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INTRODUCTION

Composite materials and structures are used 
in a wide variety of technical and industrial ap-
plications [1, 2]. A particular groups of compos-
ite materials and structures are those character-
ized by the occurrence of a phase transition of the 
first kind [3] with the reaching of the tempera-
ture threshold of the phase transition. This phase 
change and the associated thermal effects enable 
them to be used in a variety of thermal energy 
storage systems (e.g. passive cooling systems 
for electrical/electronic systems [4], in the con-
struction industry to increase the thermal capac-
ity of building bulkheads [5, 6, 7] or as a thermal 
shock protection material [8]). A useful structure, 

characterized by low production costs and good 
heat accumulation properties (e.g. a relatively 
high value for the latent heat of the solid-liquid 
transition), are microcapsules containing phase 
change material (PCM) [9, 10]. The widespread 
use of microcapsules translates into a significant 
number of papers devoted to the study of material 
structures doped with PCM microcapsules. The 
relevant literature also contains results of select-
ed thermophysical properties of structures with 
spherical PCM inclusions. The authors of the ar-
ticles focus their attention especially on the study 
of specific heat at constant pressure [11, 12, 13]. 
The leading research method is the differential 
scanning calorimetry [14]. The results of the stud-
ies of specific heat are typical for phase transition 
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materials of the first type [15]. However, there is 
a lack of work that presents high-resolution ther-
mal diffusivity results including the phase transi-
tion region. In this context, the work attempts to 
add to the state of the art. In addition to the work, 
inspired by the results published in [16], it was 
also decided to check the effect of another addi-
tive, metallic microparticles - on the possibility of 
shaping thermal diffusivity values.

It is natural to take this course of action be-
cause as applications for phase-change materials 
structures increase, so do the material require-
ments for their physical and chemical properties. 
Among these, thermophysical properties occupy 
an important place. The thermophysical parameter 
that combines the above-mentioned quantities is 
thermal diffusivity. This is because it expresses 
the ratio of heat transport properties to heat ac-
cumulation properties. In the context of materials 
research, the analysis of thermal diffusivity values 
allows the influence of modifiers introduced into 
existing structures to form their functional prop-
erties to be identified. Such analyses require the 
use of transient methods [17, 18] typically used in 
thermal diffusivity studies. Among the wide range 
of methods and techniques for measuring thermal 
diffusivity, the temperature oscillation method de-
serves attention [19, 20]. This is because it is char-
acterized by a high temperature resolution of mea-
surement compared to other test methods [21, 22].

MEASUREMENT METHOD 			 
AND PROCEDURES

Thermal diffusivity tests were performed us-
ing a modified temperature oscillation method 
[21, 22]. Compared to the original method [19], 
the solution is sought in a flat, infinite plate of 
thickness l [20, 21]. Measurements are conducted 
at a regular heating regime of the 2nd and 3rd kind 
[18, 21, 23]. The reader will find a detailed de-
scription of the method in [19–22]. In the mea-
surement system of two symmetrically assem-
bled samples (Fig. 1), the temperature response 
signal in the symmetry plane (point 2 in Fig.) is 
compared with the signal of harmonic tempera-
ture changes excitation on the external surfaces 
(points 1 and/or 3 in Fig. 1). The comparison re-
sults in determining the amplitude reduction
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where: ψ – amplitude reduction (-); k – temperature 
wave coefficient (m‒1); l – thickness (m); 
x – linear coordinate (m); t – temperature 
(K).

And phase shift of the response signal
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where:	 φ – phase shift (-), x is the spatial coordinate 
of the temperature reading of the thermal 
response along the model object and f is 
the frequency of temperature oscillation 
[21, 24].

By solving the nonlinear Equation 1 taking 
into account (3) one can obtain the so-called am-
plitude value of the sought thermal diffusivity aψ. 
The phase value of thermal diffusivity aφ can be 
obtained by solving the nonlinear Equation 2 tak-
ing into account (3). If the model requirements 
are met, both values should be equal. Any differ-
ences can be used to determine the measurement 
error. As a rule, the upper limit for the sought dif-
fusivity value is the phase value, and the lower 
limit is the amplitude value.

EXPERIMENTAL STUDIES

Research stand

The diffusivity tests were performed on a test 
bench consisting of a PC controller, a National 
Instruments SCXI data acquisition system, a 
Lauda RL 6CP low-temperature thermostat, and 

Figure 1. Diagram of a thermal forcing: 1, 3 – points 
of the forcing signal, 2 – points of the response signal
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an Amrel PPS 1322 power supply supplying two 
Peltier elements. A set of K-type thermocouples 
with a diameter of 0.05 mm was used to measure 
the temperature. A more detailed characterization 
of the system is presented in [21], while the sys-
tem configuration is shown in [24] and [25].

Sample preparation

Four types of composite samples were tested. 
The base component (matrix material) was Di-
all’s pure epoxy resin and mishmash of Diall’s 
epoxy resin and metallic powder. Sample A was 
made from a base component of pure epoxy resin. 
Sample B was made from a metal powder epoxy 
resin base. Sample C was made as a mixture of 
pure resin with microcapsules filled with phase-
change material in polymer coatings under the 
trade name Micronal DS5038X [26]. The fourth 
sample D was made as a mixture of resin with 
metallic powder and Micronal DS5038X micro-
capsules. For the production of samples C and 
D, the same amount of mixture components by 
weight was measured. It is worth noting that the 

material of sample B and the material compo-
nent of sample D is a manufacturer’s commercial 
product with unknown characteristics of the me-
tallic powder used. At this stage of the research, 
it was decided to abandon attempts to precisely 
determine the type of additive and only referred 
to the information about the expected higher 
thermal conductivity of the material. It can be as-
sumed with great probability that the additive is 
aluminum alloy powder.

The specifics of the research required that the 
matrix material used to produce the samples be 
prepared within a single batch of production. Only 
then was it possible to investigate the influence of 
the addition of metallic powder and microcapsules 
with phase change material on the thermal diffu-
sivity of the final product. Due to the nature of the 
measurements carried out, samples were made in 
pairs as bipartite samples. The samples were pre-
pared in silicone moulds. After filling moulds the 
samples were left to solidify for a period of 24 
hours. The finished bipartite (L and R parts) sam-
ples are presented in Fig. 2. The basic parameters 
of the samples are presented in Table 1.

Table 1. Basic parameters of the tested samples

Sample Density
ρ [g·cm‒3]

Thicknessl [mm]

Sample L Sample R

A 1.0527 2.24 2.27

B 1.0634 2.18 2.14

C 0.7204 2.20 2.20

D 0.8003 2.00 2.10

Figure 2. Photographs of bipartite samples: epoxy resin (A), epoxy resin with metallic powder (B), epoxy resin 
and Micronal microgranulate (C) and epoxy resin with metallic powder and Micronal microgranulate (D)
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RESULTS

As a direct result of the measurement record-
ings of temperature changes over time were col-
lected. Crucial ones are forcing temperature os-
cillation (Fig. 1, points 1 and 3) and temperature 
response (Fig. 1, point 2). The measurement data 
was usually collected at frequency 1 Hz or 4 Hz. 
Example recordings of temperature change sig-
nals for the case of testing sample A in Figure 3. 
Raw data processing is performed in two stages. 
In the first stage, the oscillation parameters are de-
termined: amplitude, phase, mean oscillation level 
and its rate of change (linear trend). Nonlinear ap-
proximation is used using the Levenberg-Marquart 
procedure. Then, after calculating the relative 

amplitude changes and determining the phase de-
lay, the appropriate system of nonlinear equations 
is solved. As mentioned before processing of the 
acquired data lead to two values of thermal diffu-
sivity: amplitude aψ and phase aφ. For the present 
study, the direct result of the study is the effective 
thermal diffusivity value in the form of geometric 
mean of the amplitude and the phase value.

Typically, measurements are performed both 
while cooling the set of test samples, as is the 
case with the data in Figure 3, and while heat-
ing them. Typical results of the thermal diffu-
sivity tests currently discussed are presented in 
Figures 4 and 5. In both cases, the heating and 
cooling results are presented superimposed to 
illustrate repeatability. Small differences can 

Figure 3. Fragment of the measurement signals recorded during the sample A study. The temperature forcing 
signals are: (period of oscillation (s)) τΩ = 20 s, (excitation amplitude (K)) Aw < 0.5 K, the temperature response 

amplitude (response amplitude (K)) Ar < 0.05 K

Figure 4. Thermal diffusivity test results for samples A and B; τΩ = 20 s, Aw = 0.5 K
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be noticed only for the phase change around  
268.15 K for the tests of samples containing gran-
ules with PCM material (Fig. 5). The PCM phase 
solidification transition peak is shifted slightly 
towards a lower temperature compared to the 
melting peak. It is also characteristic that in the 
low-temperature transition the peaks of the am-
plitude data (down) and phase data (up) are op-
posite, unlike in the main transition with a peak 
around 297.15 K.

As for general trends the analysis of the ob-
tained results reveals a decrease in amplitude and 
phase values of diffusivity with increasing tem-
perature. This is an expected and typical effect for 
most polymeric materials. In addition, a typical 
dependence of the phase values over the ampli-
tude values was observed for all samples tested.

A detailed analysis of the results obtained for 
samples A and B shows the qualitatively differ-
ent nature of the course of the calculated thermal 
diffusivity values as a function of temperature. 
Furthermore, the results document an excess of 
the aψ (thermal diffusivity calculated from the am-
plitude reduction (m2·s‒1)) and aφ (thermal diffusiv-
ity calculated from the phase shift (m2·s‒1)) values 
for sample B relative to the results obtained for 
sample A in the temperature range from 273.15 K 
to 353.15 K. A maximum percentage excess of 
both the amplitude and phase thermal diffusivity 
values of 30% was recorded for a temperature of 
about 303.15 K. The explanation for the observed 
effect is the influence of the addition of metallic 
powder as a dispersion filler used in sample B.

An in-depth analysis of the results present-
ed in Figure 5 documents the lack of significant 

quantitative changes due to the presence of metal-
lic powder within the epoxy resin matrix and Mi-
cronal microcapsules (changes within individual 
samples do not exceed 10%). However, more im-
portantly, the addition of Micronal microcapsules 
became apparent in the temperature courses of 
changes in the thermal diffusivity values of sam-
ples C and D in the form of a reciprocal divergence 
of aψ and aφ values for a temperature of approxi-
mately 270.65 ± 0.5 K and a concerted decrease 
in aψ and aφ values for a temperature range of ap-
proximately 288.15 K to approximately 298.15 K. 
The behaviour of the results clearly indicates the 
occurrence of two phase transformations (Ist P.C. 
(phase change) and IInd P.C.). The difference in the 
nature of changes in amplitude and phase thermal 
diffusivity values could indicate a difference in the 
nature of the phase transition. However, the re-
sults of microcalorimetric studies of microencap-
sulated phase change material, for example those 
presented in [27], provide a basis for classifying 
these phase transitions as first-order transitions. 
It is worth mentioning that this was confirmed by 
our own DSC studies of both microcapsules and 
structures with their addition. The reasons for the 
analyzed divergences of the courses should be 
sought in the deviations of the phenomena from 
the adopted model of the measurement method. 
The diffusivity values obtained for the structure 
in the area beyond the phase transition are in fact 
effective values. In the area of phase transitions, 
however, they take on the character of effective 
properties. Using the standard data conversion 
procedure [22] for calculating the geometric mean 
value of thermal diffusivity using the relationship:

Figure 5. Thermal diffusivity test results for samples C and D; τΩ = 20 s, Aw = 0.5 K
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The geometric mean value was determined 
for two arbitrarily selected temperature points: 
273.15 K and 303.15 K. The temperature control 
points were selected so that they were equidistant 
from the temperature end point of the phase tran-
sition: Ist P.C. and IInd P.C. Results of the calcu-
lations are presented in Fig. 6 and Table 2. The 
results shown in Table 2 represent the averaged 
result for the L and R parts comprising the sample 
of the structure under study. As mentioned above 
for the samples B, C and D these are effective 
thermal diffusivity values.

In an analysis of the data, the expected in-
crease in the thermal diffusivity values is notice-
able when the addition of metallic powder is in-
troduced. However, it is interesting to compare 
the thermal diffusivity values at 273.15 K and 
303.15 K obtained in the tests of samples A and C. 
At 273.15 K, the addition of phase change-filled 

microcapsules results in a nearly 25% decrease 
in geometric mean thermal diffusivity relative to 
the value determined for sample A. This may be 
due to the introduction of a phase with lower ef-
fective thermal conductivity and to an increase in 
the thermal resistance of heat conduction in the 
sample structure. Determining the exact cause is 
difficult due to the complex relationship between 
thermal diffusivity and thermal conductivity for 
non-homogeneous structures. The problem is be-
yond the scope of current research. The situation 
is different for a temperature of 303.15 K, which 
exceeds the value of the end of the IInd PhC trans-
formation. The sample with the addition of mi-
crocapsules records an increase of almost 15% in 
the geometric mean value of the thermal diffusiv-
ity compared to the results recorded for sample A. 
Phenomenologically, this effect can be related to 
the transition of the entire phase change material 
to the liquid phase. Furthermore, a decrease in the 
thermal diffusivity value determined for sample 

Figure 6. Geometric mean values of the thermal diffusivity of the tested series of samples for temperature 
273.15 ± 0.5 K (A) and 303.15 ± 0.5 K (B)
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D at 303.15 K was revealed, relative to the val-
ue recorded for the same sample at 273.15 K. 
The reason for this effect has not explained. To 
complement the data for the temperature control 
points, in addition to the geometric mean value 
of the thermal diffusivity ageom, the standard de-
viation (STD) value and the relative difference 
between the ageom and the STD (RD) value were 
also presented.

CONCLUSION

As part of the completed thermal diffusivity 
tests, a set of four temperature courses of changes 
in the calculated thermal diffusivity values were 
determined for four composite structures made on 
the basis of epoxy resin. The influence of metallic 
and phase-change microadditives on the effective 
- resultant thermal diffusivity value was then de-
termined. A detailed analysis of the test data indi-
cates an increase in the thermal diffusivity of the 
structure in the resin matrix due to the addition 
of metallic powder. The introduction of phase-
change material microcapsules into the resin 
starting material manifests itself in the presented 
runs by a countersimilar divergence of amplitude 
and phase diffusivity values at: 270.65 ± 0.5 K 
and a concordant decrease in aψ and aφ values for 
the temperature range from about 288.15 K to 
about 298.15 K. Furthermore, the phase-change 
additive only causes an increase in the thermal 
diffusivity values when the phase-transformation 
temperature of the phase-change material occur-
ring in the range from approximately 288.15 K to 
approximately 298.15 K is exceeded. For lower 
temperatures, the addition of microcapsules re-
sults in a decrease in the value of the determined 

parameter. Analysis of the test data also docu-
mented a decrease in the thermal diffusivity deter-
mined for sample D at 303.15 K, compared to the 
value recorded for the same sample at 273.15 K. 
The reason for this effect has not been explained 
and requires further research.

As a result, the work confirmed the effective-
ness of the thermal diffusivity measurement pro-
cedures used, which enabled the determination of 
high-resolution and reliable thermal diffusivity 
results by using a temperature oscillation method 
that complements the existing range of thermal 
analysis methods and techniques. On the other 
hand, the analysis of the obtained results opens 
the field for discussion concerning the interpreta-
tion of thermal diffusivity test results for the case 
of inhomogeneous structures, in particular struc-
tures exhibiting phase transformations.
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