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Abstract In this work, thermal diffusivity of crystalline high-density polyethylene
samples of various thickness, and prepared using different procedures, was evaluated
by transmission gas-microphone frequency photoacoustics. The samples’ composi-
tion analysis and their degree of crystallinity were determined from the wide-angle
X-ray diffraction, which confirmed that high-density polyethylene samples, obtained
by slow and fast cooling, were equivalent in composition but with different degrees
of crystallinity. Structural analysis, performed by differential scanning calorimetry,
demonstrated that all of the used samples had different levels of crystallinity, depend-
ing not only on the preparing procedure, but also on sample thickness. Therefore, in
order to evaluate the samples’ thermal diffusivity, it was necessary to modify stan-
dard photoacoustic fitting procedures (based on the normalization of photoacoustic
amplitude and phase characteristics on two thickness levels) for the interpretation of
photoacoustic measurements. The calculated values of thermal diffusivity were in the
range of the expected literature values. Besides that, the obtained results indicate the
unexpected correlation between the values of thermal diffusivity and thermal conduc-
tivity with the degree of crystallinity of the investigated geometrically thin samples.
The results indicate the necessity of additional investigation of energy transport in
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macromolecular systems, as well as the possible employment of the photoacoustic
techniques in order to clarify its mechanism.

Keywords Crystallinity - HDPE - Multi-parameter fitting - Photoacoustics -
Photothermal - Thermodynamics

1 Introduction

Polyethylene (PE) is well known and one of the most frequently used polymers.
Its universal value is proven throughout its whole lifespan—from its straightforward
and easily adoptable industrial production process to the myriad of application fields,
depending on the type, i.e., on its physical and chemical properties [1-3]. The material
of interest in this work is high-density polyethylene (HDPE), the type of PE charac-
terized by low degree of branching (which results in linear molecule packing with
stronger intra-molecular bonds) and relatively high density and level of crystallinity
compared to other PEs [4-9]. Due to excellent impact resistance, high tensile strength,
low moisture absorption and chemical resistance, HDPE is used in a variety of appli-
cations such as product packaging, piping production, electrical insulation, as well as
in many other plastic product industries [1,10,11].

In all of these applications, it is of great importance to be familiar with experi-
mentally evaluated thermal properties of HDPE as well as with their relation to the
structure of macromolecular materials and dynamic processes in them, in order to
achieve the engineering of these properties for the specific applications [1]. These
experimental investigations are also significant from the point of view of fundamental
research of energy transport mechanism through macromolecular systems [12,13]. In
recent decades, dynamic thermal properties have been investigated by photothermal
(PT) and photoacoustic (PA) methods, and the results have shown good agreement
with literature values, obtained by other methods [12,14—19]. This fact represents an
encouragement for further application of PT/PA methods in thermal characterization
of polymer materials, but also the stimulus for their further development, including
inverse procedures, in order to provide a better explanation between structural changes,
thermal properties and energy transport mechanisms of these materials.

In this paper, thermal diffusivity of crystalline HDPE films, of various thickness and
prepared using different procedures, is examined using transmission gas-microphone
PA frequency method. In the first part of the work, the preparation procedure of
the samples is presented in brief, along with the results and the discussion of the
examination performed by wide-angle X-ray diffraction (WAXD) and differential
scanning calorimetry (DSC) techniques. After that, the measured PA responses, both
amplitude and phase, are displayed. The analysis of WAXD and DSC results indicates
that the processing of PA measurements, based on the normalization of amplitude
and phase characteristics to two thickness levels, must be modified. In the second
part, the developed inverse procedure for the evaluation of thermal properties from the
PA measurements is explained, and the obtained results are presented in table form.
Finally, the most important conclusions are drawn.
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Fig. 1 The results of (a)WAXD and (b) DSC measurements

2 Experiment
2.1 Preparation of Samples and Results of WAXD and DSC Measurements

The polymer used in the present study was HDPE Hiplex HHM 5502 (p =
0.955gcm™3, My, = 300 000). Square-shaped isotropic sheets of different thickness
(200 pm, 400 pm and 600 pm) were obtained by 20 min compression molding in a
Carver laboratory press at 160°C and with gradual pressure increment, up to 3.28
MPa. One set of the molded sheets was rapidly cooled by swift sinking in the mixture
of ice and water (~ 0°C), in order to obtain samples with low level of crystallinity.
The other set was prepared by slow cooling from melting temperature to room temper-
ature (~ 20°C), keeping the samples between the press platens without pressure for
the period of 6h, thus attaining samples of high crystalline content. The composition
of PE samples obtained by these two different preparing procedures was determined
from WAXD measurements, using a Bruker D8 Advance Diffractometer (in normal
mode, with Cu Ka emission). Parallel beam optics was adjusted by a parabolic Gobel
mirror (push plug Ni/C) with horizontal grazing incidence soller slit of 0.12° and a
LiF monochromator. Diffractometer scans were taken within the angular range of 26
= 10°-45°, at steps of 0.02°, with the 10 s exposition step (see Fig. 1a for the thinnest
samples). Stationary thermal properties of all samples were obtained by DSC, using
a PerkinElmer DSC-7 differential scanning calorimeter with nitrogen as the purge
gas. Samples weighing 7-8 mg were analyzed by heating from 320K to 450K at the
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Table 1 Crystallinity as a

(¥,
function of preparation x (%) 200pm 400pm 600 pm
conditions and thickness of the DSC WAXD DSC DSsC
sample
Fast cooled 51.7 50.5 574 59.3
Slowly cooled 73.8 72.5 71.5 70.8

rate of 10K min~!, and their heats of fusion (AHy) were derived (see Fig. 1b for the
thinnest samples). From the DSC measurements, the degree of crystallinity (DoC)
was calculated as x = AHf/AHyy, where AHgyis the heat of fusion of a perfectly
crystalline PE sample (AHgy =2891] g_l) [1,20]; from the WAXD measurements, the
DoC was evaluated from the diffraction patterns by resolving multiple peak data into
individual crystalline peaks and an amorphous halo [21,22]. Quantitative analysis was
performed using a standard software package for fitting the experimental spectra.

The results of the analysis of DSC and WAXD measurements are summarized in
Table 1.

It can be observed, from Table 1, that in slowly cooled samples crystallinity is
higher (around 70 %, compared to the rapidly cooled ones, where it is around 50 %)
and is slightly growing as the sample thickness decreases (around 3 %, overall). In
rapidly cooled samples, the opposite trend is present: the crystallinity falls with the
decrease in sample thickness (around 7.5 %, overall). Higher degree of crystallinity
in slowly cooled samples is related to the longer period of cooling, during which the
parts of the macromolecule chain have sufficient time to line up more regularly. The
difference in the influence of sample thickness on the crystallinity between slowly
and rapidly cooled samples can be related to the greater influence of surface effects in
slowly cooled ones. Namely, the production of crystalline materials from the melting
via rapid cooling introduces defect centers at surface. The influence of defect centers
on thermal properties is more pronounced in thinner samples, in particular, because
the defect centers decrease the mean free path of thermal energy carriers.

2.2 PA Experiment and Evaluation of Thermal Diffusivity

The samples, both slowly and rapidly cooled ones, at three levels of thickness—Ig =
200 pm, 400 pum, 600 pm—were made disk-shaped (r = 5mm), and a thin absorption
layer (~10m) was deposited using the air-brush technique. They were put into a
minimum volume PA cell [23], which is part of a larger instrument used for PA
frequency response measurements.

The instrument setup consists of a detection unit and a signal processing/power
supply unit (a box containing batteries and home-made electronics, Fig. 2a). The
setup also contains a PC, with the appropriate acquisition software and a stereo input
sound card, acting as a lock-in amplifier. The modulation signal, representing the input
to the driver, which controls the operation of the laser/LED, comes from the sound
card line-out connector (standard 3.5 mm stereo connector, Fig. 2b). The reference
signal from the photodiode, carrying the information about the input source power
and phase as well, is amplified ten times, while the microphone signal is amplified 10
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Fig. 2 Experimental setup: (a) Photograph of the apparatus: 1—The box which contains the electronics
and the batteries, 2—PA cell, 3—standard 3.5 mm stereo connectors; (b) Schematic diagram—the PA cell
marked with the dotted line.

(or 100) times—all achieved by the use of a set of low-noise, high-speed operational
amplifiers OP37. This type of amplifier has demonstrated a flat amplitude response
in the 10Hz-20kHz frequency range, showing no phase change. Both signals are
processed by the two line-in stereo connector channels of the sound card [24].

The PA cell is made from duralumin, with the electret microphone (ECM60, 9.8 mm
in diameter, 2.5mV Pa~! of sensitivity), laser diode/LED and photodiode (all replace-
able) embedded in it. It is a minimum volume type cell, with the interior of the
microphone (confined with its orifice on one and its diaphragm on the other end)
acting as the PA cell chamber—the configuration that guarantees high sensitivity and
low level of losses [23,24]. The absorption layer, which plays a significant role as
the absorber of electromagnetic (EM) energy and the light radiation protector for the
microphone, is illuminated (“PA transmission configuration’) and is considered a sur-
face heat source for the sample, whose influence on heat transfer and consequently to
the PA response can be neglected [14—19].

Experimentally obtained values of amplitude and phase PA response of both rapidly
cooled and slowly cooled HDPE, at all three thickness levels, are presented in Fig. 3.

In order to make a connection between the thermoelastic (TE) properties of a single-
layered sample and its PA response, the composite piston theoretical model is deployed
where the sample is modeled as a simply supported plate [25-27]. This model predicts
that the resulting pressure, in theory, is the sum of two components, namely p;;,—the
component that originates from the periodic expansion of a thin gas layer closest to
the sample—and p,.—the component which sums up all the TE movements inside
the sample and on its surface (Eq. 1):

P [s+2mpg ~ ,
Pth = Zng lf ﬁs(ls)e_a"(x_“')dx,
s

D = Dith + Dac — (D

~ wr o R} s\
Pac = T lasr [ (x = 3)Ps(x)dx.
s
0
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Fig. 3 Experimental results: rapidly cooled samples (low crystalline) on the left, amplitude and phase (a
and b, respectively), and slowly cooled ones () on the right, amplitude and phase (c and d, respectively)

Here, y annotates the adiabatic coefficient, Py is the atmospheric pressure, I, is
the length of the gas column inside the PA chamber, while Ty stands for the room
temperature. Furthermore, «g is the linear coefficient of thermal expansion of the
sample, R is its radius, while /; annotates its thickness. The symbols f}s and W,
represent the distribution of temperature variations across the sample and the thermal
diffusion length in the air (gas). These equations, when solved (and having accounted
for the influence of thermal memory effect on the distribution of temperature variations
in the sample and its environment) take their final form [28,29]:

~ —_ y Py So ch 1

Pth = 7y~ .1, sinh(5,1,) ° ) @)
. R4 cosh(Gyls)— 5% sinh(6yly)—1

Pac = 6y PoSoas R2lal, Zes G.1,)2 sinh(3.15)

In the above expressions, Sg stands for the surface heat source, which equals half of
the excitation energy intensity, R, represents the radius of the circle where the sample
is simply supported, &; and Z.;, i = a, s are the heat wave vector and the thermal
impedance of the environment (air or sample), given by:

6i = p=jo+ jon),

Ti

7. VDri [ (I+joT;)) &)
cr — ki ja) k)
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where k;, and Dr; i = a, s, stand for the thermal conductivity. The radial modulation
frequencyis w=2nf,and1;, i = a, s, isthe parameter which describes the influence
of thermal memory of the medium, referred to as thermal relaxation time [28-31].

The appearance of the parameter t; in this work is the consequence of the use of the
generalized model of photothermal wave propagation [30]. However, the comparisons
of the experimental measurement in Fig. 3 to earlier theoretical investigations which
include thermal memory effects [28-31], and also to previously obtained experimental
measurements on certain plastics in the frequency range up to 1 kHz [14-19], lead us
to the conclusion that 7; is small enough and that its influence can be neglected in the
measured frequency range.

3 Self-Consistent Inverse PA Procedure: Results and Discussion

The results of DSC and WAXD analysis (Table 1) implied that, in both rapidly and
slowly cooled set of samples, not a single pair of samples with the same crystallinity
could be identified! Therefore, we had to presume that not two samples, structurally
the same but of the different thickness, could be found. Consequently, the standard
procedure of normalizing the results to two thickness levels, although widely adopted
in solving inverse PA problems [14,32,33], could not be deployed for the samples
obtained by the described process. That is why our own system of evaluating thermal
parameters from the measured PA response had to be developed.

In HDPE and macromolecular materials, the contribution of the p;;, component is
significant at very low frequencies (under 50Hz), and in this region microphone transfer
characteristic is no longer flat [34]. However, in the measurement range 100 Hz—1 kHz,
where the influence of the measurement chain on the shape of the signal is considered
negligible, the dominance of the TE component of the PA response is crucial [14].
So, basing our concept on the experimental data shown in Fig. 3, and on the detailed
analysis of the model [35] given by Eq. 2 which can be found in the literature [34],
the model is simplified as:

SHE) _ po y 3a,RY 1 ! 1 ex ) 37[ 1
= —_— .= _— . —1 | = _ s
Pre 00, akR? % Jx) P NG

where

3
arg(l)TE =T —= 4

although the four unknown properties of the sample still influence the PA response
in the measurement range: (1) thermal conductivity (ks[W - m~'-K~1), (2) thermal

@ Springer



24 Page8of 12 Int J Thermophys (2018) 39:24

Table 2 Literature and fitted values of HDPE’s thermodynamic parameters

Intervals
HDPE—high-density polyethylene
kg thermal conductivity [%] 0.33-0.53
i i _ ks _ ks —6 m2 .
D7 thermal diffusivity Dy = Ty =ep x 107> 5-boxs (0.265-0.313)

diffusivity (D7s[m?-s~1]), (3) linear expansion coefficient (rg[K~']) and (4) sam-
ple thickness (/;[m]). Fortunately, the phase characteristic depends only on thermal
diffusivity and sample thickness. Having this in mind, a rough fitting of the phase char-
acteristic was done and a range of values for D, of the used samples was obtained,
which is presented in Table 2, along with the range of literature values of k. The value
of ay = 225 - 1070 K~! was found in the literature, too [36,37].

Intervals of ky and D7, are presented by five equidistant points, which are put into
the computing program, written in Matlab, and twenty-five theoretical PA response
vectors are derived (over the experimental frequency range), each corresponding to
the exact set of parameters (ky, Dry). Then, the standard deviation (StD) from the
experimental data is computed on the defined region of interest (Rol) for each vector;
the minimum value of the calculated StD determines the theoretical vector, based
on the set of parameters (ks Drs) which are closest to the set corresponding to the
actual, experimentally measured data. The calculated StD values are mapped on the
ks — Dty plane as 3D mesh-figures (Figs. 4, 5), and this procedure is repeated for
each sample thickness level (200 pwm, 400 wm, 600 pum), for both rapidly and slowly
cooled samples. The evaluated sets of (ks, D7) parameters, corresponding to each of
the minima, are presented in Table 3.

The comparison of literature and roughly fitted thermal parameter values (Table 2)
with (ks Dry) obtained parameter set (Table 3) indicates the high level of compliance
[14,18,36,37].

As can be clearly observed in Fig. 4, the two thick sets of samples (at 400 pum
and 600 m) show no observable differences, when it comes to the evaluation of
(ks,Dr5) parameters (Table 2). On the other hand, in thinnest samples (at 200 wm),
these characteristics emerge in Fig. 5, where the minima of the StD-planes are clearly
not the same, and, consequently, the (ks, D) parameter sets are different, too (Table 3,
data given in bold). In thinnest samples, both slowly and rapidly cooled ones, the
increase in thermal conductivity is observed in comparison with thicker samples. This
result is not expected if thermal energy carriers are considered to be phonons. The
observed rise is larger in slowly cooled (more crystalline) samples than in rapidly
cooled (less crystalline) ones, which is expected. On the other hand, in slowly cooled
samples, thermal diffusivity remains intact, regardless of the thickness and is the same
as in two thick, slowly cooled ones. The thinnest rapidly cooled sample exerts the
decrease of thermal diffusivity, which is in accordance with expectations.
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Fig.4 Comparison of the computed StD over Rol as the function of (kg, D) sets, for the samples 400 pm
and 600 pm thick: rapidly cooled samples on the left (low crystalline, a and b, respectively), slowly cooled
on the right (highly crystalline, ¢ and d, respectively)

From Table 3, it can be remarked that thermal parameters obtained by amplitude and
phase fitting do not correlate with the degree of crystallinity (DoC) of thicker samples
(400 pwm and 600 wm), notwithstanding the way of their preparation. However, this
correlation exists in both thin samples, meaning that PA transmission method could be
employed for the DoC determination of the samples thinner or equal to 200 um only.

In rapidly cooled samples, the fall of crystallinity is correlated with the rise of
thermal conductivity (Tables 1, 3), which contradicts the conclusions of [14,18]. In
slowly cooled samples, the rise of the DoC is correlated with the rise of thermal
conductivity (Tables 1, 3), which is in accordance with results from [18]. However,
our results indicate the correlation of crystallinity falls in rapidly cooled samples
with thermal diffusivity decrease, meaning that less crystalline samples have higher
volumetric thermal capacity, which is also contradictory to the results of [18]. The
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(b)

Fig.5 Comparison of the computed StD over Rol as the function of (kg, D7) sets, for the samples 200 um
thick—highly and low crystalline (a and b, respectively)

assumption of an alternative approach to heat transfer is supported in some papers
dealing with polaron-assisted heat transfer mechanism in macromolecular chains [38].
Throughout the literature, however, in PA measurements, thin aluminum foil was
used as optical absorption layer, while in our measurements it was the dye. Besides the
heat transfer mechanism, the observed phenomena could be attributed to the influence
of the absorption layer on the TE component of the PA response.
Both of these possibilities represent the subject of our current research.
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Table 3 Evaluated values of HDPE’s thermodynamic parameters, with uncertainty estimated as the half-
distance between the points

Thickness [jwm] HDPE—high-density polyethylene
Fast cooled Slowly cooled Uncertainty
400, 600 ks [ | 0.33 0.33 (+£0.02)
2
Dr, [xlO*“ﬂ 0313 0313 (£0.019)
w
200 ks [ % | 0.48 0.53 (£0.02)
2
Dry [x 10-6 "H 0.265 0313 (£0.019)

Finally, it should be stressed out that all the values of thermal conductivity and
thermal diffusivity obtained by the developed self-consistent inverse procedure fall
within the range of literature values presented in Table 2.

4 Conclusions

The first conclusion of this paper is that, in the process of the estimation of thermal
parameters in macromolecular materials, the inverse procedure, based on the nor-
malization of the recorded amplitude and phase characteristics, should be modified.
Moreover, the modification is suggested which consists of the PA response model
approximation and the fitting of both amplitude and phase characteristics, in order to
augment the accuracy of the parameter estimation.

Second, the employment of the suggested inverse procedure results in obtaining
the values of thermal conductivity and thermal diffusivity which highly correlate with
the literature values.

Third, by investigating two groups of HDPE samples (with low and high level of
DoC) it is shown that the correlation between thermal parameters and crystallinity can
be established in samples of 200 wm and thinner only, stressing out the possibility of
employing the photoacoustics in the determination of the DoC of thin polymer films.

Finally, different tendencies in correlating thermal parameters with crystallinity
are noticed in rapidly cooled (low crystalline) and slowly cooled (highly crystalline)
thin samples, demanding more scrutiny in further explorations, both theoretical and
experimental, which is the subject of our future work in this area.
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