieve a
unified and standardized thermal conductivity measurement, which is beneficial to the rapid development of

carbon-based thermal management materials.
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1. Introduction

The miniaturized and integrated electronic devices
have reached a staggering power density with 10° W/cm?
[1, 2] (Fig. 1(a)). The ensuing thermal management
technology has become an important research topic in the
past decades (Fig. 1(b)). Owing to the ultra-high thermal
conductivity, flexibility, low-cost, lightweight, and
easy-processable advantages, the graphitic materials have
tremendous potential to achieve effective thermal
management [3-5]. In recent years, most efforts have
been paid to improve the thermal conduction
performance of graphitic thermal management materials
[5-15]. However, it is difficult and confusing to correctly
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evaluate and compare the reported thermal conductivity
of graphitic films in different measurement conditions
[16, 17].

As the most common thermal conductivity
measurement instrument, the LFA features wide
measuring range, easy operation, and time-saving than
other methods, in which the thermal diffusivity is
obtained by a function of the half-time 7,5 from the flash
pulse heating to the time where the back surface
temperature reaches half of its maximum. This laser flash
method was first described by Parker et al., which could
obtain the cross-plane thermal property by involving
collected temperature curve (Fig. 1(g)) [18]. Then,
Donaldson measured in-plane thermal diffusivity by
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Fig. 1 The trend of (a) power density of commercial processors and (b) the number of research articles in the thermal management
field over the last decades. (c) The thermal conductivity measurement range of the laser flash method for various thermal
management scenarios. (d) Digital images of large-area high-thermal-conductivity graphitic films. (e) Infrared image of Cu
foil, GF-PI, and GF-graphene. (f) Principle of thermal diffusivity measurement by the laser flash method. (g) Ideal
temperature curve detected from the back of sample. (h) Schematic diagram of in-plane thermal diffusivity measurement by

the LFA.
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pulse heating the center of the sample and measured the
temperature rise at fixed intervals in the in-plane
direction. At present, the LFA can measure materials with
different thermal conductivity from 0.1 to 2000 W/(m-K),
used in building insulation, consumer electronics,
integrated chips, electric vehicles, and aerospace (Fig.
1(c)) [19]. However, regarding using the LFA to measure
the thermal conductivity of graphitic film (GF), the
sample pre-treatment and actual testing conditions have
significant impacts on the testing results, such as the
graphite coating effect [20], finite pulse time effect [21],
radiant heat loss effect [22], and the temperature-
dependent nature of carbon materials [23], etc., rendering
it challenging to acquire credible value. The lack of
measurement specification of the whole process severely
limits the objective understanding of the thermal
conduction behavior about the emerging thermal
management materials.

Here, we have discussed the reliable measurement and
general error analysis of in-plane thermal diffusivity by
the LFA. For the high-thermal-conductivity GF, the
widely used film material, the key measurement factors
are summarized to guide the protocol of related
carbon-based thermal management materials (Fig.
1(d)—(e)). We have deeply understood and generalized
the accurate LFA measurement from four aspects,
including the basic principle of the LFA measurement,
actual pre-processing conditions, instrument parameter
setting, and data analysis. To meet the booming thermal
management requirements, the in-plane thermal
conductivity measurement methods for graphene thick
films and isotropic materials are also discussed and
extended. We hope this work could help the community
to achieve a consistent evaluation of the thermal
conduction performances of carbon-based materials,
laying down a solid foundation for sustainable
development of carbon-based thermal management.

2. Experimental Section

Thermal conductivity of all samples were measured in
a NETZSCH LFA 467 HyperFlash instrument by laser
flash method. The test samples were firstly cut into round
shapes with a diameter of 25.4 mm in in-plane mode, and
square with sides of length 10 mm in cross-plane mode
(vertical direction). Then, we can obtain thermal
diffusivity, which was the average of three measurements.
Each measurement was carried out after 30 minutes of
turning on the instrument and adding liquid nitrogen to
ensure the infrared detector and the instrument were in a
stable state during each measurement.

Finally, the thermal conductivity (K) was calculated
according to the following equation:
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K=p-C,-a )

In Eq. (1), p is the density; C, is the specific heat, and
o 1s the thermal diffusivity from LFA.

Experimental materials and any characterizations are
available in the Supporting Information.

3. Results and Discussion

3.1 Principles of laser flash method

The laser flash method was firstly described by Parker
et al. [24], involving heating the sample front by a preset
pulse laser and measuring the temperature response of
the sample back by an infrared detector (Fig. 1(f)).
Thermal diffusivity can be calculated from the collected
temperature curve. Then, the thermal conductivity is
obtained by multiplying the thermal diffusivity, density,
and specific heat capacity of the sample (Fig. 1(g)).
Similarly, Donaldson measured the in-plane thermal
diffusivity of Armco iron by pulse heating the center and
measuring the radial temperature of the sample through
the same testing process [25, 26]. With the continuous
development of 2D anisotropic materials, a new
measurement mode is developed to measure the in-plane
thermal conductivity of thin films and anisotropic
materials (Fig. 1(h)).

More specifically, the physical model of the laser flash
method specifies the following assumptions [27]. (a) The
sample is ideally non-transparent, thermally insulated,
and homogeneous. (b) The thermophysical properties and
density of the sample are constant when applying the
pulsed laser to induce the temperature shift. (c) The laser
pulses are extremely short compared with the
temperature rise time of the sample. (d) The intensity of
the laser beam spot is uniform and the laser energy is
fully absorbed by the sample front. (¢) The heat transfer
process follows a one-dimensional heat transfer model
throughout the expected x direction with no heat losses.

Hence, the temperature at a given time 7(x,f) on the
back surface of the sample (x=/) could be calculated by
the following expression [24]:

© 2. 2
T (h,t) =%{1+22(—1“)exp[‘”h_gmﬂ ©)
P n=

where ¢ is time; 4 is the sample thickness; Q is the
impulse energy per unit surface area; p, C,, and « are the
density, specific heat capacity, and thermal diffusivity,
respectively. Then, two dimensionless parameters are
defined, including normalized back surface temperature:

T(h,t
Ty ( h, ;) = M (3)
Tmax
and dimensionless time:
2
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where T, represents the maximum temperature at the
back surface after a pulse. Using Eqgs. (2), (3), and (4),
the following equation can be obtained:

T(h,t)=l+2i(—l")exp(—n2w) (5)
n=l

The thermal diffusivity could be obtained by assessing
the situation where the back surface temperature has
reached half of the maximum value (/=0.5) (Fig. 1(g)).
In this case, the corresponding dimensionless time w is
1.38. From the expression of Eq. (4), the cross-plane
thermal diffusivity could then be expressed as:

1.384*
o=

2
Tl s

(6)

Then, Donaldson and Heckmanto extended a
mathematical solution for the measurement of in-plane
thermal diffusivity [25, 26]. In this method, the thermal
diffusivity in the radial direction is calculated below [28]:

2
a= R To.5 (7)

lys
where R is the pulse radius; 795 is a computed Fourier
number corresponding to a fractional temperature ratio of
50%, which is determined for appropriate values of o (¢
=r/R; r is the radial heat transfer distance). The £, 5 is the
time when the temperature at radius » rises to
half-maximum.

With the continuous development of high thermal
conductivity thin films, the traditional cross-plane mode
gradually becomes inapplicable, due to the temperature
rise time of this sample being too short to be effectively
identified by LFA. Therefore, according to the research
of Donaldson and Heckmanto above, the laser flash
method developed an in-plane measurement mode to
measure the thermal conductivity of thin films and
anisotropic materials. In this mode, in-plane thermal
diffusivity could be obtained by pulse heating the center
of the sample, and measuring the temperature rise at
fixed intervals in the in-plane direction (Fig. 1(h)), which
is different from the heat transfer direction of the
cross-plane physical model and separates the heat
transfer path from the thickness direction.

Egs. (6) and (7) provide a simplified method for
determining the thermal diffusivity of an unknown
sample by precisely measuring the ¢ s Therefore,
experimental measurements should be controlled to
closely fit the presupposition, so as to obtain precise £ s
through the temperature curve from the LFA.

3.2 Pre-processing conditions and processes

The samples should be prepared to follow the standard
mold size with a diameter of 25.4 mm for in-plane mode.
The surface of the sample should be smooth. Unmatched
sizes and damaged surfaces would influence the testing
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accuracy. Here, we utilize the high-thermal-conductivity
GF as a typical case to specify influencing factors in
testing to standardize the measurement process. The LFA
is in the normal operating condition. Except for the study
of specific variables, all measurement processes are
based on the recommended measurement specifications
of this paper. The temperature response is derived from
the absorbed laser energy, which is subsequently detected
by an infrared temperature sensor. Thus, for an adequate
signal response, the pulse absorption and infrared
emissivity of the sample surface should be considered.
Applying the graphite coating to both surfaces of samples
is regular to improve signal amplitude as a traditional
pre-treatment method, particularly for reflective samples
(Fig. S1 and Fig. S2). Graphite coating could unify the
infrared emissivity of different materials and improve its
absorption to over 90% (Fig. 2(a)), and effectively
enhance the signal intensity of temperature rise to nearly
double times (Fig. 2(e)), thus avoiding errors caused by
infrared temperature measurements.

In this regard, the uniformity of graphite coating could
increase the surface roughness of the sample by more
than 20% (Fig. 2(b)—(d) and Fig. S3). This will
potentially increase the unevenness of the measurements,
especially for the cross-plane mode with the requisite
plane parallelism. Additionally, excessive graphite
coating may significantly underestimate the results [20].
Our results for the GF show that excessive graphite
coating leads to a significant thermal conductivity
reduction of about 50% (Fig. 2(e), Fig. S4, and Table S2).
This performance degradation could be attributed to the
thermal resistance introduced by the overmuch graphite
coating layer (thermal resistance of graphite layer and the
contact resistance between the graphite layer and the
sample surface) (Fig. S5), which should not be
disregarded on the other similar thin-film samples with
high thermal conductivity [20, 29, 30]. A number of
studies have been made to resolve the error caused by the
graphite coating on the sample surface. Various theories
have been presented to predict the thermal resistance of
the graphite coating [31-34], yet the majority of that is
not in good agreement with the experimental data.
Therefore, we propose a modified graphite coating
method with better practical availability. As a modified
pre-treatment method, it is recommended to coat the
areas subject to laser and infrared detection only (Fig.
2(f)), which could improve the laser absorption while
minimizing the adverse thermal resistance effects of
graphite coating. Compared with the traditional
pre-treatment with entire graphite coating, the thermal
conductivity of GFs using the modified graphite coating
method shows an improvement of approximately 30%
(Fig. 2(g)—(h) and Table S3). As another classic case, the
thermal conductivity of pure copper closely agrees with
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Fig. 2 (a) Absorptivity of different samples before and after graphite coating. (b) SEM images of different graphite coating states. (c)

Stereoscopic images and (d) roughness of different graphite coating states from optical profilometer. The three coating states
are as follows: A: without coating, B: incomplete coating, C: complete coating. (e) Influence of graphite coating quality on
infrared detector signals and measurement results. (f) Diagram of modified graphite coating. (g) Digital images of three
kinds of GFs before and after modified graphite coating. (h) Measurement results of different pre-treatment methods for
three kinds of GFs. (i) Measurement results of different pre-treatment methods for pure copper.

its theoretical value through this modified pre-treatment
method (Fig. 2(i) and Fig. S6). These results indicate the
importance of pre-treatments of the sample and the
validity of the modified graphite coating method, which
lays a solid foundation for subsequent measurements.

3.3 Parameters setting and data analysis

Appropriate parameters should be set for an accurate
tos from the well-shape temperature-response curve,
including the impulse voltage, pulse width, and the fitted
model (Fig. 3(a)). The correct temperature-response
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curve requires appropriate signal amplitude, good
signal-to-noise ratio, and no obvious interference

between the pulse signal and the heat transfer signal so as
to realize that the fitted curve is consistent with the actual
temperature-response curve.

Concretely, the impulse voltage and pulse width
determine the laser energy which affects the output signal
to generate different results for the same sample [35]. As
shown in Fig. 3(b), higher energy input exactly lowers
the measured thermal conductivity of GF, due to the
excessive temperature rise which should not be ignored
for the materials with temperature-dependent thermal
conduction properties. An extrapolation method is
expected to eliminate discrepancies caused by parameter
differences [23, 36-38]. By obtaining a series of
equivalent thermal conductivity at different temperature
rises through changing the pulse energy, the intrinsic
thermal conductivity of GF at zero-energy input state
could be acquired by reasonable fitting extrapolation
method (Fig. 3(c)). However, too weak laser energy
would cause the signal curve with a poor signal-to-noise
ratio, which is difficult to obtain effective measurement
results with low coefficient of variation (<5%) (Fig. 3(d)
—(e)). According to our statistical analysis, it’s
recommended that the signal amplitude should not be
less than 4 times the noise fluctuation to realize high
reliability (Tables S4-S6).

Meanwhile, the matching degree between the fitted
temperature curve and the actual curve will also affect
the accuracy of the results. Controlling the pulse time and
adopting the pulse correction model are also crucial to
avoid the impact of the finite pulse effect and the error of
tos [39, 40]. As shown in Fig. 3(f), when the pulse width
is too wide, such as 800 pus, there is a significant
deviation between the response signal and the fitted
curve with heat loss, resulting in the distortion between
the fitted f,5 and the actual #,s. In addition, due to the
temperature difference during measurement, there is an
unavoidable heat loss between the sample and the
surrounding environment [22, 39, 41]. Take the impulse
voltage of 260 V and the pulse width of 40 us as a test
case, the actual temperature curve does not remain
constant as the ideal model but decreases with time after
reaching the maximum value (Fig. 3(g) and Table S7).
We compared the results of two fitted models with or
without adding heat loss, and there is a 5%-10%
deviation between them (Fig. 3(h) and Table S8).
Therefore, the heat loss should be considered in the
mathematical fitted model to match reality.

3.4 Measurement of high-thermal-conductivity
graphene films with thick thickness

Recently, the thickness of the carbon-based film
gradually increases to meet the demand of heat
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dissipation at high heat flux density. Conventional
polyimide-based films cannot be synthesized over
hundred microns due to the restriction of molecular
structural transformation in the complicated production
process [42]. Thus, the available graphene film has
become a new class of carbon-based films with high
thermal conductivity due to its advantages of easy
assembly into thick films, which has aroused great
interest [7, 12]. How to accurately and easily characterize
the thermal conductivity of graphene thick film is the
fundamental issue in promoting its practical application.
By measuring the thermal conductivity of graphene films
with different thicknesses in the in-plane mode of LFA, it
is found that the thermal conductivity decreases with the
increment of thickness (Fig. 4(a)). We used another
standard steady-state heat flow method to verify whether
this degradation trend is repeatable. We found when the
film thicknesses were above 150 pum, the difference in
measured thermal conductivity could exceed 400
W/(m-K) (>30%). This could be attributed to the fact that
in the in-plane mode of LFA measurement, heat conduc-
tion occurs in both in-plane and across-plane directions
as the thickness of the graphene film increases (Fig. 4(b))
[25, 43]. This heat transfer pattern violates the assump-
tion of one-dimensional heat transfer, which makes it
difficult for the mathematical model of in-plane mode in
the subsequent LFA test to correct this deviation. In this
case, the “Laminate” mode in the LFA is recommended
for the samples with thicknesses above 150 pm. The
measured results are close to those obtained by the
standard steady-state heat flow method (Fig. 4(a)). Speci-
fically, the thick films were firstly cut into a rectangular
with a long side (L) of 12.7 mm and the same height (H).

Subsequently, the thick samples are rotated 90° to
make the direction of thickness turn from the z-axis to the
x-axis and tightly stacked onto the mold until the total
thickness approaches the length range of the mold (~
10-15 mm) (Fig. 4(c) and Figs. S7-S8). The thermal
conductivity of graphene thick films obtained via this
method aligned well with those by the steady-state heat
flow method (Fig. 4(a)). It exhibits consistent results by
varying test heights (Fig. 4(d)), indicating the feasibility
and accuracy of this flipping method for graphene thick
films.

3.5 Measurement recommendations of various

isotropic materials

Apart from emerging 2D anisotropic materials, various
isotropic materials have a large proportion of applications
in various heat dissipation scenarios, whose thermal
conductivity varies greatly from ~0.24 of polymers to
~380 W/(m'K) of copper (Fig. 5(a)). It is important to
realize the universal and standardized measurement
process for LFA-based thermal conductivity.
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As mentioned in section 2.4, it’s essential to select a
suitable thickness range for accurate measurement in
in-plane mode. Various representative isotropic materials
could obtain almost the same thermal conductivity under
varying test thicknesses through the vertical mode (Fig.
5(b) and Table S9) [44]. Using the vertical mode
measurements in the LFA as reference values, the
appropriate thickness range of the isotropic materials in
the in-plane mode is determined by using the intersection
of the measured results in these two modes. The
following are empirical suggestions for choosing the
appropriate sample thickness using the in-plane
measurement model (Fig. 5(c)—(g)). When considering
the comprehensive influence of the pre-treatment process
and parameter setting, it is suggested that the reasonable
thickness of PTFE could be 1.6-2 mm with less than a
3% error band (Fig. 5(c)). Similarly, for 304 stainless
steel and alumina ceramic, the recommended thickness
range is 0.4-0.6 mm (Fig. 5(d)—(e)). For brass, a
thickness range of 0.3-1.1 mm is recommended (Fig.
5(f)), while for copper, a thickness of 0.3-1.5 mm is
considered optimal (Fig. 5(g)). When samples exhibit
ultra-high thermal conductivity, it is advisable to use
thinner samples (<150 pum) in in-plane measurement

mode as previously stated (Fig. 4(a)). It is recommended
to use thinner thickness of samples with higher thermal
conductivity (>100 W/(m-K)), which is also in accord
with the original principles of in-plane mode
development. For samples with low thermal conductivity
(<30 W/(m-K)), it is recommended to use cross-plane
mode to get a lower error (Fig. 5(h)).

4. Conclusion

The thermal conductivity measurement utilizing the
laser flash method is frequently impacted by numerous
variables, rendering it challenging to acquire dependable
value. In this work, the influence factors of the thermal
conductivity measurement for high-thermal-conductivity
GF by the LFA are analyzed. Based on the comparison
and analysis of thermal conductivity under different
measurement conditions, we provide operational
suggestions and standardized practical procedures to
minimize the measurement error, so as to accurately
reflect the inherent thermal transport properties of
materials. Modified pre-treatment methods, suitable test
parameters, and fitted models should be selected
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Fig. 5 (a) The corresponding thermal conductivity of different materials. (b) Schematic diagram of thermal diffusivity measurement
by vertical mode in the LFA. Measurements of thermal conductivity of isotropic materials in in-plane and vertical mode with
different thicknesses, including (c) PTFE, (d) 304 stainless steel, (e) AL,O;, (f) brass, and (g) copper. (h) Recommended
thickness for different thermal conductivity materials in in-plane mode measurements.

as suggested in this paper. Appropriate measurement
schemes for in-plane thermal conductivity of fast-
developing graphene thick films and common isotropic
materials are also proposed. Through establishing a

reliable thermal con

accurately reporting

ductivity measurement protocol, we

hope that this work will provide useful guidance for

thermal conductivity in the field of

thermal management.
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