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Thermal diffusivity of polyolefin composites highly filled with
calcium carbonate
Summary — The thermal diffusivity measurements are usually performed in order to determine
the ability of polymeric materials to transport heat and to characterize the rate of heating and cooling of plastic products. In our investigations the so-called modified Angstrom method was used,
and the investigations were conducted on four types of materials: blends of commercial polyolefins (PE-HD/i-PP) and three types of composites of PE-HD/i-PP/CaCO3 where CaCO3 was
modified with calcium stearate or stearic acid and waxes or was unmodified. The content of CaCO3
in all the blends was in the range between 48 and 64 wt. %. The results have been discussed in terms
of the influence of calcium carbonate content, particles size and modification of the filler on the
thermal diffusivity of highly filled polyolefin composites.
Keywords: thermal diffusivity, polyolefin composites, calcium carbonate.
DYFUZYJNOŒÆ CIEPLNA KOMPOZYTÓW POLIOLEFIN O WYSOKIM STOPNIU NAPE£NIENIA WÊGLANEM WAPNIA
Streszczenie — Dyfuzyjnoœæ cieplna materia³ów polimerowych okreœlana jest zazwyczaj celem
wyznaczenia ich zdolnoœci do transportu ciep³a i s³u¿y okreœlaniu zdolnoœci do nagrzewania oraz
ch³odzenia gotowych wyrobów wytworzonych z tworzyw polimerowych. W niniejszej pracy do
badañ dyfuzyjnoœci cieplnej zastosowano zmodyfikowan¹ metodê Angstroma. Badaniom poddano cztery typy materia³ów: mieszaninê poliolefin (PE-HD/i-PP) oraz trzy rodzaje kompozytów
PE-HD/i-PP/CaCO3, w których CaCO3 by³: modyfikowany stearynianem wapnia lub kwasem
stearynowym oraz woskami lub nie by³ modyfikowany. Zawartoœæ CaCO3 we wszystkich rodzajach kompozytów mieœci³a siê w granicach od 48 do 64 % mas. Okreœlono zale¿noœæ dyfuzyjnoœci
cieplnej od zawartoœci wêglanu wapnia, rodzaju modyfikacji jego powierzchni oraz rozmiaru
cz¹stek.
S³owa kluczowe: dyfuzyjnoœæ cieplna, kompozyty poliolefin, wêglan wapnia.

In recent years the numerical models used as a tool to
improve control and quality of polymer processing became more sophisticated, thus there is an increasing need
for reliable data, concerning among others also their
thermo-physical properties. Such thermal properties are
usually measured when heat is supplied or removed
from the material, and these data are very important in
any project including the thermal environment [1—2].
The understanding of the heat transfer under steady or
transient conditions is an essential point in any engineering design, as well as for the tailoring of thermal and
mechanical behavior of materials [3].
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THERMAL CONDUCTIVITY AND DIFFUSIVITY

The thermal conductivity (l), thermal diffusivity (D),
specific heat at constant pressure (cp) and bulk density (r)
are related by the following equation [3—7]:
D=

l
r × cp

(1)

Principally, the thermal diffusivity is representative
for the heat propagation through a material, usually
taken into consideration by non-steady state heat conduction, which frequently happens during heating and
cooling of polymeric materials. This is a key property
needed to determine the cooling time, by optimization of
injection molding cycle time, and melt extrusion. In the
analysis of most extrusion problems a constant value of
thermal diffusivity is assumed, although it depends on
pressure, temperature and macromolecular orientation
[2, 5, 8, 9]. During cooling a temperature profile with a
slope dependent on material’s thermal diffusivity, profile
dimensions, and thermal gradients, etc., may be deve-
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loped, leading to creation of a crystalline distribution
profile on the product section that determines the final
product properties [10]. Though, the thermophysical
properties of polymers should be known to produce
high-quality products, without or with a low level of residual stresses, thus warranting a high dimensional
stability [11] of molded polymeric products.
The thermal diffusivity of commonly used polymeric
materials, like polypropylene and polyethylene is relatively low, however for certain applications materials
with enhanced thermal properties are required. By an addition of suitable fillers as aluminum powder, carbon fibers, graphite, aluminum nitrides or magnetite particles,
the thermal diffusivity of polymers may be shifted from
D = 0.2 mm2/s for an unfilled polypropylene, up to a significantly higher thermal diffusivity of D > 1.2 mm2/s
[12]. Such polymer composites with a high thermal transport ability, relatively to the unfilled ones, become more
and more important in a wide range of applications, like
production of electronic packaging [13], etc.

concerning composites of polyolefins with calcium carbonate in world-literatures were published, there are no
data available about ternary composites where one polymer is a matrix, and the second one with CaCO3 as a filler
is added as a master batch. Such polymeric composites
are used in the production of paper — like films. Moreover, up till now all investigations were performed for
composites with the CaCO3 content below or equal to
40 wt. %.
Thus, the aim of our studies was the determination of
thermal diffusivity of highly filled polyolefin composites
(HFPC), with CaCO3 content in the range between 48 and
64 wt. % and the analysis of the heat transport in function
of the filler content and filler surface modification. The
investigations were conducted by the so-called modified
Angstrom method.

DETERMINATION OF THE THERMAL DIFFUSIVITY

The following materials were applied in our investigations:
— a high density polyethylene (PE-HD) with trade
name Tipelin FA 381-10 (produced by TVK Rt., Hungary), used as matrix in the investigated composites;
— an isotactic polypropylene (i-PP) with trade name
Malen P F401 (produced by PKN Orlen, Poland);
— an i-PP based master batch Filolen FP-0800 (produced by EXFOLMO Chrostniki S.A., Greece), with
80 ± 2 wt. % of CaCO3 (particle size of 3.7 µm);
— calcium carbonate (CaCO3) — (Omyalite 95T produced by Omya, France) with modified surface, with a
high chemical purity and ultrafine particles (1 µm);
— calcium carbonate with a name Omyacarb 2-VA
(produced by Omya, France) which was a selected CaCO3
with particle size 2.5 µm, chemical purity.

Currently, various techniques for the determination of
thermal diffusivity are known from the literature. Transient methods are commonly used for the determination
of heat transport in polymers at elevated temperature,
due to its relatively short test duration, compared with
steady-state methods; thereby allowing to reduce the
specimen degradation. The following commonly used
techniques may be cited: laser flash methods [3, 8, 9, 12,
14—18], laser heating [19], flash radiometry technique
[20, 21], photothermal radiometry [22], photothermal
mirage [23] and optical techniques — Rayleigh scattering
[25, 26], photoacoustic spectroscopy methods [24, 28], unsteady state technique — step down perturbation method
[10], transient methods, for example plane source technique or heat transfer in a semi-infinite solid [27, 29], nonlinear least-squares criterion [30], periodical methods
[31] and finally hot-wire methods [2, 3, 32, 33] and temperature wave analysis [20, 34, 35].
The above mentioned techniques require mostly specific samples preparation and the measurement procedures are time consuming. In our investigations the
so-called modified Angstrom method [38, 39] was used,
characterized by a relatively effortless sample preparation, a short measurement time, simple experimental procedure and relatively simple measuring device, as only
the determination of temperature and time are required.
HIGHLY FILLED POLYMERIC COMPOSITES

Over the last few years the development of new composite materials, because of its very attractive properties
systems, has been extensively studied. One of the most
commonly used fillers, applied in a high concentration is
calcium carbonate. Although, a huge number of papers

EXPERIMENTAL

Materials

Preparation of composites
Three groups of composites of type PE-HD/i-PP/
CaCO3 varied by filler type, were prepared for the thermal diffusivity investigations. The concentrations of
components in composites are summarized in Table 1.

T a b l e 1. Composition of four types of PE-HD/i-PP/CaCO3
composites
Type of master
Symbol batch i-PP/CaCO3
Group of the
(20/80)
sample
i-PP
CaCO3

H

Content, wt. %
PE-HD

i-PP

CaCO3

H1

40

12

48

H2

35

13

52

30

14

56

20

16

64

H3
H4

Filolen
FP-0800
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M1
M

N

40

12

48

35

13

52

30

14

56

M4

20

16

64

N1

40

12

48

35

13

52

30

14

56

20

16

64

77

23

—

56

44

—

M2
M3

N2
N3

Malen
P F401

Malen
P F401

Omyalite 95T

Omyacarb
2-VA

N4
R

273

R1
R4

Malen
P F401

—

sides of the sample circumference, at uniform distances
from the heating source. The measurements are performed in vacuum in order to avoid heat losses by convection and by radiation. An electrical microheater with a
sinusoidal changing voltage, in the range 0—30 V, is used
to heat the samples. In our case the measurements were
performed at the heating voltage U = 23 V for 400 s. Based
on the temperature run and shift of the temperature
maximum, the values of the thermal diffusivity were evaluated. The results of measurement are registered by the
Angstrom computer program.
The thermal diffusivity was evaluated (in m2/s) according to the formula:

Two mixtures of PE-HD with neat i-PP (R1 and R4)
were also examined as a reference material.
The samples (10 × 40 × 2 mm) were produced in injection molding process (Battenfeld PLUS 35, Austria).

SEM investigations

The scanning electron microscopy observations were
performed on the cryogenic fracture surface with a deposition of a thin carbon layer, in vacuum duster Jeol JEE 4B,
JEOL Company (Japan). The fracture surface images
were registered with the scanning electron microscope
(SEM) Vega 5135MM Tescan Company (Czech Republic),
with a contrast of secondary electrons (SE) at the acceleration voltage 15 kV.
The thermal diffusivity measurement

The modified Angstrom method was used to determine thermal diffusivity values [38, 39]. The principle of
this technique consists of heating of one end of the sample with a microheater, supplied with a sinusoidal variable voltage, as it is shown in Figure 1. The sinusoidal
variable heat wave transits from one end of the sample to
the other. The second end of the sample is in the ambient
temperature and additionally in contact with a metal
block which receives transited sinusoidal variable heat
wave, and doesn’t let the heat wave to go back. The temperature along the sample is registered with temperature
sensors (Pt 1000 — RTD). In order to eliminate possible
mutual perturbations, the sensors are located on both

2 × (t 2 - t1) × ln

DT1
DT2

(2)

sample
RTD 2
l1

RESULTS AND DISCUSSION

The temperature measured by three RTD sensors [the
first one placed between the microheater and the sample
and the two other (T1 and T2) at a certain distance along
the sample], were determined. As it was already shown
before [38, 39], the amplitude of the temperature becomes
lower with increasing distance from the microheater, and
an evident shift of the temperature maximum may also
be noted. Based on the difference in the temperature
maximum, and on the shift of corresponding maximum,
the temperature diffusivity was evaluated.
A dependence of the D value on the material composition and the type of calcium carbonate is presented in Figure 2 and 3. For the reference composite the D value increases with the increase of i-PP content, from D = 1.29 ·
10-7 ± 9.54 · 10-8 m2/s for the series R1 to D = 6.36 · 10-7 ±
9.15 · 10-8 m2/s for the series R4. The introduction of a
filler into the polyethylene matrix results in a higher D
value of the composites, compared with the corresponding value of the reference material (Fig. 2). For example
the value of D increases up to 7.87 · 10-7 ± 5.25 · 10-8 m2/s
for the composites containing modified CaCO3 (sample
H1) and to D = 1.28 · 10-6 ± 4.95 · 10-8 m2/s for the compo-

heat transport

Voltage, V

metallic block

vacuum

p ×l2

where: l — distance between the RTD sensors (in mm), t1, t2
— the period when the maximum temperature in individual
sensors is achieved (in s), DT1, DT2 — the difference between
the maximum temperature and ambient temperature (in deg).

Methods of testing

l2

D=

sample

RTD 1
microheater
Time, s

Fig. 1. Scheme of the apparatus for the
modified Angstrom measurements of
thermal diffusivity (RTD — resistance
temperature detector)
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Fig. 2. Thermal diffusivity (D) of samples from group: R, H, N
(description of samples according to Table 1) as a function of
calcium carbonate content (R1 — reference material)
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Fig. 3. Thermal diffusivity (D) of samples from group: R, H, M,
N (description of samples according to Table 1) as a function of
calcium carbonate modification (R1, R4 — reference materials)

sites produced from the same amount of non-modified
CaCO3 (sample N1).
It is worth to note that in all cases, independently on
the CaCO3 concentration (in our case 48 wt. % and
64 wt. %), the temperature diffusivity of the composites
fulfills the following relationship (Fig. 3):
D of the samples H < D of the samples M < D of the
samples N.
It may be suggested that the type of calcium carbonate, particularly its average grain dimension and the surface modification i.e. the ability to form agglomerates,
play a decisive role in the heat transport along the composite materials. The highest D values were noted for the
composites produced from non-modified CaCO3 with an
average grain dimension of 2.5 µm. In this case also the
most important non-homogeneity of the structure was
observed in SEM microphotographs, what is shown in
Figure 4.
With an increased content of the powder filler in composites an increase of its D value was observed (compare
Fig. 3), i.e. about 49 % for the composites from the group

Fig. 4. SEM of PE-HD/i-PP/CaCO3 composites with a) commercial Filolen FP-0800 concentrate (sample H1), b) concentrate prepared from Malen P F401 and Omyacarb 2-VA (sample
N1)

H, 54 % for the group M and 48 % for the group N [e.g. the
difference between composites with the lowest (48 wt. %)
and the highest (64 wt. %) CaCO3 content]. This effect is
probably due to much higher thermal diffusivity of calcium carbonate (about 5 times), compared to the thermal
diffusivity of the polyolefin matrix.
CONCLUSIONS

The measurements of the thermal diffusivity with the
modified Angstrom method proved the satisfactory quality of this relatively simple method in the determination
of heat transport of polymeric materials and composites.
Compared with other methods, this procedure seems to
be very rapid, simple and convincing in the case of compression molded, injection molded and extruded samples, thus the presented results may provide an interesting approach for the industrial application also in processing of recycled composites.
It was confirmed that the use of calcium carbonate as a
filler significantly influences the heat transport of the
highly filled polyolefin composites. Such composites are
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an economically and ecologically interesting substitute
for other materials. The comprehension of its thermal
diffusivity dependence delivers the knowledge important to the determination of processing limits.
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