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Abstract

Polyisocyanurate (PIR) foam is a thermal insulating material widely used in

many industries such as construction, refrigeration, piping/tubing among

others. In this research the production, characterization and modeling of the

thermal conductivity of PIR foams synthesized with a hydrofluorolefin (HFO

1233zd (E)) as physical foaming agent have been studied. The results have

shown that increasing the amount of HFO reduces the density, but the cellular

structure is not modified. The relative mechanical properties are the same for

the concentrations of HFO considered. In addition, the aging of thermal con-

ductivity as a function of time has been studied in detail. The experimental

results have been deeply analyzed using a theoretical model to predict the ther-

mal conductivity The results show that the thermal conductivity and the rate

of aging at early stages are reduced for the higher concentrations of HFO. This

result has been related to the lower temperature reached during the foaming

reaction for higher contents of the physical blowing agent.
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1 | INTRODUCTION

Rigid foams based on polyurethane (PU) are a fundamental
part of our lives, since they are used in many fields such
as for instance construction, refrigeration, and piping/
tubing industries. These foams with a closed cellular
structure are one of the most popular thermal insulators

mainly due to their high insulating capability and excel-
lent mechanical properties. In the construction sector,
rigid PU (RPU) foams are used to make insulating panels,
and to spray in situ to insulate the ceilings and the walls
of the buildings and also the ventilation and the heating
systems. In the refrigeration industry, RPU foams are
employed as insulating materials because they offer a
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high energy efficiency, good mechanical properties, good
adhesion to the outer shells of the appliances, and an easily
filling of the complex cavities of refrigerators. In the piping/
tubing sector, RPU foams are used for insulating pipes since
they reduce very efficiently the heat transfer between the
conveyed medium and the environment. Inside the group
of RPU foams polyisocyanurate (PIR) foams are included.
These materials are produced using raw materials and for-
mulations similar to those of RPU foams, except that the
isocyanate index is higher and the polyol used is based on
polyester instead of polyether.1,2 PIR foams are typically
considered an improved solution in comparison with RPU,
due to their lower thermal conductivity, improved flame
retardancy and higher temperatures of use.3,4

Physical blowing agents have been used for many years
to produce RPU and PIR foams with low aged thermal con-
ductivity. Initially, chlorofluorocarbon (CFCs) and later
hydrochlorofluorocarbons (HCFCs) were the selected blowing
agents, but they have been progressively replaced in many
countries by isomers of pentane because of the high global
warning potential (GWP) and ozone depletion potential
(ODP) of the CFCs and HCFCs. However, although isomers
of pentane are a good solution these blowing agents have a
non-negligible global warming potential and are highly flam-
mable. This last property creates safety risk during the pro-
duction and during the use of the foams. Consequently, a
new generation of foaming agents known as hydrofluorole-
fins (HFOs) has been developed. HFOs are unsaturated
organic compounds that comprise hydrogen, fluorine, and
carbon. HFOs are being developed as a “fourth genera-
tion” of refrigerants. HFO products have short atmo-
spheric lifetimes and are categorized as having close to
zero ODP (Ozone Depletion Potential) and low GWP
(Global Warming Potential), providing an environmentally
friendly alternative. In addition, most of these blowing
agents have a low flammability and some of them are
non- flammable,5–7 which increase the safety during foam
production and use. For all these reasons, some previous
publications have been focused on the use of HFOs as
blowing agents for RPU and PIR foams. In one of pub-
lished papers,4 the aging behavior of RPU and PIR foams
was analyzed measuring the concentration of blowing
agent in the foams as a function of time. Another research6

quantified the impact of temperature dependence on ther-
mal conductivity in exterior walls and flat roofs on common
insulating materials such as fiberglass, stone wool, polyiso-
cyanurate, and extruded polystyrene using a temperature-
dependent thermal conductivity profile. The results
obtained for the different insulating materials were used in
hygrothermal simulations in both continental and humid
temperate climates. In another study,7 the effect of the use
of hydrofluorocarbons in air conditioning systems and their
contribution to climate change was studied.

The scientific studies carried so far are not very
detailed and there are many aspects regarding the use of
HFOs in PIR foams that are still unknown such as the
effect of these blowing agents on the reaction kinetics, on
the cellular structure, on the mechanical properties and
on the aged thermal conductivity for 25 years of aging. In
fact, the production-structure-property relationships have
not been studied in detail for these thermal insulating
materials. This is, in fact, the main objective of this publi-
cation and its main novelty. In order to understand the
thermal conductivity of PIR foams produced using HFO,
it has to be considered that thermal conductivity is deter-
mined by the following heat transfer mechanisms8–11:
conduction through the solid phase (λs), conduction
through the gas phase (λg), thermal radiation (λr) and
convection within the cells (λc) that is negligible for
foams with small cell sizes (less than 2 mm).12 The ther-
mal conductivity of PIR foams mainly depends on the
type and amount of blowing agents contained in
the closed cells, due to the high contribution of λg to the
total thermal conductivity (above 60%).13,14 Moreover,
another important aspect to consider is the aging of the
PIR foam since the thermal conductivity values increase
with time because the blowing agents used to produce
the foam diffuse out of the cells, being replaced by atmo-
spheric air, with a high thermal conductivity, which dif-
fuses into the cells of the foam.15–17

On the other hand, the aging of the mechanical proper-
ties of PIR foams is also important. In the field of the aging
of the mechanical properties of polyurethane, several stud-
ies have been carried out,18 but as far as we know, no stud-
ies have been published on the aging of the mechanical
properties of PIR foams produced with HFOs as physical
blowing agent. This a second novelty of this research.

Considering the above, the aim of the present work is to
evaluate, for the first time, the effect of different contents of
an HFO blowing agent, HFO-1233zd(E) trans-1-chloro-3,3,3-
trifluoropropene, on the reaction kinetics, density, cellular
structure, the long-term thermal conductivity and mechani-
cal properties of PIR foams. A systematic and comprehensive
study is here presented to understand the production-
structure-property relationships for these materials.

2 | MATERIALS AND METHODS

2.1 | Materials

The formulation of the PIR foams is based on the follow-
ing components. The polyol component was a mixture of
a polyester polyol (IP-9005 from Dow, USA), a non-
silicone organic surfactant (Vorasurf 504 from Dow,
USA), a trimerization catalyst (DabcoTMR-20 from
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Evonik), a Mannich polyol (Voranol470x from Dow,
USA) and distilled water obtained by reverse osmosis of
10 mega ohms per centimeter at 25�C. The isocyanate
component was a polymeric methylenediphenyl diisocya-
nate (PMDI from Dow, USA). In addition, Solstice® LBA
(also commercially labeled as HFO-1233zd(E) kindly sup-
plied from Honeywell and based on trans-1-cloro-3,3,
3-trifluoropropene) was used as physical foaming agent.

This blowing agent, Solstice® LBA, is more environmen-
tally friendly than the current alternatives typically employed
in PIR manufacturing,7,9–21 as collected in Table 1.

Some interesting properties of Solstice® LBA
(Honeywell), unlike other blowing agents available are:
non-flammable (ASTM E681), VOC-free according to the
Environmental Protection Agency (EPA), liquid near
room temperature (boiling point at 19�C), zero ODP and
GWP of 1.7 Table 2 shows the main physical properties of
the physical blowing agent used in this research.

2.2 | Preparation of foamed samples

Polyisocyanurate foams with different contents of HFO
were produced: 33.3 pph (33.3 parts per 100 parts of
polyol), 38.3, 43.3, and 48.3 pph. These PIR foams were
prepared using a three-step method using an IKA Eurostar
60 for mixing. Polyol (100 parts), trimerization catalyst
(5 pph), Mannich polyol (5 pph), surfactant (4.5 pph) and
water (2 pph) were mechanically agitated for 2 min at
250 rpm to ensure the complete homogenization of the
components. After the initial step, the HFO physical blow-
ing agent in the correct proportion (33.3, 38.3, 43.3, and
48.3 pph) was added to the blend and stirred for 2 min.
During this step part of the HFO is evaporated and conse-
quently it is necessary to incorporate an additional amount
to have the exact content in the formulation. Before incor-
porating the isocyanate, the mixture is reweighed and the
necessary HFO is added. Finally, the isocyanate was incor-
porated to the polyol premix, and the whole system was
mechanically stirred at 2000 rpm for 10 s and poured into

an open mold of dimensions 25 cm � 25.5 cm � 20.5 cm
to allow the foam growth. One day after production, the
foam was cut into samples with appropriate dimensions to
characterize the materials and to measure the density, cellu-
lar structure characteristics, thermal conductivity and
mechanical properties. The samples were stored after cut-
ting in the following conditions: temperature 23 ± 2�C and
humidity 50% ± 2% according to the ISO 291 standard.

2.2.1 | Foaming temperature measurements

The exothermicity of the reactive foaming process was
experimentally measured by measuring the temperatures
reached during foaming. These experiments were carried
out in a plastic cup with 11.5 cm of diameter and 14 cm of
height. Four thermocouples type K were placed vertically
from the base and in the center of the plastic cup at the fol-
lowing heights: 0.5 cm (thermocouple 1, T1), 2.0 cm (ther-
mocouple 2, T2), 6.5 cm (thermocouple 3, T3) and 12.5 cm
(thermocouple 4, T4).22 The mixing of the components was
carried as previously explained. Once all the components
were mixed, they were introduced in the plastic cup to
determine the temperature during foaming. The data col-
lected by the four thermocouples during foaming process
were registered in a computer. Then, for each experiment
the curves given by each thermocouple were averaged to
obtain an average foaming temperature vs time curve. From
these curves, the maximum value of the temperature for
each system was obtained. Three experiments were carried
out for each sample to obtain the average value.

TABLE 1 Environmental data of physical blowing

agents.7,19–21

Blowing agent

ODP GWP
(Ozone depletion
potential)

(Global warning
potential)

N-Pentane 0 20

Isopentane 0 11

Cyclopentane 0 10

Methylal 0 <3

Solstice LBA �0 1

TABLE 2 Physical properties of solstice HFO 1233zd(E).7

Chemical name
Trans-1-chloro-3,3,3-
trifluoropropene

Molecular formula (E)CF3 CH CCLH

CAS number 102687-65-0

Molecular weight (g/mol) 130

Atmospheric life 26 days

GWP 1

ODP 0

Boiling point 19�C/66�F

Flash point None

Vapor flame limits None

UN number UN 3163

US DOT hazard class LIQUEFIED GAS, N.O.S.

TLV/TWA 800 ppm

U.S. EPA ground-
level ozone VOC

Exent compound

TORRES-REGALADO ET AL. 3 of 14

 10974628, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.54504 by U

niversidad D
e V

alladolid, W
iley O

nline L
ibrary on [13/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2.3 | Characterization techniques

2.3.1 | Density and open cell content

Foam density was measured as described by ASTM
D1622/D1622M-14.23,24 The density was determined in
three different cylindrical samples with 30 mm of diame-
ter and 25 mm of height for each material.

After measuring the density, the open-cell content
(OC) was measured with a gas pycnometer (Accupyc II
1340 from Micromeritics) using the same cylindrical sam-
ples, according to ASTM D6226-10.24 Nitrogen was used
as the displacement medium. OC was calculated by using
the following equation:

OC %ð Þ¼ 100
V sample�Vpycnometer�VS

V sample �p
� �

, ð1Þ

where Vsample is the geometrical volume of the sample
(calculated from the sample dimensions), Vpycnometer is
the volume of the specimen measured with the pycnome-
ter, VS is the volume occupied by the cells located in the
surfaces of the specimen calculated using A�t

1:14

� �
where A

is the geometric surface area and t is cell size and p is the
sample porosity calculated using 1� ρfoam

ρsolid

� �
where ρfoam

is the foam density and ρsolid the solid matrix density. A
value of 1160 kg/m3 was used for ρsolid.

25

2.3.2 | Cellular structure characterization

Scanning electron microscopy
The morphology of the cellular structure of these foams
was evaluated by using scanning electron microscopy
(SEM) with a HITACHI FlexSEM 1000. A plane includ-
ing the growing direction (Z direction) of the cured foams
was examined after vacuum coating the sample's surface
with a gold monolayer. An image analysis tool specially
designed to make a quantitative analysis of SEM micro-
graphs was used to determine the main characteristics of
the cellular structure26: average cell size in 3D (ϕ), anisot-
ropy ratio (AR) and the standard deviation of the cell size
distribution (SD). From these data, the normalized stan-
dard deviation of cell size distribution (NSD) was calcu-
lated as the ratio between the average cell size (ϕ) and
the standard deviation of the cell size distribution (SD).
This parameter can be related to the homogeneity of the
cell size distribution. More than 150 cells of different
areas of each material were used for the analysis.

X-ray tomography
The materials were also characterized by a laboratory
x-ray tomography27 to obtain the mass fraction in the

struts (fs). The set-up consists of an x-ray microfocus
source (Hamamatsu) with a maximum output power of
20 W (spot size: 5 μm, voltage: 20–100 kV, current: 0–
200 μA). X-rays come out of the source window, forming
a cone-beam of 39�, allowing to obtain up to 20 times
magnification. The transmitted X-ray intensity is col-
lected with a high sensitivity flat panel connected to a
frame grabber (Dalsa-Coreco), which records the projec-
tion images. This highest resolution detector is com-
posed of a matrix of 2240 � 2344 pixels, each with a size
of 50 μm. Cylindrical samples of about 20 mm3 in vol-
ume were examined. The tube voltage was set at 50 kV,
the tube current at 170 μA, the detector exposure time
was 1 s, and each projection is the result of averaging
three consecutive images to reduce noise. A configura-
tion with the highest possible magnification was used,
obtaining an effective pixel size of 2.5 μm. The approach
to determine fs from the topographies has been detailed
elsewhere.27,28

From the fs obtained by tomography, the foam density
and the cell size obtained from SEM, the average thick-
ness of the cell walls δ has been calculated with the fol-
lowing equation:

1� f sð Þ �ϕ �ρfoam
ρsolid

¼C � δ, ð2Þ

where fs is mass fraction in structs, ϕ is average the cell
size, ρfoamρsolid

is the relative density of the foam, where ρfoam is
the foam density and ρsolid the solid matrix density. A
value of 3.35 was used for the constant C, that depends of
the cell shape.29

2.3.3 | Mechanical properties

Mechanical properties were measured for all the foamed
materials according to the standard ISO 844:2014.30

These experiments were performed in compression using
an Instron Machine (model 5.500R6025). Stress–strain
curves were obtained at room temperature at a strain rate
of 10 mm/min. The maximum static strain was 75% for
all the experiments and the compression direction was
parallel to the cell growth direction (thickness direction)
of the foam. The samples were four cubes per material
with dimensions of 50 � 50 � 50 mm3. The experiments
were performed 1 day after the foams production at
23 ± 2�C and humidity 50% ± 2%. Young's modulus (E)
and collapse stress (σC) were calculated from the stress–
strain curves.

Moreover, the aging of mechanical properties was stud-
ied for the sample produced with 48.3 pph LBA according
to the procedure described in UNE-EN ISO 2440:2019.31
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The initial mechanical properties were measured 72 h after
foam synthesis. After that, the foamed samples were intro-
duced into an oven at 80�C to age the samples. Subse-
quently, the measurements of mechanical properties were
carried out 22, 96, 168, and 240 h after the material produc-
tion. The mechanical tests were performed as it has
described in the previous paragraph, with the same dimen-
sions of samples and same strain rate.

2.3.4 | Thermal conductivity

Thermal conductivity measurements of the foams were
performed using a Holometrix Rapid K heat flowmeter.
The accelerated aging of thermal conductivity was
measured according to the procedure described in
ISO11561:1999 standard.32 The initial thermal conductivity
was measured 24 h after foam synthesis using a foamed
block of 150 � 120 � 20 mm3 (non-sliced sample). After
measuring this sample, it was cut into two slices with the
following dimensions: 150 � 120 � 10 mm3 (sliced sam-
ples). These samples are stored in a room at 23 ± 2�C and
a humidity of 50% ± 2%. Subsequently, the thermal con-
ductivity of the stack formed by the two sliced samples
was measured as a function of time up to 90 days after
production. The 90 days are equivalent to 25 years aged
value as indicated in the standard. The thermal conduc-
tivity measurements were carried out at 20�C, with a
temperature gradient (ΔT) of 10�C.

3 | RESULTS AND DISCUSSION

3.1 | Characterization of PIR foams with
different contents HFO

The main characteristics of the produced foams are
collected in Table 3. The density of the samples is as
expected, it decreases when the blowing agent content is
increased in the foam formulation. Sample with the low-
est content of HFO (33.3 pph) has the highest density
(40 kg/m3), whereas the sample with the highest HFO
content (48.3 pph) reached 32.6 kg/m3. The porosities of

the samples are in the range of 96.6% to 97.2%. In gen-
eral, all foamed samples have a closed cell cellular struc-
ture because the open-cell content is very low and in all
cases below 5%. Moreover, the main characteristics of
the cellular structure are summarized in Table 3 and
the SEM micrographs of the samples are observed in
Figure 1. Although the foams with different HFO con-
tent have different density, these materials have very
similar cellular structures, as it can be appreciated in
Figure 1. In fact, all foams have similar average cell
sizes (around 900 microns) and a homogeneous cellular
structure (NSD values are very low for all the materials).
There is not a clear trend for these two structural
parameters as a function of the HFO content.

Anisotropy ratio is always higher than 1, which
relates to a slightly cell orientation in the growing direc-
tion. Values are in the range 1.23 to 1.32 with a slight
increase of this parameter for the materials produced
with larger amounts of HFO. Finally, the fraction of
material in the struts ranges between 0.62 and 0.71 and
the average cell wall thickness ranges between 1.7
and 2.3 microns. There is not a clear trend for these two
parameters as a function of the HFO content.

3.2 | Mechanical properties

Measurements of the mechanical properties in compres-
sion (Young's modulus and collapse stress) of the PIR
foams were first carried out at room temperature and
1 day after the foam production. As expected,33 the
mechanical properties, both the Young's modulus and
collapse stress (Figure 2a,b), are reduced for the foams
with lower densities (higher HFO contents).

Young's modulus and collapse stress divided by the
relative density allow comparing the mechanical proper-
ties of PIR foams with different densities. The relative
Young's modulus and the relative collapse stress of the
foams are collected in Figure 3. It can be observed that the
mechanical properties are similar for all the materials
within the experimental accuracy except for the foam with
43.3 pph HFO which presents lower relative Young's modu-
lus and collapse stress. This material presents a worse

TABLE 3 Density, open cell content (OC), porosity (p), average cell size (ϕ), standard deviation (SD), normalized standard deviation

(NSD), anisotropy ratio (AR), fraction of mass in the struts (fs) and wall thickness (δ) for each foam under investigation.

Sample Density (kg/m3) P (%) OC (%) Φ (μm) SD (μm) NSD AR fs δ (μm)

33.3 pph HFO 40.05 ± 0.66 97.2 2.53 ± 1.11 873 111 0.13 1.23 ± 0.21 0.65 2.3

38.3 pph HFO 38.10 ± 0.54 97.1 4.42 ± 0.46 871 102 0.12 1.24 ± 0.18 0.68 1.7

43.3 pph HFO 33.35 ± 0.34 96.7 1.36 ± 0.65 942 126 0.13 1.32 ± 0.22 0.71 2.2

48.3 pph HFO 32.60 ± 0.34 96.6 1.12 ± 0.66 872 129 0.15 1.32 ± 0.19 0.62 2.3
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mechanical behavior probably because it has a larger cell
size and also a higher fraction of mass in the struts
(Table 3). It is well know that these variations in the
cellular structure results in foams with lower stiffness
and strength.34

In addition, the sample with the highest content of
HFO (48.3 pph) was selected to study the aging of the
mechanical properties. The results obtained for density,
Young's modulus, collapse stress, relative Young's
modulus and relative collapse stress are shown in
Figure 4. The results show that the density is slightly
reduced during the aging process but the mechanical

properties are hardly modified when the sample is sub-
jected to an accelerating aging. Thus, the mechanical
properties of this particular material are constant in
the aging conditions used.

3.3 | Aging of the thermal conductivity

The thermal conductivity was measured over 90 days in
order to study the accelerated aging of thermal conduc-
tivity (Figure 5), where the initial value was measured
1 day after the samples were manufactured and the

FIGURE 2 (a) Young's modulus and (b) Collapse stress for the PIR foams corresponding to compression tests. [Color figure can be

viewed at wileyonlinelibrary.com]

FIGURE 1 SEM

micrographs of the foams under

study showing the cell

morphology of the samples with

(a) 33.3 pph HFO, (b) 38.3 pph

HFO, (c) 43.3 pph HFO and

(d) 48.3 pph HFO.
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measurements were continued until day 90, which corre-
sponds to 25 years of aging according to the standard use
for the tests.

The initial values of the thermal conductivity were
very low, in the range of 20 to 22 mW/m K (Figure 5),
but these values increase to reach values in the range
30 to 32 mW/m K after the aging process. During this
aging there are two different periods of time. A rapid
increase in the initial 15 days. In this period the values
increase up to 27 to 29 mW/m K and then a slow increase
from 15 to 90 days. Most of the initial increase of the con-
ductivity is typically associated to the substitution of the
CO2 coming from the reaction of water and isocyanate by
atmospheric air. The rest of the increase should be due to
a slow diffusion of the HFO and its substitution by air.
All foams behave in similar way but there are also differ-
ences among them. The results indicate that a larger
amount of HFO is helpful to reduce the thermal conduc-
tivity at early stages and in the case of the material con-
taining 48.3 parts of the HFO also after the aging. This is
an important finding showing that an increase of the
HFO content allows retaining a reduced thermal conduc-
tivity for a long period of time.

On the other hand, the parameter Delta Lambda (Δλ)
was calculated along the 90 days This parameter measures
the difference between the thermal conductivity at a given
time (λt) and the initial thermal conductivity at (λ0).
Figure 6 shows Δλ for PIR foams under study as a function
of the aging time. It is observed that the aging of the ther-
mal conductivity for the foam with 48.3 pph HFO is slower
than for the rest of the contents, between the first day and
the day 33. In addition, at early stages times it is clear that
increasing the HFO content reduces the aging slope.

The rate of aging at low times for a PU system foamed
with water and cyclopentane has been related in a

previous work with the temperatures reached during the
foaming process.25 Due to this we also measured the tem-
perature evolution during foaming for all the foams
under study. Figure 7 shows the average foaming temper-
ature versus time for these systems. It is observed that in
general a lower content HFO is associated to higher tem-
peratures during foaming. This makes sense because the
evaporation of the blowing agent is an endothermic pro-
cess and a higher amount of the blowing agent will
reduce in a larger extend the temperature. Figure 8 shows
that there is a clear relation between the maximum tem-
perature reached during foaming and the slope of the
thermal conductivity aging curve up to day 6 (day 6 was
chosen as a representative day of early stages of aging.
The general behavior is the same for other days in this
period), indicating that also for this system the tempera-
ture reached during the reaction is modifying the aging
curve in the initial stages. This is probably due to the dif-
ferent pressures developed inside the cells when the
foaming temperature follows a different path.

These samples that achieve lower foaming tempera-
tures (such as 48.3 pph HFO foam) exhibit lower thermal
conductivity slopes (Figure 8).

3.4 | Modeling of thermal conductivity

Thermal conductivity modeling is proposed to further
analyze the thermal conductivity aging of the samples
under study. The thermal conductivity of a PIR foam
(λt), containing solid and gas phases is well represented
by the sum of four mechanisms: conduction along the
cell walls and the struts of the solid polymer (λs), con-
duction through the gas phase (λg), thermal radiation
(λr) and convection within the cells (λc). The addition

FIGURE 3 (a) Relative Young's modulus and (b) Relative collapse stress for the PIR foams produced with different contents of HFO.

[Color figure can be viewed at wileyonlinelibrary.com]
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of these contributions gives the total thermal conduc-
tivity (λt)12,33:

λt ¼ λsþ λgþ λr þλc: ð3Þ

The cell size of the foams under study (around
800–900 μm) makes the convective mechanism (λc)

negligible.12,33 The conductive terms of the gas and the
solid phases can be estimated by Equations 4 and 535:

λg ¼ λgVg, ð4Þ

λs ¼ λs
V s

3
f s

ffiffiffiffiffiffiffi
AR

p� �
þ2 1� f sð Þ ARð Þ14

� �
, ð5Þ

where Vg is the volume fraction of the gas phase equal to
(1�ρr) where ρr is the relative density, Vs is the volume
fraction of the solid phase equal to ρr, AR is the anisot-
ropy ratio, λg is the thermal conductivity of gas mixture,
λs is the thermal conductivity of solid and fs is the fraction
of mass in the struts.

The radiative mechanism refers to the transport of
energy by electromagnetic waves, and the attenuation
of radiation takes place in the forms of absorption, and
scattering. The radiative conductivity can be calculated
by the Rosseland equation12:

λr ¼ 16n2ơT3

3K
, ð6Þ

where n is the effective refraction index (close to 1 for
low density foams), σ is the Stefan–Boltzmann constant,
T is the temperature at which the thermal conductivity is
measured, and K is the extinction coefficient of the foam.
The radiative conductivity can be estimated with the previ-
ous equation (Equation 6) using the approach defined by
Glicksman to calculate the extinction coefficient (KG) as a
function of the optical properties of the polymeric matrix
and the characteristics of the cellular structure of the foam.

3.4.1 | Extinction coefficient modeling:
Glicksman extinction coefficient (KG)

The Glicksman extinction coefficient (KG) is calculated
here for all systems studied in order to evaluate the radia-
tive contribution. The Glicksman extinction coefficient
(KG) includes the contribution of edges (KEdges) and that
of cell walls (KWalls)

12:

KG ¼KEdgesþKWalls: ð7Þ

KG ¼ 4:10

ffiffiffiffiffiffiffiffi
f s

ρf
ρs

q
ϕ

0
@

1
Aþ 1� f sð Þρf

ρs
KW : ð8Þ

This parameter depends on the average cell size (ϕ),
foam density (ρf), solid matrix density (ρs), mass fraction
in the struts (fS), the extinction coefficient of the solid

FIGURE 4 (a) Variation of density with time for the sample

containing 48.3 pph HFO, (b) Aging of Young's modulus and

collapse stress for the sample containing 48.3 pph HFO, (c) Aging

of relative Young's modulus and relative collapse stress for the

sample containing 48.3 pph HFO. [Color figure can be viewed at

wileyonlinelibrary.com]
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matrix (Kw) and a constant related to the cell geometry
(4.10). The value of fS was determined by tomography
(Table 3), and the value of the extinction coefficient of
the solid polymer (Kw = 600 cm�1) was obtained from
the literature.12 The values of the Glicksman extinction
coefficients (KG) calculated using Equation 7 are pre-
sented in Figure 9. These data show a decrease of extinc-
tion coefficient when the HFO content is increased. The
values obtained ranged between 13 and 10 cm�1. This
trend of Glicksman extinction coefficient is mainly due to
the decrease in foam density when HFO is increased
because the cellular structure is very similar for all the
analyzed foams, except for sample containing 43.3 pph
HFO. This sample presents a minimum in extinction

coefficient value which is related to its low density, its
higher cell size and the high value of fs.

This reduction of the extinction coefficient will result
in an increment of the radiative contribution for the
foams produced with higher amounts of HFO as dis-
cussed in the following sections.

3.4.2 | Discussion of the different
contributions to the thermal conductivity

Assuming that the conduction through the solid (λs) and
the radiation (λr) are time-independent, the contribution
corresponding to the conduction through the gas phase

FIGURE 5 Thermal conductivity versus HFO contents between day 0 and day 15 (a) and between day 0 and day 33 (b) and thermal

conductivity evolution for different contents of HFO between day 0 and day 30 (c) and between day 0 and day 90 (d). [Color figure can be

viewed at wileyonlinelibrary.com]
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(λg) can be calculated using the thermal conductivity
model (Equation 3) by subtracting the solid phase contri-
bution (Equation 5) and the radiation contributions
(Equations 6 and 8) from the experimental values of the
thermal conductivity. The results of this analysis are
summarized in the Figures 10–12. As expected, the con-
duction through the gas phase (λg) is the most significant
contribution to the final value of the thermal conductiv-
ity with a contribution that is in most of the cases higher
than 50%. This contribution clearly increases when aging
time increases. The value is between 45% and 53%
15 days after production but increases to around 68% to
70% after 90 days of testing. In addition, it is clear that
this contribution is smaller for the samples produced
with a higher amount of HFO.

The radiation contribution accounts for around
5 mW/m K of the total thermal conductivity, being
slightly higher for the samples produced with higher
amounts of HFO. In percentage the contribution of this
heat transfer mechanisms is between 25% and 32% 15 days
after production and around 15%–20% after 90 days.

Finally, conduction through the solid is the mecha-
nism with a lower weight, with a contribution between
3 and 4 mW/m K, being this contribution lower for the
samples with a lower density (produced with higher con-
tents of HFO). In percentage this mechanism contributes
with a weight of 19% and 21% at 15 days and between
11% and 14% after 90 days.

Taking into account the values of the thermal con-
ductivity for the gas phase it is possible to estimate the

FIGURE 6 Variation of the thermal conductivity measurement

during the aging process. [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 7 Average foaming temperatures as a function of

time during the foams production. [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 8 Thermal conductivity slope at day 6 as a function

of the average temperature reached during foaming. [Color figure

can be viewed at wileyonlinelibrary.com]

FIGURE 9 Calculated Glicksman's extinction coefficient for

the foams under study. [Color figure can be viewed at

wileyonlinelibrary.com]
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amount of air and HFO in the cells as a function of
the aging time. For these calculations we have used the
Wassiljeva equation36:

λmix ¼
X

i

λi
1þP

j

i≠ j

Aij
xj
xi

, ð9Þ

where λm is the thermal conductivity of the mixture, λi is
the thermal conductivity of pure component i, and xi and
xj are the mole fractions of components i and j and Aij is

a function of the binary system that is typically equal to
1. Figure 13 shows the evolution of gases over time, in
the first days it is observed that the amount of air is less
than the amount of HFO. With time the amount of air in
the cells increases due to the entrance of this gas due to a
diffusion mechanisms. By the end of the aging time,
90 days after production, which is equivalent to 25 years
of aging, the cells have a composition based on 80% air
and 20% of the HFO. The proportion of HFO in the cells
is larger for the material produced with a higher amount
of HFO, which is the main reason for the lower thermal
conductivity of this foam.

FIGURE 10 (a) The thermal conductivity mechanisms and (b) the contribution of the thermal conductivity mechanisms for each PIR

foams at 15 days. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 11 (a) The thermal conductivity mechanisms and (b) the contribution of the thermal conductivity mechanisms for each PIR

foams at 33 days. [Color figure can be viewed at wileyonlinelibrary.com]
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4 | CONCLUSIONS

In this work, the effect of the content of HFO-1233zd
(E) on the temperature during foam production, density,
cellular structure, mechanical properties and thermal
conductivity of polyisocyanurate (PIR) foams has been
evaluated.

As expected, increasing the content of HFO reduced
the foams density. Regarding the cellular structure, all
materials have similar cellular structures with cell sizes
between 800 and 900 microns. Furthermore, these foams
have a very homogeneous cellular structure, with a very
low open cell content and a slight anisotropy in the

growing direction. The fraction of mass in the struts and
the cell walls thickness does not follow a clear trend as a
function of the HFO content used during production.

As expected, the mechanical properties depend on
density with a reduction of the stiffness and strength
when density is reduced. However, when the relative
properties are analyzed the values obtained are almost
constant. In addition, it has been observed that the
mechanical properties do not evolve with the aging time.

On the other hand, thermal conductivity aging has
been studied using an accelerated laboratory test method
that allows predicting thermal conductivity up to 25 years.
The initial thermal conductivity of the foams produced is

FIGURE 13 Amount of air (a) and HFO (b) in the sample aged for different days. [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 12 (a) The thermal conductivity mechanisms and (b) the contribution of the thermal conductivity mechanisms for each PIR

foams at 90 days. [Color figure can be viewed at wileyonlinelibrary.com]
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very low, in the range of 20 to 22 mW/m K. These values
increase to reach values in the range of 30 to 32 mW/m K
after the aging process. The results have shown that
increasing the amount of HFO reduces the thermal con-
ductivity and also the rate of aging in the early stages of
aging. The low aging rate has been correlated with a lower
temperature during foaming for foams produced with
higher amount of HFO. Thus, foams reaching higher
foaming temperatures generate a high pressure difference
between the inside and the outside of the foam cells once
the material is cooled and consequently a very quick diffu-
sion of the gases out of the cells is taking place. Modeling
the thermal conductivity of the foams allows quantifying
the evolution of the thermal conductivity of the gas mix-
ture (λg) with time and estimate the gases content during
the aging. It has been demonstrated that even after 90 days
of testing, equivalent to 25 years of aging, there is a signifi-
cant amount of HFO in the gas composition. It has been
estimated that 20 of the gas in the cells is HFO.
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