
Design and Fabrication of Polyisocyanurate Foams toward
Significantly Enhanced Thermal Resistivity
Shiwanka V. Wanasinghe, Zoriana Demchuk, Achutha Tamraparni, Janak Tiwari, Tianli Feng,
Catalin P. Gainaru, Bo Kyung Park, Sungjin Kim, Diana Hun, Tomonori Saito, and Som S Shrestha*

Cite This: ACS Appl. Eng. Mater. 2025, 3, 2087−2098 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Developing high-performance thermal insulation is vital for
addressing the ongoing global demand for reduced energy costs. Polyisocyanurate
(PIR) foams are commonly used in residential and commercial buildings and in
various industrial applications owing to their relatively high thermal insulation
properties and fire resistivity. This study aims to further improve the thermal
resistivity of PIR foams by (1) incorporating low thermal conductivity blowing
agents; (2) tailoring the anisotropy of their cells; (3) tuning polymeric isocyanate
quantities; and (4) incorporating a facer barrier, while using steps that easily
integrate into current manufacturing processes for PIR foams. The resulting PIR
foams exhibit a significant enhancement in thermal resistivity, achieving initial
values as high as 8.3 h·ft2·°F/Btu/in., commonly abbreviated as R-8.3/in., which is a 20% improvement compared with that of
commercially used PIR foams that achieve approximately R-7/in. The detailed analysis of thermal conductivity measurements,
mechanical testing, and morphological characterization elucidates the structure−property relationships. The developed high-
performance PIR foams provide a critical pillar for next-generation high-performance insulation, offering promising thermal
insulation for buildings and many other applications that have a significant effect on global energy costs.
KEYWORDS: Thermal insulation, Polyisocyanurate foams, Thermal resistivity, Anisotropic pores, Heat transfer

1. INTRODUCTION
High-performance thermal insulation materials play a pivotal
role in reducing overall energy costs in various applications,
including buildings,1 transportation,2 refrigerators,3 and
medical uses.4 According to the US Energy Information
Administration, space heating and cooling accounted for over
50% of a household’s annual energy consumption in 2020.5

One major cause of this high energy consumption is under
insulated commercial and residential buildings. Proper thermal
insulation is vital in efficient heating and cooling of buildings
because it minimizes heat flux through building envelopes.6,7

By minimizing heat transfer, high-performance insulation
materials contribute to lower energy cost.8 Effective insulation
often results in substantial long-term energy cost savings, while
enhancing indoor comfort.
The thermal behavior of a material pertains to its

interactions with heat, encompassing its ability to conduct
and store thermal energy. In the context of thermal insulation
materials, the main goal is to minimize heat transfer, effectively
reducing the flow of thermal energy to maintain temperature
differences across boundaries. The amount of heat transferred
per unit area and thickness over a unit of time is commonly
expressed as thermal conductivity. In insulation materials,
thermal conductivity generally increases with rising temper-
atures and decreases as temperatures fall, highlighting the

temperature-dependent nature of heat transfer in these
materials.9 Heat transfer through an insulation material
primarily happens via 3 major ways: radiation, convection,
and conduction. Radiative heat transfer involves the transfer of
energy from a hotter surface or object to a cooler one through
electromagnetic waves, primarily in the form of infrared
radiation.10 Convection is the process of heat transfer that
occurs between two bodies due to the bulk movement of fluids,
which can be either gases or liquids.11 Typically, convection
becomes a significant mode of heat transfer in porous solids
when the pore size exceeds approximately 10 mm under an
atmospheric pressure (1 atm). In the case of pore sizes less
than 4 mm, convection becomes negligible, effectively
restricting air movement within the structure.12,13 Conduction
heat transfer involves the movement of energy carriers, such as
phonons, molecules, and atoms, between materials in direct
contact, driven by a temperature gradient. It occurs through
two main pathways: solid conduction, which relies on lattice
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vibrations, and gas conduction, where heat transfer happens
through collisions between neighboring gas molecules during
random motion.14 High-performance insulation materials
exceed the limitations of gas conduction through the Knudsen
effect by utilizing heavy gases, nanopores, or vacuum
materials.15 Heat transfer in porous thermal insulation
materials is complex due to the combined effects of solid
and gas conduction, which interact to determine the material’s
effective thermal conductivity. Commercially available insu-
lation materials can be categorized into three groups:
conventional, alternative, and advanced. Commonly used
conventional insulation materials include expanded and
extruded polystyrene,16,17 polyurethane and PIR,18 fiberglass,19

and mineral wool.20 For instance, expanded polystyrene, a
widely utilized conventional thermal insulation material,
exhibits thermal conductivity values (k) ranging from 0.031
to 0.037 W·m−1·K−1 (R-value per inch [R/in.] 3.9−4.65),
respectively.16,21 (Note: The R/in unit is h·ft2·°F/Btu/in.
[hour-feet squared degrees Fahrenheit per British thermal unit
per inch].) Furthermore, hemp,22 sheep wool23 and jute fiber24

are well-known alternative insulation materials. Advanced
insulation materials include vacuum insulation panels,25 and
aerogels,26 which exhibit exceptionally low thermal conductiv-
ity values along with low density. However, their high cost,
uncertain long-term stability, low mechanical strengths, and/or
inflexibility in terms of design and application have hindered
the broader adoption of these advanced materials.11

PIR foam is a widely used conventional insulation material27

known for its high thermal resistivity and durability.28 The
manufacturing process of PIR foam consists of a chemical
reaction between a polyol and aromatic isocyanates in the
presence of a blowing agent, where the isocyanate is taken in
the excess. Tuning the isocyanate content in PIR foams is
crucial because a higher content of isocyanate leads to the
formation of more isocyanurate rings in the foam, which
increases its rigidity and affects its material properties,
including compressive strength, toughness, and thermal
stability of the resulting foams. Therefore, hybrids of PIR
and polyurethane (lower isocyanate content compared to PIR)
are preferred because containing both types of material allows
tuning of the hybrid’s final mechanical performance.29

Identifying the optimal ratio of polyol:isocyanate is crucial
for developing insulation foam with enhanced performance.
Current PIR-based foam boards in the market have initial
thermal resistivity (R/in.) of 6.5−7.0 (i.e., k of 0.021−0.026
W·m−1·K−1), which needs to be further improved to reduce
energy costs.30 Various studies have explored factors that
impact the thermal conductivity of rigid foams.31−37 However,
optimizing formulations is challenging because of trade-offs
between various design parameters. For example, fiber
reinforcement of PIR rigid foams by agricultural waste was
found to enhance compressive strength but increase thermal
conductivity.35 Other formulation studies for rigid polyisocya-
nurate foams include optimizing metal and amine catalysts for
isocyanurate generation,38 or matrix type, reactant molar ratio,
synthesis conditions, modifying agents along with catalysts.39

Despite these optimizations, researchers still observed a limited
R/in. of 4.9−5.7. (k = 0.0254−0.0294 W·m−1·K−1).39

Furthermore, recent advancements in PIR foam technology
have emphasized enhancing the initial thermal insulation
performance while minimizing the aging of PIR foams. A
significant innovation in this area is the adoption of
hydrofluoroolefin (HFO) blowing agents, which present a

lower thermal conductivity compared to traditional hydro-
fluorocarbon (HFC) alternatives. Torres-Regalado et al.
demonstrated that varying the HFO content in PIR foams
affects not only mechanical properties but also the aging
behavior of the foams.40 This research aimed at increasing the
thermal resistivity of PIR foams to be beyond the state-of-the-
art values of R-7/in. while matching the mechanical strength
and material properties of commercial PIR foam insulation.
The present study explored an advanced approach for the

fabrication of high-performance PIR foams based on modifying
the cellular structure and tuning the formulation. Adjusting the
formulation entails exploring the impact of water content,
combination of blowing agents, and concentration of
polymeric methylene diphenyl diisocyanate (pMDI). The
cellular structure was tailored through the design of the
mold that was used to fabricate the foams, which influenced
the anisotropy of the cellular structure of the foams, enhanced
the retention of the blowing agent, and reduced the level of
heat transfer. In addition to the mold design, another approach
to improve the thermal performance of PIR foam boards was
by adding facers with low permeance on both sides of the foam
to prevent the escape of blowing agents from the cells during
foam formulation.41,42 This design effectively preserves the low
thermal conductivity gas composition within the foam, thereby
minimizing the aging of its initial high R/in value, a significant
challenge associated with the thermal conductivity of PIR
foams. By using facer film with diffusion-tight bonding between
the foam and facer, our approach helps prevent the diffusion of
the blowing agent from the foam and the entry of high thermal
conductivity atmospheric gases such as O2, N2, ultimately
contributing to improved long-term thermal performance of
novel PIR foams. A combination of these parameters
significantly increased initial thermal resistivity, with an R-
8.3/in., which is 20% higher than the initial thermal resistivity
of current PIR foams on the market. This novel PIR foam is
made by a highly adaptable and scalable fabrication process
that uses readily available materials, providing a path for
commercialization and deployment.

2. MATERIALS AND METHODS

2.1. Materials
All chemicals used in this study were provided by commercial
suppliers and are given in Table 1. Two main components, polyol
PS2352 and polymeric methylene diphenyl diisocyanate (pMDI),
were provided by GAF Materials/Stepan Company and BASF,
respectively. The polyurethane catalyst, blowing catalyst, and silicon
surfactant (TEGOSTAB B8513) were supplied by Evonik Industries.
The trimerization catalyst was provided by Milliken & Company. The
fire-retardant agent tris(chloroisopropyl) phosphate (TCPP) was
purchased from Ambeed, and blowing agents Opteon 1100 and 1150
were provided by The Chemours Company.
2.2. Methods
This section outlines a detailed description of the experimental
design, material characterization, foam formulation, and procedure for
foam synthesis.
2.2.1. Foam Preparation. a. Using Horizontal Mold. Polyol and

the blowing agent were cooled to − 2 °C overnight before the
reaction was initiated for all samples, unless otherwise specified in this
paper. This precooling step provided additional time for the
components to mix homogeneously before the chemical reaction
began. Part B (Table 1) was mixed at 500 rpm for 3 min using an
overhead mixer, followed by the addition of the blowing agent and
further mixing at 500 rpm for 15 s. After pMDI was added, the
mixture was stirred at 2,000 rpm for 10 s to ensure thorough blending
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of Parts A and B. The final mixture was then quickly transferred to a
cardboard mold where expansion happened and allowed to cure for
24 h in the fume hood before the foam’s thermal conductivity was
assessed.
b. Using Vertical Mold. The mold is constructed using two pieces

of plexiglass secured to a wooden frame. For samples requiring facer
films, the plexiglass is covered with a facer film; otherwise, aluminum
foil is used to prevent the foam from sticking on the plexiglass. The
foam mixture, prepared according to the aforementioned steps in (a),
is poured into the mold and allowed to cure for 24 h before testing for
thermal conductivity.
2.2.2. Thermal Conductivity Measurements. Thermal con-

ductivity was measured in the heat flow meter apparatus at 24 °C (75
°F), following the ASTM International (ASTM) C518 standard.43

The sample size is 8−12 in. in width and length, with a thickness of 1
in. The densities of the foams were calculated by using the ratio of
mass to volume. Two equilibrium criteria were used for the thermal
conductivity measurements: (1) the average temperature of each
HFM plate within the measurements must remain within ± 0.2 °C of
the set point temperature, and (2) the difference in the average signals
of the heat flux transducers between two successive measurements

must be within 40 μV and 2%. In this work, data points for each
sample were analyzed for an average of five measurements using
HFM. Additionally, 2−3 replicates were used for specimen to
calculate the error in measurement.
2.2.3. Scanning Electron Microscopy (SEM) Analysis.

Samples were first cut into thin slices by using a sharp razor blade.
The thin slices were then mounted onto SEM stubs by using double-
sided carbon tape. The morphological characteristics of foams were
analyzed using SEM (Hitachi S4800) at an accelerating voltage of 20
kV, with magnifications ranging from 30 to 800,000×. Two samples
were tested to assess consistency, and the results demonstrated a
similar outcome.
2.2.4. Gas Pycnometry. Gas pycnometry was conducted to

analyze the open and closed cell fractions in the foam using
micrometrics (Accupyc II 1340) following the ASTM D-6226-15
standard.44 The sample size was 1 × 1 × 1 in. (25.4 × 25.4 × 25.4
mm). The samples were sealed in a 100 cm3 instrument sample
chamber, and the measurements were performed at room temperature
by using nitrogen gas at an equilibration rate of 0.005 psig/min. Two
replicates were performed by averaging over 10 measurement cycles,
with a standard deviation of less than 2% of the measured values for
all measurements.
2.2.5. Compressive Strength Experiment. The compressive

strength experiment was conducted using an Instron machine
equipped with a 1 kN load cell at a 2.5 mm/min strain rate until
samples reached 13% deformation or yield, whichever occurred first.
Three to five samples measuring 1 × 1 × 1 in. (0.08 × 0.08 × 0.08 ft)
were tested to obtain the standard deviation.
2.2.6. Thermogravimetric Analysis (TGA). TGA measurements

were performed using a TA Q550 under a nitrogen atmosphere. Foam
samples of 1−5 mg were placed on TGA high-temperature platinum
pans and measured using analytical balance. The samples were tested
in the temperature ramp regime from 25 to 700 °C with a constant
heating rate of 10 °C/min. A single run was conducted due to
logistical constraints associated with the instrument.
2.2.7. Fourier-Transform Infrared (FTIR). FTIR spectra were

acquired using a Bruker INVENIO R equipped with an attenuated
total reflectance (ATR) accessory. The FTIR spectra were collected
over the range of 4000 to 400 cm−1 with a resolution of 4 cm−1,
averaging 254 scans per sample at room temperature. Background
spectra were subtracted from each sample spectrum to correct for
atmospheric interference. Three replicates were conducted. The Solid
+ Gas and Radiation components were calculated using FTIR
measurements, yielding a standard deviation of 0.06.

Table 1. Chemical Components Used to Make
Polyisocyanurate Foamsa

Component Weight percentage (%)

Part A
pMDI 40−70

Part B
Polyol 30−60
Trimerization catalyst 0.5−0.8
Gel catalyst 0.1−0.3
Blowing catalyst 0.1−0.3
Surfactant 0.8−2.0
Fire retardant 3.0−4.5
Blowing agent 10−15
Deionized water 0.2−0.5

aThe basic formulation for each component (A and B) is outlined in
the table. Section 3 of this paper discusses optimization studies that
explore varying quantities of water (0−0.2% w/w), different mixtures
of blowing agents (Opteon 1100/Opteon 1150 at ratios of 100:80,
80:20, 50:50, 20:80, and 0:100), and changes in isocyanate
concentration (42%, 48%, and 54% w/w).

Figure 1. Schematic diagram of the synthesis of polyisocyanurate foams.
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2.2.8. Hydrophobic Test. Contact angle measurements were
taken with the Attention Optical Tensiometer using the standard
sessile drop function included with the machine’s OneAttension
software. The liquid used for this testing was distilled water. The
droplets measured for contact angle testing are about 5 μL, or roughly
the size of a 4 mm steel ball bearing. The sample is placed on the
machine’s loading surface to where it can be seen with the camera,
and a red line is then dragged by the user to the sample’s surface. The
droplet is lowered to the sample’s surface. Values are reported as the
mean of triplicate experiments with a standard deviation of 7°.

3. RESULTS AND DISCUSSION
PIR foams were prepared by mixing two main components�
Part A and Part B�in the presence of additives, as shown in
Table 1 and Figure 1. Several reactions take place during the
formation of polyurethane and PIR (Figure 1), and catalysts
are necessary for these processes. This formulation was
composed of three major catalysts: a trimerization catalyst, a
blowing catalyst, and a gel catalyst. Surfactants were added to
stabilize the foam, and a fire retardant (TCPP) was included to
improve the fire resistance. The polyol was first mixed with the
additives, followed by the addition of the blowing agent, after
which pMDI was incorporated into the mixture. Two parts
were mixed at a high rpm for a few seconds owing a uniform,
high-quality PIR foam by ensuring efficient bubble formation,
improved reaction kinetics, and a finer cellular structure
(increased number of nucleating sites) (Figure 1).
Density is a crucial parameter that directly influences the

thermal resistivity of the PIR foams. Lower-density foams are
desirable because they have more porosity and consume fewer
raw materials, making them more cost-effective compared to
high-density foams. Adjusting the water content in the
formulation is one way of tuning the density of foams. During
initial optimization studies, drying polyol under vacuum
overnight was found to considerably increase the R/in. value
of the foams by 7%, which could be explained by the removal
of excess bonded water and low-volatile compounds. This
observation was further supported by TGA, as shown in Figure
2(c), which indicates a 5% reduction in water content after
drying. Table 2 illustrates the thermal conductivities and
densities of samples with different water contents (Samples A-
C). To keep expansion at the same level, cyclopentane
(thermal conductivity of approximately 11.6 mW·m−1·K−1)
was used as a blowing agent (Sample D) to compensate for the
removal of water from the formulation. In addition, a sample
with a mixture of blowing agents (Sample E) that have similar
thermal conductivities was synthesized to provide different
blowing abilities. Opteon 1100 (33.4 °C [1 atm], thermal
conductivity 10.4 mW·m−1·K−1 at 20 °C) and Solstice liquid

blowing agent (19 °C [1 atm], thermal conductivity 10.2 mW·
m−1·K−1 at 20 °C) have different boiling points. We assumed
that the boiling points would influence the blowing abilities.
For the study of water content impact, samples prepared

under identical conditions and using the same blowing agent
were considered (samples A, B, and C). According to the
results, the sample with 0.2% w/w of water (Sample C)
exhibited the lowest density, showing a 27% reduction, and
also demonstrated an 8% increase in the R/in. value compared
with that of the control sample without water (Sample A). This
improvement in R/in can be attributed to the enhanced
expansion, confirmed by the corresponding decrease in
density. In the initial nucleation process, water acts as a
chemical blowing agent, reacting with isocyanate and
producing CO2. These results show that the foam density
can be adjusted by modifying the water content while
maintaining or even improving the R/in. value. In addition,
the results demonstrated that the presence of cyclopentane
considerably decreased the density by approximately 49%
compared to the control sample (A); however, the R/in value
also decreased by 7%, likely owing to the higher thermal
conductivity of cyclopentane (Sample D). The notable
reduction in the density of cyclopentane may be attributed
to its lower solubility in the polyol used for foam preparation,
especially when compared with the solubility characteristics
between Solstice and polyol. Solubility is a critical parameter,
as it is well established that the density of foams produced with
cyclopentane significantly varies in accordance with the
solubility index.45 Foams with a mixture of blowing agents
(Sample E) showed similar R/in. and densities compared with
those of the samples with a single blowing agent (i.e., 100%

Figure 2. Effects of mold type: (a) The vertical mold, a wooden frame with Plexiglas sheets and aluminum foils attached on both sides, measures 12
× 12 × 1 in. (b) The horizontal mold is a cardboard box with one open side. (c) The isothermal TGA analysis on polyol before and after drying
(sample is dried at 105 °C for 24 h) includes a temperature scan with a 5 h isothermal step at 90 °C in air and a heating rate of 10 °C/min.

Table 2. Effects of Different Water and Blowing Agent
Quantities on the Thermal Performance of the
Polyisocyanurate Rigid Foama

Parameter/Sampleb A B C D* E

Water content w/w (%) � 0.1 0.2 � 0.2
Opteon 1100 w/w (%) 9.0 9.0 9.0 � 6.9
Solstice liquid blowing agent w/w (%) � � � � 2.2
Cyclopentane w/w (%) � � � 9.0 �
R/in. value 6.0 6.5 6.5 5.6 6.4
Density (lb/ft3) 3.3 2.6 2.4 1.7 2.3
aNotes: sample dimensions are 8 × 8 × 1 in. (203 × 203 × 25.4 mm).
Thermal conductivity was measured in the heat flow meter apparatus
according to ASTM C518 standards. The polyol was placed under
vacuum at 75 °C overnight. The R/in. value is determined based on
the average of two samples with a difference of less than 4%. bw/w =
weight per weight.
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Opteon 1100, Sample C). This could be attributed to the
difference in boiling points between the two blowing agents
being insufficient to significantly influence blowing capabilities.
Therefore, the formulation with Opteon 1100 (Sample C) was
chosen for further experiments to examine the effect of the
mold design, which is discussed in the next section.
Preserving the blowing agent in the reaction mixture during

foam fabrication is essential to achieve higher thermal
resistivity. The mold type plays a significant role in retaining
the blowing agent, because it serves as a physical barrier. To
explore the influence of mold design in the thermal
performance of PIR foams, samples were prepared using two
distinct mold types: vertical and horizontal (Figures 2a and
2b). We hypothesized that because it has a smaller area
exposed to ambient conditions, the vertical mold would be
better than the horizontal mold in retaining the blowing agent.
The results validated this hypothesis, showing a significant 16%
improvement in the R/in of PIR foams prepared using the
vertical mold yielding an R-7.8/in., whereas the PIR foams
prepared using the horizontal mold showed an R-6.7/in.
Replicate studies demonstrated the reproducibility of the
findings, validating their consistency across different trials, with
a difference of less than 0.5% compared to the listed R/in
(sample size 2−3). Lower R/in. in horizontal mold samples
suggests that during the exothermic reaction, a larger
proportion of the blowing agent might escape through the
horizontal mold, which has a wider space for the foam to
expand until reaching the gel point. In contrast, more restricted
space in the vertical mold can retain a higher amount of
blowing agent owing to the limited space for foam expansion
until the gel point is reached. Consistent with the hypothesis,
results showed that the density of foams produced using the
vertical mold increased by approximately 40% (to 2.9 lb/ft3)
compared with that of the horizontal mold foams (2.1 lb/ft3),
which also rationalize the combined effects of restricted
expansion and higher retention of the blowing agents within
the foam. Moreover, gas pycnometry experiments were
conducted to evaluate the closed cell content of the foam
samples, offering a deeper understanding of their internal
characteristics. Aligned with the thermal insulation perform-
ance, vertical molded samples showed a slightly higher closed

cell content (89%) compared with that of foams prepared
using a horizontal mold (84%).
Moreover, the geometry of the mold can influence the cell

structure, which may affect thermal pathways within the foam
and its thermal resistance. To investigate this effect, we
performed SEM analysis on samples prepared by using both
horizontal and vertical molds. The foam structure used in the
SEM analysis is depicted in Figure 3a, with the direction of
heat flow indicated by an arrow. By sectioning the foam along
the XZ and XY planes, we analyzed pore structures along and
perpendicular to the direction of heat transfer. For the foam
prepared by using the horizontal mold, the pore size along all
three axes is nearly equal, as shown in Figures 3b and 3c,
indicating that the foam prepared by using a horizontal mold is
nearly isotropic. In contrast, the foam prepared with the
vertical mold, Pore size (D)Dy ≫ Dx (see Figure 3e), while Dy
≈ Dx (see Figure 3d), exhibits prolate pore geometry with high
anisotropy (anisotropic ratio of 3.8). The more confined
geometry along the X and Y directions in the vertical mold,
relative to the Z direction, explains the formation of the
anisotropic pore geometry. This anisotropic pore geometry
distorts the heat transfer path,46 forcing heat flow to take
longer and more tortuous paths, which reduces thermal
conduction through the solid walls of porous foam. Our
observations using SEM reveal that the elongated cells, which
were prepared using a vertical mold, exhibit a high anisotropic
ratio of 3.8. This pronounced anisotropy plays a crucial role in
reducing solid thermal conductivity as it modifies the pathways
through which heat can flow. The distortion of heat flow
caused by the elongated cell structure creates barriers that
impede the transfer of thermal energy, ultimately leading to a
decrease in the overall thermal conductivity. The higher R-7.8/
in. observed for the sample produced using the vertical mold,
compared with R-6.7/in. for the sample produced using the
horizontal mold, can be attributed to the combined effects of
higher closed cell content and anisotropic pore geometry in the
vertical mold. The enhanced R/in. prompted us to use the
vertical mold for further studies.
In addition to their superior thermal insulation properties,

anisotropic cellular insulating materials exhibit an enhanced
mechanical performance along specific directions, thereby
garnering significant attention in recent years. Mechanical

Figure 3. SEM images of the foam under study: (a) A pictorial representation of the foam for SEM analysis illustrates the direction of heat flow.
SEM images show samples made with the horizontal mold along the (b) XZ and (c) XY planes and with the vertical mold along the (d) XZ and (e)
XY planes.
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properties of different anisotropic insulating structures have
been extensively reported in the literature,47−54 consistently
demonstrating significantly higher compressive strength along

the anisotropic axis ([a] axis) compared with that along the
transverse direction. Consistent with these findings, this study
showed that the compressive strength of the PIR foams

Figure 4. (a) Effect of the anisotropic cells on the compressive strength of the foam samples. A total of three to five samples were tested and
standard deviation is calculated. Foams prepared using vertical mold (a direction) and horizontal mold (a′′ direction); both a′ and a′′ directions are
similar. (b) Effects of Opteon 1100 and Opteon 1150 on thermal performance and density. The standard deviation was calculated using the last five
measurements of each individual replication. The error bars in the M1 and M2 are smaller than the marker size and are not clearly shown in the
graph. (c) Hydrophobic test of PIR foam sample, with contact angle of 117 ± 7°. Six measurements were used to calculate the standard deviation.

Figure 5. (a) Effect of pMDI content on thermal performance of polyisocyanurate foams with percentages calculated based on total mass of the
formulation. Three replicates were utilized to calculate the standard deviation from the average of 15 measurements. (b) Compressive strength of
foams with different pMDI percentages, three to five samples were tested, and the standard deviation is calculated. (c) TGA analysis of foams with
different pMDI contents defined in Figure 5(a). (d) FTIR spectra of sample containing 48% w/w pMDI.
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prepared by using the vertical mold (anisotropic pore
geometry) was strongly affected by the cell structure compared
with that of foams prepared with the horizontal mold (nearly
isotropic pore geometry). As shown in Figure 4a, vertically
molded samples exhibited a 125% increase in compressive
strength compared to the foams prepared using the horizontal
mold (nearly isotropic foam) in [a] direction.
To further optimize the thermal insulation performance of

PIR foams, we introduced Opteon 1150, which has an
exceptionally low boiling point (7.5 °C) that is below room
temperature. Because Opteon 1150 has a boiling point
significantly lower than that of Opteon 1100 (33 °C), we
assumed that the addition of Opteon 1150 would change the
foam-blowing ability. Thermal resistivities and densities are
shown in Figure 4b.
As shown in Figure 4b, the R/in. value remains largely

unchanged between Mixture 1 and Mixture 2, indicating that
the ratio remained consistently stable for both mixtures despite
variations in the composition. However, a 15% increase in
density was observed in the presence of 20% (w/w) Opteon
1150 in Mixture 2 compared with the density of Mixture 1
without Opteon 1150. This change in density confirms that the
expansion ability changed when the blend composition was
modified. Further addition of Opteon 1150 to the mixtures
increased the R/in value by 2% in Mixture 3 over that of
Mixture 2. However, the R/in. value remained stable with a
variation of less than 2% among Mixtures 3, 4, and 5. This
could be due to the optimum boiling point reached by the
mixture, which appears to affect the blowing capacity of the
foam. Moreover, Mixture 5 with 100% Opteon 1150 showed
an R/in value relatively similar to that of Mixture 4. The
similar R/in. values could be attributed to the relatively low
boiling point of the Opteon 1150 alone affecting the overall
behavior of the system and causing Opteon 1150 to rapidly
escape from the foam during the exothermic reaction.
Although Mixture 1 did not show the highest R/in, it was
chosen for further studies because of its significantly lower
density compared with that of the other mixtures. Figure 4c
presents the results of the hydrophobicity test conducted on
foam produced from mixture 1, which exhibited a contact
angle of 117 ± 7°. This indicates that the samples are
hydrophobic, meaning that they repel water. In the experiment,
water droplets were placed onto the foam surfaces using a
syringe, and the droplets were observed laterally under a
microscope. The contact angle formed between the water
droplet and the foam surface was measured to evaluate
hydrophobicity: an angle greater than 90° indicates that the
material is hydrophobic, while an angle less than 90° suggests
that it is hydrophilic.9 In addition, we have conducted tests on
our material using Differential Scanning Calorimetry and
determined the specific heat capacity at two different
temperatures: 936 J/kg·K at 50 °C and 1308 J/kg·K at 100 °C.
The effect of the pMDI content on the thermal insulation

performance of PIR foams was evaluated as shown in Figure
5a. The quantity of pMDI was reduced by 6% w/w (from 54%
to 48%), resulting in a 3.4% improvement in the R/in. (from
R/in. of 7.8. to R/in. of 8.0.). This improvement in thermal
resistivity in the sample with 48% pMDI could be due to the
lack of hard segments (mainly composed of isocyanurate rings)
compared with the thermal resistivity of foams containing a
higher proportion of hard segments, which form continuous
heat channels that conduct heat more effectively. However, a
further reduction of pMDI (42% pMDI) led to a 4% decrease

in R/in., a change that could potentially have a significant
effect on the secondary structure and closed cell content of the
PIR foam that determines the thermal characteristics of the
overall material. Replicate studies showed consistent results,
indicating the reproducibility of all samples. To further validate
the results, we analyzed the closed cell content of these
compositions using pycnometry. Consistent with earlier
findings, samples with 42% pMDI exhibited 52% closed cell
content, representing a significant 29% reduction of closed cell
content compared with samples containing 48% pMDI, which
show 78% closed cell content. Both 54% and 48% pMDI
offered less significant differences in closed cell content of 89%
and 78%, respectively. Compressive strength of the foams was
analyzed to investigate the effect of pMDI content on their
mechanical properties. As expected, the corresponding results
indicate that the pMDI content significantly affects the
compressive strength of the foams (Figure 5b). Specifically,
an increase in the pMDI content leads to higher compressive
strength. This trend is consistent with the increased hard
segment content in the foams, which is known to contribute to
enhanced rigidity and strength.
Thermal stability of these foams was assessed through TGA

experiments that measured the change in mass of a foam
sample as the temperature was gradually increased.55 The
results indicated that foams remain stable up to approximately
200 °C (Figure 5c), beyond which decomposition begins. Char
formation of the sample after TGA studies indicated the flame
resistance of the material (Figure 5c). The char formation can
function as a thermal shield, inhibiting the penetration of heat
and oxygen that help to reduce flammability. The sample with
54% pMDI demonstrated a 31% char yield, whereas the
samples with 48% and 42% pMDI showed char yields of 26%
and 24%, respectively (Figure 5c). The commercial PIR foams
exhibited the lowest char yield at 22%. Based on these findings,
48% pMDI was selected as the best formulation for further
studies because of its promising R/in. FTIR analysis was
carried out to confirm the presence of functional groups
typically present in PIR foams.33 The FTIR spectra show
several characteristic absorption bands, including the polyur-
ethane carbonyl (C�O) stretching vibration around 1710
cm−1, the −N�C�N− stretching vibration near 2275 cm−1,
the hydroxyl (−OH) stretching vibration around 3300 cm−1,
and the C−H stretching vibration at approximately 2917 cm−1

as shown in Figure 5d.
To further improve the thermal performance of the high-

performance foams, we introduced a low permeable multilayer
facer film that serves as a physical barrier against water vapor
and gas molecules such as O2, CO2, and N2. The attached facer
barrier will minimize outward diffusion of the blowing agent
and inward diffusion of air. As a result, the addition of the facer
barrier significantly improved the initial R/in. by approximately
4%, showing R/in. of 8.3 (sample size 2−3) compared with
that of the control sample. Replication of the findings showed
that the trials yielded similar outcomes. In addition to the
initial R/in. values, facer barriers can play a significant role in
reducing the thermal aging of PIR foams over time. Facer
barriers minimize the diffusion of high thermal conductivity
atmospheric gases and water vapor into the foam, while also
preventing the escape of low thermal conductivity blowing
agents. Ongoing tests are being conducted to evaluate the
impact of these facer barriers on the long-term thermal
performance of PIR foams, both with and without facers. Based
on our ongoing tests, we have observed that PIR foams with
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facer barriers maintained a thermal resistance of up to R-7.4/
in. after 180 days, while the foam samples without facer films
exhibited a decrease to R-6.7/in. over the same period. These
findings underscore the critical role of facer barriers in
minimizing the effects of aging on thermal performance.
To compare the high-performance foams developed in the

study with commercial foams, we decomposed the effective
thermal conductivity (keff) from the gas, solid, and radiation
using the modeling tool ThermoPI.56,57 As shown in Table 3,
the solid and radiation contributions in commercial PIR foams
are about 3.9 and 1.6 mW·m−1·K−1, respectively. The gas
contribution increased from 15.1 to 20.7 mW·m−1·K−1 after
aging. The increase in thermal conductivity observed in
commercial PIR foams may be attributed to low thermal
conductivity blowing agents escaping out, while high thermal
conductivity atmospheric gases and water vapor permeate into
the foam, which causes the rise in thermal conductivity as time
progresses. In our new design, low permeable facer films
function as a physical barrier that prevents the diffusion of
gases in and out of the foam, thereby minimizing the aging
process of the foams over time. In comparison, the foams
produced for the study have a higher radiation contribution
but significantly lower solid and gas contributions. Because the
high-performance foams are anisotropic, the solid and gas
contributions cannot be decomposed.46 They together
contribute ksolid+gas = 15.2 and 19.4 mW·m−1·K−1 before and
after aging, respectively, perpendicular to the long side of the
cells. These solid and gas contributions are much smaller than
those in commercial foams, which are about 20.6 and 24.6
mW·m−1·K−1 before and after aging, respectively.
The advancement of the high-performance foams compared

with the properties of currently available commercial foams can
be attributed to two key factors: (1) the choice of blowing
agent and (2) the anisotropic pore structure. Commercial
foams typically use pentane as the blowing agent with water as
an auxiliary component, which produces CO2 as a byproduct.
Pentane and CO2 have thermal conductivities of 14.5 and 16.7
mW·m−1·K−1 at 24 °C, respectively. In contrast, the high-
performance foams utilize hydrofluoroolefin (Opteon 1100) as
the blowing agent, which has a lower thermal conductivity of
10.6 mW·m−1·K−1 at 24 °C. Additionally, by minimizing the
water content in the formulation, the CO2 concentration is
low. Another distinguishing feature is the pore structure of the
foam. Although commercial foams have isotropic pores, high-
performance foams incorporate anisotropic pores that enhance
the thermal insulation. If high-performance foams had
isotropic pores instead, their initial R/in. would be less than
6.7, as predicted by ThermoPI models.56,57 The enhancement

by anisotropy of the pores observed in the experiment is
consistent with the our finite element simulations.46

To gain deeper insights into the thermal conductivity of the
high-performance foam with a R/in. of 8.3 and to guide the
design of foams with higher R/in. values, we need to extract
the thermal conductivity of the gas in the foam, analyze its
composition, and explore the lower limit of ksolid+gas by
adjusting the gas composition and anisotropic ratio. The first
step was to determine kg, the intrinsic thermal conductivity of
the gas in the foam with R-8.3/in. Since the radiation thermal
conductivity is measured as 2.8 mW·m−1·K−1, the ksolid+gas can
be obtained by ksolid+gas = keff − krad = 14.5 mW·m−1·K−1 (Table
3). With ξ = 3.7 (SEM image analysis), ks = 0.235 W·m−1·K−1

(thermal conductivity of polyurethane),56 and ϕ = 0.95, kg can
be calculated using the effective medium approximation model
developed and validated by Tiwari, Shrestha, and Feng, as
shown in eqs 1−3.46
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The results show that kg = 12.08 mW·m−1·K−1, representing
the intrinsic thermal conductivity of a gas mixture, is composed
of Opteon 1100 (10.7 mW·m−1·K−1), CO2 (16.6 mW·m−1·
K−1), a byproduct of the foaming process, and air (26.2 mW·
m−1·K−1) owing to the presence of open pores. The value of kg
is determined by the thermal conductivity of each gas species
(kgdi

) and its volume fraction f i from Brokaw58
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where n is the total number of gas species. The term Aij is the
interaction parameter between gas species i and j, which can be
calculated with the Mason−Saxena equation.59 If no air is

Table 3. R-Values/in., Total Thermal Conductivities, and Decomposed Contributions for Newly Developed High-
Performance and Commercial Foamsa

Foam R/in.
Effective keff

(mW·m−1·K−1)
Solid

(mW·m−1·K−1)
Gas

(mW·m−1·K−1)
Solid + Gas

(mW·m−1·K−1)
Radiation

(mW·m−1·K−1)

Commercial PIR (unaged) 7.0 20.6 3.9 15.1 19.0 1.6
Commercial PIR (aged) 5.5 26.2 3.9 20.7 24.6 1.6
High-performance foam (unaged) 8.0 18.0 � � 15.2 2.8
High-performance foam (aged) 6.5 22.2 � � 19.4 2.8
High-performance foam (unaged, with
facer)

8.3 17.3 � � 14.5 2.8

High-performance foam (unaged, if
isotropic)

<6.7 >21.4 8.0 >10.6 >18.4 2.8

aThe “�” indicates that solid and gas contributions could not be decomposed due to their coupled nature in the anisotropic foams. The standard
deviation for both Solid + Gas and Radiation components in the high-performance foam is consistently 0.06 across all measurements.
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present in the foam, the volume fractions of Opteon 1100 and
CO2 are 62% and 38%, respectively. If air is present in the
foam, the volume fraction of Opteon 1100 must be greater
than 62%.
Anisotropy significantly influences radiative heat transfer by

altering the effective pore size along different spatial directions.
In anisotropic foams, the pore size is smaller along the
direction of heat flow, which reduces the mean free path of
thermal photons and thereby suppresses radiative thermal
transport. Additionally, such anisotropy concurrently affects
gas-phase and solid conduction pathways, often leading to a
reduced effective thermal conductivity along the heat transfer
direction. Therefore, anisotropy simultaneously reduces the
three mechanisms along one direction and increases them in
the other directions.
The potential of further reduction of ksolid+gas is explored

with eq 4. As shown in Figure 6a, if the gas composition and
foam porosity remain the same as those in the foam with R/in.
of 8.3, increasing the anisotropic ratio can lower ksolid+gas to a
minimum of 12.5 mW·m−1·K−1. Alternatively, if the anisotropic
ratio and gas composition are held constant, increasing the
porosity to 97% can reduce ksolid+gas to 13.7 mW·m−1·K−1.
Likewise, if the anisotropic ratio and porosity remain
unchanged, eliminating CO2 and air while retaining only
Opteon 1100 in the foam can lower ksolid+gas to 13.2 mW·m−1·
K−1 (Figure 6b). The effective medium approximation
employed in our work assumes idealized pore geometries
(e.g., Voronoi tessellations), uniform pore sizes, homogeneous
anisotropy, and fully closed-cell structures. These simplifica-
tions enable analytical treatment but may not fully account for
complex features such as irregular pore connectivity, open-cell
effects, or nonequilibrium gas diffusion, particularly during
long-term aging.

4. CONCLUSION
This study introduces high-performance PIR foams with an
enhanced initial R-8.3/in., offering 20% improvement over
existing commercial PIR foams. This enhancement is
attributed mainly to the use of a low-thermal-conductivity
blowing agent (hydrofluoroolefin), reduction of water content,
incorporation of anisotropic pores, and employment of barrier
facers. We clearly identified crucial factors (e.g., moisture, mold
design, and pMDI content) that affect the thermal properties
of the PIR foams. In the study of the mold effect, the vertical
mold improved R/in by 16% compared with that of the
horizontal mold, potentially owing to the combined effects of

anisotropic pore geometry, higher closed cell content, and
blowing agent retention. The results further demonstrate the
anisotropic pore geometry, demonstrating a 125% increase in
compressive strength of the foams prepared using a vertical
mold compared with a horizontal mold. Moreover, the pMDI
percentage significantly affected the thermal properties of the
PIR foams. The foams prepared with 48% w/w pMDI
demonstrated the highest R/in. values compared with those
containing 42% and 54% w/w. Because the relationship
between pMDI content and R/in. is not linear, additional
research is required to fully understand how pMDI content
influences both thermal and structural properties of PIR foams.
In addition to the higher thermal resistivity of high-
performance foams, the TGA experiments show high contents
of char formation, suggesting potential higher resistance to fire
compared with commercially available PIR foams. Interest-
ingly, the mixtures of blowing agents had an observable effect
on the R/in and the density. Furthermore, the addition of a
facer film led to a notable 4% increase in the thermal resistivity
of PIR foams. This study provides an in-depth analysis of how
anisotropic cells influence both thermal and mechanical
properties of materials, thus offering valuable insights into
their effects on material performance. Ultimately, the study
offers practical tools and insights that can be used to improve
the R/in. value of PIR foams. The novel high-performance PIR
foams with an R-8.3/in., prepared from readily available
materials and utilizing simple synthesis methods, greatly
enhance both scalability and manufacturability. These
characteristics enable large-scale production in industrial
manufacturing plants without requiring major modifications
in the production line. Consequently, the new formulations
can be effectively scaled up to meet commercial demand,
promoting broader real-world application while maintaining
cost-effectiveness and consistent quality. While the current
findings exhibit promising performance and manufacturability,
several limitations remain that require further investigation.
Continued aging tests are essential for obtaining a thorough
understanding of the long-term performance of the novel PIR
foams, with and without facer barriers. It is also crucial to
evaluate other important factors, including fire performance,
dimensional stability, and moisture resistance, as these directly
impact the material’s reliability in practical applications.
Furthermore, investigating alternative materials to isocyanates
is a valuable avenue for future research studies. Addressing
these considerations in future studies will help optimize the

Figure 6. (a) Theoretically predicted ksolid+gas (solid and gas contributions to the effective thermal conductivity of the foam) as a function of
anisotropic ratio and porosity, and (b) theoretically predicted ksolid+gas (solid and gas contributions to the effective thermal conductivity of the
foam) as a function of anisotropic ratio and kg (intrinsic thermal conductivity of the gas in the foam).
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formulations for broader commercial acceptance and align
them with evolving standards.
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