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Abstract

The purpose of this study was the identification of qualitative and quantitative
changes in the visual appearance, chemical structure, morphology and selected
physicochemical and mechanical properties of the closed cell rigid PU foam while
heated in air and seawater for predicting its performance and durability. Speci-
mens were aged at constant temperatures of 40 and 80 °C for a period of 10 weeks.
Aging caused a yellowing of the samples. Scanning electron microscopy (SEM)
revealed that foam pores lost their regularity. Differential scanning calorimetry
(DSC) showed that the glass transition temperature (Tg) increased on average by 15
and 80%, respectively for samples heated at 40 and 80 °C. Water absorption (WS)
also increased over time, respectively, by a maximum of 15 and 25%. The flexural
strength (op,) and compressive (Ogom,) strength showed a decreasing tendency,
whereas for tensile strength (6,.,,), an increase was observed. The starting material
was characterized by the Gy, Gyepg aNd Gco, Of: 436, 413 and 284 kPa, respectively.
The lowest determined o, value was of 345 kPa, and 6, value was of 158 kPa.
The highest determined o, equaled to 608 kPa, respectively. The changes in flex-
ural modulus were statistically insignificant and its average value was of 4.0 MPa.
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Introduction

In recent years, the discussion on problems of modern building construction is
dominated by issues related to the maximization of energy efficiency and min-
imalization of the negative impact on the environment. The rigid polyurethane
(PU) foams offer the best solution for these problems [1, 2]. PU insulations are
commonly used in many building applications, such as insulation panels, roof-
ing sandwich panels, spray and injection insulation, pre-insulated pipes [3].
When compared to other popular thermal insulating materials, such as expanded
polystyrene and mineral wool, they provide a splendid thermal insulation perfor-
mance. They have the lowest thermal conductivity. Thus, a significant reduction
in the insulation thickness and weight can be achieved. It is reflected in the lower
costs of insulating material used, the space saved inside the building as well as
lower amounts of post-consumer waste, which require utilization. The rigid PU
foam is very durable, difficult to deform, has low water absorption and is resist-
ant to a wide spectrum of chemicals. Additionally, the spray PU foam application
process reduces the formation of thermal bridges to a minimum, it is easy, quick,
free from harmful dusts and fibers [3-6].

The industry is interested in the high quality of the PU insulations offered,
which must meet a number of physicochemical and mechanical requirements. In
particular, the stability of those properties throughout the service life is crucial.
Comprehensive studies can enable a thorough explanation and understanding of
these properties and their changes as a result of environmental factors, such as
elevated temperature, seawater, UV irradiation. The knowledge gained can be
used in the identification and prediction of the causes of polyurethane insulation
failure during its handling.

The influence of environmental factors on the stability of physicochemical and
mechanical properties of commercial PU foams is rarely the subject of research.
Marrucho et al. [7] tested thermal conductivity of closed cell polyurethane foams,
formed with the use of three nitrogen/cyclopentane mixtures, at temperatures
between 315 and 396 K and pressures up to 0.53 MPa. The experimental thermal
conductivity data were correlated with the Wassiljewa mixing rules and predicted
using extended corresponding states theory (ECST). They found that the increase
in the nitrogen fraction in the cyclopentane—nitrogen mixture leads to higher ther-
mal conductivity values than those predicted by ECST. Davies et al. [8] examined
commercial polyether-based polyurethanes for use in underwater applications.
Two PU samples, characterized by 40 and 90 Shore A hardness, have been sub-
jected to immersion in artificial seawater for periods up to 2 years at temperatures
from 50 to 100 °C. The results showed that tested materials retain 100% of their
initial tensile properties after 5 years of immersion. However, the FTIR analysis
indicated that hydrolysis can occur. Liszkowska et al. [9] tested two series of rigid
polyurethane-polyisocyanurate foams (with and without flame retardant) obtained
from commercial components and modified with cinnamon extract. They were
subjected to degradation, acting on samples a defined temperature, humidity and
UV radiation (respectively, 50 °C, 70%, 320.86 W/m?) for 7 days. Conditioning
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resulted in an increase in the red color of foams, decrease in compressive strength
from 15 to 42% (in the series with flame retardant) and from 66 to 75% (in the
series without flame retardant), decrease in brittleness from 13 to 11% (in the
series with flame retardant) and an increase from 16 to 45% (in the series without
flame retardant). Changes in the chemical structure and morphology were found
too. The urethane bond destruction was detected utilizing infrared spectros-
copy (FTIR), whereas the partial cell opening was observed in SEM images. In
another study, Liszkowska et al. [10] tested photodegradation and biodegradation
of polyurethane-polyisocyanurate foams modified with cinnamon extract, green
coffee extract and cocoa extract in an amount of 10 wt.%. Photodegradation was
performed at 50 °C, 70% relative humidity and UV irradiance of 320.86 W/m?
for 7, 14, and 21 days, whereas biodegradation was performed in a soil environ-
ment for 28 days. The results showed that the addition of coffee and cocoa extract
increased the aging resistance of foams in comparison to unfilled foam and foam
with cinnamon extract. The decreases in compressive strength were similar for
each type of degraded foam and, on average, they corresponded to 49%. Biodeg-
radation tests showed that foams modified with plant-based fillers were more sus-
ceptible to biodegradation than the unfilled foam.

In this study, the identification of qualitative and quantitative changes in the
visual appearance, chemical structure, morphology, selected physicochemical and
mechanical properties of commercial PU rigid foam while heated in the air and sea-
water was performed for predicting its performance and durability. Specimens of
the closed cell rigid PU foam were aged at constant temperatures of 40 and 80 °C
for a period of 10 weeks. The chemical structure was analyzed utilizing attenuated
total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR). Changes in
morphology were observed with the use of SEM, whereas changes in thermal prop-
erties were analyzed by DSC. Dimensional changes, water absorption and selected
mechanical properties, such as tensile strength, compressive strength, flexural
strength and flexural modulus were also analyzed.

Experimental
Material

The samples were prepared at a construction site while spraying polyurethane
insulation on the building roof. The commercial closed cell rigid polyurethane
system Synthesia Internacional (Barcelona, Spain) was applied. For the purpose
of this work, the foam was sprayed on a board substrate in the layer thickness of
6 cm. Testing specimens were cut from that material with the use of two saw blades
that differed in blade diameter (25 and 12 cm) and cutters (used for the prepara-
tion of disc-like and dumbbell-shaped samples). Before testing, they were sanded
clean with fine sanding paper until smooth, level surfaces were obtained. Then,
specimens were blown-off with the compressed air to remove all the loose parti-
cles from their surfaces. The rectangular specimens of 130 mm x40 mm X 20 mm
(Iength X width X thickness) were prepared for testing flexural properties, cubes of
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40 mm X 40 mm X 40 mm were prepared for testing compressive strength, dumbbell-
shaped samples of 75 mmXx4 mmX2 mm (length X parallel section width X thick-
ness) were prepared for testing tensile strength and discs of 20 mm X3 mm (diam-
eter X thickness) were prepared for testing dimensional changes, mass changes and
water absorption. The latter specimens were also used for ATR-FTIR, DSC and
SEM analyses.

Density measurement

The foam density was measured utilizing an analytical balance with a 0.01 mg accu-
racy (XP Balance, Mettler Toledo, Greifensee, Switzerland) equipped with a density
determination kit. Water was used as an immersion liquid.

Aging

Aging of PU foams was performed in air circulated laboratory ovens at 40 and 80 °C
for a maximum duration of 10 weeks. Samples were tested in two environments:
air and seawater at both temperatures. Therefore, four sample series were analyzed:
aged at 40 °C in the air, aged at 80 °C in the air, aged at 40 °C in the seawater and
aged at 80 °C in the seawater. Samples aged in air were placed on Petri dishes on
supports allowing air circulation around the sample. Samples aged in seawater were
placed in sealed vessels containing artificial seawater prepared according to ASTM
D1141 [11]. Since PU foam is lighter than water and floats onto its surface, a sinker
was used to ensure full sample immersion. For this purpose, pouches were sewn
from medical gauze, in which samples and glass weights were placed. Samples were
taken out every 2 weeks and tested. Air-aged samples were tested immediately after
stabilizing at room temperature. The seawater-aged samples were washed with dis-
tilled water and dried in a vacuum oven at 40 °C until constant weight was achieved.
The testing of water absorption was performed without vacuum drying, as an excep-
tion. Instead, samples were paper towel-dried before testing.

Dimensional changes

The dimensional changes were determined according to the ISO 1923:1981 standard
[12]. Disc-like specimens, aged in the air environment were used in these tests. The
0-150 mm caliper, with a 0.01 mm accuracy, was used in this measurement. Before
aging, each sample was measured for diameter and length. The initial diameter was
designated as (D,), whereas the initial thickness was designated as (d,). Then, the
samples were placed in the ovens for 2, 4, 6, 8 and 10 weeks at 40 and 80 °C. After
these time intervals, the three samples were removed from the ovens, stabilized at
room temperature and tested for dimensions, respectively, diameter (D) and thick-
ness (d). The percentage changes in diameter (AD) and thickness (Ad) were calcu-
lated using the following equations:
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D,—D
AD (%) = 100 x —— (1)

dy—d
Ad (%) =100 x = 2

where D, is the initial sample diameter, D—the sample diameter after removal from
the oven, dy—the initial sample thickness, d—the sample thickness after removal
from the oven.

Mass changes and water absorption

The mass loss (Am) and water absorption (WS) were determined according to the
ISO 2896:2001 standard [13]. Disc-like specimens were used in these measurements
utilizing analytical balance, with a 0.01 mg accuracy (XP Balance, Mettler Toledo,
Greifensee, Switzerland).

The mass loss was determined for samples aged in the air environment. Before
aging each sample was weighed (m;). Then, the samples were placed in the ovens
for 2, 4, 6, 8 and 10 weeks at 40 and 80 °C. After these time intervals, the three sam-
ples of each series were removed from the ovens, stabilized at room temperature and
weighed (m). The percentage change in sample mass (Am) was calculated using the
following equation:

my —

Am (%) = 100 x 3)
where m, is the initial sample mass, m—the sample mass after removal from the
oven.

The water absorption was determined for samples aged in the seawater environ-
ment. Before immersing in seawater each sample was dried at 100 °C in a condition-
ing oven until a constant weight was achieved and weighed (). Then, the samples
were immersed in seawater and placed in the ovens for 2, 4, 6, 8 and 10 weeks at
40 and 80 °C. After these time intervals, the three samples were removed from the
ovens, washed with distilled water, blotted dry and weighed (). The water absorp-
tion (WS) was calculated using the following equation:

m—m,

WS (%) = 100 x )

my

where m;, is the dried sample mass, m—the swollen sample mass.

Proton nuclear magnetic resonance spectroscopy (1H NMR)

I1H NMR spectra of the polyol and diisocyanate were recorded in the deuterated
chloroform solution, using tetramethylsilane (TMS) as an internal standard. A
300 MHz NMR spectrometer (UNITY/INOVA, Varian, Palo Alto, CA, USA) was
employed for these experiments.
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The glycol molar ratio in the polyol was determined by the relative area of the 1H
NMR signals.
The ethylene glycol mole fraction was calculated according to the following
equation:
EG relative moles X 100%

EG mole% =
molede EG relative moles + PG relative moles )

where EG is ethylene glycol, PG—propylene glycol. The PG and EG relative moles
were calculated according to the following equations:

integral for CH; protons

PG relative moles = 3

(6)

where 3 corresponds to the number of protons in the methyl group (-CHj).

integral for CH, and CH protons - integral for CH; protons

EG relative moles = 7

@)
where 4 corresponds to the number of protons in the methylene groups (~CH,-) in
EG.

Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR)

ATR-FTIR spectra were recorded at room temperature in the range between
400-3600 cm™' utilizing a Spectrum Two (PerkinElmer, Waltham, MA, USA) spec-

trometer. The spectra were recorded with 32 scans at a resolution of 4 cm™'.

Differential scanning calorimetry (DSC)

The calorimetric measurements were carried out on a differential scanning calorime-
ter DSC 822°¢ (Mettler Toledo, Greifensee, Switzerland). Samples of 2.08 +0.03 mg
were heated from 0 to 350 °C with a heating rate 10 K/min in the air. The glass tran-
sition temperature (7,) was taken as the midpoint on the slope of the baseline shift-
ing resulted from the glass transition, according to ISO 11357-2:2020 [14].

Scanning electron microscopy (SEM)

Morphology investigations were performed with the Phenom Pro Desktop SEM
(Thermo Scientific, Waltham, MA, USA). The sample surfaces, before the observa-
tions, were sputter coated with gold layer 10 nm thick. Images were recorded at 250,
500 and 1500 times magnification.

Mechanical testing

The tests of mechanical properties were carried out on a universal testing machine
7050 (Zwick, Ulm, Germany). The measurement was repeated three times for
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each measured property: flexural strength and modulus, tensile strength and com-
pressive strength. For comparison purposes, the original sample was also tested.
Flexural strength (cg.,) and modulus (E) were measured on the rectangular sam-
ples 130 mm x40 mmX20 mm (length X width X thickness), according to PN-EN
12,089:2013 [15]. Tensile strength (6, Was measured on the dumbbell-shaped
samples of 75 mmx4 mmXx2 mm (lengthXparallel section width X thickness),
according to PN-EN 1608 (2013) [16]. Compressive strength () was measured on
the cubic samples of 40 mm X 40 mm x40 mm (length X width X thickness), accord-
ing to PN-EN 826:2013 [17].

Results

The studied PU foam was formed by reacting a diisocyanate with a polyol during the
spray process. Before spraying, the monomer samples were taken in order to identify
their chemical composition. |H NMR spectroscopy was utilized for this purpose. As
shown in Fig. 1, the diisocyanate component was 4,4'-diphenylmethane diisocyanate
(MDI), which gives a singlet of methylene group at 3.88 ppm (2 protons) and two
doublets of two phenylene rings (4 protons each doublet) at 6.97 and 7.07.

As shown in Fig. 2, the polyol component was a copolymer of ethylene and pro-
pylene glycols (respectively, EG and PG). It gives a multiplet of the PG methyl
group at around 1.14 ppm (3 protons) and a series of multiplets of methylene and
methine groups coming from EG and PG in the range from 3.65 to 3.43 ppm.

The EG and PG mole fractions were calculated using integral values, according
to the equations from 5 to 7. The EG/PP mole ratio was found of 23.45:76.55.

Based on the above, the reaction leading to the formation of the studied polyure-
thane is shown in Scheme 1.

The studied polyurethane foam was also tested for density and morphology. It was
characterized by an average density of 0.047 +0.001 g/cm>. SEM analysis revealed
that the foam had a closed cell morphology (Fig. 3).
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Fig.1 1H NMR spectrum of the diisocyanate component
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Fig.2 1H NMR spectrum of the polyol component
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Scheme 1 Chemical structure of studied polyurethane

Fig.3 SEM images of the original PU foam at magnifications: a 300x, b 500x, ¢ 1000x

@ Springer



Polymer Bulletin (2022) 79:3061-3083 3069

The PU foam was subjected to aging for a maximum time of 10 weeks at 40
and 80 °C in air and seawater to investigate changes in selected physicochemical
and mechanical properties.

The changes in color and surface roughness were observed in aged samples
compared to the non-aged one. In Fig. 4, the results of this analysis are shown for
samples aged for 2 and 10 weeks.

The original PU foam sample was light straw-colored. It can be seen that the
temperature of 40 °C did not significantly affect the sample appearance. Until the
end of the experiment duration, i.e., 10 weeks, the samples, heated at 40 °C did
not change their color and roughness. Aging at 80 °C caused a slight yellowing of
foams after only 2 weeks. By 10 weeks the yellowing had significantly increased
and turned to a yellowish-brown. The surface roughness also increased after that
time. Seawater caused more intense yellowing.

The PU foam was tested for the stability of linear dimensions. The results
showed that its aging caused a reduction in sample linear dimensions. The char-
acter and scale of changes depended on the measured dimension, aging temper-
ature and environment. Greater decreases were found for sample diameter than
thickness, temperature of 80 °C than 40 °C and seawater environment than the
air. The results for samples aged in the air did not show any correlation with time,
whereas those for samples aged in seawater showed an exponential correlation
with time. The longer the heating time, the greater the reduction in diameter as
well as in thickness (Fig. 5). The average decrease in thickness for samples aged
in the air at 40 and 80 °C corresponded to 0.47 +0.19%, whereas the average
decrease in diameter was of 0.05+0.03%. In the case of the seawater-aging, the
reduction in thickness ranged from 1.21 to 4.58% for samples aged at 40 °C and

Aging conditions

Original sample . )
40°C/air | 40°C/seawater | 80°C/air 80°C/seawater

Changes after 2 weeks

2

Changes after 10 weeks

Fig.4 Visual changes in the PU foam caused by aging at 40 and 80 °C in the air and seawater for 2 and
10 weeks
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Fig.5 Relationships between the reduction in sample linear dimensions and the aging time for samples
aged in seawater

from 0.91 to 5.83% for samples aged at 80 °C. The reductions in diameter ranged,
respectively from 0.14 to 0.55% and from 0.47 to 2.83%.

Samples aged in the air were tested for mass stability. Heating of PU foam in the
air resulted in a reduction in sample mass. The decrease scale depended on the heat-
ing temperature and was significantly greater for aging at 80 °C (Fig. 6). Heating at
40 °C resulted in a gradual increase in the mass reduction from 1.66% (for samples
heated for 2 weeks) to 2.08% (for samples heated for 10 weeks). Heating at 80 °C
resulted in a radical mass reduction after 2 weeks of heating, which remained con-
stant during further heating until the end of the experiment duration. The average
mass loss observed for those samples corresponded to 5.36 +0.21%.

Samples heated in seawater were tested for water absorption. For comparison
purposes, the WS of the starting foam was tested too. The results of these measure-
ments are shown in Fig. 7. As can be seen, the foam before aging was characterized
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Fig. 6 Relationships between the reduction in sample mass and the aging time for samples aged in the air
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Fig. 7 Relationships between the water absorption and the aging time

by the WS of 75.0%. The aging resulted in the gradual increases in the WS val-
ues. Heating at 40 °C resulted in the WS value from 75.5% (for samples aged for
2 weeks) to 86.4% (for samples aged for 10 weeks). Heating at 80 °C resulted in the
greater increases in the WS values, which ranged, respectively from 77.4 to 93.9%.
The original sample of the PU foam was subjected to DSC testing. As shown in
Fig. 8, heating the starting foam to the temperature of 350 °C revealed the occur-
rence of the following processes: the glass transition (7,=59.50 °C), exothermic

Aexo

(a) sample before aging (1t run)

Glass Transition

Onset 51,86°C
Midpoint 59.50 °C
Heating Rate 10,00 *Cmin™1

(b) sample before aging (2" run)

Glass Transition
Onset 60,49°C
Midpoint 84,06°C

——

T Healing Rate 10,00 Crmint1

T T T

T T T
20 40 60 80 100 120 140

T T T T T
160 180 200 220 240

T T T T
260 280 300 320 °C

Lab: METTLER

STAR® SW 8.10

Fig.8 Comparison of the DSC thermograms, representing the first and second heating runs of an origi-

nal PU foam
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Aexo

(@) sample before aging

Glass Transition

Onset 51,86°C
Midpoint 59,50 °C
Heating Rate 10,00 *Cmin*1

4

(b) sample aged at 80°C in seawater for 10 weeks

2 Glass Transition
mw Onset 112,08°C
Midpoint 111,56 °C
Heating Rate 10,00 *Crin*1

T T T T T T T T T T T T
40 60 80 100 120 140 160 180 200 220 240 260 280 300 °C

Lab: METTLER STAR® SW 8.10

Fig.9 Comparison of the DSC thermograms of an original PU foam and the foam aged in seawater at
80 °C for 10 weeks

150
140 [ original 8 40°C air @ 40°C seawater

130 H 80°C air B 80°C seawater
120
110
100
90
80
70
60
50
40
30
20
10

Glass transition temperature (°C)

0 2 4 6 8 10
Heating time (week)

Fig. 10 Glass transition temperature of tested samples

process (T« =225 °C), endothermic process (T;,;,=259 °C) and less pronounced
endo- and exothermic processes above 270 °C. The thermogram of the second heat-
ing run showed a shift of 7, to a higher value (7,=84.06 °C) and the disappearance
of peaks corresponding to exo- and endothermic processes.

Figures 9 and 10 show the results of DSC tests on the aged PU foams. Figure 9
shows an exemplary change in the 7|, value that occurred after 10 weeks of aging of
the PU foam at 80 °C in seawater. Figure 10 summarizes the set of results for 7.
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As shown in Figs. 9 and 10, aging caused the 7, increase. Figure 10 shows that
the temperature had a much stronger effect on 7, than the environment and time.
Just after two weeks of aging, the Tg values increased and achieved a certain level,
specific for the particular aging conditions: temperature and environment. Further
heating did not cause significant changes in the 7, value. The average T, value that
was observed for the samples aged at 40 °C in the air was the lowest and was of
62.9+5.7 °C, which compared to the 7, of the original sample corresponded to a
6% increase. The average T, value of the samples aged at 40 °C in seawater was
higher and was of 73.6+£3.0 °C, which compared to the 7, of the original sample
corresponded to a 24% increase. Heating the samples at 80 °C (regardless the envi-
ronment) resulted in an almost twofold increase in Tg in the relation to the Tg of
original sample. The average 7, value of the air-aged samples was of 103.5+4.0 °C,
whereas that of the seawater-aged samples was of 110.5+3.1 °C. These average val-
ues of T, corresponded to the increases in, respectively, 74 and 86% when compared
to the starting material.

Figure 9 also shows that heating did not cause significant changes in the position
and intensity of the remaining peaks present in the DSC thermograms—resulting
from the exo- and endothermic processes above the glass transition.

The chemical structure of tested PU foam was investigated utilizing ATR-FTIR.
In Fig. 11, the spectra of the starting PU foam and sample aged at 80 °C in the
air for 10 weeks are presented. The stretching and bending vibrations of the N-H
bonds appeared, respectively, as a broadened band at 3313 cm™' and a strong band
at 1512 cm™'. The stretching vibrations of the C=0 carbonyl group of the urethane
linkage revealed as a strong band at 1712 cm™!. The intense band at 1597 cm™!
results from the presence of stretching skeletal vibrations of C=C bonds in the aro-
matic rings, resulting from the presence of MDI in the structure of the tested PU.
The presence of relatively weak bands at 2929 and 2856 cm™! are due to the sym-
metric and asymmetric stretching vibrations of —CH,— aliphatic groups, resulting

Transmittance (%)

100

9%/ The upper line — the starting PU foam

% The lower line —the PU foam aged at 80°C in the air for 10 weeks

1512 1216
3459 BdUU 2500 2000 1500 1000

Wavelength (cm?)

97

Fig. 11 Comparison of the ATR-FTIR spectra of an original PU foam sample and the foam aged in the
air at 80 °C for 10 weeks
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from the polyol segment present in the structure of tested PU. The deformation
vibrations of the C—H are observed at 1416 cm™'. The band at 1216 cm™ corre-
sponds to the stretching vibration of C(O)O-C groups. The absorption band at
2284 cm™! corresponds to the residual isocyanate groups (N=C=0), which indi-
cates incomplete conversion of the diisocyanate. The insignificant differences were
not observed between the non-aged and aged samples.

The morphology of tested PU foam was monitored with the use of SEM. Fig-
ure 12 shows a series of SEM images of the starting PU foam and the samples sub-
jected to aging at 40 and 80 °C in the air and seawater for 2 and 10 weeks. The origi-
nal sample morphology can be recognized as homogeneous, with flat and smooth
pore walls. However, bulges can be noticed in the cell walls. The time had a decisive
effect on the destruction process of the studied PU foam morphology. The aging at
the temperature of 40 °C as well as 80 °C led to similar damages: the cracking of
cell edges, which generated crumbs, collection of crumbs at the cell bottoms, crack-
ing of the ribs. This process continued with time, but it was slower at 40 °C. A cer-
tain amount of bulges, observed in the starting foam, were still visible in the aged
samples, but they radically increased in size and became more pronounced.

Aging conditions

Original sample
400°C/air 40°C/seawater 80°C/air 80°C/seawater

Changes after 2 weeks

Fig. 12 SEM morphology of the original PU foam and the foam aged at 40 and 80 °C in the air and sea-
water for 2 and 10 weeks. The images were taken at a magnification of 500x
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Samples of aged PU foam were also subjected to testing of mechanical proper-
ties: flexural strength, flexural modulus, tensile strength and compressive strength.
Figure 13 shows the results of flexural strength tests. The original sample was
characterized by the flexural strength of 436 kPa. Aging resulted in the two stage
decrease in its values. The first drop was observed after 2 weeks of heating and the
achieved value was maintained for the next 4 weeks. The mean value of the flex-
ural strength for samples taken after 2, 4 and 6 weeks of aging was of 399 +23 kPa,
which corresponds to a 9% decrease in the relation to the flexural strength of the
starting material. After a further 2 weeks, a second decrease in the value of flexural
strength was observed. The mean value of the flexural strength for samples taken
after 8 and 10 weeks of aging was of 361+9 kPa, which corresponds to a 17%
decrease in respect to the flexural strength of the starting material. The tests did not
show significant differences in the values of the flexural strength with respect to the
temperature and aging environment.

Figure 14 shows the results of the flexural modulus tests. The original sam-
ple was characterized by a flexural modulus of 4.18 MPa. After the entire dura-
tion of the experiment, i.e., 10 weeks, no significant changes in the modulus val-
ues were observed. The average modulus value of samples aged in the air was of
4.14+0.37 MPa, which corresponds to the 1% decrease in respect to the starting
material. The samples aged in the seawater showed an average modulus value of
3.84 +£0.27 MPa, which corresponds to the 8% decrease in respect to the starting
material.

Figures 15 and 16 shows the results of the tensile strength tests. The original sam-
ple showed the tensile strength of 413 kPa. After the first 4 weeks, no changes in
its value were observed. The average value of the tensile strength calculated from
values shown by samples aged for 2 and 4 weeks in the air and seawater was of
427+ 27 kPa, which corresponds to the 3% increase in respect to the starting mate-
rial. In the sixth week of aging, an average 43% increase in tensile strength was
observed. Further, aging resulted in the decrease in the tensile strength; however, its
average value of 491 + 44 kPa still was 19% higher than that of the starting material.
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Fig. 13 Flexural strength of an original PU foam and the aged samples
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Fig. 15 Stress—strain graphs for tensile tests of an original PU foam and the samples aged at 40 °C in
seawater

Figure 17 shows the results of the compressive strength tests. The original sample
showed a compressive strength of 284 kPa. The air-aging for 6 weeks resulted in
the compressive strength average value of 307 + 13 kPa, which corresponded to the
average increase of 8% in comparison with the compressive strength of the starting
material. Further, aging in the air resulted in the compressive strength decrease, and
its average value approached the value measured for the starting material. Seawa-
ter had a greater effect on the compressive strength, by decreasing its value. The
compressive strength average value of the seawater-aged samples at 40 °C was of
262 + 17 kPa, which corresponded to 7% decrease in respect to the starting mate-
rial. In the case of samples aged at 80 °C, the decreases were more radical. The
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Fig. 17 Compressive strength of an original PU foam and the aged samples

average value of the compressive strength of the seawater-aged samples at 80 °C
was of 196 +37 kPa, which corresponded to 31% decrease in respect to the starting
material.

Discussion

Knowledge about the stability of PU insulation materials at elevated temperatures
and various environments is important for the building industry. According to the
report of Federation of European Rigid Polyurethane Foam Associations they can
be used long-term over a temperature range of — 30 to+90 °C. Additionally, they
can withstand temperatures of up to 250 °C for short periods with no adverse effects
[18]. However, there is not much detailed research on this subject. Knowledge of
foam stability expressed by various physicochemical and mechanical parameters is
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essential for understanding failures of the PU insulations as well as for designing
their future applications.

The main purpose of this work was to investigate the response of the commercial
closed cell rigid PU foam to severe thermal conditions in two various environments.
Samples of the in situ sprayed foam insulation were heated at 40 and 80 °C in the
air and seawater for a maximum period of 10 weeks. The foam stability was charac-
terized by monitoring changes in the color, chemical structure, morphology, linear
dimensions, mass, water absorption, glass transition temperature, flexural strength
and flexural modulus, tensile strength and compressive strength.

Before aging, the PU foam was characterized for its structure. 1H NMR revealed
that the studied PU was achieved from MDI (Fig. 1) and polyol (Fig. 2), consisted
of EG 23.45 mol% and PG 76.55 mol%. ATR-FTIR confirmed the presence of
these structural elements and formation of urethane linkage. Vibrations of the fol-
lowing groups were emerged on the ATR-FTIR spectrum: urethane bonds, aliphatic
chains—resulting from the polyol, aromatic rings—resulting from the aromatic
diisocyanate (Fig. 11). All components of the urethane linkage -NH—, -C=0 and
—O- were detected on the ATR-FTIR spectrum in the hydrogen-bonded locations
[19, 20]. The SEM analysis confirmed the closed cell PU foam morphology (Fig. 3).
The tested material was also checked for solubility in organic solvents, such as chlo-
roform, methylene chloride, acetone, hexane and dimethylsulfoxide. As expected,
the foam was insoluble in these solvents. It indicated the PU crosslinked structure,
which is typical for rigid PU foams. They are obtained via the polyaddition reac-
tion between polyol and isocyanate of the functionality >2. Although pure MDI is a
difunctional monomer, in fact, in technical applications, it is used in the polymeric
form, which provides the monomer functionality from 2.3 to 3.0 [21].

The gradual yellowing of the PU foam was observed due to aging (Fig. 4). It is
a well-known phenomenon, which is typically attributed to the photochemical deg-
radation of the polyurethane, caused by UV irradiation [22]. In this study, the UV
effect was minimized because the aging was carried out in dark chambers of labora-
tory ovens. However, samples aged at 80 °C changed their color, from light yellow
to yellowish-brown. It indicates that oxidation processes occurred and were more
intense at that temperature. It was also noticed that the seawater-aged samples were
darker in color than the air-aged samples. In water environment, aromatic amines
can be formed in the reaction of the isocyanate group with water [9]. They are eas-
ily oxidized to chromophores, which are responsible for the color change of the PU
foam [9, 22].

Measurements of linear dimensions were also made in this study (Fig. 5).
There is little information in the literature on dimensional changes of PU foams.
However, the problem of excessive shrinkage and negative linear changes of PU
foams in temperature and humidity conditions were indicated by the researchers
[23, 24]. The pressure of the blowing agent inside the foam cells is higher than
the atmospheric pressure, which causes its diffusion out of the foam. A diffusion
of the blowing agent through the cell walls causes foam shrink [25]. The stand-
ards do not specify requirements for dimensional changes of PU foam after pro-
duction [26, 27]. Therefore, there are no requirements for dimensional stability at
ambient temperature for sprayed PU foams. The purpose of the study of Kairyté

@ Springer



Polymer Bulletin (2022) 79:3061-3083 3079

et al. was to modify the rigid PET waste-based PU foams in order to achieve
foams with improved dimensional stabilities with no more than a 5% change in
length and width and 10% change in thickness [28]. The analysis performed in
our study revealed that the air-aged samples of the PU foam only slightly changed
the diameter and thickness. The average reductions were far below 1%. The sea-
water-aging had a more serious effect on dimensional stability. The reduction in
diameter and thickness increased exponentially with the aging time. The greater
shrinking in the seawater-aged samples can be attributed to the greater diffusion
of the blowing agent outside the foam.

The reduction in the sample mass was recorded for the air-aged samples (Fig. 6).
The mass reductions can be related to the evaporation of water that naturally
occurred in the PU foam due to its hydrophilicity. The temperature of 80 °C resulted
in the average mass reduction of 5.36%, which was more than 50% higher than that
observed for samples aged at 40 °C. That difference can be assigned to different
physicochemical states in which the aging processes were carried out. The tested PU
is in the glassy state at a temperature of 40 °C, whereas it is in the viscoelastic state
at a temperature of 80 °C (7, of the original PU sample equals to 59.5 °C). The PU
macrochains above the 7, gained great mobility that eased the migration of water
molecules outside the foam.

Knowledge of water absorption is also crucial for the characterization of PU
insulations. The seawater-aged samples were tested for this property (Fig. 7). It was
observed that WS increased due to aging and that samples aged at 80 °C showed
higher WS values than those aged at 40 °C. The WS values after 10 weeks of aging
were, respectively, 25 and 15% greater than that shown by the starting foam. As
WS of the PU foam depends on the cell size [29, 30], the increases in WS can be
explained by the gradual destruction of the cell structure due to the cell opening
(Fig. 12), which caused an apparent increase in the cell dimensions. Additionally,
greater WS of the samples aged at 80 °C can be attributed to the viscoelastic state
of the PU at this temperature. As the PU macrochains have greater mobility in the
viscoelastic state than in the glassy state, the water migration is easier in that case.

The results for thermal analysis are shown in Figs. 8, 9, 10. As shown in Fig. 8,
the original PU foam showed the T, of 59.5 °C. It means that the PU constituting
the foam occurs in the glassy state at room temperature, which is in agreement with
the “rigid” character of the foam. The glass transition was followed by the exother-
mic process and next, the endothermic process. The exothermic process can indi-
cate a chemical reaction of residual isocyanate groups with polyol hydroxyl groups,
whereas the endothermic process can be attributed to a melting of the polymer crys-
talline regions. The disappearance of these peaks in the second heating run and the
increase in the 7, suggest an increase in the crosslink density. The latter can result
from the post-polymerization and/or the formation of hydrogen bonds during the
first heating run. The presence of an endothermic peak of lower intensity above
270 °C can be attributed to the decomposition of the urethane bonds and polyol
ether bonds [9]. The DSC analysis of aged samples revealed the increases in the 7,
due to heating (Fig. 10). Samples aged at 80 °C revealed an average increase in 7,
by 80%, whereas those aged at 40 °C revealed an average increase in 7, by 15% in
comparison with the 7, of the starting sample. It can be assumed that heating of the
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rigid PU foam at 40 °C is safe for its structure and does not increase its stiffness. The
temperature of 80 °C can have a more serious effect and can cause PU stiffening.

The aged PU foam samples were also tested for mechanical properties. The sta-
bility of mechanical properties is important for construction functionality and safety.
Insulation materials made from rigid PU foam are often used in combination with
other building materials (for example in external thermal insulation composite sys-
tems) for large industrial and agricultural buildings. In such applications, they are
exposed to tensile and bending stresses. In certain applications (mostly in floor-
ing), rigid PU foams are exposed to compressive stress, for example, loads that are
applied by machines or stored materials [18].

As shown in Figs. 13, 14, 15, 16, tensile strength showed an increasing tendency,
flexural strength and compressive strength showed a decreasing tendency, whereas
flexural modulus remained unchanged. It could be explained by the chemical cross-
link density and the tendency to form hydrogen bonds between urethane bonds.
Stirna et al. [21] investigated mechanical properties of rigid PU foams as a function
of the polymer molecular weight per branching unit (M,). (It is described in the lit-
erature as the network parameter and is inversely related to crosslink density [31].)
They found that tensile strength increased while compressive strength and tensile
modulus decreased as the M, values increased. This was explained by an increasing
tendency to form hydrogen bonds with the increasing M. It means that the increas-
ing number of physical crosslinks results in the increase in the tensile strength, but
does not influence the compressive strength. By analogy, we can assume that heating
caused the formation of additional hydrogen bonds, which resulted in the increase in
tensile strength. The maximum tensile strength was observed in the sixth week of
aging. Later, a small drop was observed, which can be attributed to the degrada-
tion of the foam porous structure. Decreases in the flexural strength and compressive
strength also can be attributed to the gradual loss of integrity of the porous mor-
phology of the aged samples. As the decreases were greater in the case of the com-
pressive strength, this property can be recognized as the most sensitive mechanical
property to aging. It is worth noting that the minimum recorded value of the com-
pressive strength was of 157.7 kPa. This value exceeds 100 kPa, which is sufficient
for many rigid PU foam applications [18]. As the flexural modulus remained almost
unchanged, this mechanical property can be recognized as the most insensitive to
aging at 40 as well as 80 °C in the air and in seawater.

Conclusions

Aging of the rigid PU foam at the temperatures of 40 and 80 °C in the air and sea-
water for a period of 10 weeks caused changes in the visual appearance, morphol-
ogy and selected physicochemical as well as mechanical properties. Aging at 80 °C
resulted in a sample yellowing, while aging at 40 °C did not bring noticeable color
changes. Aging at both temperatures caused deterioration of foam morphology. Its
homogeneity decreased due to the cracking of cell edges and ribs. Glass transition
temperature increased due to the increasing crosslink density resulting from the post-
polymerization and/or formation of hydrogen bonds. The temperature had a much

@ Springer



Polymer Bulletin (2022) 79:3061-3083 3081

stronger effect on 7, than the environment and time. Just after 2 weeks of aging, the
T, values increased and achieved a certain level, specific for the particular aging con-
ditions: temperature and environment. The minimum shift of the 7, was observed
for the samples aged at 40 °C in the air, which corresponded to a 6% increase in the
relation to the 7, of original sample. Greater shifts in 7, were observed for samples
heated at 80 °C, which corresponded to an almost twofold increases. Water absorp-
tion also increased due to aging. Samples aged at 80 °C showed higher WS values
than those aged at 40 °C. The WS values after 10 weeks of aging were, respectively,
25 and 15% greater than that shown by the starting foam. These increases can be
attributed to the partial cell opening in aged samples. As the PU macrochains have
greater mobility in the viscoelastic state than in the glassy state, the water migration
was easier at 80 °C.

The flexural strength and compressive strength showed a decreasing tendency
with aging time. The maximum shift of flexural strength from 436 to 345 kPa was
observed after 8 weeks of aging in the air at 80 °C. The maximum shift of compres-
sive strength from 284 to 158 kPa was observed after 4 weeks of aging in seawater
at 80 °C. These decreases can be assigned to the degradation of the porous morphol-
ogy. On the other hand, aging caused an increase in the tensile strength, probably
due to the increase in the physical crosslink density. The starting material was char-
acterized by the tensile strength of 413 kPa. Its highest value was of 608 kPa, and
it was observed after 6 weeks of aging in the air at 80 °C. The changes in modulus
were statistically insignificant and its average value was of 4.0 MPa.
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