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Abstract: Rigid polyurethane (PUR) foams have outstanding properties, and some of them are
successfully used even today as cryogenic insulation. The fourth-generation blowing agent Solstice®
LBA and commercial polyols were used for the production of a low-density cryogenic PUR foam
composition. A lab-scale pouring method for PUR foam preparation and up-scaling of the processes
using an industrial spraying machine are described in this article. For the determination of the
foam properties at cryogenic temperature, original methods, devices, and appliances were used.
The properties at room and cryogenic temperatures of the developed PUR foams using a low-
toxicity, bismuth-based, and low-emission amine catalyst were compared with a reference foam with
a conventional tin-based additive amine catalyst. It was found that the values of important cryogenic
characteristics such as adhesion strength after cryoshock and the safety coefficient of the PUR foams
formed with new reactive-type amine-based catalysts and with the blowing agent Solstice® LBA
were higher than those of the foam with conventional catalysts.

Keywords: rigid polyurethane foams; cryogenic insulation; environmentally friendly catalysts and
blowing agents

1. Introduction

So far, different methods of hydrogen storage for ground and aerospace vehicles
have been proposed and investigated in different studies [1-9], and it has been shown
that the most favorable type of tank system depends highly on the kind of vehicle and
operation [10]. When using hydrogen as an aviation fuel, whether at subsonic or hypersonic
speeds, lightweight, insulated cryogenic tanks are a key technical enabler as the low density
of H, even when stored as a liquid, leads to a tank volume that is about four times higher
than that of an equivalent hydrocarbon fuel in spite of its reduced mass [11,12]. The high
temperatures encountered at hypersonic speeds make tank construction potentially even
more challenging as the insulation system has to be designed to withstand a higher thermal
load for a comparatively long time.

Rigid polyurethane (PUR) foams have outstanding properties, and some of them are
successfully used even today as cryogenic insulation. Polyurethane foams are also regarded
as the main material to be used in the future for liquefied natural gas (LNG) tankers, also
as cryogenic insulation in different projects of ground, air, and space vehicles. There are
a whole range of examples of the use of plastic foams as cryogenic insulation [13,14],
although manufacturers and developers of insulation do not always provide information
on the chemical nature and properties of the used foam material.

Polyurethane foams possess many advantageous properties, such as low thermal
conductivity, a light weight, low water absorption/permeability, and dimensional stability.
In particular, polyurethane foams do not change in volume along temperature gradients;
in other words, they exhibit significant size stability [15,16]. Polyurethane foams are
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usually created by foam expansion as a result of the reaction between polyols (compo-
nent A) and isocyanate (component B). For practical reasons, component A usually contains
not only polyols but also a combination of flame retardants, surfactants, catalysts, and
a blowing agent.

A traditional catalyst package for the development of PUR foams contains several
chemicals intended to improve the blowing or gelling or a balance of both processes
during foam production. The majority of these are ‘non-reactive’ catalysts, which are
recognized as a health hazard due to their potential volatility, thus evaporating and in-
teracting with the surrounding environment. To negate this, several new ‘reactive amine
catalysts’ that, unlike their predecessors, react with isocyanate or polyol molecules and
incorporate into the polymer matrix have been developed. TOSOH company [17] tested
several novel triethylenediamine (TEDA)-based non-volatile reactive amine catalysts to be
used in conjunction with metalorganic catalysts for the production of elastic PUR foam:s,
finding that RZETA, a hydroxymethyl-TEDA variant showed better gelling activity in
comparison to other reactive amine catalysts. Sikorski et al. [18] replaced traditionally
used non-reactive TEDA with reactive catalysts PC CAT® HPI and API, reducing volatil-
ity caused by silicone surfactant reactions. Casati et al. [19] investigated several reactive
amine catalysts in combination with so-called “active polyols” from The Dow Chemical
Company, concluding that the combination of both or the use of active polyols alone
helps in the reduction of volatile components during the preparation of elastic PUR foams.
Muuronen et al. [20] used a novel computational method to successfully predict the cat-
alytic activity of seven different N,N-dimethyl group-containing catalysts; they found that
aliphatic heterocycle-containing catalysts are comparable to tertiary amine catalysts, with
catalytic activity increasing with decreasing heterocycle ring size, suggesting pyrrolidine
derivatives as high-catalytic-activity alternatives without the risk of formaldehyde for-
mation. Zimmerman et al. [21] used a combination of only hydroxyl-containing reactive
amines (JEFFCAT® ZF-10 and ZR-70) in order to successfully prepare elastic PUR foams for
car seats. The high catalytic activity and low emission characteristics of the same catalyst
group were later proven by Chaffanjon et al. [22] using real-time FTIR kinetic analysis.
An alternative approach in novel reactive catalyst preparation has recently been shown by
Stridaeng et al. [23] who prepared copper and zinc acetate—ethanolamine complexes and
used them for the preparation of rigid PUR foams; both catalysts showed complete reaction
activity, with longer gel and rise times in comparison to N,N-dimethylcyclohexylamine.

The traditionally used metalorganic tin-based catalyst for urethane reactions also
raises concerns due to its potentially negative environmental impact. Pretti et al. [24]
conducted ecotoxicological studies of bismuth-based and tin-based catalysts and found
that the tin-based catalyst was toxic to several tested marine specimens, while in contrast
the bismuth-based catalyst was non-toxic to any of the tested species. As a result, the use
of a bismuth-based catalyst over a tin-based one has at least a clear ecological advantage.
Khezraji et al. [25] replaced a traditionally used tin-based catalyst with a non-toxic bismuth-
based catalyst for elastic PUR foam development and found that the bismuth-based catalyst
showed a higher isocyanate conversion rate than the tin-based catalyst, leading to improved
mechanical properties.

Up until the early 2000s, the main chemicals used as refrigerants, propellants, solvents,
and of course blowing agents for polymeric foam production were hydrofluorocarbons
(HFCs). It was discovered that, despite being environmentally friendly to the ozone layer,
their influence on global warming potential (GWP) spelled disaster. As a result, Kyoto
Protocol, pursuant to the United Nations Framework Convention on Climate Change (UN-
FCCCQ), set binding targets for greenhouse gas emissions based on calculated equivalents of
carbon dioxide, methane, nitrous oxide, HFCs, PFCs, and sulfur hexafluoride [26]. The limit
for the use of such substances is their GWP value, composed of the combination of the ra-
diative forcing and atmospheric lifetime over the evaluated time frame (i.e., over 100 years)
relative to what carbon dioxide creates [27]. The European Parliament has adopted “F-Gas
regulation” for the implementation of the Kyoto Protocol which deals with fluorochemicals
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with a GWP value over 150 for a 100-year projection. Gradual phase-out and emission
reduction down to 99% according to a schedule is ongoing. The current schedule [28]
foresees near-complete phase-out of all HFCs as of 2023. As a result, hydrofluoroolefins
(HFOs) have been proposed for HFCs’ replacement. With an unsaturated carbon-carbon
bond within their structure, HFOs” atmospheric lifetime drastically decreases (due to rapid
decomposition), yielding GWP values way below the 150 mark; the presence of fluorine
atoms also provides fire resistance and ODP values of, or close to, zero. Thus, current
“fourth generation” blowing agents are mainly composed of various HFOs, as well as cer-
tain ether, aldehyde, and alkane alternatives. The presence of an unsaturated bond in HFOs’
structure creates certain chemical challenges as it means previously used catalysts and
surfactants may react with the new blowing agent, yielding PUR foams with deteriorated
physical-mechanical properties. To combat this, a line of new amine catalysts for PUR
systems have been developed [29].

Modern PUR foam formulations for cryogenic spray application must be developed
in such a way as to have an outstanding combination of mechanical, thermal, and phys-
ical properties. Due to the ease of physical and mechanical deviations that may occur
during either spray application or afterwards during curing, the chemical interaction of
raw components (polyols, catalysts, surfactants, blowing agent) must be well studied;
therefore, PUR foam systems have a complex development with many complicating factors
requiring extensive testing and characterization [30]. The current trends, which are in line
with European and global environmental policy, are the use of renewable raw materials
in PUR research and development [31] and industry [32], and also in the development of
cryogenic insulation [33,34]. Non-isocyanate polyurethane foams are also being developed
for use in cryogenic insulation [35]. In previous years, several researchers have experi-
mentally tested the mechanical properties of PUR foams under various environmental
conditions and material states, for example, temperature, pressure, strain rates, etc. The
mechanical features of PUR foams were investigated at various material densities [36] and
quasi-static and high strain rates [37,38]. Moreover, the microscopic characteristics [39],
cushioning properties [40], energy absorption [41], thermal conductivity [42], and static
compressive loading [43] of PUR foams were investigated for identifying their material
characteristics. However, the operating environment of a launch vehicle is a combination
of rapid temperature and atmospheric changes; aerodynamic, acoustic, and mechanical
loads; and other conditions. The cryogenic tank’s foam insulation is therefore subjected
to a number of potential structural problems, including potential debonding from the
substrate, interlaminar adhesion failure, mechanical (tensile, compressive) failure, etc.

This study presents the results of a comparative study of several of these parameters
at normal and cryogenic conditions for rigid PUR foam developed using fourth-generation
blowing agents and appropriate reactive amine-based catalysts.

2. Materials and Methods
2.1. Materials

For PUR foam production, polyether and polyester polyols Lupranol 3300, Lupranol
3508/1, and Lupraphen 1901/1 were purchased from Ludwigshafen, Germany. In addition,
diethylene glycol, technical grade, from Sigma-Aldrich (Steinheim, Germany); reactive
IXOL B 251 from Solvay Fluor (Hanover, Germany) and additive TCPP (tris-(1-chloro-
2-propyl) phosphate) (Albemarle, Louvain-la-Neuve, Belgium) as flame retardant; and
Silicone L-6915LV (Momentive Performance Materials, Leverkusen, Germany) as surfactant
were used for polyol mixture preparation. Catalyst tin butyl dilaurate (trade name Kos-
mos 19) from Sigma-Aldrich (Steinheim, Germany), Dabco MB20, Polycat 5, Polycat 203,
and Polycat 218 (Evonik GmbH, Essen, Germany) in various combinations were used
as catalysts. Polymeric 4,4'-methylene diphenyl isocyanate (pMDI) Desmodur® 44V20L
(Covestro AG, Lervekusen, Germany) with an NCO group content of 31.5% and an average
functionality of 2.7 was used as an isocyanate component in polyurethane formulations.
Average molar mass of the chains between cross-links (Mc) was used as a basic characteris-
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tic for composition calculations and optimization [44,45]. In this study, cryogenic insulation
compositions had an M. of 550 g/mol. A combination of two blowing agents, a chemical
blowing agent of water (water in polyols and added water), and a physical blowing agent
HFO-1233zd-E under the trade name Solstice® LBA (Honeywell Fluorine Products Europe
B.V., Weert, The Netherlands) was used.

2.2. Methods
2.2.1. Preparation of PUR Foam Samples

The research was carried out in 2 stages: (1) system optimization with the pouring
method; (2) methods of up-scaling using an industrial spraying machine. The recipes of
the PUR compositions used in the study are given in Tables 1 and 2.

Table 1. Recipes of PUR pouring and spraying compositions, pbw.

Ingredients Trade Names Pouring Composition Spraying Composition
Lupranol 3300
Lupranol 3508/1 55
Polyols Lupraphen 1901/1
Diethylene glycol 25
A-component IXOL B 251 20
Flame retardant TCPP 15
Surfactant Silicone L-6915LV 15
Catalyst package According to Table 2
Solstice® LBA 23-41 45
Blowing agents Water 019 0
B-component (pMDI) Desmodur® 44V20L 147 147-160

Table 2. Catalyst package and sample codes for PUR compositions.

Sample Catalyst, pbw
Codes Kosmos 19 1]3;;;3_;3 Polycat 5 Polycat 218 Polycat 203
Pouring compositions
CRYO_p 0.1 0.5
Spraying compositions
CRYO_spr_1 0.1 6
CRYO_spr_2 0.15 6
CRYO_spr_3 0.15 6
CRYO_spr_4 0.2 6
CRYO_spr_5 0.2 4 2

At first, size samples (cup tests) were obtained using the universal foam qualification
system FOAMAT 285, which measures different foaming parameters of start time, gel time,
and tack-free time.

To determine the effect of the new blowing agent content on the density and adhesive
strength, PUR foam blocks were made by pouring. For this, a polyol mixture with a reduced
concentration of the amine catalyst (0.5 part by weight (pbw)) was used. Pouring free-rise
PUR foam blocks were prepared using a laboratory mixer with a stirrer speed of 2000 rpm
and open molds with a size of 250 x 250 x 100 mm. Poured foam was applied on aluminum
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plates of 40 x 40 x 4 mm, preliminarily abraded with sandpaper. The temperature of the
aluminum plates was 22 °C.

For the spraying of PUR foam panels, the same polyol mixture with an increased
content of the amine catalysts was used. The blowing agent was added in such an amount
(0.35 mol) as to obtain panels with an apparent density of about 35 kg/m?3. For the spraying
of foam panels, a high-pressure GlasCraft MH VR dispensing system and a spray gun
(Probler P2 Elite) were used. The polyol and the isocyanate components’ temperatures were
40 °C, and the working pressure of the components was 120-140 bar. Polyurethane foam
panels were spray-applied on aluminum sheets covered with a release agent. For the adhe-
sive test, PUR foam was spray-applied on the same aluminum plates of 40 x 40 X 4 mm.
The temperature of the aluminum sheets and plates was 22 °C. The thickness of spray-
applied panels and poured blocks was 50-60 mm.

2.2.2. PUR Foam Testing

PUR foam samples for testing were cut out from the core of the poured blocks and
sprayed panels. For mechanical tests of PUR samples, the Static Materials Testing Machine
Zwick/Roell Z010 TN (10 kN) (Zwick GmbH & Co, Ulm, Germany) with the Basic program
testXpert Il was used. For the test at cryogenic temperature (77 K), the testing machine was
equipped with the original cryostat and block for the temperature regulation (Figure 1a).

Figure 1. (a) Testing machine Zwick/Roell Z100 with a cryogenic test facility. (b) Appliance for ring
tensile test at cryogenic temperature. (¢) PUR sample for bond strength determination with adapters.

For the tensile test at cryogenic temperature, a special appliance and foam rings with
an inner diameter of 43 mm, outer diameter of 53 mm, and width of 13-14 mm were used
(Figure 1b). Rings were cut out in-plane perpendicular to the foam rise direction. The
reliability of this method of foam tensile testing, analogous to ASTM D 2290, is described
in [46-48].

The adhesive strength of PUR foam to aluminum was measured as tensile bond
strength between polyurethane foam and aluminum according to EN 1607. Aluminum
plates (40 x 40 mm) with applied foam were cut off from poured blocks or sprayed panels
on aluminum plates. The thickness of foam after cutting off for all samples was 20 mm.
Tensile bond strength was determined at room temperature and after the cryoshock test
(immersion of aluminum samples with applied insulation in liquid nitrogen and subse-
quent exposure of it for an hour). After this test, samples were glued to aluminum plates
(40 x 40 mm) with adapters for fixing in the test machine (Figure 1c). Each mechanical
testing series was made using 8 samples.

The value of the contraction of foam at cooling from room to cryogenic temperature
was determined using the vertical thermomechanical analyzer TMA PT1600 (Linseis GmbH,
Selb, Germany). For this test, specimens of 4 x 4 x 20 mm were used. Ring-like specimens
were cut off in-plane perpendicular to the foam rise direction. PUR specimens were cooled
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at a rate of 3 K/min. The analyzer made it possible to determine the contraction only in the
temperature range from 295 K to 105 K. For calculation of the safety coefficient, the required
contraction in the temperature range from 295 K to 77 K was determined by extrapolation
of experimental dilatometric curves.

The coefficient of thermal conductivity was carried out according to ISO 8301:1991
using Linseis Heat flow meter 200 (Linseis, Selb, Germany), The sample (dimensions,
200 mm x 200 mm x 50 mm) was inserted between two plates (top plate temperature,
20 °C; bottom plate temperature, 0 °C), and the coefficient of thermal conductivity was
measured at +10 °C.

Fourier transmission infrared spectroscopy (FTIR) analysis was performed using
a Thermo Scientific Nicolet iS50 spectrometer (Waltham, MA, USA). FTIR spectra were
obtained using absorbance at a resolution of 4 cm~! with 32 scans.

3. Results and Discussion

Among the various criteria for the stability of PUR foam insulation at cryogenic tem-
peratures, two should be distinguished. The first of these is the high adhesive strength of the
foam to the substrate material, which is maintained even at cryogenic temperatures. In this
study, it was evaluated as the tensile bond strength of foam applied on an aluminum plate.

The second criterion is the ability to withstand the formation of cracks in the insulation
when it cooled to cryogenic temperatures, due to the difference in the coefficients of thermal
expansion of the substrate material and insulation. The ability of materials to resist the
formation of cracks at cryogenic temperatures can be estimated from the maximum thermal
stresses that occur in the foam on the surface of the insulated substrate. The safety factor in
this case [49] is measured as the ratio of the strength of the foam at cryogenic temperature
to the resulting thermal stresses:

Ky = 07-(1 —v)/(E-AT) 1)

where:

oc+—tensile strength at cryogenic temperature, MPa;
E—tensile modulus at cryogenic temperature, MPa;
AT—temperature difference, K;

v—DPoisson’s ratio at cryogenic temperature.

Another way to assess the reliability of cryogenic insulation is the criterion of maxi-
mum deformations. In this case, this ability can be estimated as the ratio of the elongation
at break of the polyurethane foam at cryogenic temperature to the contraction of the foam
when it is cooled from room temperature to cryogenic temperature (safety coefficient
Ke) [50]:

Ke = €77/ Alygs_77/ 195 ()

where:

e7z7—elongation at break at 77 K, %;
Alygs5_77—contraction of foam at cooling from 295 to 77 K, %;
lrgs—length of sample at room temperature, mm.

It was according to this criterion that the studied materials were evaluated. This
simplified formula does not take into account the difference in the thermal expansion
coefficients of the foam and the substrate material. Given this difference, the value of the
coefficient will be slightly higher.

3.1. Preliminary Cryogenic Tests with Pouring Compositions

The properties of PUR foams are determined by both the properties of the polymer
matrix and the density. To determine the dependence of the adhesive strength of the foam
on the density, foam of different densities was applied to aluminum plates by pouring.
Both Solstice® LBA and its combination with water were used as a blowing agent to vary
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the density of the polyurethane foam CRYO_p. The total content of physical (Solstice®
LBA) and chemical (water) blowing agents was estimated in moles (Table 3). The properties
of CRYO_p with Solstice® LBA obtained with the additional use of 0.5, 1.0, 1.5, and 2.0 pbw
of water are indicated in the figures as 0.5 W, 1.0 W, and so on. The foam prepared without
the use of additional water during foaming is indicated as 0.1 W in the figure, because the
total moisture content of the polyols was 0.1 pbw. The tin-based catalyst Kosmos 19 and
the amine catalyst Polycat 5 were used as catalysts in the pouring CRYO_p formulations.

Table 3. Content of blowing agents in moles used in pouring tests.

Water Solstice® LBA
pbw
Added Wat.er together with 21 23 28 33 35 39 1
water moisture of polyols
moles
0.16 0.18 0.22 0.26 0.27 0.30 0.32
pbw pbw moles :
Blowing agents total, moles
0 0.1 0.01 * * 0.23 * 0.28 0.31 0.33
04 0.5 0.03 * * 0.25 0.29 0.30 0.33 0.35
0.9 1 0.06 * 0.24 0.28 0.32 0.33 * *
1.4 1.5 0.08 * 0.26 0.30 0.34 0.35 * *
1.9 2 0.11 0.27 0.29 0.33 * * * *

* Compositions were not sprayed.

The apparent density of the obtained foam, depending on the total amount of blowing
agents, is described quite accurately by one approximation curve, regardless of the amount
of water in the polyol composition (Figure 2a). Naturally, with an increase in the total
content of the foaming agent, the apparent density of the foam decreases.

0.65
ol 0.1W 060 r ¢ ©0.1W
=2 S i *0.5W §o,55 H TTeea *0.5W
E 40 ALOW Sos0 | LT ALoOW
i 38 ¢ SR ALSW 045 | RN ALSW
d * o SN -~
£ 36 | e, *2.0W 5040 S, e20W
g 347 T B 035 b
A 8 A
32 a R 030 |
30 . . . . . . ) 025 L . . . . L )
022 024 026 028 030 032 034 036 022 024 026 028 030 032 034 036
Blowing agent total (mol) Blowing agent total (mol)
(a) (b)
0.65 0.50
50.60 + ¢ 001W 048 ° ) e
go:s A " :?;x §0,46 b . A 001w
=050 F 0”9,’. “';W ;044 L e *0.5W
5045 | A E Boar | A Lo
%040 |- el *2.0W She -
- . F040 |
£035 | A =0 .
Bos0 |4 Zoxs e
025 1 1 1 1 1 1 J 036 L 1 1 L 1 1 J
30 32 34 36 38 40 42 44 33 34 35 36 37 38 39 40
Density (kg/m?) Density (kg/m?)
(o) (d)

Figure 2. Relationships among total content of blowing agent, density, and bond strength. (a) Density
of PUR foam vs. total content of blowing agents. (b) Tensile bond strength of PUR foam vs. total
content of blowing agents. (c) Tensile bond strength of PUR foam vs. foam density. (d) Tensile bond
strength of PUR foam after cryoshock test vs. foam density (water content in pbw in compositions in
figure’s legend as: 0.1, ..., 2.0 W).
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The total amount of blowing agent has the same effect on adhesive strength. However,
the values of the adhesive strength of the foams obtained with the use of a minimum
amount of additional water (0.5 W) and without it (0.1 W) are slightly higher than the
approximation curve on the figure. The adhesive strength values of the foams obtained
with the use of more additional water lie slightly lower than the approximation curve
(Figure 2b). The same is observed in the figure of the dependence of adhesive strength on
the density of the foam (Figure 2c).

Such a small difference in the adhesive strength of the composition with a higher
content of water can be explained by the presence in the resulting polyurethane of, in
addition to urethane groups, urea, biuret, and allophanate groups. These compounds are
formed as a result of a secondary isocyanate reaction with amine, urea, and urethane at the
polyurethane foaming with the water [51].

The dependence of the adhesive strength of the foam after cryoshock on the density is
shown in Figure 2d. The values of adhesive strength after cryoshock were slightly less than
the initial adhesive strength of the foam. However, no delamination of the foam after the
cryoshock test was observed in all cases. Like the initial adhesive strength, the strength of
the foam after cryoshock decreased with decreasing density.

3.2. PUR Foam Scale-Up Production Using Industrial Spraying Machine and Cryogenic Tests

The foams were sprayed using a variable-ratio high-pressure GlasCraft MH VR dis-
pensing system that allowed polyurethane compositions to be sprayed with varying
Solstice® LBA content at a given NCO index. This high-pressure machine also made
it possible to evaluate the effect of small changes in the isocyanate index (within 1.1-1.2)
on the properties of the foam. Isocyanate-polyol and isocyanate-water reactions are both
catalyzed by amines. Using tertiary amines has some disadvantages, including their pun-
gent fishy smell and high volatility. Reactive catalysts have emerged as a result of growing
environmental concerns about reducing emissions of volatile organic compounds (VOCs).
Recent Negligible-Emission-grade catalysts from the company Evonik have lower emis-
sions compared to traditional amines, lowering employee and consumer exposure to VOCs.
We applied catalysts from the Negligible Emission grades in our research.

The following catalysts were used in spray compositions:

e Kosmos 19, a tin-based strong gel catalyst that was used as a reference metal-
based catalyst;

e  Dabco MB 20, a bismuth-based carboxylate that is an alternative to tin-based catalysts
in rigid foam systems;

e  Polycat 203, recently developed and patented, is a low-water-containing, amine-based
catalyst with outstanding stability in formulations that contain HFO blowing agents.
In comparison to conventional catalysts, Polycat 203 is a reactive amine catalyst and
can facilitate a reduction in amine emissions during spraying;

e  Polycat 218, recently developed and patented, is a relatively HFO-stable blowing
reactive amine catalyst, designed to complement Polycat 203 in formulations
containing HFO;

e Polycat 5, a conventional additive blowing catalyst that was used as a reference
amine catalyst.

The preliminary experiments have shown that in order to ensure good adhesive
strength of the polyurethane foam to aluminum during spraying at room temperature
(without heating the metal), it is necessary to use at least 6 pbw of the amine catalyst. The
influence of the catalyst on the foaming parameters is shown in Table 4, where it can be
seen that at concentrations of 6 pbw, the foaming parameters reach the optimum for spray
recipes: start time of 3-5 s; rise time of <30 s.
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1.1

Table 4. Foaming parameters.

Sample Codes foream feel Hack-free
Sec
CRYO_p 23-27 38-45 45-60
CRYO_spr_1 3.4 11.0 17.0
CRYO_spr_2 35 115 19.8
CRYO_spr_3 3.6 14.0 23.2
CRYO_spr_4 3.7 13.2 222
CRYO_spr_5 45 15.0 27.1

Initially, PUR formulations using HFO as a blowing agent were developed and tested
at room temperature [29], with approximately the same apparent density for pouring
and spray foams, 34-36 kg/m>. Both foams had a closed-cell structure. The volume
content of the closed cells in pouring and spray foams was practically the same, namely,
95 vol%. It was found that at practically the same density, the initial value of the thermal
conductivity coefficient Ajg of the pouring foam was higher by 10% than that of the spray
foam (17.1 mW/m-K versus 15.4 mW /m:-K). Due to the much smaller cell sizes, the spray
PUR foam had a much lower thermal conductivity. This is a direct consequence of the
decrease in the radiative component in the overall thermal conductivity of the foam [52].

Better results for foam with an apparent density of 35 kg/m? were found for compo-
sitions with Solstice® LBA without the use of an additional blowing agent of water. The
properties of the foams obtained with the most successful combinations of the mentioned
catalysts are shown in Table 5 and Figures 3-5. These combinations of gel and blowing
catalysts in the sprayed PUR compositions are listed in Table 2.

Table 5. Apparent densities (kg/m?) of spraying PUR compositions.

NCO/OH
PUR Compositions

1.1 1.15 1.2
CRYO_spr_1 34.6 34.8 35.3
CRYO_spr_2 34.3 34.7 34.9
CRYO_spr_3 34.4 349 35.1
CRYO_spr_4 34.5 34.6 35.0
CRYO_spr_5 34.5 34.6 35.3

mCRYO spr_1
m CRYO spr_2
m CRYO spr_ 3
uCRYO spr_4
mCRYO spr_5

1.15 12
NCO/OH

(@) (b)

Figure 3. (a) Tensile bond strength of sprayed PUR foams after cryoshock test vs. NCO/OH ratio.
(b) Sprayed PUR samples after cryoshock and tensile bond strength test.
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Figure 4. PUR foam tensile properties at 77 K vs. NCO/OH ratio: (a) tensile strength; (b) elongation
at break.
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Figure 5. (a) Displacement curves measured by TMA test equipment with approximation; (b) PUR
foam contraction at cooling from 275 to 77 K vs. NCO/OH ratio.

The adhesive strength of all sprayed foams was tested after the cryoshock test. It was
found that with an increase in the isocyanate index, the adhesive strength of the PUR foam
after cryoshock increases and for most compositions reaches its maximum at an index of
1.2. A possible reason for this increase in adhesive strength may be the more complete
curing of PUR and a slight increase in the cross-link density of it with a slight increase in
the isocyanate index. A similar increase in adhesive strength proportional to the cross-link
density was noted in [53].

The values of the properties of CRYO_spr_3 were lower than those of the similar
CRYO_spr_4 due to a lower content of gel catalyst Dabco MB-20. CRYO_spr_4, containing
0.2 pbw of the catalyst MB-20 and 6 pbw of the catalyst Polycat 218 at the NCO/OH ratio
1.2, had the highest adhesive strength value (Figure 3a). It was higher than the adhesive
strength of CRYO_spr_1 with the conventional reference catalysts Kosmos 19 and Polycat 5.

The typical appearance of the specimens after cryoshock and the tensile bond strength
test is shown in Figure 3b. As a rule, some of the specimens had an adhesive failure mode,
and some had a cohesive one. But in all cases, the foam film remained on the metal surface.

The properties of the foam at cryogenic temperature are shown in Figures 4-6. The
tensile strength of PUR foam mostly, with rare exceptions, increased with an increase in
the isocyanate index for all compositions (Figure 4a). The highest tensile strength values
were found for all PUR compositions at the maximal NCO/OH ratio. This effect, as in
the case of adhesion, can certainly be facilitated by more complete curing of PUR and
a slight increase in the cross-link density of it with a slight increase in the isocyanate index.
CRYO_spr_1; CRYO_spr_2; and CRYO_spr_4 had approximately equal maximal values of
tensile strength at cryogenic temperature.

PUR foam elongation at break at 77 K, like tensile strength, mostly, with rare exceptions,
increased with increasing isocyanate index for all compositions (Figure 4b). The highest
elongation values were found for CRYO_spr_1 with the conventional catalysts Kosmos 19
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and Polycat 5. However, the elongation of CRYO_spr_4 with 0.2 pbw of the catalyst MB-20
and 6 pbw of the catalyst Polycat 218 is only slightly inferior.
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Figure 6. Safety coefficient of PUR foams at 77 K vs. NCO/OH ratio.

The contraction of PUR foams upon cooling from room temperature to liquid nitrogen
temperature mostly slightly decreased (Figure 5). The lowest contraction values were
found for CRYO_spr_5 where a combination of amine catalysts Polycat 218 and Polycat 203
was used.

As a result of such changes in elongation at break and contraction, their ratio and, con-
sequently, the safety coefficient (Figure 6) increased with the increase in the isocyanate index
due to the more complete curing of PUR. The highest safety coefficient values were found
for the foams CRYO_spr_4 and CRYO_spr_5, where the bismuth-based catalyst Dabco
MB-20 was used together with the reactive amine catalyst Polycat 218 or a combination
with Polycat 203.

FTIR spectroscopy (Figure 7) was used to confirm that the urethane formation reaction
was complete and no free NCO groups remained. The peak of the stretching vibration at
22602280 cm ™! of free isocyanate was practically absent, in contrast to [54,55] where the
isocyanate was predominant and not fully reacted. At the same time, all the vibrations char-
acteristic of urethane groups are visible in the FTIR spectra in our fully reacted compositions
CRYO_spr_2-CRYO_spr_5, such as 3300-3330 cm !, which are the result of symmetric and
asymmetric stretching vibrations of the N-H groups present in the urethane groups; the
peaks at ~1520 cm ! and ~1310 cm ! are attributed to the in-plane N-H bending and NCO
stretching of the urethane group [54] and others.

——CRYO_spr_$
——CRYO_ spr_4
——CRYO_spr_3
—CRYO_ spr_2

Absorbance

4000 3600 3200 2800 2400 2000 1600 1200 800 400
‘Wavenumber (cm')

Figure 7. FTIR spectra of rigid PUR foam compositions.

These two polyurethane foam compositions (CRYO_spr_4 and CRYO_spr_5) were
found to be more suitable with a density of 35 kg/m? for cryogenic application. The
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properties of the mentioned foams with reactive amine catalyst and bismuth-based Dabco
MB-20 at cryogenic temperature were better than those of the foam with conventional
additive amine catalyst Polycat 5 and tin-based catalyst Kosmos 19.

4. Conclusions

Low-density cryogenic foams with the environmentally friendly blowing agent hy-
drofluoroolefin (HFO) Solstice® LBA were developed, prepared, and up-scaled. For the
PUR foam preparation, new, low-toxicity, bismuth-based, recently developed and patented,
low-emission reactive amine catalysts were used. Catalysts specially designed for blowing
agents with low global warming potential were effective on such important cryogenic
properties as adhesion strength after cryoshock and safety coefficient. Using the relatively
HFO-stable blowing reactive amine catalyst in optimal concentrations, it is possible to
obtain foam with a density lower than 36 kg/m? and at the same time with a bond strength
after cryoshock higher than 0.3 MPa and a safety coefficient higher than 3.9.

Our research shows that by combining more environmentally friendly catalysts and
blowing agents it is possible to obtain PUR material, which in the future can serve as
cryogenic insulation in liquefied natural gas (LNG) transportation or in space technologies.

Author Contributions: Conceptualization, U.C. and M.H.; methodology, V.Y.; software, V.Y.; val-
idation, V.Y. and M.H.; formal analysis, M.R.; investigation, V.Y.; resources, U.C.; data curation,
M.R,; writing—original draft preparation, M.R.; writing—review and editing, B.S.; visualization, B.S.;
supervision, U.C.; project administration, M.R.; funding acquisition, U.C. All authors have read and
agreed to the published version of the manuscript.

Funding: The research leading to these results received funding from the European Space Agency;
Contract No. 4000124200/18/NL/SC. However, the views expressed herein can in no way be taken to
reflect the official opinion of the European Space Agency and are not intended to endorse particular
technologies, companies, or products.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Project: Light Weight Polyurethane Insulation for the Bulkhead of Ariane
Rocket, Produced with the Next Generation Blowing Agents and Environmentally Friendly Catalysts
(CRYOFOAMS-LW).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Pehr, K; Sauermann, P,; Traeger, O.; Bracha, M. Liquid hydrogen for motor vehicles-The world’s first public LH2 filling station.
Int. J. Hydrogen Energy 2001, 26, 777-782. [CrossRef]

2. Aceves, S.M.; Berry, G.D.; Martinez-Frias, J.; Espinosa-Loza, F. Vehicular storage of hydrogen in insulated pressure vessels. Int. ].
Hydrogen Energy 2006, 31, 2274-2283. [CrossRef]

3.  Sakintuna, B.; Lamari-Darkrim, F; Hirscher, M. Metal hydride materials for solid hydrogen storage: A review. Int. |. Hydrogen
Energy 2007, 32, 1121-1140. [CrossRef]

4. Wallner, T.; Lohse-Busch, H.; Gurski, S.; Duoba, M.; Thiel, W.; Martin, D.; Korn, T. Fuel economy and emissions evaluation of
BMW Hydrogen 7 Mono-Fuel demonstration vehicles. Int. J. Hydrogen Energy 2008, 33, 7607-7618. [CrossRef]

5. Ahluwalia, R.K,; Peng, ].K. Dynamics of cryogenic hydrogen storage in insulated pressure vessels for automotive applications.
Int. J. Hydrogen Energy 2008, 33, 4622-4633. [CrossRef]

6.  Mori, D.; Hirose, K. Recent challenges of hydrogen storage technologies for fuel cell vehicles. Int. |. Hydrogen Energy 2009, 34,
4569-4574. [CrossRef]

7. Mellouli, S.; Dhaou, H.; Askri, F; Jemni, A.; Ben Nasrallah, S. Hydrogen storage in metal hydride tanks equipped with metal

foam heat exchanger. Int. ]. Hydrogen Energy 2009, 34, 9393-9401. [CrossRef]


http://doi.org/10.1016/S0360-3199(00)00128-2
http://doi.org/10.1016/j.ijhydene.2006.02.019
http://doi.org/10.1016/j.ijhydene.2006.11.022
http://doi.org/10.1016/j.ijhydene.2008.08.067
http://doi.org/10.1016/j.ijhydene.2008.05.090
http://doi.org/10.1016/j.ijhydene.2008.07.115
http://doi.org/10.1016/j.ijhydene.2009.09.043

Materials 2023, 16, 2798 13 of 14

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Ahluwalia, RK.; Hua, T.Q.; Peng, ].K,; Lasher, S.; McKenney, K.; Sinha, J.; Gardiner, M. Technical assessment of cryo-compressed
hydrogen storage tank systems for automotive applications. Int. J. Hydrogen Energy 2010, 35, 4171-4184. [CrossRef]

Aceves, S.M.; Espinosa-Loza, F; Ledesma-Orozco, E.; Ross, T.O.; Weisberg, A.H.; Brunner, T.C.; Kircher, O. High-density
automotive hydrogen storage with cryogenic capable pressure vessels. Int. J. Hydrogen Energy 2010, 35, 1219-1226. [CrossRef]
Westenberger, A. Liquid Hydrogen Fuelled Aircraft-System Analysis (CRYOPLANE); Final Technical Report; Airbus Deutschland
GmbH: Hamburg, Germany, 2003.

Verstraete, D.; Hendrick, P; Pilidis, P.; Ramsden, K. Hydrogen fuel tanks for subsonic transport aircraft. Int. |. Hydrogen Energy
2010, 35, 11085-11098. [CrossRef]

Verstraete, D. Long range transport aircraft using hydrogen fuel. Int. . Hydrogen Energy 2013, 38, 14824-14831. [CrossRef]
Cabulis, U.; Yakushin, V.; Fischer, W.P.P.; Rundans, M.; Sevastyanova, I.; Deme, L. Rigid Polyurethane Foams as External Tank
Cryogenic Insulation for Space Launchers. In Proceedings of the IOP Conference Series: International Conference Baltic Polymer
Symposium, Materials Science and Engineering, Jurmala, Latvia, 12-14 September 2018; IOP Publishing: Bristol, UK, 2018;
Volume 500.

Cabulis, U.; Yakushin, V.; Fischer, W.P.P. Preparation of rigid polyurethane foams as inner wetted thermal insulation. In Pro-
ceedings of the AIP Conference Series: The 33rd International Conference of the Polymer Processing Society, Cancun, Mexico,
10-14 December 2019; AIP Publishing: New York, NY, USA, 2019; Volume 2139.

Bahadori, A. Thermal Insulation Handbook for the Oil, Gas, and Petrochemical Industries, 1st ed.; Gulf Professional Publishing:
Oxford, UK, 2014.

Desai, S.; Thakore, LM.; Sarawade, B.D.; Devi, S. Effect of polyols and diisocyanates on thermo-mechanical and morphological
properties of polyurethanes. Eur. Polym. J. 2000, 36, 711-725. [CrossRef]

Suzuki, T.; Tokumoto, K.; Takahashi, Y.; Kiso, H.; Van Maris, R.; Tucker, J. Zero Emission Polyurethane Catalyst Reactive
Strong Gelling Amine. pp. 13-21. Available online: https://www.tosoh.co.jp/technology /assets/2013_02_03.pdf (accessed on
28 March 2023).

Sikorski, M.; Wehman, C.; Cordelair, H. New Additive Solutions for Low VOC in HR Molded Foams. J. Cell. Plast. 2000, 36,
294-309. [CrossRef]

Casati, M.; Sonney, ] M.; Mispreuve, H.; Fanget, A.; Herrington, R.M.; Tu, J. Elimination of Amine Emissions from Polyurethane
Foams: Challenges and Opportunities. In Proceedings of the API Polyurethanes Expo, Boca Raton, FL, USA, 30 June 2001.
Muuronen, M.; Deglmann, P.; Tomovig, Z. Design Principles for Rational Polyurethane Catalyst Development. . Org. Chem. 2019,
84, 8202-8209. [CrossRef]

Zimmerman, R.L.; Renken, T.L. Low Odor Reactive Amine Catalysts for Polyurethane Foams. J. Cell. Plast. 1989, 25, 259-269.
[CrossRef]

Chaffanjon, P.; Grisgby, R.A ; Rister, E.L.; Zimmerman, R.L. Use of Real-time FTIR to Characterize Kinetics of Amine Catalysts
and to. Cell. Plast. 2003, 39, 187-210. [CrossRef]

Sridaeng, D.; Jitaree, W.; Thiampanya, P.; Chantarasiri, N. Preparation of rigid polyurethane foams using low-emission catalysts
derived from metal acetates and ethanolamine. E-Polymers 2016, 16, 265-275. [CrossRef]

Pretti, C.; Oliva, M.; Mennillo, E.; Barbaglia, M.; Funel, M.; Reddy Yasani, B.; Martinelli, E.; Galli, G. An ecotoxicological study on
tin- and bismuth-catalysed PDMS based coatings containing a surface-active polymer. Ecotoxicol. Environ. Saf. 2013, 98, 250-256.
[CrossRef]

El Khezraji, S.; Thakur, S.; Raihane, M.; Lépez-Manchado, M.A.; Belachemi, L.; Verdejo, R.; Lahcini, M. Use of novel non-toxic
bismuth catalyst for the preparation of flexible polyurethane foam. Polymers 2021, 13, 4460. [CrossRef]

Calm, J.M. The next generation of refrigerants-Historical review, considerations, and outlook. Int. J. Refrig. 2008, 31, 1123-1133.
[CrossRef]

McLinden, M.O.; Kazakov, A.F,; Steven Brown, J.; Domanski, P.A. A thermodynamic analysis of refrigerants: Possibilities and
tradeoffs for Low-GWP refrigerants. Int. |. Refrig. 2014, 38, 80-92. [CrossRef]

Schulz, M.; Kourkoulas, D. Regulation (EU) No 517/2014 of the European Parliament and of the Council of 16 April 2014 on
fluorinated greenhouse gases and repealing Regulation (EC) No 842/2006. Off. ]. Eur. Union 2014, 2014, 1L.150/195-230.
Yakushin, V.; Cabulis, U.; Fridrihsone, V.; Kravchenko, S.; Pauliks, R. Properties of polyurethane foam with fourth-generation
blowing agent. E-Polymers 2021, 21, 763-769. [CrossRef]

Fesmire, J.E.; Coffman, B.E.; Meneghelli, B.].; Heckle, K.W. Spray-on foam insulations for launch vehicle cryogenic tanks.
Cryogenics 2012, 52, 251-261. [CrossRef]

Recupido, F; Lama, G.C.; Ammendola, M.; Bossa, ED.L.; Minigher, A.; Campaner, P.; Morena, A.G.; Tzanov, T.; Ornelas, M.;
Barros, A.; et al. Rigid composite bio-based polyurethane foams: From synthesis to LCA analysis. Polymer 2023, 267, 125674.
[CrossRef]

Sardon, H.; Mecerreyes, D.; Basterretxea, A.; Avérous, L.; Jehanno, C. From Lab to Market: Current Strategies for the Production
of Biobased Polyols. ACS Sustain. Chem. Eng. 2021, 9, 10664-10677. [CrossRef]

Uram, K,; Prociak, A.; Vevere, L.; Pomilovskis, R.; Cabulis, U.; Kirpluks, M. Natural oil-based rigid polyurethane foam thermal
insulation applicable at cryogenic temperatures. Polymers 2021, 13, 4276. [CrossRef]

Sture, B.; Vevere, L.; Kirpluks, M.; Godina, D.; Fridrihsone, A.; Cabulis, U. Polyurethane foam composites reinforced with
renewable fillers for cryogenic insulation. Polymers 2021, 13, 4089. [CrossRef]


http://doi.org/10.1016/j.ijhydene.2010.02.074
http://doi.org/10.1016/j.ijhydene.2009.11.069
http://doi.org/10.1016/j.ijhydene.2010.06.060
http://doi.org/10.1016/j.ijhydene.2013.09.021
http://doi.org/10.1016/S0014-3057(99)00114-7
https://www.tosoh.co.jp/technology/assets/2013_02_03.pdf
http://doi.org/10.1177/0021955X0003600404
http://doi.org/10.1021/acs.joc.9b01319
http://doi.org/10.1177/0021955X8902500305
http://doi.org/10.1177/0021955X03039003001
http://doi.org/10.1515/epoly-2016-0021
http://doi.org/10.1016/j.ecoenv.2013.07.023
http://doi.org/10.3390/polym13244460
http://doi.org/10.1016/j.ijrefrig.2008.01.013
http://doi.org/10.1016/j.ijrefrig.2013.09.032
http://doi.org/10.1515/epoly-2021-0081
http://doi.org/10.1016/j.cryogenics.2012.01.018
http://doi.org/10.1016/j.polymer.2023.125674
http://doi.org/10.1021/acssuschemeng.1c02361
http://doi.org/10.3390/polym13244276
http://doi.org/10.3390/polym13234089

Materials 2023, 16, 2798 14 of 14

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Vlcek, T.; Cabulis, U.; Holinska, M. Eco-friendlier and non-isocyanate-based polyurethane materials for space applications. CEAS
Sp. J. 2022, 15, 253-264. [CrossRef]

Thirumal, M.; Khastgir, D.; Singha, N.K.; Manjunath, B.S.; Naik, Y.P. Effect of Foam Density on the Properties of Water Blown
Rigid Polyurethane Foam. J. Appl. Polym. Sci. 2008, 108, 1810-1817. [CrossRef]

Ouellet, S.; Cronin, D.; Worswick, M. Compressive response of polymeric foams under quasi-static, medium and high strain rate
conditions. Polym. Test. 2006, 25, 731-743. [CrossRef]

Chen, W,; Lu, E; Winfree, N. High-strain-rate compressive behavior of a rigid polyurethane foam with various densities. Exp.
Mech. 2002, 42, 65-73. [CrossRef]

Dawson, J.R.; Shortall, J.B. The microstructure of rigid polyurethane foams. J. Mater. Sci. 1982, 17, 220-224. [CrossRef]

Miltz, J.; Gruenbaum, G. Evaluation of cushioning properties of plastic foams from compressive measurements. Polym. Eng. Sci.
1981, 21, 1010-1014. [CrossRef]

Sherwood, J.A.; Frost, C.C. Constitutive modeling and simulation of energy absorbing polyurethane foam under impact loading.
Polym. Eng. Sci. 1992, 32, 1138-1146. [CrossRef]

Jin, ].E; Chen, Y.L.; De Wang, N.; Hu, C.P; Zhu, S.; Vanoverloop, L.; Randall, D. Structures and physical properties of rigid
polyurethane foam prepared with rosin-based polyol. J. Appl. Polym. Sci. 2002, 84, 598-604. [CrossRef]

Tu, Z.H.; Shim, VP.W.,; Lim, C.T. Plastic deformation modes in rigid polyurethane foam under static loading. Int. J. Solids Struct.
2001, 38, 9267-9279. [CrossRef]

Stirna, U.K.; Tukums, P.S.; Zhmud’, N.P,; Yakushin, V.A. Physicomechanical characteristics of cross-linked polyesterurethanes. Izv.
Akad. Nauk Latv. SSR Ser. Khim 1988, 1, 69-77.

Yakushin, V.; Stirna, U.; Zmund’, N.P. Effect of the chemical structure structure of the polymer matrix on the properties of foamed
polyurethanes at low temperatures. Mech. Compos. Mater. 1999, 35, 351-356. [CrossRef]

ASTM D 2290; Standard Test Method for Apparent Hoop Tensile Strength of Plastic or Reinforced Plastic Pipe. ASTM International:
West Conshohocken, PA, USA, 2019.

Zhmud’, N.P; Yakushin, V. Determination of the properties of rigid polyurethane foams in tension on ring specimens. Mekhanika
Kompoz. Mater. 1986, 6, 1123-1127.

Yakushin, V.; Zhmud’, N.P,; Stirna, U. Physicomechanical characteristics of spray-on rigid polyurethane foams at normal and low
temperatures. Mech. Compos. Mater. 2002, 38, 273-280. [CrossRef]

Dembharter, A. Polyurethane rigid foam, a proven thermal insulating material for applications between +130 °C and —196 °C.
Cryogenics 1998, 38, 113-117. [CrossRef]

Stirna, U.; Beverte, I.; Yakushin, V.; Cabulis, U. Polyurethane and Polyisocyanurate Foams in External Tank Cryogenic Insulation.
In Polymers at Cryogenic Temperatures; Kalia, S., Fu, S.Y., Eds.; Springer: London, UK, 2013; pp. 203—244.

Rao, R.R.; Mondy, L.A.; Long, K.N.; Celina, M.C.; Wyatt, N.; Roberts, C.C.; Soehnel, M.M.; Brunini, V.E. The kinetics of
polyurethane structural foam formation: Foaming and polymerization. AICKE J. 2017, 63, 2945-2957. [CrossRef]

Lim, H.; Kim, S.H.; Kim, B.K. Effects of silicon surfactant in rigid polyurethane foams. Express Polym. Lett. 2008, 2, 194-200.
[CrossRef]

Kim, J.; Ryba, E. The effect of polyol OH number on the bond strength of rigid polyurethane on an aluminum substrate. ]. Adhes.
Sci. Technol. 2001, 15, 1747-1762. [CrossRef]

Kirpluks, M.; Cabulis, U.; Ivdre, A.; Kuranska, M.; Zieleniewska, M.; Auguscik, M. Mechanical and Thermal Properties of
High-Density Rigid Polyurethane Foams from Renewable Resources. J. Renew. Mater. 2016, 4, 86—100. [CrossRef]

Hejna, A.; Kirpluks, M.; Kosmela, P.; Cabulis, U.; Haponiuk, J.; Piszczyk, L. The influence of crude glycerol and castor oil-based
polyol on thestructure and performance of rigid polyurethane-polyisocyanuratefoams. Ind. Crops Prod. 2017, 95, 113-125.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1007/s12567-021-00408-x
http://doi.org/10.1002/app.27712
http://doi.org/10.1016/j.polymertesting.2006.05.005
http://doi.org/10.1007/BF02411053
http://doi.org/10.1007/BF00809056
http://doi.org/10.1002/pen.760211505
http://doi.org/10.1002/pen.760321611
http://doi.org/10.1002/app.10312
http://doi.org/10.1016/S0020-7683(01)00213-X
http://doi.org/10.1007/BF02259725
http://doi.org/10.1023/A:1016043519788
http://doi.org/10.1016/S0011-2275(97)00120-3
http://doi.org/10.1002/aic.15680
http://doi.org/10.3144/expresspolymlett.2008.24
http://doi.org/10.1163/15685610152715755
http://doi.org/10.7569/JRM.2015.634132
http://doi.org/10.1016/j.indcrop.2016.10.023

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Preparation of PUR Foam Samples 
	PUR Foam Testing 


	Results and Discussion 
	Preliminary Cryogenic Tests with Pouring Compositions 
	PUR Foam Scale-Up Production Using Industrial Spraying Machine and Cryogenic Tests 

	Conclusions 
	References

