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Abstract: This study investigates the use of bio-based polyurethane foams (PUFs) containing phase
change material (PCM) microparticles as a sustainable alternative for the automotive sector. These
foams are synthesized using polyols derived from waste cooking oil (WCO), aligning with circular
economy principles.

To evaluate the thermophysical properties of these materials and, more in general, their thermal
behaviour, the use of non-destructive thermographic techniques has been proposed. This technique
enables a rapid, full-field thermal analysis without physical contact, making it especially suitable
for porous and heterogeneous structures like foams.

As a reference, both virgin and foams with PCM were characterized in terms of density and ther-
mal conductivity using well-established methods. Then, Lock-in thermography has been used as
the first attempt technique to investigate variations in thermal behavior due to different thermo-
physical material properties based on the thermal response in transmission configuration.

The thermographic approach proves to be an effective tool not only for assessing thermal behavior
but also for supporting quality control and process optimization of sustainable polymeric materi-
als.
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1. Introduction

The development of sustainable composite materials is gaining increasing attention
across multiple sectors, particularly in applications where thermal regulation and envi-
ronmental impact are critical. Among emerging solutions, flexible polyurethane (PU)
foams incorporating microencapsulated phase change materials (PCMs) have shown
significant potential. These foams are synthesized using polyols derived from renewable
waste sources, such as waste cooking oil (WCO), and partially bio-based isocyanates,
aligning with the principles of the circular economy and sustainable manufacturing [1].

A key aspect of qualifying such materials lies in the accurate characterization of
their thermophysical properties, in particular thermal diffusivity, which governs the rate
of heat propagation. Conventional techniques, such as flash thermography and Parker
method [ISO 22007-4:2017], although widely adopted, often prove to be less effective for
materials that are heterogeneous, porous, or semi-transparent, like foams. In these sys-
tems, the combined effects of conduction and radiative transfer, as well as morphological
variability, introduce complexities that require alternative approaches [2-4].
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To address these challenges, this study introduces a procedure of data analysis
based on the application of active thermography in lock-in transmission mode [5].

Different foam panels were fabricated by varying the PCM content, in order to as-
sess the effect of PCM loading on the structural and thermal properties of the composites.
The PCM microcapsules were uniformly dispersed within the PU matrix, leading to a
slight reduction in average cell size and an increase in foam density, thereby influencing
both the mechanical and thermal properties of the material.

Active thermographic tests were carried out by adopting three thermal cycles to
capture the cyclic thermal behaviour of the materials. The analysis of the time-delay pro-
files revealed a different temperature response behaviour when comparing the virgin PU
foams with those containing microencapsulated PCMs. An initial correlation between the
measured time delays and the thermophysical properties suggested the feasibility of
obtaining a preliminary quantitative correlation between the foams based on their ther-
mal performance by means of lock-in thermography.

1. Material and methods

The experimental setup used for the thermographic investigation is shown in Figure
1. After preliminary tests carried out to assess the transmissivity (ASTM E1897-97) of the
foams considering two infrared sensors operating in different wavelength ranges the
tests revealed no substantial differences in transmissivity (variations within 0.02-0.03).
As a result, the cooled MWIR detector (FLIR X6981HS) with a lens of 50 mm was selected
for the measurements in transmission configuration to have a spatial resolution of 0.2
mm/pixel. The adopted temperature range was of —20 °C to 55 °C (integration time 0.42
us) with a frame rate of 50 Hz. A 650 W halogen lamp, controlled by the MultiDES®
system was placed in front of the specimen to ensure uniform heating. Following pre-
liminary evaluations, tests were carried out on two foam samples—a virgin PU foam and
a PU-PCM foam containing 15 phr of PCM —each one with a nominal thickness of 5 mm.
After preliminary tests at different excitation periods, a total of five measurements for
each specimen were performed over three thermal cycles, modulating the heating source
with a square wave having a period of 60 seconds. The lamp and IR detector were syn-
chronized during the acquisitions, with a start delay of 1 second. The evolution of the
thermal excitation on the front side was monitored through a small hole in the mask, al-
lowing for real-time control of the heating process.

B

(a)

Figure 1. (a) A picture of the foam of nominal thickness of 5 mm (A and B approximately 50 mm),
(b) experimental set-up.

As measures of reference, the density of the flexible panels was measured (ISO
845:2006), using rectangular samples (50 mm x 50 mm x 30 mm) cut from the panels. The
reported density corresponds to the average of five replicate measurements.

Thermal conductivity k (W/m-k) was measured using a TPS3500 (Hot Disk AB,
Sweden) in bulk mode, based on the ISO/FDIS 22007-2 standard, using rectangular sam-
ples of the same dimensions and a 10 mm sensor. Measurements were conducted at am-
bient temperature (20 + 1 °C), and the mean and standard deviation values were assessed
from five repeated measurements per sample.

2. Results and discussion

An experimental protocol using lock-in thermography was developed to assess the
thermal behavior of polyurethane foams under cyclic excitation. The goal was to estab-
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lish a simple, fast, and reproducible method for both comparing different formulations
and mapping spatial variations in thermal response via full-field imaging.

By monitoring time-resolved thermal signals on the rear surface, key indicators such
as temporal delay were extracted, which relate to through-thickness thermal diffusivity.
While no direct calculation of diffusivity was performed, the time delay correlates with it
according to 1D unsteady heat conduction theory, where phase delay scales with the in-
verse square root of diffusivity (o).

Figure 2 shows the results obtained with the proposed experimental procedure, fo-
cusing on the temperature evolution at the rear surface of the two foam specimens,
starting when the halogen lamp is switched on (time 0). In particular, Figure 2c presents
the trend of the maximum temperature variation (AT) in the central heated area (20.000
pixels, mean of 3 repetitions), calculated by subtracting the initial cold image from the
subsequent thermal frames during the excitation cycles. Black dotted lines indicate the
time the lamp was switched off for each thermal cycle (theoretical maximum value for
the 3 cycles of a period of 60 s, slightly visible even in transmission due to the material’s
semitransparency). In contrast, the green and blue dotted lines represent the time-delay
observed for the two foam samples, defined as the time the maximum temperature on the
rear surface was reached, respectively. The results reveal that, during the thermal tran-
sient, the time difference between the peaks of the two foams decreases over successive
cycles, with the largest delay observed in the first cycle. Moreover, the PCM-containing
foam reaches a lower maximum temperature and exhibits a slower cooling rate, as indi-
cated by the nearly flat temperature slope after the lamp is switched off. These findings
suggest the possibility of identifying multiple thermal features that characterize the dif-

ferent thermophysical behaviors of the two foams, offering a promising basis for com-
parative and quantitative thermal analysis.
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Figure 2. Thermal foams behavior during a lock-in test in transmission configuration: maps of the
maximum apparent temperature (ATmax) pixel by pixel at the end of test for (a) virgin PO and (b)
PU-PCM (P15), and (c) a plot of the thermal behaviour during the entire test.

Pixel-wise time delay analysis produced full-field maps for each thermal cycle
(Figure 3), revealing consistent differences between PO and P15 foams. Delays decreased
over cycles but remained distinguishable, confirming repeatable thermal behavior.

Spatial variations within the same foam, likely due to local porosity or uneven PCM
distribution, were detected thanks to high-resolution IR imaging (0.2 mm/pixel). Slight
forward scattering from material semitransparency may affect peak accuracy; future
improvements will include wavelet filtering and phase-based processing to enhance
signal quality and robustness.
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Figure 3. Full-field maps of the time to reach maximum temperature during three thermal cycles
for PO (a, b, c) and P15 (d, e, f) foams. Time is referenced to the start of each excitation cycle.

O 0 N O U B W N R

26

28
29
30

31
32
33
34
35
36
37
38

39
40

41
42



Proceedings 2024, 71, x FOR PEER REVIEW

4 of 4

Table 1 presents the thermographic time delays (with standard deviations), thick-
ness measurements, density, and thermal conductivity for the virgin (P0) and
PCM-loaded (P15) PU foams. Bulk density ranges from 128 to 157 kg/m?, typical for
flexible PU foams used in insulation and packaging.

The PO foam has a thermal conductivity of 46.55 mW/m-K at 20 °C, consistent with
standard open-cell foams [1]. The P15 foam shows a slightly higher conductivity
(48.44 mW/m-K), due to the silica-based PCM shell, which improves heat transfer by in-
creasing the overall thermal conductivity of the composite. Given the statistically similar
thicknesses (p = 0.22), the observed increases in thermal delay (At) for P15 (p < 0.01) re-
flect the influence of PCM on bulk density and thermal conductivity.

Table 1. Comparing the results for the two foams during lock-in tests and reference density and
thermal conductivity measurements.

FOAMS

Thickness (mm)

At (s, I cycle)

At (s, II cycle)

At (s, ITI cycle)

k (W/m-K)

ob (kg/m?)

Virgin Po

5.04+0.14

10.48 +1.36

6.30 = 0.30

3.63 +1.50

46.55 £ 0.40

128 +3.00

PU-PCM (P15)

5.18 +0.08

25.95+1.03

16.73 +0.80

11.15+0.94

48.44 + 0.45

157 +6.00

diff.

0.14+0.16

1547 +1.71

10.43 +0.85

7.52+1.77

1.89 + 0.60

29+6.71

p_value

0.22 0.0006 0.0001 0.0034 0.0085 0.0039
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3. Conclusions and outlook

The proposed lock-in transmission thermography protocol effectively distinguished
the thermal responses of PU foams with and without PCM under cyclic excitation.
Time-delay differences were significant, repeatable, and spatially resolved, demonstrat-
ing its value for comparative thermal analysis.

Despite foam variability in porosity and thickness, the method proved robust for
preliminary screening. However, thickness variations can influence delay measurements
and should be considered in quantitative analysis.

Future work will include thickness correction using profilometry or 3D scanning,
and numerical simulations to separate geometric effects from intrinsic thermal behavior,
aiming to establish a reliable, contactless method for lab and industrial use.
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