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ABSTRACT

Processing low density poly(urethane-isocyanurate) (PIR) rigid foam boards still remains challenging,
especially for high thickness panels with the spontaneous formation of two-dimensional wrinkles.
Increasing the double-belt conveyor’s temperature (mold temperature in our case) was regarded as a
way to increase the rigidity of the foam base material and, ultimately to increase the stiffness of the
PIR foam under the facing. For that purpose, PIR foam samples simulating real panels were prepared
at different mold temperatures and were chemically analyzed using ATR-FTIR spectroscopy while a
Shore durometer (type OO) was used to estimate the foam rigidity in various locations of the model

panel. Obviously, the isocyanurate content of the foam under the facing was found to increase with



the increase in mold temperature but surprisingly the Shore hardness demonstrated the reverse effect.
This result was explained by the decrease in the density of the foam layer under the facing as the mold
temperature increases, thereby counteracting the probable increase in stiffness of the foam base
material itself. In addition, foam characterizations at different depths (rise direction) indicate that the
chemical and mechanical gradients occurring in the first 20-30 mm tend to disappear as the mold

temperature increases.
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1. Introduction

PIR foams panels (film substrate composite system) have been widely used for over 20 years and are
relatively easy to produce for thicknesses lower than a dozen of centimeters. Nowadays, thicker panels
are needed to meet new environmental standards but they often have surface defects (facing) in the
form of wrinkles which appear during aging. For commercial insulation panels, these macroscopic
surface defects can be considerable enough (highly notable defect amplitudes and/or wide area of the
surface covered with 2D-wrinkles) that the customer might reject the merchandise or claim for a
rebate. Aside from wrinkles observed in natural systems (aging of human skin or ripening fruits),
wrinkles are now often encountered (mostly intentionally) in various artificial materials and devices
(optical gratings, microfluidic devices) [1]. Basically, wrinkles form when an elastic bilayer composed
of a stiff film bonded to a soft substrate is compressed beyond a critical strain (Figure 1) as defined by:
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where Vand E are the Poisson ratio and the Young’s modulus of the rigid film and the elastic substrate.
The corresponding critical wavelength (Ac) of the wrinkle pattern, dictated by the balance between the

bending energy of the film and the stretching energy of the substrate, is theoretically determined by
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where h is the thickness of the rigid film. Then the periodic wrinkles grow in amplitude with the applied
strain. Observing the similarity of the wrinkling patterns of PIR foam insulation board facing with those
reported in the literature for rigid film resting on a soft substrate, Reignier et al. [2] proposed to use
these equations for PIR foam insulation boards in order to estimate the critical strain (£.~0,5%) and
the Young’s modulus of the foam substrate (close to the facing) at the onset of wrinkle formation (from

the measurement of A).

Figure 1. Schematic illustrating the geometry of wrinkles in an elastic thin film (thickness h) bonded to

an infinitely thick elastic substrate. The wrinkles have a periodicity A and amplitude A.

According to equation 1, the critical strain of wrinkle formation depends only on the material
properties (the film and the substrate) and increasing the Esubstrate/Efim modulus ratio could allow to
postpone the critical strain to a higher level and ideally beyond the real in-plane contraction occurring
during aging. In theory, there would therefore be two different ways to increase the Esypstrate/Efim
modulus ratio, either by increasing Esubstrate Or by decreasing Esim. Unfortunately, this latter option is
not favorable in our case because the foam in-plane shrinkage is strongly dependent on the mechanical
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properties of the facing [2]: the lower the rigidity of the film (facing), the higher the shrinkage (€) which
would facilitate the formation of surface wrinkles. It was observed in practice for a given formulation
and panel thickness that the amplitude of wrinkles increased as the mechanical properties of the facing
decreased (internal work not published). Hence, the only possible solution (for a given facing) would
be to increase the rigidity of the foam substrate close to the surface. The surface of PIR foam boards
(right beneath the facing) was recently probed using a Shore durometer type OO and it was
demonstrated that wrinkles are more prone to occur in the regions of low hardness [2]. The link
between the cellular morphology under the surface (over a few millimeters) and the level of Shore
hardness was clearly established: the more the elongated cell axis deviates from the rise direction, the
lower the hardness. Apart from variation in the cell orientation which is intimately associated with the
production line (process) and difficult to completely avoid, the question is how to increase the rigidity
of the foam substrate? Obviously, increasing the density of the whole PIR insulation panel by adding
less physical blowing agent should work, but at the expense of costs, application conditions and
thermal conductivity. An alternative solution would be to increase the mechanical properties of the
foam base material. It is often claimed in the scientific literature that the mechanical properties of PIR
foams are directly controlled by the polymer matrix crosslink density. A typical example is given by the
work of Modesti et al. [3] who studied the effect of isocyanate index of PIR foams and explained the
increase in compression strength of the foam samples with the increase in isocyanate index from 200
to 250 by the increasing crosslink density that would render the polymer matrix more rigid.
Surprisingly, the opposite trend was observed when the index was increased from 250 to 300 and the
lower stiffness was then explained in terms of an excess in friability. In any case, care must be taken in
interpreting these results with regards to the mechanical properties of the foam base material because
data found in the literature are usually based on macroscopic measurements directly made on the
foam, and other foam characteristics (density, cell shape factor, distribution of material between struts
and walls...) may have changed at the same time. In addition, the friability tests (Abraser or Tumblin)

often used to compare samples of different isocyanate indexes are one aspect of durability or



resistance to wear and tear, but do not give any information about compressive properties (elastic

modulus and/or compressive strength at yield) [4].

To get more information about the relationship between the mechanical properties and the degree of
crosslinking, it is necessary to take a close look at the domain of dense thermosets (non-foamed
material). In that case, one of the main parameters is the glass transition temperature (Tg) of the
thermosetting polymer with respect to the temperature at which the measurements of the mechanical
properties are performed. On one hand, it is recognized that above T, the low-strain mechanical
properties of thermosets can be approximated (in most cases) by the rubber elasticity theory (for an
ideal rubber, the Poisson’s ratio v — 0.5). If a constant volume deformation is assumed for small strains,
the equilibrium tensile modulus in the rubbery region (E.) is then related to the inverse of the average

molar mass between crosslink points (M) according to the following equation

Ee=3pRT/Mc (3)

where p is the density (kg/m®) at the absolute temperature T (K) and R is the gas constant
(8.314 J.K*.mol?) [5]. Note that E. is generally estimated at T=To+40°C. In other words, this relation
implies that the elasticity modulus of the polymer networks in the rubbery state is almost independent
of the molecular structure (scale of nanometers and monomers) and depends essentially on the
macromolecular structure at a higher scale, i.e. the crosslink density (1/Mc) [5]. The lower M., the
higher the crosslink density, the lower the molecular mobility and the higher the rigidity of the
polymer. In the case of complete curing, compelling examples of this dependence can be found in the
field of polymer gradient materials. For instance, bulk copolymerization of MDI with hydroxy-
terminated polybutadiene rubber at various ratio between polyisocyanurate cycles (rigid crosslinking
points) and flexible chain spacers gave crosslinked polyisocyanurate polymers with elastic modulus
(Tamb>Tg) varying between 2.2 and 1960 MPa [6].

On the other hand, it is more difficult to make a coherent overview when the mechanical properties

are determined at T<T, and this despite several studies available in the literature on elastic properties



of thermosets below T (mainly on amine-crosslinked epoxy resins). Aside from the fact that equation 3
is no longer valid, results may seem sometimes contradictory from one study to the other in part
because the effect of crosslink density on mechanical properties is considerably less notable than
above Tg. In some cases, the elastic properties of polymer networks in the glassy state were found to
be practically independent of the crosslink density. For instance, it has been shown for epoxy-amine
polymers that the elastic modulus and tensile strength at room temperature are independent of Mc
between 375 and 1460 g/mol [7]. Shimbo et al. [8] demonstrated for acid-cured epoxy resins that the
tensile strength was neither affected by the chemical composition nor by crosslink density for T<T,.
Lesser et al. [9] demonstrated from both tensile tests and storage moduli E’ obtained from DMA
measurements that the glassy moduli of amine-cured epoxy resins were independent of Mc
(380 g/mol £ M <1790 g/mol). According to these authors, this result is typical of thermoset polymers
because the small strains involved in modulus measurements are mainly controlled by local chain
packing and stiffness which are not affected by higher length scale parameters like M. [7, 10]. In other
words, the motion of localized chain segments is not affected by the presence of crosslink points
located many segments away [7]. Similarly, Crawford et al. [11] observed in the case of epoxy resins
that quasi-static tensile modulus did not depend strongly on M. or T-Tg but they found that the tensile
strength (that implies higher deformation levels) usually increases as M. decreases. This latter trend is
usually explained in terms of variations in T as a function of Mc based on the assumption that yield
stress depends only on the temperature difference T-T; for networks of similar chemistry [12]. In the
same vein, tensile strength vs T-T; curves of various Mc collapse reasonably well onto the same master
curve, thus indicating that the only effect of Mc on yield strength is through a change in T [9]. This
therefore indicates that the level of deformation applied during mechanical testing would play an
important role in the glassy state (T<Tg). Another interpretation of the data indicates that the elastic
modulus and yield stress of thermosetting polymers below T; would depend on the molecular scale
structure through the cohesive energy density (CED) which can be viewed as the whole energy of

intermolecular interactions (Van der Waals forces) [10,13]. In this context, changes in volumetric



properties such as density are often used to interpret the evolution of mechanical properties as a
function of crosslink density because higher densities are usually associated with higher intermolecular
attractive forces (higher CED). Hence, the Young’s modulus of epoxy networks in glassy state was found
to increase almost linearly with the density [14,15,16]. Additional proof of that link was given by
Rackley et al. [13] who prepared poly-p-divinylbenzene crosslinked polymers at different temperatures
and pressures and demonstrated that the shear modulus (G) increased linearly with the density.
However, care must be taken in the interpretation of the data because the variation of the hydrogen
bonds concentration has a strong influence on the packing density and, as a result, greatly affects the
CED [17]. In the end it is also interesting to note that despite huge differences in chemical structures,
most polymeric materials (such as poly(methyl methacrylate), polystyrenes, polyamides, including
aromatic amides, polyesters, polyimides, etc.) possess approximately the same Young’s modulus in the
glassy state with values varying within the range 2-3x10° Pa [18]. Even highly crosslinked polymer
resins have modulus values never exceeding 6x10° Pa [14]. In consequence, changing the crosslinking
density could only vary the modulus of elasticity of glassy polymer networks by a factor two or three

at most, while E. can vary by several orders of magnitude above T.

In our case, the matrix of PIR foam boards is supposedly made of highly cross-linked networks
(Mc< 1000 g/mol) which are rigid at room temperature (T.ms) and thus should be characterized by
glass transition temperatures well above ambient temperature (Tg > Tamb). As a result, the stiffness of
the foam base material should not depend strongly on the crosslink density. A recent study on
polyisocyanurate-based metal-foam composite elements brought up, however, new aspects that are
somewhat encouraging [19]. These authors investigated the relation between isocyanurate content
(estimated through ATR-FTIR spectroscopy measurements at different depths of the foam panel) and
elastic properties of the polymeric matrix by performing nanoindentation tests on tiny foam fragments
(at the scale of cell struts) embedded in a thermoset epoxy resin. They demonstrated that the Young's
modulus of the foam base material increases from 3.6 GPa (surface) to 3.93 GPa (core) along with the

increase of the isocyanurate/urethane ratio (peak area ratio: A140s/A1420) from 0.52 to 2.02. Even if the
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maximum difference of Young’s modulus was only of AE~+15%, the tendency was clearly established
and moves in the right direction. The increase in matrix stiffness with increasing isocyanurate content
was explained by the higher temperature occurring in the core of the foam with respect to the surface.
In addition, the images of the foam struts, directly observed by atomic force microscopy (AFM)
revealed that the foam struts near the cover layers (metal sheet) are more uniform than the structure
observed at a depth of 30 mm. According to the authors, the coarser segregations observed in the
latter case may correspond to the accumulations of the individual PIR/PUR components. However, the
authors have not compared the mechanical properties of the various foams, which would have
permitted to draw a direct link between the mechanical properties of the foam and its base material.
Transposing their results into our studies, one would reasonably expect that increasing the proportion
of isocyanurate on the surface of PIR foam panels by increasing the surface temperature may increase
not only the rigidity of the base material, but also that of the foam close to the surface (under the
facing), giving a chance to impede the formation of surface wrinkles. Given the impossibility of
extensively changing the temperature of the double-belt conveyor (production line) and the need to
be able to characterize the foam from both a mechanical and a chemical point of view, it was decided
to conduct this study using a batch process (at a smaller scale) in a laboratory, using a home-made
temperature-controlled heating mold (SI1). Particular attention was paid to the characteristics of the
foam surface in contact with the facing, but measurements were also taken throughout the entire
thickness of the foams (rise direction) in order to figure out the impact of the surface temperature on

various chemical and/or physical parameters throughout the thickness of the foam panel.

2. Experimental details

2.1. PIR Foam Preparation
The PIR foam buns (isocyanate index = 300) were produced in our laboratory and were obtained

through a reactive foaming process with polymeric methylene bis(phenyl isocyanate) (pMDI) and a



polyester polyol using both water and isopentane as chemical and physical blowing agents,
respectively. Two different kinds of catalysts, namely a tertiary amine and an alkali metal carboxylate
were used to promote blowing and gelling reactions as well as the trimerization of pMDI. The exact
details of the formulation are not given for confidentiality reasons. It must be pointed out that all the
work described herein was done using the same formulation, and the effects observed are thus related
only to the various mold temperature. The materials were mechanically mixed together and poured
into a 25 cm x 25 cm aluminum mold measuring 15 cm in height and set at different temperatures.
Only the bottom part of the mold possessed a heating resistor (attached under the aluminum bottom
plate) which is connected to an electrical temperature control system (SI1). The 4 lateral faces of the
mold were not specifically heated but it was observed that their temperature increased as the setting
temperature of the bottom plate was increased, because of the metal-to-metal contact with the
heated bottom plate. Note that samples taken for the various analyses were only taken in the central
part of the foam bun, so as to not be influenced by the lateral sides of the mold. The bottom face of
the mold was covered with a gas-tight facing typically used in foam insulation boards for setting
temperatures up to Tmois=120°C. Higher temperatures cause thermal degradation and delamination of
the multi-layer film, so it was replaced with a more heat resistant aluminum foil for Tmes>120°C. Each
foam block was removed from the mold after 15 min, allowed to cooldown freely at room temperature
and aged for a time period varying from t~1 h to t~4500 h (the precise moment when the isocyanate

is added and mixed with polyol premix is considered as the starting time).

It is essential to mention that the mold was open at the top to allow the foam to rise and expand freely.
This should ensure that cells are elongated in the rise direction, in particular those close to the facing,
necessary condition for having a chance to detect a change in the rigidity of the PIR matrix by
measuring the mechanical properties of the foam. In return, the use of only one facing would prevent
the formation of 2D-wrinkles because the lateral shrinkage of the foam will be higher on the side
opposite to the facing which will tend to slightly stretch the facing. In other words, it was not possible

to visually compare the effect of Tmoiq On the formation of 2D-wrinkles with our experimental device
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but it is hoped that such an approach will provide valuable information regarding the effect of the

double-belt temperature on the formation of 2D-wrinkles in PIR insulation foam panels.

2.2. Kinetics of Foam Formation

The reactivity of foam formation is traditionally followed by the physical change of the properties such
as “‘cream time” (tcream), ‘gel time” (tger) and “tack-free time” (trackfree). The cream time corresponds to
the start of bubble rise, due to the gas reaction. The gel time corresponds roughly to the starting point
of stable crosslinked network formation. In the case of PIR formulation, it corresponds to the time
when a flat wooden applicator stick encounters resistance when it is pushed into the foam bun. At the
tack-free time, the outer surface of the foam loses its stickiness, and it represents the end of the
macroscopic chemical and physical phenomena. The characteristic times of our base formulation were
estimated in a plastic cup without any heating system and are reported in Table 1. In our case, the end
of rise time (trse) corresponds to the end of the maximum expansion phase of the foam and can be

roughly estimate by tiack-free.

Table 1: Characteristic times of the PIR foam

Cream time (s) Gel time (s) Tack-Free time (s)

13+2 60+4 160 £ 10

2.3. ATR-FTIR Spectroscopic Characterizations

Fourier Transform Infrared Spectroscopy (FTIR model: Thermo Scientific Nicolet iS10 spectrometer)
was used in attenuated total reflectance mode (ATR) in the range 4000-600 cm™ (resolution 4 cm™) to
characterize the chemical structure of the various foam samples. Using these parameters, the
minimum peak interval that can be distinguished (“data spacing”) was approximately 0.48 cm™. For
chemical gradient studies (section 3.2), a square base foam column (around 2 cm x 2 cm) with the long

axis parallel to the foam rise direction (z-axis) was taken in the center of each foam bun (each one
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corresponding to a given Tmow) and then was sliced in approximately 5 mm layers using a razor blade,
as the spectroscopy measurements were carried out. It is worth mentioning that the clamping force
(pressure) used to ensure tight adhesion between the sample and the ATR prism was strong enough
to crush the foam layer by a factor about x10, giving an almost bulky film with a thickness of around
0.5 mm. All spectra were analyzed with OMNIC Spectra software with ATR correction. All

measurements were done at room temperature (23+£2°C).

2.4. Shore OO0 Durometer Measurements

The hardness of the foam samples in the rise direction was estimated using a handheld Shore
durometer (type OO, Hildebrand model HD 3000). This test method was found to be very effective to
probe the surface of PIR foams [2] because it can be applied quickly to small specimens having just two
parallel flat surfaces and a minimum thickness of 6 mm (ASTM D2240). Each individual reading gives a
dimensionless value comprised between 0 and 100 (higher values indicating a harder material). To
avoid interference between measurements, each indentation must be done at a distance of at least
one indenter diameter (i.e. 2.38 mm) away from other indentation marks.-The time is measured from
the moment when the liquid mixture is poured into the mold (t=0 s). Each data point corresponds to
the average of 5 measurements. The repeatability of Shore hardness measurements can be reasonably

estimated at about +1.

2.5. Foam Density Measurements

The (apparent) density of the closed-cell foam specimens was simply determined at room temperature
as the ratio of its weight and volume. Foam samples of the different foam layers (depth of 5 mm) were
cut using a razor blade at ambient temperature. The dimensions used to calculate the volume of each
sample were determined using a calliper. The weight of each sample was determined using scales with
a resolution of 10 g. The repeatability of the density measurements can be reasonably estimated to

about + 5%.
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2.6. Morphology observation and image analysis

Foam samples fractured in liquid nitrogen were coated with gold and observed perpendicularly to the
rise direction using a scanning electron microscope (SEM) (Hitachi, model S3500N) operated at a 15 kV
voltage. A semi-automatic method of image analysis (Imagel software, U.S. National Institutes of
Health) was used to quantify the cellular morphology. The average cell size is given by the projected
area diameter (da=[4A/T]Y2, where A is the projected area). The average cell shape is given by the Feret
aspect ratio (FeretAR=MaxFeret/MinFeret) where MaxFeret (MinFeret, respectively) is the longest
(shortest, respectively) distance between any two points along the cell boundary. The cell orientation
is characterized by the angle (6 between the maximum caliper diameter (MaxFeret) and a line
perpendicular to the thickness direction (z-axis). An average number of about 150 cells was used to
evaluate cell size, orientation and aspect ratio for each data point reported in Figure 18. The cell
population density, as defined by the number of cells per unit volume of the original non-foamed
polymer, was evaluated using the following equation:

6x10+12 [(Ppolymer/pfoam)_l]

B b (4)

IR

where [ is the cell population density (cells/cm?), d the average diameter of the cells (Lm); Ppolymer and

Proam the densities of the non-foamed and foamed polymers, respectively (g/cm?).
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3. Results and discussion

3.1. Effect of mold temperature on the surface chemistry at t~1 h
3.1.1. Evolution of the C-N stretching vibration (1350-1450 cm™) of isocyanurate ring as a function of

mold temperature at t~1 h and t~4500 h

T T T T T T T T T T T
1450 1400 1350

Wavenumbers (cm™)

Figure 2: ATR-FTIR spectra of the PIR foam surface (after facing removal) as a function of mold
temperature (°C) in the range 1340-1470 cm™ corresponding to the C-N stretching vibration of

isocyanurate ring for t~1 h.

The product of the isocyanate trimerization, namely the isocyanurate ring, was followed using the C-N
stretching band in the 1410 cm™ region [20,21,22,23]. The data plotted in Figure 2 suggest that the
intensity of the C-N stretching of the isocyanurate peak (1410 cm™) increases as the mold temperature
increases which is consistent with the view that the isocyanurate reaction yield is controlled by the

temperature. To best quantify the variation of a given reaction product, it is common to normalize all
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spectra with the absorbance of a given species (the C=C stretching vibration of the phenyl peak at
1595 cm™ in our case) which should not depend on the extent of the various reactions [24]. In addition,
it is worth mentioning that the height for each peak of interest was measured with respect to a baseline
connecting the lower points on either side of the peak (a zone where the absorbance is low). The
anchor points were chosen at 1350 cm™ and 1470 cm™ for the C-N stretching of isocyanurate, and at
1565 cm™ and 1630 cm™ for the C=C stretching vibration of the aromatic ring (phenyl), respectively. By
proceeding on this basis, Figure 3 indicates that the content of isocyanurate at the surface (under the
facing) increases as a function of mold temperature and tends to level off beyond a mold temperature

of about 160°C.
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Figure 3: Effect of mold temperature on the hi10/h1sss (isocyanurate/phenyl) peak height ratio for the

surface (under the facing) at t~1 h and t~4500 h. The lines are only guides for the eyes.

In addition, Figure 2 shows that the peak maximum wavenumber (often called “peak position”) is not
constant. For t~1 h, its position progressively decreases from about 1413 cm™ to about 1407 cm™ as
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the surface temperature increases from 25 to 180°C, as shown in Figure 4. The evolution of
isocyanurate content as a function of depth in PIR foam insulation panels taken from the European
market was recently studied. It showed a similar downwards frequency shift of the C-N stretching
vibration of the isocyanurate ring that was shown to be related to the increase in isocyanurate content
from the surface to the core [25]. In the same way, Figure 4 reveals a linear decrease (correlation
coefficient R>>0.98) in the peak maximum frequency, but in this case as the mold temperature
increases. This result clearly indicates that the proportion of isocyanurate at the surface increases with

the increase in mold temperature.
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Figure 4: Effect of mold temperature on the maximum intensity position (wavenumber) of the C-N
stretching vibration of isocyanurate (peak maximum) for the surface (under the facing) at t~1 h and
t~4500 h. The dashed line (t~1 h) and dotted line (t~4500 h) correspond to the best-fit line through all

the data points with a linear regression (R2~0.98 and R*~0.93, respectively).

To better understand what is happening, the typical evolutions of the degree of conversion and of the
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glass transition temperature during the processing of thermosetting polymers will be described.
Basically, the glass transition temperature (Tg) of a thermosetting mixture should increase during
polymerization from its initial value (often called Tg) which is generally below room temperature
(reactants are liquid at Tg<T<Tamp) until it reaches the curing temperature (Tc). At this particular
moment, molecular relaxation times become very large because of the vitrification phenomenon and
as a result, the polymerization is strongly slowed down or even almost completely stopped and the
chemical reactions are at that point controlled by diffusion. In the case of epoxy resins, T, was found
to exceed T, to a maximum of about 20-30°C if the curing time was long enough [26,10]. In addition,
the T, of thermosets was found to increase linearly with their crosslink density (1/M.) [27,5]. However,
when expressed as a function of the degree of conversion (), it was established that the increase in
T, (dTg/da slope) was greater at higher degrees of conversion [28,29,15]. In our case, the cure cycle
mainly takes place in a heated open mold (T) for t~15 min followed by demolding and aging at room
temperature for various times. After demolding, the surface temperature of the foam formerly in
contact with the heating element quickly cools down and therefore no significant increase in the
amount of trimer at the foam surface is to be expected after t.~15 min. Indeed, only an increase in
temperature beyond the initial curing temperature could theoretically restart the trimerization
process and could further raise the degree of conversion [10]. From all the above it thus appears that
the mold temperature is the main parameter that would control the conversion of the PIR foam at the
surface: the higher Tmoig, the higher the isocyanurate level. Carleton et al. [30] demonstrated for dense
composites based on polyisocyanurate polymers and glass strand mat that both the T and trimer
conversion increased with the mold temperature. In addition, they demonstrated that the state of
cure, as probed by the Tg, was related to the maximum exotherm obtained during reaction and the
duration of that exotherm as well. According to these authors, the primary variables affecting cure are
the catalyst level, which is constant in our case, mold temperature (our main variable), in-mold time
(tc~15 min in our case) and post-curing. The latter was replaced in our case with ageing at room

temperature.
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In a previous work, it was demonstrated for PIR foam boards probed at different depths that there was
a direct relationship between the C-N frequency of isocyanurate ring and the hisi0/h1ses peak height
ratio [25]. It was suggested that the decrease of Visocyanurate (frequency peak maximum) was related to
the reduction of the concentration of H-bonding between N-H and C=0 (isocyanurate) as the trimer
content increased. Indeed, chemical crosslinks are believed to reduce molecular mobility with respect
to a non-reticulated analog because of the occurrence of geometrical constraints [5] which should
hamper the formation of noncovalent interactions between macromolecules [31]. In the present case,
Figure 5 combines the data from Figures 3 and 4 and coherently demonstrates that this link prevails in

the case of foam surfaces processed at different Tmold.
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Figure 5: Evolution of C-N frequency of isocyanurate ring (peak maximum) as a function of
isocyanurate/phenyl (hia10/h1s9s) height ratio for all PIR foam samples at t~1 h and t~4500 h. The lines
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Using the intensity of the peak at 1220 cm™ (C-O bond stretching) to estimate the proportion of
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urethane (with anchor points between 1160 cm™ and 1345 cm™), Figure 6 reveals the decrease in the
h1220/h1410 (urethane/isocyanurate) peak height ratio with the increase of Tmow at t~1 h. The major
effect occurs between T,mp and about 60-80°C beyond which the urethane/isocyanurate proportion
tends to level off. The higher mold temperature seems to promote the formation of isocyanurate,
which may be explained by the higher activation energy of isocyanurate with respect to urethane
formation. Similar urethane/isocyanurate gradients have been reported recently for industrial PIR

foam insulation panels with metal facing [19] and flexible facing [25].
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Figure 6: Effect of mold temperature on the evolution of the urethane/isocyanurate ratio (as probed
by the hiz0/h1410 peak height ratio) for the surface (under the facing) at t~1 h and t~4500 h. The lines

are only guides for the eyes.

Figures 3 and 4 also show the level of trimerization at t~4500 h for comparison purpose. The decrease
in the isocyanurate peak maximum (Vcn) with aging can clearly be seen in Figure 4 for temperatures

lower than approximately 90°C. Based on our previous work [25], this would indicate that the
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isocyanurate content increased between t~1 h and t~4500 h. However, this “supposed” increase in
isocyanurate content is not visible in Figure 3 where the values of hi10/h1s9s peak height ratio even
have the tendency to be slightly lower between 40°C and 80°C. Both information elements seem to be
contradictory and one may ask whether the proportion of isocyanurate really changes during aging at
room temperature? On one side, the isocyanurate ring is recognized as thermolytically and
hydrolytically stable and as a result is not expected to degrade during aging at room temperature [32].
On the other side, it is therefore very unlikely that the proportion of isocyanurate at the surface
increases beyond the value obtained at t~1 h during aging at room temperature. This suggests that the
decrease of the isocyanurate peak maximum (Vcn) observed at t~4500 h (with respect to t~1 h) is not
related to the real increase of isocyanurate content but rather to the decrease in the concentration of
H-bonding between the N-H group of urethanes and the C=0 group of the isocyanurate ring during
aging. Here are different possible scenarios which could feed this assumption: (i) The lower relative
proportion of urethane (hixo/hia10), the N-H provider, reported in Figure 6 at t~4500h for
temperatures below 50°C would go in this direction although it is hard to believe that thermal
degradation of urethane groups can occur at room temperature. Reaction of urethane with residual -
NCO, still present in vast amounts at low Tmoiq after t~1 h, to form allophanate could potentially reduce
the amount of urethane groups and are discussed in the section 3.1.2. (ii) Physical aging, which is rarely
discussed in the case of PIR foam panels, could also play a role in decreasing H-bonding because the
major difference between the two curves reported in Figure 4 appears at low isocyanurate content
and it is recognized that physical aging is more prone to occur when the crosslink density is low [33].
This effect may, however, be wholly or partly counterbalanced by the higher proportion of hydrogen
bonds found at low isocyanurate content which could slow the relaxation process [34,35]. (iii) Another
possible explanation for the observed trend may be related to the absorption of water molecules (from
outside air) which may potentially disrupt the existing hydrogen bonds [36]. It must be pointed out
however that the water molecules diffusing from the unprotected part of the foam bun can also react

easily with free isocyanate groups to form urea (see the next section for a detailed analysis of the
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variation of free isocyanate as a function of Tmou).

3.1.2. Evolution of unreacted isocyanate (R-N=C=0) as a function of mold temperature at t~1 h and

t~4500 h
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Figure 7: Effect of mold temperature on the haso/hisss (isocyanate/phenyl) peak height ratio for the

surface (under the facing) at t~1 h and t~4500 h. The line are only guides for the eyes.

Isocyanurate ring results from the cyclization of three isocyanate groups and a lower concentration of
isocyanate groups may be expected with increasing isocyanurate concentration. The infrared band of
unreacted -N=C=0 functions (asymmetric stretching vibration) was found around 2280 cm™ in our PIR
foams. The hjso/hises (isocyanate/phenyl) peak height ratio for the surface (under the facing, i.e.
z=0 mm) decreases as the mold temperature increases (at t~1 h), as shown in Figure 7. Finding
unreacted -NCO functions was expected, even at high mold temperatures. Indeed, several authors
[37,38,3,22] demonstrated that the isocyanurate yield (as defined by the proportion of NCO groups

theoretically available at the end of the reactions with OH and amine, and which have effectively
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reacted to form isocyanurate) for PIR foams of various index is never 100%. To get an idea of the order
of magnitude, Priester et al. [22] demonstrated for PIR foams with isocyanate index of 350 (50/50
mol.% H,O/CFC-11 blown) and 450 (100% CFC-11 blown) that about 30% of the isocyanate remained
unreacted after 100 min. Even if the isocyanurate content increased when the NCO index increased
[39], it was found that the final degree of isocyanate conversion into isocyanurate decreased with
increasing isocyanate index. This phenomenon was explained by the restricted mobility of -NCO groups
as the density of cross-linkages increases, preventing complete reaction [37,38,3,40]. In our case,
however, the index is constant regardless of the mold temperature (as a reminder, the same
formulation was used in all cases) and the decrease of the isocyanate peak intensity observed at the
surface (after 1 h) when the mold temperature rises is consistent with the increase of isocyanurate
content reported in Figures 3 and 4. The direct linear relation (correlation coefficient R?=0.96) between
the isocyanate content (as probed by the hisocyanate/hpheny Peak height ratio) and the C-N frequency of
isocyanurate ring (peak maximum) reported in Figure 8 (at t~1 h) may be taken as additional evidence.
This line of reasoning implies that -NCO groups react at first with NH and OH groups while allophanate,
biuret and isocyanurate groups are generated in a second phase. Spirkova et al. [41] studied the
reaction of excess phenyl isocyanate with 1-butanol (in 1,4-dioxane and in bulk) in the presence of
dibutyltin dilaurate (catalyst) at temperatures of 90 and 120°C and underlined that under those
conditions, the urethane formation is too fast to determine its rate constant with respect to the
formation of allophanate and biuret. In the case of PIR rigid foams (index 350) blown with a mix of CFC-
11 and water (50/50 mol%), Priester et al. [22] observed that the urethane formation started
immediately after mixing while the onset of isocyanurate only appeared after 3 min. Al Nabulsi et al.
[42] mimicked the complex reactions of PIR foam formulations (isocyanate index 350) by mixing p-tolyl
isocyanate (pTl) with diethylene glycol methyl ether (DEME) (at a fixed molar ratio of 3.5:1) in
propylene carbonate as solvent and at constant temperature of 70°C. Comparing the kinetics obtained
for potassium acetate (KOAc) and potassium trifluoroacetate (KOAcF) catalysts of different

nucleophilicity, they demonstrated by in situ IR spectroscopy that the product of reactions, namely
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carbamate (urethane) and isocyanurate were obtained at the same molar ratio for both catalysts. This
finding suggests that the isocyanate reacted preferentially with the alcohol (to generate carbamate)
and only after that the remaining isocyanate trimerized to isocyanurate. But it should be stressed that
side reactions, ubiquitous in urethane and isocyanurate chemistry, would certainly disrupt this

simplified scheme.
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Figure 8: Evolution of isocyanate/phenyl (haso/hisss) height ratio as a function of C-N frequency of
isocyanurate ring (peak maximum) for all PIR foam samples at t~1h (surface). Note that the
isocyanurate content simultaneously increases from the left to the right (reversed scale). The dotted

line corresponds to the best-fit line through all the data points with a linear regression (R?=0.96).

It is worth noting that the level of unreacted isocyanate at the surface, with an average value of
h2280/h1595~0.3+0.03, becomes very small after a period of about 4500 h and does not seem to depend
on the mold temperature anymore, as shown in Figure 7. Indeed, the evolution of the hso/hises

(isocyanate/phenyl) peak height ratio (on surface) reported in SI2 as a function of time and for the
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different Tmois demonstrates that all curves merge to form a common curve for long periods of times
regardless of the initial level of isocyanate. This result means that the vast majority of residual -NCO
still present after 1 h have been consumed during aging at room temperature for t~4500 h and it seems
reasonable to ask ourselves what those NCO groups became. (i) The first hypothesis regarding the
residual -NCO consumption during aging at room temperature is the formation of urea groups. Indeed,
residual -NCO groups can react with atmospheric humidity, leading to an amine group. This latter can
potentially condense with an additional isocyanate from the vicinity, leading to a urea linkage. This
was indeed the main conclusion of a solid-state NMR study by Duff et al. [32] on a ground MDI-based
polyisocyanurate network aged for about 7 months at room temperature under ambient atmosphere
(25-50% RH). In addition, the authors indicated that air-exposed samples did not show any significant
further reaction of urea linkages with isocyanate groups to form biuret, which may be linked to the
difficulty of urea group to meet remaining isocyanate end group. In the case of polyurethane cast
elastomers (T.mp>Tg) prepared with only a small excess of -NCO (index 110), Prisacariu et al. [43]
demonstrated that the enhancement of mechanical properties during aging at room temperature
(T=25°C; 50% RH) was mainly due to the formation of urea groups (by the increase of hydrogen bonds).
(ii) The second hypothesis regarding the residual -NCO consumption during aging at room temperature
is the formation of allophanate group. In contrast to the formation of urea, this reaction does not
require the presence of water molecules diffusing from atmospheric air but only reaction between
urethane group and unreacted -NCO group. Allophanate could subsequently react with another
residual -NCO group, leading to stable isocyanurate. One of the main issues is to determine whether
the formation of allophanate and the subsequent reactions with NCO groups could occur at room
temperature. According to Sebenik et al. [44], the formation of allophanate crosslinking in bulk is
favored in the 130-140°C temperature range for low-catalyzed systems. Similarly, lonescu [45]
explained that without catalyst, allophanate formation needs temperatures greater than 110°C
because isocyanate has a much lower reactivity with urethane groups than with amine group, primary

and secondary hydroxyl groups or water. Heintz et al. [46] studied the effect of temperature on side
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reactions during the formation of polyurethane prepolymer based on poly(propylene glycol) and MDI
(NCO/OH=1.61) and demonstrated that without catalyst, the amount of branches arising from
allophanate linkages was negligible at temperature of T=108°C (only 0.6 % of nitrogen atoms were
engaged in allophanate after 1 h) while the amount reached 10% after 3h at 145°C. Kogon [47] found
that ethyl a,y-diaryl allophanate could be generated in good yield at room temperature from the
reaction of aryl isocyanate with ethyl N-phenylurethane (mineral spirit was used as a solvent) in
presence of metal carboxylate as catalyst. In the same study than that previously cited, Al Nabulsi et
al. [42] followed by in situ NMR spectroscopy (using deutered dimethyl sulfoxide as a solvent) the
formation of isocyanurate at 25°C in presence of alcohol at a molar ratio of 3.5:1:0.002
(TI:DEME:KOACcF) and demonstrated that the formation of isocyanurate only started once the
allophanate reached a critical concentration of 8% molar ratio. In addition, three consecutive phases
were distinguished, namely the carbamate phase, the allophanate phase and the isocyanurate phase.
In the latter case, urethane concentration was found to increase as much as the isocyanurate increase
because of the regeneration of starting alcohol during formation of isocyanurate from allophanate.
From the above it appears that numerous factors (type and concentration of catalysts, presence of
solvent or bulk polymerization, temperature range...) could affect the formation of allophanate but it
would seem that allophanate formation would be precluded at room temperature in the absence of

any solvent (bulk polymerization), even in presence of the appropriate catalyst.

In our case, on one side the gas-tight facing should prevent water molecules from directly diffusing on
the tested surface of the foam, but atmospheric humidity may still diffuse slowly from the unprotected
lateral face of the foam bun, leading to the formation of urea groups. Even if the PIR matrix is in the
glassy state at room temperature (Tamb<Tg), water molecules should still be free to diffuse through the
solid PIR foam to react with residual -NCO. On the other side, even if the presence of allophanate that
has not yet reacted with residual -NCO (to form isocyanurate) is expected at the end of cure for the
highest Tmoia (surface), this does not mean that additional allophanate could be generated during the

aging period at room temperature. Allophanate group formation requires the “encounter” between
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urethane and -NCO end group, both of them having a limited mobility inside our 3D glassy polymer
network, but could be facilitated at low Tmois Where the proportion of residual -NCO is maximum and
the surface T, presumably lower. Unfortunately, the detailed analysis of IR spectra has not allowed the
guantification of each reaction separately because the carbonyl stretching vibration of urea linkage
(C=0) coincides with the strong and broad absorption envelope located between 1620 and 1760 cm™
which encompasses not only the carbonyl bands of urethane (free and H-bonded) and isocyanurate,

but also the C=0 stretching vibrations of allophanate.

3.2. Chemical and Physical Gradients at t~4500 h

3.2.1. Evolution of isocyanurate content as a function of depth for the various mold temperatures

(t~4500 h)

The various foam samples were analyzed by FTIR-ATR after an aging period of around 4500 h at
ambient temperature and the results corresponding to the different layers from the surface to a depth
of 60 mm are reported in Figure 9. As expected, the isocyanurate/phenyl peak height ratio of PIR foams
increases from the surface toward the inside of the foam. All his10/h1s0s=f(z) curves converge to the
average value of about 4.51+0.08 (-) (for 55 = z = 60 mm) which indicates that the isocyanurate level
is maximum in the core where it does not depend, at first glance, on the initial surface temperature
(Tmold). The chemical gradients typically spread over a 20-30 mm but can reach a depth as high as

45 mm in the least favorable case (Tmod~20°C) while it reduces to only 5 mm for Tos=160°C.
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Figure 9: Evolution of the hisi0/h1ses (isocyanurate/phenyl) peak height ratio as a function of mold

temperature for all PIR foam samples at t~4500 h. The lines are only guides for the eyes.

In the case of PIR insulation foam boards, the double belt of the production line is usually operated
within a temperature range of 65 to 80°C to ensure enough adhesion between the PIR foam and the
facing. As a complement to our laboratory study on small samples, temperatures have been estimated
directly on the production line of PIR foam insulation panels. For that purpose, self-adhesive
thermometer strips (VWR Cat. No. 621-9103) have been placed under the facing at the level of the
laydown table (just before the contact with the unexpanded reactive mixture) and maximum
temperatures reached during foaming at the interface of the foam and the facing were typically
comprised between 77 and 82°C in the majority of cases. Interestingly, the evolution of the
isocyanurate/phenyl ratio as a function of depth for T~70°C and reported in Figure 9 compares well
with the results obtained for commercial products taken in the European market [25]. PIR/PUR
gradients were also reported by Gahlen et al. [19] on commercial polyisocyanurate-based metal-foam

composite elements (obtained from Covestro) of varying thickness (40, 60 and 100 mm). However,
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these gradients were limited to the first 10-15 mm (instead of 20-30 mm in our case) on each face
while the metal sheets were pre-heated to about 60°C. In addition, these authors observed a lower
intensity of the isocyanurate signal for the lower cover layer with respect to the upper one. This
phenomenon was attributed to the presence of an adhesion promoter applied to the lower cover sheet
and/or to the difference of heat exchange of the foam with the lower metal sheet and the upper metal
sheet. It should be noted that gradients in PIR/PUR ratio were also sometimes found along the width
(cross machine direction) of PIR foam panels (Index around 250) near the lateral edges [21]. It appears
from all these cases that the level of heating usually observed on production lines of PIR foam
insulation panels is not high enough to prevent chemical gradients. However, Figure 9 clearly indicates
that increasing Tmold allows to boost the surface isocyanurate content to a level almost identical to that
present in the core and thus, it seems pointless to exceed 160°C. However, the sharp fall in
isocyanurate/phenyl peak height ratio observed for Tmoe=160°C within the first 5 mm is striking
because it was expected that the gradient would completely disappear for a mold temperature in the
order of the maximum temperature reached in the center of the foam (Tmax~160°C). This is clearly not
the case and the discrepancy may be explained by a too short curing time (15 min in our case) with
respect to the time spent at high temperatures in the core (where adiabatic conditions should take
effect) and/or by the degradation of the polymer network at the surface of the mold (this point will be

discussed in more detail in section 3.2.2).

Similarly, the vibration frequency (peak position) of isocyanurate peaks after 4500 h was systematically
measured in the first 60 mm for the different mold temperatures and reported in Figure 10. At low
mold temperature (T~20°C), the C-N (stretching vibration) frequency of isocyanurate ring varies from
1411cm (surface) to around 1408cm™ (core) which gives a frequency variation Av of around 3 cm™.
However, this frequency shift almost disappears at high temperature with Av~1 cm™ for Tmos~180°C.
As shown previously, all ven=f(z) curves converge towards an average value of about 1407.4+0.2 cm™
(for 55 =z =60 mm) which confirms that the isocyanurate content is maximal in the core and is

practically independent of Tmou.
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Figure 10: Evolution of the maximum intensity position of the C-N stretching vibration of isocyanurate
ring as a function of surface temperature for all PIR foam samples at t~4500 h. The lines are only guides

for the eyes.

Based on the relationship between the C-N frequency of isocyanurate ring and the higi0/hises peak
height ratio reported in Figure 8, it then becomes interesting to compare Figures 9 and 10. This is done
in Figure 11 where the data plotted clearly indicate that the peak maximum (frequency) of
isocyanurate rings of the foam samples decreases linearly from 1411 to 1407 cm™ (correlation
coefficient of about 0.94) with the increase in the hisi0/h1s9s peak height ratio from 1.4 to 4.8. Please
note that the data volume was intentionally limited to values corresponding to depth varying between
0 and 40 mm (the region of gradients) so as not to overload the graphic (bottom right region). It is
worth noting that similar frequency shifts have been found in the case of PIR foam insulation panels

taken from the European market when probed at different depths [25].
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Figure 11: Evolution of C-N frequency of isocyanurate ring (peak maximum) as a function of
isocyanurate/phenyl (his10/h1ses) height ratio for all PIR foam samples at t~4500 h. The data volume
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overload the graphic. The dashed line corresponds to the best-fit line through all the data points with

a linear regression (R?~0.94).

Based on research findings [38,37,21,48], the isocyanurate gradients reported in Figures 9 and 10
would be attributed to the occurrence of heat loss at the surface of the foam which leads to
temperature difference between the core and the surface of the foam, the highest temperature being
at the center where the reaction should proceed more or less adiabatically. Indeed, the exothermic
reactions that can occur during the polymerization process do not lead to the same temperature
variation at the heart of the foam or on the surface just under the facing. For instance, temperature
measurements were taken on a 100 mm thick PIR foam panel taken from a production line (right after
the diagonal saw) and temperature difference of AT~88°C were estimated between the outer layer

(z=10 mm) and the core (z~60 mm) [25]. More in-depth investigation about thermal gradients
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occurring during the curing process of solid thermosets can be found in the literature. It is well
accepted that the temperature variation at a specific location on the studied sample depends on the
ratio of the heat dissipation rate to the heat generation rate [10]. Several authors [49,50] solved the
differential equations describing the cure of a thermoset in a slab-shaped heated mold with a constant
wall temperature (Tw) and demonstrated that the temperature profile and its evolution with time

mostly depend on the critical parameter of the process defined as

B=AL%*/k (m3.°C/J) (5)
where A (s) is the Arrhenius pre-exponential factor or specific reaction rate, L (m) is the part thickness
which is assumed to be much less than the other two dimensions and k (W/m.K) is the thermal
conductivity of the polymer. For a thin sample and/or high thermal conductivity material, 3 - 0 (heat
diffuses much more rapidly than it is produced) and the maximum temperature reached during curing
(Tmax) is close to that of the wall (Tw) (quasi-isothermal conditions of curing). On the contrary, for a
thick sample and/or low thermal conductivity material, 3 - o (the system behaves adiabatically) and
Tmax~To+AT.a Where To and ATa.g correspond to the initial temperature of the reactants and the
adiabatic temperature rise, respectively. Between these two extreme values (i.e. for intermediate
values of ), it was found that Tmax can occur at intermediate position between the core and the wall
and/or that Tma can rise beyond these two limits by the addition of heat generation and heat
transferred from the wall. In our case, adiabatic conditions should prevail in the core of the PIR foam
since foam samples are both thick and characterized by a low thermal conductivity (A<30 mW/m K),
which is in line with the data reported in Figure 9. In addition, Williams et al. [50] demonstrated that
the maximum temperature (Tmax) that may be attained in the cure of a thermoset in a mold with
constant wall temperature may be higher than the sum of the wall temperature and the adiabatic
temperature rise (ATmax>ATag+Tw) When the heat diffusion rate is equal or slightly higher than the heat
production rate. If this were the case in our study, one could expect an increase in isocyanurate content

in the core for the highest Tmoid but there is no clear trend in the evolution of isocyanurate/phenyl ratio
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(h1410/h1s95) and/or isocyanurate peak maximum frequency (Vcn) as a function of Tmeig in the core of
the foam bun (layer 55-60 mm) (SI3). As a result, it can be asserted that the material located at the
core of the foam undergoes a mostly adiabatic cure (i.e. it is not influenced by the wall temperature in
a significant way) while the foam surface in contact with the heating element undergoes an almost
isothermal curing temperature. The adiabatic conditions prevailing in the core of the foam should
facilitate the formation of isocyanurate (higher conversion), leading to a kind of self-sustained
trimerization reaction (trimerization of isocyanate is highly exothermic), as long as free isocyanates are
available and mobile enough to be brought into contact. Given the inextricable linkage between
isocyanurate content and temperature, it should be pointed out that the exothermicity generated by
the cross-linking is stopped or at least strongly slowed down when the T, of the PIR matrix reaches the
temperature of the mold, because of the vitrification phenomenon. As a result, selecting a wall
temperature lower than the maximum temperature at which the system can vitrify (T;”) would prevent
the material near the wall from reaching the maximum conversion. In those conditions, it is thus
reasonable to say that temperature gradients occurring in the PIR foam panels along the depth (z-axis)
led to isocyanurate gradients, but the question now is whether the increase of Tmos could lead to the
increase in the mechanical properties of the foam base material and, more importantly, in the stiffness

of the PIR foam under the facing.

3.2.2. Evolution of Shore hardness as a function of depth for the various mold temperatures (t~4500 h)

All the above results unambiguously demonstrated that increasing the mold temperature increases
the isocyanurate content up to a thickness of about 30 mm, but does this really have a positive impact
on the rigidity of the foam surface, as one would expect? To verify this hypothesis, the evolution of
Shore hardness (type HOO, ASTM Standard D-2240) was systematically measured in the rise direction
as a function of depth and reported in Figure 12 for each mold temperature. In addition, Figure 13

highlights the effect of mold temperature on Shore hardness by solely depicting the values measured
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at the surface (under the facing) and in the core (z~47.5 mm). Unambiguously, it is clearly
demonstrated that the hardness at the surface drastically decreases from around 80 to 63 Shore OO
as the mold temperature increases from 25 to 180°C. It is also seen in Figure 13 that the HOO=f(Tmouq)
curve (surface) seems to be roughly linear up to Tmos~120°C beyond which it starts to drop significantly.
Deeper into the foam, all curves reported in Figure 12 converge towards a value of about 70 Shore OO
(typically for z=30 mm), which means that beyond this depth the Shore hardness seems to be
independent of the mold temperature, as shown in Figure 13 for the core. It follows that the Shore
hardness decreases as the depth increases for Tmo1t<120°C while it increases for Tmeit=180°C. The Shore

hardness remains almost constant between those two mold temperatures.
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Figure 12: Evolution of the Shore hardness (type O0) as a function of depth for the different mold

temperatures (t~4500 h). The lines are only guides for the eyes.
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Figure 13: Evolution of the Shore hardness (type OO) at the surface (z~0 mm) and in the core

(z~47.5 mm) as a function of mold temperature (t~4500 h). The lines are only guides for the eyes.

Even if the Shore hardness of the foam is not determined solely by its elastic modulus, but also depends
on the compressive strength and on the viscoelastic behavior of the foam (ASTM D2240-05), it is
reasonable to say that the decrease in Shore hardness (at the surface) with the increase of Tmois means
that the Young’s modulus of the foam under the facing becomes smaller. This outcome is just the
opposite of our expectations since it was hoped that the increase in isocyanurate content would
increase the Young’s modulus of the foam base material [19], thereby increasing the stiffness of the
foam under the facing. However, this is not the only study that follows that direction. For instance, it
was found for PIR foams made at almost constant density (29.1< p<30.1kg/m3 that their
compressive strength in the rise direction significantly decreases from 269 kPa to 196 kPa as the
isocyanate index increases from 257 to 554 [51]. More often, the authors concluded that the NCO/OH
ratio had no significant effect on the compressive strength as it was the case for PIR foams

(p ~33.1+0.4 kg/m?) prepared at indexes varying between 105 and 1500 [52] or for water-blown PIR
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foam (p~40 kg/m?) prepared for metal-faced sandwich panels with isocyanate index varying between
175 and 300 [53]. In the end, the increase in isocyanurate content seems to have a positive effect on
mechanical properties only in very few cases. Gilbert [54] demonstrated that the compressive strength
(rise direction) of PIR foams increased from 143 kPa to 186 kPa (AG~+30%) as the isocyanate index
increased from 225 to 400, but these results may potentially be attenuated by the increasing density

from 27.4 to 30.4 kg/m3.

An alternative possibility to explain the increase in Shore hardness of the PIR foam as mold
temperature decreases may be related to the solid-state post-cure reaction mechanism occurring
during aging at room temperature (see section 3.1.2 with the work of Prisacariu et al. [43]). In our case,
the formation of new urea groups by reaction of residual -NCO with atmospheric humidity could
potentially increase the stiffness of the foam base material. In addition, the data reported in Figure 7
indicates that the excess -NCO group consumption increases as the temperature decreases during
aging and it is thus expected that the post-consolidation of the polymer network could be more
pronounced at low mold temperatures. However, it is not possible to conclude at this stage because
the evolution of Shore hardness at t~1 h is unknown. Another possibility is the effect of physical aging
(T<Tg) of the thermoset network occurring during post-cure. As already mentioned in the introduction,
physical aging was found to reduce free volume (increase of density), increasing the energy of
intermolecular interactions (Van der Waals forces) and the Young’s modulus of the polymer network
in the glassy state [10]. Nevertheless, it is the authors’ belief that the expected variations in the
mechanical properties of the foam base material would not be high enough to justify the huge
differences of Shore hardness HOO values reported in Figure 10 at the surface (z~0 mm) and more

work is needed on foam characterization to explain our results.
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3.2.3. Evolution of the local foam density as a function of depth for the various mold temperatures

(t~4500 h)

Another explanation for the decrease in surface Shore hardness (HOO) with the increase in Tmoiq may
be that the density and/or the morphology of the foam at the surface would have sufficiently changed
to overcome the possible increase in the rigidity of the foam base material with the increase in mold
temperature. Indeed, when talking about the factors that control foam mechanical properties, one of
the most important is surely the void fraction as defined by
Vtoam=1-(Proam/ Psolid) (6)

where Proam is the density of the foam and ps.iis the density of the material constituting the cells [55].
Interestingly, many of the mechanical properties (P) of low relative density foams (typically,
Proam/ Psolia<0.4) depend on the relative density according to a power law and can be described by the

following equation

Pfroam =C (pfoam)n (7)
Psolid Psolid

where C and n are parameters which need to be experimentally determined for each foam system
[55,56,57,58,59]. The exponent, n, depends on the temperature and typically ranges between 1 and 2
for the elastic modulus [57,60]. De Gisi et al. [57] compared the compressive properties of PUR foams
in the temperature range -54°C to 163°C and reported a value of n~1.75, while Goods et al. [61]
obtained a value of n~1.6 for the room temperature modulus of PUR foams. From a purely theoretical
point of view, Gibson et al. [55] examined the variation of elastic modulus using a cubic cell model and
demonstrated that the value of n depends on the relative proportion of material in the cell struts with

respect to the wall (fs) according to the following equation:

E 2 1-2v
foam 2 (pfoam) + (1 _ f;) Pfoam po( foam) (8)
Esolid Psolid Psotia  Es(1=pfoam/Psotid)

where py is the cell pressure. The second term in the right part of the equation corresponds to the

membrane stresses associated with the presence of walls (closed cell) while the last term is the
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contribution of gas pressure which can be neglected in the case of PUR/PIR foams (Tamp<Tg). For open
cell foams (f;=1), equation 8 reduces to equation 7 with C=1 and n=2. It is noteworthy that the effect
of cell faces on stiffness should be relatively minor in the case of low-density PUR and PIR foams,
because the strut thickness is relatively high with respect to the wall thickness [56]. The foam density
curves, p=f(z), obtained for the various Tmoia are plotted as a function of z in Figure 14 while Figure 15
gathers the evolution of density as a function of Tmo for the surface (layer between z=0 mm and
z=5 mm) and the core (layer between z=45 mm and z=50 mm), exclusively. It appears that the density
at the surface (layer between z=0 and z=5 mm) falls from 45 kg/m3 to about 30.5 kg/m? as the mold
temperature increases from 25 to 180°C, respectively. On the contrary, the foam density can be
considered as constant for z > 30 mm, meaning that the foam density decreases from the surface to
the core and that this decrease tends to disappear as the mold temperature increases. A more detailed
analysis of the foam density in the core (average value calculated for z varying between 30 and
100 mm) indicates, however, that there is a slight increase in the foam density from 28 to around
30.4 kg/m?3 as the mold temperature increases from 20 to 180°C (Sl4). This may at first seem counter-
intuitive, as one might assume that higher mold temperatures could slightly raise the core temperature
(higher expansion pressure leading to lower density). However, it is likely that the higher mold
temperature increases the amount of blowing agents evaporated near the bottom wall [62] and/or
favors a faster crosslinking at the expense of higher expansion ratios, leading to a slight increase in the
foam density at the core. In the end, the density variation (Ap) between the surface and the core can
reach a value as a high as 16 kg/m? for Tmea~20°C, as shown in Figure 16. It represents a maximum
difference of around 50 % with respect to the density of the core for Tmet=20°C. At the opposite end,

the density variation becomes negligible (4p<1 kg/m?) for the highest temperatures (Tmola=160°C).
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Several works have reported the presence of density gradients in various foaming systems, particularly
in the case of molded foam [62,63,64,65]. Broadly speaking, density gradients in PUR/PIR foams are
mainly attributed to the occurrence of heat loss at the surface of the foam. On the contrary, the low
thermal conductivity and low thermal diffusivity of the foam [66] allows chemical reactions to occur
under adiabatic conditions at the core of the foam. This major difference leads to a temperature
difference during manufacturing between the core and the surface of the foam. In our case,
temperature difference of ATmax~75°C, 52°C and 27°C were found between z=5 mm and z=60 mm for
Tmold™22°C, 70°C and 120°C, respectively (SI5). Similarly, we have reported in a previous study a
temperature difference of about 88°C between z=5 mm and z=60 mm for a realistic 100 mm-thick PIR
foam panel [25]. The higher temperature prevailing at the core of the foam will generate more gas
pressure in each cell (because of the ideal gas law). This higher pressure in the cells will push the
opposite walls of each cell apart, therefore increasing cell expansion and lowering the foam density of

the core with respect to the surface. The higher the difference in Tmax, the higher the difference in pProam.
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This phenomenon has been extensively studied in the case of integral skin foams used as structural
materials for which the sides of the wall are voluntarily maintained at low temperature to create a
material with a low-density foamed core surrounded by a nearly solid skin. An example of this type of
polyurethane foams (overall density, p~485 kg/m?) was prepared in a flat plate mold with wall
temperature set at about 34°C. They were characterized by a core density as low as 230 kg/m? while
the skin density reached values as high as 760 kg/m3 [62]. To circumvent the issues associated with
density gradients, Harbron et al. [63] proposed to increase the mold temperature in order to get more
homogeneous water blown PUR foams. In that respect, the density variation (Ap=Pmax-Pmin fOr a given
mold temperature) was found to drop from Ap~124 kg/m® down to Ap~15kg/m* as the mold

temperature increased from 20 to 50°C (for an overall density p~800 kg/m?3).

In our work, the decrease in the foam density reported at the surface (layer between z=0 and z=5mm)
with the increase of Tmold is in line with the data reported in the literature. It could be interesting to
compare the effect of the increase in the polymer matrix modulus from the surface (Tsurface~60°C) to
the core (Teore~150°C) obtained from Gahlen et al. [19] with the effect of the decrease in the foam
density (surface layer) observed in our case for Tmes=60°C and 150°C. Making the hypothesis that the
variation of the density of the foam base material (Esoid) With Tmoia is negligeable (Apsqia variations

should be below 1%), it can be written from equation 7 that

T1 Tq T1 n
Efoam — Esolid [ Proam (9)
El2 El2 T

foam solid pfoam

Taking a conventional value for the exponent n=1.75 and choosing T1=60°C and T,=150°C, it ensues
from Figure 15 (“surface” curve) that Proam® “=37.5 kg/m*® and Proam>*=31.5 kg/m3. The values
Esoid®®“=3.41 GPa and Esi¢*°°“=3.93 GPa are gathered from the data of Gahlen et al. [19]. One then
obtains the foam modulus ratio Eeam® /Efoam™° “~1.2 which indicates that the elastic modulus of the
foam prepared at low temperature should be higher (by about 20%) than that obtained at high

temperature. This implies that the effect of foam density variation on the elastic modulus of the foam
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should be more significant than the effect of the variation of Esid (foam base material). This
phenomenon is essentially driven by the exponent n>1 on the density reported in equation 7, which
tends to enhance the influence of Pram over that of the Esoiid (Efoam[JEsolia(Proam)*”®). Let us return to the
main objective of this work, namely preventing the formation of surface wrinkles. Based on equation 1,

it can be written that

2
T1 ETl ETZ /3
&c e substrate film (10)
T T Ty
£ E E
c substrate film

Ty
Making the hypothesis that T,>T,, it has been inferred in our case that <w> > 1. The facing

substrate

used in the production of PIR foam panels is a multilayer laminate mainly composed of Kraft paper and
thermoplastic polymers (such as PE, PP and PET) whose mechanical properties are temperature-

dependent. As a result, the mechanical properties of the facing tend to decrease with increasing

T, T

E, 1

temperature which gives <’;;im> < 1 and it is hard to conclude whether the quantity SCTZ (see eq.10)
SC

film
will be greater or lower than unity. In addition to that, even if the critical strain is postponed at higher
values when the temperature increases (scT2 >ECTl), this does not necessarily mean that the wrinkles will
not appear because the compressive strain level (shrinkage) also depends on the mechanical resistance
of the facing: the lower the mechanical resistance of the facing, the higher the compressive strain.
However, the temperature of the facing should rapidly decrease during the post-cure treatment at
room temperature (in particular for the highest temperatures) which should limit its influence on the
shrinkage level. But the fact that the rigidity of the foam substrate decreases with the increase of mold
temperature is not going in the right direction and should not prevent the formation of surface

wrinkles.

Getting back to the Shore hardness, it therefore appears that it is not controlled by the isocyanurate

content but is closely connected to the local (surface) foam density. The Shore hardness values
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measured within the first 30 mm plotted in Figure 17 as a function of foam density seem to confirm
that hypothesis, although there is some scatter in the data: the higher the foam density, the higher the
Shore hardness. Nevertheless, it does not explain why the Shore hardness of the samples with
Tmolae=160°C is lower at the surface than in the core while the corresponding densities of the surface
layer and the core are almost the same. Some thermal degradation of the polymer matrix may
potentially explain this decrease in surface Shore hardness at high temperatures. According to
Montserrat [26] who studied the effect of isothermal curing of epoxy resins, devitrification of the
thermoset can occur when the isothermal curing temperature is too high and may lead to the decrease
of the crosslink density. In our case, it is well known that isocyanurate groups are thermally more stable
than urethane groups, because of the absence of labile hydrogens in the isocyanurate ring [48].
Isocyanurate linkages dissociate at a temperature of about 350°C as opposed to 200°C for urethane
linkages based on aryl-NCO/alkyl-OH [67,68,69]. In our study, the detailed analysis of IR spectra did
not show any evidence of a significant drop of urethane content as shown by the constancy of
urethane/isocyanurate ratio at Tmee=160°C (Figure 6). Eventually, it is worth noting that the foam
surface (after facing removal) carries brown stains which darken as the mold temperature increases.
The characteristic shape of these stains suggests that they correspond to the area of the first contact
of the liquid mixture (before any reactions) with the bottom face of the hot mold. It is the authors’
belief that the liquid mixture could be “scorched” at the time it is poured into the hot mold, causing a
significant decrease in the Shore hardness for Tmoe=160°C. It should be emphasized that the core of
the foam does not seem to be affected by this phenomenon while the maximum temperature can
reach about 160°C. One possible explanation may be that the matrix is partly cross-linked and thus
should be more able to withstand high temperatures. Another possible explanation could be related
to the oxidation of the liquid mixture when it comes in contact with the bottom face of the mold while
no oxygen molecules are available in the core of the foam. In any case, this phenomenon may also
explain why the isocyanurate level (as probed by the his0/hises peak height ratio) is lower at the

surface for Tmolt=160°C (see section 3.2.1).

42



85

80 N
i .
i AX o A #20°C
— 75 ® 50°C |
- - [ ]
i + * A70°C
S ! A 5 a
i Y- m 90°C
T 70 o 1
: e o +105°C
I X O % 120°C
65 0140°C |/
[ ©160°C
i 00180°C
60 ~——r ot b L e
25 30 35 40 45 50
p (kg/m3)

Figure 17: Evolution of Shore hardness as a function of foam density (p). The data volume was
intentionally limited to values corresponding to depth varying between 0 and 30 mm so as not to

overload the graphic.

3.2.4. Evolution of foam morphology as a function of depth for Tmei~25°C (t~4500 h)

One last question concerns the potential changes in the morphology of the cellular structure. Any
variation in foam density is usually accompanied by a change of the size and the shape factor of cells.
As a rule, the cells of PUR and PIR foams prepared in open mold tend to be elongated in the foam rise
direction. Several authors [56,70,71] demonstrated for PUR foams that both the size and the
geometrical anisotropy of cells decreased (less elongated in the rise direction) with increasing density.
In our case, cell characteristics were investigated for the lower mold temperature (Tmoa~25°C) in order
to maximize the chance of seeing any difference in foam morphology between the surface (low
temperature) and the core (high temperature). Despite a few discrepancies, Figure 18 indicates that
both the average cell size (projected area diameter, da) and Feret aspect ratio (shape factor) increase

with depth up to about 30 mm. With an average value 6~90.5+2.5° for the different layers (Bmax~97°
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and 6,in~85°), the average orientation angle (Feret angle) confirms that cells are mainly oriented
vertically (rise direction) and that the difference in Shore hardness cannot be attributed to a variation
of cell orientation. In addition, the relative constancy of cell population density (B~
(5.760.25)x10° cell/cm?) over the whole block thickness tends to indicate that the level of coarsening
(coalescence and/or Ostwald ripening) is similar across the whole block, despite the difference in
temperature between the surface and the core. Similarly, Hatchett et al. [72] indicated in the case of
molded PU foams that the cell dimensions increased from the side to the center of the foam processed
at 25°C. The differences in size and aspect ratio of the cells may be explained by the higher temperature
in the core which generates more gas pressure, channeled in the rise direction because lateral
expansion is precluded. In addition to that, it has been demonstrated for PUR foams
(65 kg/m3<p<70 kg/m?) of various molar mass per branching unit (300 g/mol <Mc<1150 g/mol) that
the cell elongation in the rise direction decreased with increasing Mc [31]. More precisely, the PUR
foams with 300 g/mol <Mc<600 g/mol were characterized by a cell aspect ratio in the range 1.2-1.4
but R decreased in the range 0.9-1.2 for 650 g/mol <Mc<1150 g/mol. One may ask whether the
decrease of M. of our PIR foams, as expected from the increase in isocyanurate content (crosslinking
nodes) when moving from the surface to the core, may also favor the cell anisotropy. However, this is
just an informed guess because it is not possible to separate these two causes. Whatever the case,
Smits [73] theoretically argued that cell size can affect the mechanical properties of a foam, all other
things being equal. In practice, changing the cell size without affecting other characteristics such as
foam density and/or cell shape factor is not straightforward and to the best of our knowledge there is
no real rules linking the cell size and mechanical properties such as compression modulus and/or stress
at yield. In contrast, it has been demonstrated that increasing cell aspect ratio should both increase
the elastic modulus and stress at yield loaded in the rise direction [56,74]. According to Hawkins et al.
[75], it is one of the primary reasons why the compressive modulus and collapse stress depend on the
vertical positions for PUR foams made in tall mold while the density variations are smaller than 4%. In

our case, the increase in cell aspect ratio should slightly compensate the decrease in foam density in
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the core but seemingly not enough, judging from the decrease in Shore hardness (Tmo1d~20°C) as one

moves from the surface to the core (Figure 12).
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Figure 18: Evolution of (a) Projected area diameter and (b) Feret Aspect Ratio as a function of depth (z

axis) for the Tme1a=25°C (t~4500 h). The lines are only guides for the eyes.
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4. Conclusions

The main purpose of this work was to determine whether the increase in the double-belt temperature
(as simulated by the mold temperature in our case) would allow an increase in the rigidity of the foam
surface, with the aim of restraining or even preventing the formation of two-dimensional wrinkles of
PIR foam insulation panels. For that purpose, model PIR foam samples were prepared at different mold
temperatures and were chemically analyzed using ATR-FTIR spectroscopy while a Shore durometer
(type OO) was used to estimate the foam rigidity. Both analyses were performed at different depths
from the surface to the core of the material, and the corresponding local densities were also

determined.

The isocyanurate content of the foam surface (under the facing) was found to increase with the
increase in mold temperature. In addition, profiles of isocyanurate content (in the rise direction)
indicate that the strong chemical gradients occurring in the first 20-30 mm for a non- or weakly heated
mold tend to disappear as the mold temperature increases. These chemical gradients are directly
related to the thermal gradient occurring during manufacturing, because heat loss is strongly
minimized in the core (adiabatic curing) of the foam bun thanks to the intrinsic thermal insulation

properties of the foam.

The foam rigidity at the surface was found to strongly depend on the mold temperature but somewhat
surprisingly, the surface Shore hardness (type O0) was found to decrease with the increase of mold
temperature. This result was explained by the decrease of foam density at the surface as the mold
temperature increases (the foam density at the core can be considered as independent of Trold in first
approximation). Contrary to some expectations, increasing the temperature of the production line (top
and bottom surface of the double-belt) should therefore not allow to increase the rigidity of the foam
surface (under the facing) and, consequently, should not constrain the formation of two-dimensional
wrinkles in high thickness PIR foam boards. Nevertheless, this result does not exclude the possible

increase in the elastic modulus and/or stress at yield of the foam base material with the surface
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temperature (in relation with a higher isocyanurate content) but the effect is, apparently, not strong
enough to compensate for the decrease of foam local density (under the facing). Perhaps one solution
might be to enhance the formation of isocyanurate after the establishment of the foam structure (to
keep foam density the same), which potentially could be done by increasing the aging temperature

while keeping Tmoiq as low as possible to maintain a higher local foam density.

5. Data availability

The raw/processed data required to reproduce these findings cannot be shared at this time due to

legal or ethical reasons.
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Supplementary Information

SI1: Custom fabricated aluminum mold with a square base measuring 25 cm x 25 cm and a height of
15 cm. The bottom face of the mold was covered with a gas-tight facing typically used in foam
insulation boards up to Tmoie=120°C that was replaced by an aluminum foil for Tme¢>120°C. The lateral
faces of the mold were covered with printer paper using double-sided mounting tape in order to
protect the vertical wall of the mold and facilitate the removing of the foam bun after 15 min of cure.
As can be seen from the photograph, the mold was open at the top to allow the foam to rise and

expand freely.

Non-heated walls {\ Open mold
X (no top plate)

Bottom thermoregulated plate

53



SI2: Effect of time on the hazaso/hises (isocyanate/phenyl) peak height ratio for the surface (under the
facing). Note that only part of the data was plotted so as not to overload the graphic. The lines are only

guides for the eyes.

6 I
=—@—20°C
=@ 50°C
5 ||
= -70°C
oo.oogooc
4 = 105°C |
- = 120°C
N
a == 140°C
< 3 -
S —O= 160°C
o
< -B- 180°C
2
1
0 ALt B ey
0.1 1 10 100 1000 10000
Time (h)

54



SI3: Evolution of isocyanurate/phenyl ratio (hi410/h1ses) and/or isocyanurate peak maximum (Vcn) of

the foam core (55 mm <z < 60 mm) as a function of the mold temperature (t~4500 h)
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Sl4: Evolution of the average density of the foam core (30 mm <z < 60 mm) as a function of the mold

temperature (t~4500 h). The line is only a guide for the eyes.
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SI5: Estimation of temperature profile during manufacturing between the core and the surface of the

foam.

Additional experiments were carried out to follow the evolution of internal temperature as a function
of time and for different z-depths (as a reminder, z=0 at the level of the facing). For that purpose, 8
thermometers were quickly introduced into the side of the foam (the lateral penetration depth was
set to about 60 mm) after removing one of the lateral faces (as soon as the foam expansion is achieved,
which takes about 2 min). It is worth noting that the foam block was removed from the mold at
t~16 min in order to follow the same experimental procedure, sometimes inducing a sudden decrease
in the curves obtained near the surface. The T=f(z,t) curves are shown below for 3 different mold

temperatures (Tmotd~22°C, Tmola~70°C and Tmoia~120°C).
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A few interesting comments can be made:

(i) Obviously, the maximum temperature (Tmax) reached during foaming was found to increase with the
z-depth (for each Tmoud).

(ii) In addition, the higher the Tmo, the higher the value of Tmax for the foam close to the surface
(z=5mm) while the foam layer in the core (z=60mm) did not seem to be affected by Tmo. This is clearly
illustrated in the graph showing the evolution of Tmax as a function of z-depth (see below).

(iii) The change in cooling rate (dT/dt) is clearly visible at t~16 min for the Tmow~120°C and z=5 mm

while the value of dT/dt does not seem to be affected in the core of the foam (z=60 mm).
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These latter samples corresponding to Tmoia 0f 22°C, 70°C and 120°C were also analyzed by FTIR-ATR
from the surface to a depth of 60 mm. The evolution of isocyanurate/phenyl ratio of PIR foams is
plotted as a function of z-depth in the next Figure. As expected, the hisi0/hisos peak height ratio
increases from the surface toward the inside of the foam and all hi410/h1s05=f(z) curves converge to the

average value slightly greater than 4.
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More interestingly, the evolution of isocyanurate/phenyl ratio is presented below as a function of Tmax
(The dashed line corresponds to the best-fit line through all the data points with a second-order
polynomial equation; R2~0.91). Clearly, the various data points seem to follow the same master curve
which tends to demonstrate that the isocyanurate content is directly related to the maximum
temperature (Tmax) reached during foaming, regardless of the z-depth and/or Tmoie. Note that the minor

discrepancies could be related to different time (At) spent around Tmax for each data point.
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