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a b s t r a c t
A novel device for measuring the thermal conductivity of polymeric materials (pure polymers or
nanocomposites) is presented here. Its design is based on two cylindrical tanks containing cold and
hot water. Each tank wets one side of a disc-shaped polymeric sample. The proper selection of construction materials (aluminum body, Teflon fittings, etc.) and geometry (shape, size, etc.) of the two tanks and
of the sample (diameter, thickness) renders the accurate measurement of the low thermal conductivity of
several polymeric materials possible. The disc-shaped sample is placed in-between the two cylindrical
tanks of the device, filled with cold and hot water. The water temperature in the two tanks is an adjustable operational parameter of the device. Both tank temperatures are recorded and fitted by a proper
mathematical model in order to estimate the thermal conductivity of the sample. Extensive experimentation shows a very small scatter of the estimated conductivity values. The device was used to measure
thermal conductivity of several polymers such as silicone rubber and epoxy resin prepared with a variety
of cross-linkers and cross-linker blends. Moreover, the above polymers are used as matrices for the incorporation of various (nano)additives, like mesoporous silica foams (MCF) and organoclays (I.30E), for the
preparation of the relative polymer nanocomposites whose thermal conductivity is measured.
Ó 2017 Elsevier Ltd. All rights reserved.

1. Introduction
Knowledge of thermal conductivity of new materials is very
important to establish their suitability for specific uses. Unlike volumetric properties, such as thermal capacity, thermal conductivity
is a structural property, so its estimation in the case of multicomponent materials, is not reliable if based only on the composition.
Despite the huge effort devoted to the estimation of thermal conductivity of composites, up to present there is not a generally
accepted method for this purpose [1]. This is especially true in case
of components with very different thermal conductivities where
even slight structural variations of the composition can lead to a
large variation of thermal conductivity [2]. In such a case, one
should rely exclusively on the experimental determination of thermal conductivity.
There are many experimental techniques for measuring thermal
conductivity of solids. All of them are based on a direct measurement of the solid temperature [3–8]. Existing techniques suffer
from certain drawbacks, such as, locality of measurement which
⇑ Corresponding author.
E-mail address: kostoglu@chem.auth.gr (M. Kostoglou).
https://doi.org/10.1016/j.ijheatmasstransfer.2017.09.107
0017-9310/Ó 2017 Elsevier Ltd. All rights reserved.

in the case of multicomponent heterogeneous samples can be critical, poor contact between solid material and temperature sensor,
etc.
A new idea for a thermal conductivity measurement technique
of polymeric materials (pure polymers or nanocomposites) is presented here which circumvents the above problems and, in addition, requires a small amount of material for the tests. Not only
the technical details but also the basic principle of the technique
is different from the existing ones. The central idea of the technique is to use the polymeric sample as a thin wall that separates
two tanks filled with liquid at different temperature. The liquids
in the two tanks are well agitated and their temperature is
recorded. The mathematical analysis with all the details that has
led to the specific design concept of the technique will be presented elsewhere.
The three main features of the new technique are: (i) it needs a
test sample in the form of a thin slice of material with thickness of
few millimetres and surface area of a few square centimetres. This
peculiarity is significant when thermal conductivity measurements
are used to distinguish among materials produced by different production recipes, where minimizing the material wasted for the
measurement is of concern. (ii) it is a quasi-steady state technique
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leading to direct computation of thermal conductivity and not of
thermal diffusivity as in the case of transient techniques. Moreover, the technique is better than other fully steady state ones
because estimation of thermal conductivity is derived from a
whole experimental curve and not from a single data point. The
quasi-steady state character is achieved by the small thickness of
the test sample and by the agitation of the liquid in the two tanks
(ensured by appropriate stirring). (iii) The temperature sensors
(thermocouples) are not in contact with the solid but they are submerged in well agitated liquids. The above features yield a more
reliable and accurate temperature measurement. It is noted that
in the present version the technique has been adapted to measure
thermal conductivities in the range 0.1–1 W/mK because the current interest is in low conductivity polymeric materials.

2. Implementation and construction of the device
Fig. 1, shows a schematic representation of the proposed device
where the two liquid filled tanks (hot tank/cold tank) and the thin
sample between them can be seen. At the top of each tank there is
an inlet port close to its open end (where the sample is positioned)
and an outlet port at its opposite closed end. The inlet port is sealed
with adjustable fittings which on one hand allow filling the tank
with liquid and on the other hand serves to insert and fix stably
a thermocouple measuring the liquid temperature. The outlet port
at the other end of the tank acts as gas purging/relief valve controlled with a small adjustable screw. This relief valve is a critical
item having the aim to discard bubbles formed inside the tanks
when filled with liquid. The thermocouples -one at the hot tank
and one at the cold tank- are placed at a distance of 2 mm away
from the surface of the sample in order to record the liquid temperature during the measurement period.
The sample has the shape of a disk placed between the two
tanks like a lid that seals and separates them. At the rim of the
open end of each tank, at the side where the sample is placed, there
is a sealing flange. The two tanks with the sample disk placed
between them are stably fixed tightening both flanges against
the sample with screws. Due to the small diameter of the sample
and the requirement to place it accurately between the tanks, four
small metallic holders (guides) are constructed. The flanges are
machined in order to obtain four fins, 90° spaced each other (See
Fig. 2). Two O-rings are located between the flanges and the sample and pressed during the sealing procedure to prevent leakage of
the liquid from the tanks. All holes and inlets are lined with Teflon
foil to ensure proper sealing. To suppress heat losses to the environment through the inlet ports, apart from the glasswool sheets
used to wrap the device externally, two custom-made Teflon fittings are used to hold the thermocouples. In addition, Teflon foil
covers all four holes on each flange where the screws fit into sup-

Fig. 2. Expansion of a 3D sketch of the device representing all the parts with the
trimmed flanges.

press heat conduction between flanges. Fig. 1 displays all the aforementioned parts.
Fig. 2 is a 3D expanded illustration of the device assembly
showing the trimmed flanges. The flanges are trimmed in order
to decrease their mass and so improve the overall accuracy of measurements and to prevent radiation heat exchange between flanges
since they are positioned only few millimetres apart from each
other.
A good stirring system has a noticeable impact on the accuracy
of results as it ensures a uniform liquid temperature in the tanks, in
order to fulfil the hypotheses of the data processing procedure. Due
to the small size of the apparatus the stirring system is based on a
miniature magnetic spin bar (1.5 cm long) at the flat closed bottom
of each tank. In order to keep the magnetic bar in place and at the
same time minimize the friction between the bar and the bottom
of each tank, an aluminium cap (ring) is constructed to house the
bar, Fig. 3. Spin bars are made to rotate at 700 rpm using two powerful magnetic stirrers (MR 3001, Heidolph) that are strong enough
to rotate the spin bars although the magnet is placed 2 cm from the
tank bottom because of a glasswool sheet that insulates externally
each tank. The particular rotation speed is selected after long
experimentation with the target to take temperature recordings
independent on the rotation speed. This implies a negligible contribution of liquid-solid heat transfer resistance and of viscous dissipation heat release. In order to reduce losses from the tanks to the
environment, several insulating materials were tested, and glasswool was chosen to give the best performances. However the need
of magnetic stirring prevents the use of unlimited thickness of
insulating material. The strategy was to minimize the losses to
the environment primarily by a proper construction of the device

Fig. 1. Sketch of the device, 1. Gas purging/Relief valve, 2. Tank, 3. Sample, 4. Sample holders, 5. Magnetic spin bar, 6. Thermocouple 7. Flange, 8. Liquid Inlet port.
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Fig. 3. Sketch of the aluminium cap (ring) housing the magnetic spin bar and its implementation in the device.

and then evaluating the remaining losses by the data reduction
model.
In order to record the temperature of the liquid inside both the
hot and cold tank during the measurements two calibrated T-type
thermocouples (ungrounded, sheath diameter 0.5 mm, response
time 0.26 s, nominal accuracy ±1 °C, accuracy after calibration
±0.1 °C) are inserted, connected through extension wires to a datalogger (HH127, OMEGA). The datalogger is connected to a PC
where one temperature reading per second is stored.
3. Data reduction heat transfer model
It is assumed that the walls of the two tanks are made of a very
thin layer of aluminium, surrounded by insulating material. Aluminium has a very high thermal diffusivity. Thermal diffusivity is
responsible of the response time of a material to temperature transients. High thermal diffusivity implies very fast thermal dynamics
in the aluminium tanks compared to the thermal dynamics inside
the polymeric tested sample. The insulating material has negligible
heat capacity and acts only as heat barrier, preventing heat losses
to the environment. The evolution of temperatures in the tanks is
given by the equations:

the sample surfaces is considered negligible due to the employed
intense stirring in the tanks. This is not an assumption. As it is
described in the previous section, the stirring speed has been
selected (through experimental testing) to be so high that has no
influence on the recorded temperature evolution. This means that
heat transfer is completely dominated by conduction through the
polymer sample (i.e. U  k/d). The combination of high stirring
speed and fast thermal equilibrium between liquid and tank (due
to high thermal conductivity of aluminium) ensures that the temperature is uniform in each tank (in both the liquid and the metal).
This is crucial for the application of the Eqs. (1) and (2) referring to
average temperatures to analyze local temperature measurements.
In the specific design proposed, the system problem is completely symmetrical (both tanks are identical and have the same
volume of the same liquid). In principle, the coefficients h1 and
h2 are temperature dependent but since they are dominated by
conduction through the insulating material they differ too little
for the temperature range of interest. Thus, we can assume that
ma1=ma2, mf1=mf2, h1=h2, A1=A2=A0. In this case, the mathematical
problem can be solved analytically allowing the immediate data
processing of the experimental results. The equations take the
form:

ðma1 cpa þ mf1 cpf Þ

dT1
¼ UAðT2  T1 Þ þ h1 A1 ðTe  T1 Þ
dt

ð1Þ

dT1
¼ Ks ðT2  T1 Þ þ K0 ðTe  T1 Þ
dt

ð3Þ

ðma2 cpa þ mf2 cpf Þ

dT2
¼ UAðT1  T2 Þ þ h2 A2 ðTe  T2 Þ
dt

ð2Þ

dT2
¼ Ks ðT1  T2 Þ þ K0 ðTe  T2 Þ
dt

ð4Þ

1

with U ¼ ð1=hL1 þ d=k þ 1=hL2 Þ where U is the overall heat transfer
coefficient between the two tanks, hL1, hL2 are the convective heat
transfer coefficients between the liquids in the tanks and the sample surfaces, ma1, ma2 represent the aluminium masses and mf1, mf2
the liquid masses in the tanks 1 and 2, respectively; h1, h2 denote
the overall heat transfer coefficients for losses to the environment
whose temperature Te is measured independently, A1, A2 are the
external surface areas of the two tanks and T1, T2 are the instantaneous average liquid temperatures of tank 1 and 2, respectively. In
addition, d is the thickness of the sample, A is the surface area of the
sample (it is the full and not the wetted area since aluminium is in
thermal equilibrium with the liquid) and k is the thermal conductivity of the sample (the unknown parameter to be estimated in
the experiment). It is noted that the coefficients h1, h2 have contributions from conduction in the insulating material and from natural
convection from the external surface of this material to the environment. Heat transfer resistance between the liquid in the tanks and

where Ks ¼

kA
hA0
, K0 ¼
dðma cpa þ mf cpf Þ
dðma cpa þ mf cpf Þ

As t = 0 the time is taken when, after filling the tanks with liquid, thermal equilibrium between the sample, aluminium parts
and insulation has been achieved. The temperatures of both tanks
at t = 0 is T10 and T20, respectively. Subtracting Eqs. (3) and (4) from
each other yields the following equation for the temperature difference DΤ = Τ1  Τ2:

dDT
¼ ð2Ks þ K0 ÞDT
dt

ð5Þ

Solving Eq. (5) analytically gives:

DT ¼ DT0 eð2Ks þK0 Þt

ð6Þ

where DΤ0 = Τ10  Τ20.
The sum of the instantaneous tank temperatures T1+T2 should
be constant in a perfectly isolated system. Any decrease in its value
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is due to losses to the environment. Summing Eqs. (3) and (4) and
defining the temperature variable ST = T1 + T2  2Te leads to:

organic matter and dissolved gas removed, was found to significantly decrease gas bubbles formation.

dST
¼ K0 ST
dt

4.2. Hot tank temperature selection

ð7Þ

Solving Eq. (7) analytically, (where ST0 = T10 + T20  2Te) yields:

ST ¼ ST0 eK0 t

ð8Þ

It must be noted that the pure exponential variation of (8) is
directly associated to the assumptions of the model. A meaningful
difference between the experimental trend and the exponential
implies that the assumptions do not hold.
The values of the temperature evolution in each tank, T1(t),
T2(t), are recorded during the tests. Plotting the sum of tanks temperature, ST, with respect to time and using Eq. (8) leads to computation of K0. Similarly, plotting the difference of tank temperatures,
DT, with respect to time gives the coefficient Kf = 2Ks + K0. Both
coefficients are used to calculate the coefficient Ks. From the definition of Ks the thermal conductivity k of the sample is calculated.
The simple algebraic relation between the thermal conductivity
and the physical parameters of the device renders the error analysis quite trivial compared to the error analysis of methods based on
transient heat conduction partial differential equation [9,10]. In the
case that k is not constant but a linear function of temperature
(which applies to all materials in the examined range of temperature), then k in Eqs. (1) and (2) is calculated at k[(T1 + T2)/2] where
the brackets denote functional dependence of k from temperature.
The employed insulation permits, at a good approximation, to consider the sum of temperatures approximately constant (as the
small drift due to heat losses to the environment is neglected).
Thus, the rest of the analysis is the same as for a constant k. In conclusion, the proposed technique estimates k at an average temperature (T10 + T20)/2. Given the uniform temperature in each tank,
the only question regarding the validity of the one dimensional
model has to do with the thermal losses from the sample circumference. As shown in Fig. 1 the metallic surface of the tanks has
diameter larger than that of the sample, so the circumference of
the sample is exposed to temperature similar to the sample bulk.
So these losses can be considered negligible.
4. Measurement conditions and procedure
This section describes the steps of setting up the device for measurements and the choice of few important parameters, such as;
(1) liquid selection, (2) temperature selection of the hot tank, (3)
duration of measurement, (5) test procedure.
4.1. Liquid selection
Water is an attractive candidate as tank filling liquid for several
reasons: water has the highest specific heat among any other substance, (4186 J/kg K), in addition it is easy to handle and safe to
work with. But water presents the drawback of possible bubble
formation in the tanks which can remain attached to the sample
surface, so modifying the estimation of thermal conductivity.
Water has a low boiling point at 100 °C at atmospheric pressure
so measurements should be conducted below this limit to avoid
steam bubbles. But even at lower temperatures bubbles can
emerge due to degassing of dissolved air. So the real useful working temperature is below 55 °C where degassing and vapor pressure are insignificant.
Moreover, careful handling is required when filling the tanks
with water in order to purge air through the relief valve. Tilting
the device at 45° proved to be helpful to this purpose. Using
ultra-pure water (Millipore), which has suspended particles,

The initial liquid temperature in the hot tank is chosen to lie in
the range 45-55 °C. Such low temperatures cover a useful range of
polymers applications since many polymers get soft or even
deform at higher temperatures. The small size of the device and
the small amount of water in each tank (12.56 g) make it difficult
to control the temperature of the hot tank. Exploratory runs indicated a simple procedure that can bring the temperature of the
hot tank in the desired range. According to this, water is heated
to 82 °C before the experiment and then is poured into the hot tank
using a pipette. No matter how fast feeding is done, the temperature of water decreases rapidly due to heat transferred to the cold
walls of the tank, till to a value between 45 and 55 °C in the tank.
The cold tank water is typically kept at ambient temperature.
4.3. Duration of measurement
Measuring time is an essential parameter. Calculating the thermal conductivity by the present method is based upon analysing
the evolution of liquid temperature at both sides of the sample
(both tanks). At first glance, it might seem appropriate to define
measuring time as the time needed to achieve temperature equilibrium between the two tanks. However, this can be time consuming as some composites have a very low thermal conductivity and
it would take long time to reach equilibration. The nominal sample
thickness is selected to be 3 mm in order to achieve a compromise
between adequate structural integrity/thickness uniformity and
reasonable heat transfer rate. A measuring time of 1000 s was
adopted in all measurements as the most convenient choice (fast
but yet long enough to acquire sufficient data).
The effective duration of the measurements (used in the computation of thermal conductivity) does not start right after feeding
the tanks with water because some short time is initially required
to heat up the aluminium parts until they reach thermal equilibrium with water. It is noted that the term thermal equilibrium here
refers to homogenization of the temperature in each tank and it
must be no confused with the thermal equilibrium between the
tanks than occurs in a much larger time scale. To determine the
time instant when thermal equilibrium between tanks and water
is achieved, the fitting of DT and ST data by exponential expressions is presented in Figs. 4 and 5, respectively. These figures correspond to different starting time for data fitting. It can be seen
that the fitting curves describe perfectly the data only after a certain amount of time has elapsed, which is the time needed for
the liquid/tank system to thermally equilibrate. In the plot of DT
vs. time, from which the coefficient Kf is calculated, thermal equilibrium is reached at 190 s. In the plot of ST vs. time from which
the coefficient Kf is calculated, this thermal equilibration is reached
at 250 s. The data analysis led to the choice of the interval 200–
1000 s for DT fitting and 250–1000 s for ST fitting. The criterion
was the quality of the fitting as judged during a large number of
experiments. The starting time is large enough to ensure that the
initial transient (from putting the hot water into the tank) has been
eliminated. The final time is short enough to avoid taking into
account the tail of small temperature difference (which is poor in
giving information).
4.4. Test procedure
The sample under examination is fixed between the two tanks
and the device is inclined at 45° to diminish bubble formation during water feeding. Then, water (at room temperature) is fed in the
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Fig. 4. Fitting DT = T1  T2 vs time data by an exponential expression. Fitting curves start at different time instants to show the effect of thermal equilibration between water
and aluminium tanks.

cold tank. The water for the hot tank is pre-heated to 82 °C and
then poured in the hot tank. After feeding is complete, a thermocouple is inserted through the inlet port of each tank and subsequently the relief valve and inlet port of each tank are sealed.
Next, the device is wrapped with glasswool and placed between
the magnetic stirrers which are then turned on. Then, the datalogger starts recording the temperature of the liquids in the tanks.
Measurement lasts 1000 s. From the recorded temperature data,
the time evolution of DΤ and ST is constructed (from initial time
200 s and 250 s, respectively) and fitted with exponential curves
to evaluate the best estimate of the parameters Kf and Ko. From
these values, the thermal conductivity of the sample is estimated
as described above.

4.5. Precision control
It is very important that the device produces repeatable thermal
conductivity values for the same sample. Repeatability determines
the precision of estimations. For this purpose, a comparison of four
different measurements with the same 3 mm Teflon sample is presented in terms of the evolution of the expressions DΤ and ST.
(Figs. 6 and 7, respectively). Table 1 presents the estimated values
of coefficients Kf and Ko from all four measurements. Estimations
of both Kf and Ko are similar indicating good repeatability of
measurements. Furthermore, a comparison of estimated thermal
conductivity values from these experiments is shown in
Table 2 along with the corresponding mean temperature of the
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Fig. 5. Fitting ST = (T1 + T2)  2Te vs time data by an exponential expression. Fitting curves start at different time instants to show the effect of thermal equilibration between
water and aluminium tanks.

measurement. Fig. 8 supports further the good repeatability of the
technique by displaying 30 different measurements of thermal conductivity of Teflon samples. In this case, different Teflon samples
have been tested in different days. The coefficient of variation (standard deviation over average conductivity) is 1.4% indicating a precision larger than in other techniques. These measurements are
taken at 40 °C but the value of thermal conductivity of polymeric
composites is not expected to vary drastically in a reasonable range
of temperatures around the ambient. Regarding the accuracy of the
technique, the value found for the examined Teflon samples is similar to that given in literature (0.26 W/m/K [11,12]) and it is not
easy to make a benchmark measurement of the particular samples
using a method of higher precision than the present one. Of course
this is not a confirmation of the accuracy of the method but at this

stage the focus is on the precision of the measurements. Having
minimized the uncertainty, the accuracy can be further improved
by further developing the model or in worst case by calibration.
In any case a material for which the exact thermal conductivity is
known is needed. This is not easy to be found given the uncertainty
of the alternative measurement techniques. The major contribution
to the heat losses coefficient Ko is not from the external natural convection but from the insulating material. The 15–20% variation of
the coefficient shown in Table 1 is due to the state of compression
of the insulating material (glasswool). The way to place glasswool
around the container is not an exact repeatable procedure. This is
why the proposed calculation procedure is important: It is based
only on measurable quantities and not on properties of the insulating material or any vague heat transfer coefficients.
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Fig. 6. Comparison of DT = T1  T2 evolution with respect to time in four different measurements for the same Teflon sample.

Fig. 7. Comparison of ST = (T1 + T2)  2Te evolution with respect to time in four different measurements for the same Teflon sample.

Table 1
Comparison of the coefficients Kf and Ko estimated from four different measurements
for the same Teflon sample. T is the room temperature.

Table 2
A comparison of the estimated thermal conductivity in the four different measurements of Table 1.

Experiment

T1 + T2 (°C)

Te (°C)

Kf (1/s)

Ko (1/s)

Experiment

k (W/mK)

Temperature (°C)

1
2
3
4

80.4
79.2
79.6
78

27
27
26.5
27.5

0.00136
0.00141
0.00138
0.00143

0.000164
0.000198
0.00018
0.000199

1
2
3
4

0.275
0.272
0.270
0.276

40.2
39.6
39.8
39

5. Material preparation
Polymeric nanocomposite materials consist of a continuous
phase, i.e. a polymeric matrix, and a filler phase, usually 0–5% in
weight, of homogeneously dispersed particles in the matrix at nano
scale (dimensions of 100 nm or lower). The polymeric matrix can be

thermoplastic, thermosetting or elastomer. The reinforcing fillers
can be nanoparticles (0-D), nanorods (1-D), or nanoplates (2-D).
These nanofillers usually improve the mechanical, physical and
thermal properties of the polymeric matrix. Its nanoscale size
increases greatly the available interface-to-volume ratio, thus
reducing the volume fraction of the first phase without degradation
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Fig. 8. Thermal conductivity values estimated for 30 different measurements of Teflon samples at 40 °C. The solid line denotes the average values and the dashed lines the
standard deviation.

Table 3
Typical Properties of EPON 828 & 827 (Unmodified Liquid Epoxy Resins) [22].
EPON

Viscosity at
25 °C (Pas)

Weight Per
Epoxide (g/eq)

Density (kg/m3)

EPON 827
EPON 828

8–10
11–15

179–184
185–192

1164
1165

of the desired properties. However, the positive effect of this fillers
can be subjected to a number of factors such as; (1) the homogeneity of dispersion of filler particles in the matrix, their orientation,
alignment and the processing method that was used. (2) The interaction between the filler particles and the polymer chains. (3) The
effect of the filler surface modification on filler dispersion and composite properties [13,14].
In the framework of developing nanocomposite tools for
machining processes, a variety of abrasive (nano)particles is considered as fillers into a variety of polymeric matrixes. The task of
this study is to estimate the thermal conductivity of the newly
synthesized (nano)composites. After a thorough survey among
polymeric materials, a commercial diglycidyl ether of bisphenol
A (DGEBA) polymeric matrix named EPON828 and EPON827
[15,16] with different concentrations of fillers has been proposed
as good candidate for making the tools. The effect of the fillers
on the thermal conductivity of the matrix is to be studied. EPON
is an undiluted liquid epoxy resin produced from bisphenol
A/epichlorohydrin. After curing it exhibits very good mechanical,
adhesive and dielectric properties and also chemical resistance.
Essentially, EPON 828 and 827 are the same type of resins but with
different viscosities as we can see in Table 3.
The curing agent used for EPON828 is the JEFFAMINE
Polyetheramines D2000 and D230 [17]. Both curing agents have
slower curing process than other amines, but add distinct features
to the cured resin, as higher elongation, improved impact resistance and good chemicals resistance. The D stands for Diamine
and the number 230/2000 for the molecular weights of these
amines. EPON 27 is cured with Isophorone diamine (IPD) curing
agent [18]. Resins cured with aliphatic amines, like Jeffamines
and IPD, are strong and have excellent bonding properties, good

resistance to some inorganic acids and low permeability to water
and solvents. However, aliphatic amines may irritate the skin and
are toxic at high concentrations.
The tested samples can be categorized into two major categories based on the used resin, Table 4. The first category is
EPON828 based resin, cured with either 100% D2000 or a mixture
of 50/50% of D230/D2000 curing agents along with different concentrations of additives such as, multiwall carbon nanotubes
(MWCNT’s), Silicon Carbide (SiC), Boron Nitride (BN), Alumina
(Al2O3) and organoclay Nanomer (I.30E). The other category is
EPON827 based resin cured with Isophorone diamine (IPD) which
is an aliphatic amine type-curing agent. All additives that are used
with this combination of resin/agent are silica based additives such
as SBA-15, Al-sba-15, MCF, PEI800-SiO2 and PEI25000-SiO2. In
order to determine the thermal conductivity of each composite,
it is very important to know the thermal conductivity of the
additives, Table 5, and to understand their impact on the thermal
conductivity of the resin. However, the value of the thermal conductivity of some additives is very difficult to find in literature such
as of the organoclay Nanomer (I.30E). All the additives in the second category of Table 4 are silica additives. For them, the thermal
conductivity of Silica (Silicone Dioxide) is listed instead.
6. Nanocomposite results
Both categories of samples in Table 4 are tested in order to
determine their thermal conductivity in relation to the specific
concentration of additives. In the following Tables, the results for
both categories of samples are presented along with their composition, the estimated average value of their thermal conductivity k,
the standard deviation of the measurements r, the standard deviation of the mean SE, the sample average thickness in (mm), the
temperature of the sample (°C), and the number of measurements
performed for each sample.
The results of the two categories of samples are ordered in
Tables 6 and 7, putting comparable samples in sequence. Most of
the first category samples are rubbery and have uneven surface
as a result of imperfect preparation. Thus, accurate averaging of
their thickness across each sample was necessary .
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Table 4
Categorization of the tested polymeric nanocomposite samples.

Resin base
Curing agent
Additives

Category 1

Category 2

EPON828
D2000/D230
MWCNTs
BN
Al2O3
SiC
I.30E

EPON827
IPD
SBA-15
Al-sba-15
MCF
PEI800-SiO2
PEI25000-SiO2

Table 5
Thermal conductivity of some of the additives used [20].
Additives

Thermal conductivity (W/mK)

MWCNTs
SiC
Al2O3
BN
Silicon Dioxide SiO2

20–3000
90–120
28
29
1.67

The estimated conductivity values and the corresponding standard deviations of all the materials of Tables 6 and 7 are also
shown in Figs. 9 and 10. There is the evidence in literature that
such epoxy resin systems have thermal conductivity values in
the range 0.17–0.52 W/mK [19]. This rather broad range of values
can be attributed to the different preparation/curing process and
the different materials employed [20]. The thermal conductivity
of the control samples, without any additive incorporated in the
matrix, is discussed below.

First, the thermal conductivity of EPON828 cured with 100%
D2000 curing agent is measured. Again, this sample is prepared
using only one curing agent. Two sample had been prepared with
a different procedure: the thermal conductivities of the two specimens resulted 0.25 W/mK and 0.26 W/mK respectively.. The
obtained difference of 3.8% resulted within the accuracy of the
measurement, and so the values can be considered in full agreement. The thermal conductivity of EPON828 epoxy resin is
expected to vary according to the employed curing agent. Comparing the above results with EPON828 but now cured with 50/50%
D2000/D230, a slight increase in thermal conductivity is observed
(0.27 W/mK), which however, is considered to be negligible and
not suitable for the extraction of safe conclusions.
The addition of 0.1 wt% MWCNTs has no noticeable contribution to the thermal conductivity of the resin. However, addition
of 1 wt% MWCNTs increases the thermal conductivity of the resin
by 12%, from 0.25 to 0.28 W/mK, namely. According to literature,
1 wt% of perfectly aligned MWCNT’s is enough to double the thermal conductivity of the resin [21]. Yet, the degree of alignment is
not known or guaranteed in the tested samples due to lack of
means to produce such aligned MWCNTs. In view of the arbitrary
orientation of the dispersed MWCNTs, a 12% rise is a reasonable
outcome.
Comparing samples #7 and #8 in Table 6 indicates a decrease of
thermal conductivity by 7.5%, from 0.53 to 0.49 W/mK, when using
a mixture of 50/50% of D2000/D230 curing agents. This result is
difficult to explain since both curing agents exhibit the same
functionality, reactivity and molecular structure. The recorded
decrease in thermal conductivity can be attributed only to the
lower molecular weight of the D230 curing agent, which produces

Table 6
Thermal conductivity results of samples listed in the first category of Table 4.
N°

Sample

Thermal
conductivity
(W/mK)

Standard
deviation (r)
(W/mK)

Standard
error (SE)
(W/mK)

Number of
experiments

Sample
average
thickness
(mm)

Temperature
(°C)

1

EPON828, D2000

0.25

±0.007

±0.002

13

3.1

37

2

EPON828, D2000
(Sample 2)

0.26

±0.004

±0.002

4

3.29

37

3

EPON828, D230/D2000 50/50

0.27

±0.01

±0.004

5

33

36.5

4

EPON828, D2000, 0.1%wt MWCNTs

0.26

±0.013

±0.003

11

3.1

38

5

EPON828, D2000, 0.1%wt MWCNTs
(Sample 2)

0.24

±0.006

±0.003

4

3.12

37.5

6

EPON828, D2000, 1%wt MWCNTs

0.28

±0.014

±0.004

13

3.34

36

7

EPON828, 97% Al2O3, 3%I.30E, D2000

0.53

±0.017

±0.005

12

3.47

37

8

EPON828, 97% Al2O3, 3%I.30E, D230/D2000 50/50

0.49

±0.011

±0.004

6

3.77

37

9

EPON828, D2000, 90%Al2O3, 3%Sic, 3%I.30E, 1%CNTs, 3%BN

0.64

±0.006

±0.002

10

3.31

37.4

10

EPON828, D2000, 90%Al2O3, 3%Sic, 3%I.30E, 1%CNTs, 3%BN
(Sample 2)

0.65

±0.035

±0.01

12

3.25

36

11

EPON828, D2000, 20%Al2O3, 3%Sic, 3%I.30E, 1%CNTs, 3%BN

0.58

±0.009

±0.003

8

3.39

36.5

12

EPON828, D2000, 20%BN, 20%SiC, 40% Al2O3

0.56

±0.014

±0.004

11

3.14

37

13

EPON828, D2000, 20%BN, 20%SiC, 60% Al2O3

0.64

±0.023

±0.004

10

3.16

37

Table 7
Thermal Conductivity results of samples listed in the second category of Table 4.
N°

Sample

1
2
3
4
5
6

EPON827,
EPON827,
EPON827,
EPON827,
EPON827,
EPON827,

IPD,
IPD,
IPD,
IPD,
IPD,
IPD,

Glassy/SBA -15
Glassy/Al-SBA-15
Glassy/MCF
Glassy/Pristine
Glassy/PEI800-SiO2
Glassy/PEI25000-SiO2

Thermal
conductivity
(W/mk)

Standard Deviation
(r) (W/mK)

Standard error
(SE) (W/mK)

Number Of
experiments

Sample average
thickness (mm)

Temperature
(°C)

0.24
0.31
0.25
0.3
0.26
0.25

±0.008
±0.007
±0.008
±0.009
±0.002
±0.009

±0.0028
±0.0027
±0.003
±0.0033
±0.001
±0.003

7
6
8
7
5
10

2
2.57
2.31
2.59
2.36
2.16

37
36.5
36.5
37
37.5
37
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Fig. 9. Average thermal conductivity values and corresponding standard deviations
of the multiple experiments for each of the materials of Table 6.
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measure the thermal conductivity of several homemade polymer
composites.
Measurements performed on pure EPON828 epoxy resin (no
additives) with different mixtures of D2000/230 curing agents
show no noticeable effect in thermal conductivity despite the
different molecular weight of these curing agents. On the contrary,
these same curing agents in the presence of different concentrations of nano additives yield a definite increase of the thermal
conductivity of EPON828 epoxy resin. Measurements of EPON828
epoxy resin samples enriched with alumina Al2O3 shows that
increasing the alumina concentration increases the thermal conductivity of the resin. A dispersion of 1 wt% of MWCNTs is also
found to increase the thermal conductivity of EPON828 by 12%
whereas the addition of just 0.1% of MWCNT has no measurable
effect. The impact of the silica additives on the EPON827 epoxy
resin is found to be insignificant. The most noticeable effects are
associated with the addition of Al-SBA-15 and pristine Silica nano
additives.
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Fig. 10. Average thermal conductivity values and corresponding standard deviations of the multiple experiments for each of the materials of Table 7.

a much denser and rigid crosslinked network due to the shorter
chain length [15]. This result indicates the impact of molecular
weight of the curing agent on thermal conductivity in the presence
of additives. This is different from the case when no additive is present, and the molecular weight of the curing agent doesn’t provoke
a substantial impact on thermal conductivity. Results for samples
#9, #10, #11, #12 and #13 in Table 6, support the notion that
the increase of alumina concentration in the resin increases the
thermal conductivity of the sample. For samples #10 and #11
the observed increase is 12% for a 70% increase in alumina concentration. Whereas in samples #12 and #13 the increase is 14.2% for
just a 20% increase of alumina concentration. As for the samples of
the second category in Table 7, the comparison of the first two
samples SBA-15 and Al-SBA-15, indicates a clear effect on thermal
conductivity of aluminum (Al) incorporated into the SBA-15 mesoporous silica, leading to an increase of 29%.
7. Conclusions
The application of the hot/cold tank principle in a device of
miniaturized design proved to be successful in determining the
thermal conductivity of polymers and polymeric nanocomposite
materials. The achieved precision (repeatability) appears higher
than in the usual thermal conductivity measurement techniques.
The reliability of measurements is combined with the portability
of the device and the achieved saving of material for the preparation of samples. As a demonstration, the new device is used to
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