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Abstract
This study investigates the effect of liquid-type organofluorine additives (OFAs) on the
morphology, thermal conductivity and mechanical properties of rigid polyurethane (PU)
and polyisocyanurate (PIR) foams. Foams were characterized in terms of their morphology (density, average cell size, anisotropy ratio, open cell content), thermal conductivity and compressive as well as flexural properties. Based on the results, we
observed that OFAs efficiently reduced the average cell size of both PU and PIR
foams, leading to improved thermal insulating and mechanical properties.
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Introduction
Rigid polyurethane (PU) foams and polyisocyanurate (PIR) are mainly used for
thermal insulation, constructions and automotive1–3 due to their low thermal conductivity and their excellent acoustic damping properties.4–9 Rigid PU and PIR
foams are typically prepared by reacting a polyether or a polyester polyol with a
polyisocyanate (methylene diphenylene or toluene diisocyanate).10–14 PIR foams
are mainly used in buildings (roof and wall sandwich panels).2,3,10–12 The polymerization reaction between isocyanate and polyol (Figure 1(a)), often referred to
as gelling reaction, is responsible for the viscosity increase in the reacting mixture
as the reaction proceeds. The isocyanate moiety also reacts with water, usually

Figure 1. Main reactions taking place in PU and PIR foams: (a) reaction between isocyanate and
polyol (gelling reaction); (b. 1. and 2.) reaction between isocyanate and water (blowing reaction);
(c) reaction between three isocyanates (polycyclotrimerization reaction).
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present in the polyol formulation, in a so-called blowing reaction, giving as initial
reaction product a carbamic acid that breaks down into carbon dioxide and a
primary amine (Figure 1(b.1.)). The amine will then react immediately with another isocyanate to form a symmetric urea (Figure 1(b.2.)).13–16 Thus, PU foaming
results in a balanced, synchronized process between the gas formation and the
viscosity increase due to the polymerization. Besides the gelling and blowing reaction taking place during the foaming process, PIR are also characterized by the
cyclotrimerization reaction of three isocyanates (Figure 1(c)). As a consequence, an
highly crosslinked six-member isocyanurate ring is formed by this reaction, making
PIR foams, with respect to PU, more thermally stable.3,11–13,17
The foaming process, divided in the stages of bubble nucleation, growth and
stabilization (vs. coalescence, undesired), may be induced by several mechanisms.18–21 In case of the said water blown PU foams, water is considered a chemical blowing agent (CBA) generating carbon dioxide by the blowing reaction.13–16
Physical co-blowing agents (PBA), such as pentane, may be also utilized. Dissolved
in the liquid state in the components prior to mixing, PBA evolve in the gaseous
state as a consequence of the exothermicity of the reactions and inflate the bubbles
formed by the primary blowing agent.4,19,22 Bubbles can grow and stabilize or, in
case the expanding medium does not possess adequate rheological properties, may
undergo coalescence. Typically, appropriate stabilizers are utilized to limit coalescence.19,23–27 In both cases (use of a CBA or a PBA), the nucleation process is key
in determining the final morphology of the foam and, in turn, the properties of the
final product.
In this context, nucleating agents are extensively utilized both in the scientific
and the industrial practice. Classically, as it is true in all of the “nucleating phenomena”, nucleating agents are responsible for the mediation over the surface
energy that the system has to pay to form a new surface (the bubble surface)
within the homogeneous matter. The lower the surface energy, the larger the nucleation rate and the final bubble number per unit volume. Several works are focused
on the improvement of PU and PIR foam morphologies (and, correspondingly
with improved mechanical and thermal properties) as a consequence of the introduction of additives. In particular, solid-type nucleating agents such as talc or
organoclay particles dramatically reduced the cell size in PU foams, despite introducing a processing step and the hurdle of preventing the precipitation of solid
particles in low-viscosity fluids.28 To address this issue, liquid-type additives were
introduced. For instance, in 2009 Kang et al.28 studied the addition of tetramethylsilane (TEM) as liquid-type nucleating agent for PU synthesis. Authors
showed that the average cell size of PU foams became more uniform and finer,
likely due to the reduced surface tension of the reactive solution. Furthermore,
TEM did not affect the polymerization reaction profile, suggesting that it could act
as an effective nucleating agent, whithout the need to re-formulate the PU recipe.
More recently, Lee at al.29 observed that TEM has a high-vapor pressure and is
highly flammable and, also due to the high cost, it has a limited industrial attractiveness. In their work, the effects of several liquid-type additives on PU thermal
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conductivity and mechanical properties were investigated. In particular, a perfluoroalkane gave promising effect, with small cell size and low thermal conductivity,
attributed to a lowering of the surface tension of the polyol and the perfluoroalkane mixture.
The observed significant cell size reduction persuaded us to investigate on the
possible mechanisms induced by the organofluorine additives (OFAs) during PU
foaming. To our knowledge, the study of OFAs as liquid-type additives in PU and
PIR has not gone further, despite these initial results and their inherent nonflammability. In this context, in this work we study the effects of the OFAs on
the PUs cellular structure and their relative properties. A forthcoming paper will
exploit an optical observation technique to investigate PU foaming mechanisms
and how these are influenced by the OFAs addition. The effects of two different
additives, namely a partially perfluorinated compound such as hexafluoro-2butene (HFB), and a fully perfluorinated compound such as nonafluoro-4(trifluoromethyl)-2-pentene (NFP), on cell morphology, thermal conductivity
and mechanical properties of PU and PIR foams are studied.

Experimental
Materials
A formulated mixture of polyether polyols (VORACORTM CW 7028, OH
number ¼ 370, density ¼ 1.08 g/cm3, viscosity ¼ 6700 mPa.s) with silicone surfactant and catalysts was utilized with polymeric methylene diphenyl diisocyanate
(PMDI) (VORACORTM CE 142, 31.1% NCO, 1.20 g/cm3, 190 mPa.s) in order
to obtain PU foams. A formulated mixture of aromatic polyester polyol
(VORATHERMTM CN 1200, OH number ¼ 197, density ¼ 1.24 g/cm3,
viscosity ¼ 650 mPa.s) with silicone surfactant and catalysts was utilized with
PMDI (high functionality) (VORACORTM CE 620, 30.5% NCO,
density ¼ 1.24 g/cm3, viscosity ¼ 600 mPa.s) in order to obtain PIR foams. All
were formulated and supplied by DOW Italia s.r.l. (Correggio, RE, Italy) and
used “as received”. All formulated polyols and isocyanate components implemented in this study can be purchased from DOW Europe GmbH (CH).
Cyclopentane and a mixture of cyclo/isopentane (70/30) were used as physical
blowing agents for PU and PIR respectively (Synthesis S.p.A., Bianconese di
Fontevivo, PR, Italy). The HFB and the NFP were supplied by Chemours
(Turin, Italy) and 3 M (Milan, Italy) respectively and were used as liquid-type
additives. The chemical compositions of the formulated polyols used for the preparation of PU and PIR are reported in Table 1.

Foam preparation
Polyol (100 g) was first poured in a plastic cup. After that, HFB and NFP, in their
respective formulations, were added to the polyol and mixed for 10 s at 1800 rpm.
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Table 1. Chemical composition of the formulated polyols.
In PU formulation
Chemicals
Polyol

Description
TM

VORACOR
CW 7028

In PIR formulation
Parts
100

Additional catalysts

Chemical blowing
agent
Physical blowing
agent

water

0.1

Cyclopentane

14.5 (11.5a)

HFB
NFP

0, 1, 2, 3
0, 1, 2, 3

Description

Parts
TM

VORATHERM
CN 1200
VORACORTM
CM 751
VORACORTM
CM 639
water

100

Cyclo/isopentane
(70/30)
HFB
NFP

19.5 (16.5a)

1.7
1.7
0.1

0, 1, 2, 3
0, 1, 2, 3

a

When HFB or NFP content is > 0.

Since HFB and NFP are very volatile, they were stored in a refrigerator before
mixing. Then, the cyclopentane and cyclo/isopentane were added and the whole
system mixed again for 10 s at 1800 rpm. The formulated polyol and isocyanate
were mixed in a plastic cup (with ratios of 1:1.3 by weight for PU and 1:2 for PIR)
for 10 s at 3000 rpm in order to promote the chemical reactions and foaming process. Finally, the mixture was immediately poured into an open mold
(250 mm  250 mm  250 mm) to produce free-rise foam. The polymer was kept
curing at room temperature in the mold for 2 h. The foam was then removed from
the mold and it was further cured at room temperature for at least 2 days before
characterization. Several PU and PIR formulations were tested with different additive contents. The formulations with no additive will be referred to as “neat” and
those containing the single OFA will be referred with the type of additive (HFB or
NFP) and the content.

Foam characterization
Density. Foam density was measured according to ASTM D1622 standard test
method.30 The size of the specimen was 30 mm  30 mm  50 mm
(width  length  thickness). The densities of three samples were measured and
averaged.
Open cell content. The open cell (OC) content was measured by a gas pycnometer
(Accupyc 1330, Micromeritics S.r.L, Milan, Italy) as described in ASTM D622614.31 The OC was measured in three samples and averaged after measuring their
densities.
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Viscosity measurements. The viscosity was measured using a cone and plate rheometer (Anton Paar model). Cone angle and diameter of the fixture were 1 degree and
50 mm, respectively. The velocity and the moment of inertia during the viscosity
measurements were 10 mm.s�1 and 0.0122 mN.m.s2 respectively. The viscosities
(calculated according to ISO 3219:199332) of three samples were performed and
averaged at room temperature.
Scanning electron microscopy (SEM). The morphology of PU and PIR was studied
with a scanning electron microscopy (SEM). A PhenomXI Scanning Electron
Microscope produced by PhenomWorld, with a magnification range of 80 –
100’000x, with a CeB6 electron source tunable at 5.10 and 15 kV with a resolution
of 14 nm was employed. The foams were cut by a razor blade and then coated with
gold by a Quorum Q150AS (Quarumtech) Rotary-Pumped Sputter. They were
then examined by SEM. The average cell size (ACS) and the anisotropy ratio
(AR) were evaluated according to ASTM D3576-15 standard test method33 by
using an image analysis software (ImageJ). The intersections method has been
used in order to evaluate the ACS. Lines in two perpendicular directions (m vertical lines of length h and n horizontal lines of length l) are taken in order to make a
grid. The grid is overlaid in each micrograph and, for each line, the number of cells
intercepted is counted and the line length (h or l) is divided by the number of cells.
For each formulation, the ACS and the AR (calculated from equations (1) and (2),
respectively34) of three samples were measured and averaged.
ACS ¼

Pm

i¼1

P
ACSi þ nj¼1 ACSj
mþn
Pm

i¼1

AR ¼ Pn

ACSi

m

j¼1

(1)

ACSj

(2)

n

Thermal conductivity. The thermal conductivity was determined at 24 � C using a heat
flow meter from LaserComp Inc. (TA Instruments, USA) according to UNI EN
12667:2002 method.35 The size of each specimen was 170 mm � 170 mm � 27 mm
(width � length � thickness). The thermal conductivities of three samples were
measured and averaged.
Mechanical tests. Mechanical properties were measured by using an Instron
Machine (model 5567 H1589, Instron, USA) in order to evaluate the compressive
as well as the flexural responses. Compression test was performed at a strain rate of
10 mm.min�1 according to EN 826:2013 method.36 Max stress and Young’s modulus in ten samples of 50 mm � 50 mm � 100 mm (width � length � thickness), in a
direction parallel to the cell growth direction (thickness direction), were measured
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and averaged. Flexural tests were performed with a strain rate of 10 mm.min1
according to ISO 1209:2007 method.37 Max stress and flexural modulus in ten
samples of 25 mm  120 mm  20 mm (width  length  thickness) were measured
and averaged.

Results and discussion
Viscosity measurements
Table 2 reports the viscosities of the polyols without additive and the polyol with
additive solutions such as HFB and NFP when the additive content is 3 parts. The
observed lowering of the viscosity by the OFAs may further contribute to ease the
bubble formation, by reducing the stress field around the forming bubble.
Viscosity is governing, furthermore, the newly formed bubble growth, and,
hence, the cell morphology evolution, with the achievement of larger expansions
(lower densities) in systems characterized by lower viscosities.

Cell morphology
The densities and the main morphological features of the PU and PIR foams are
reported in Tables 3 and 4. For the different formulations under study, it can be
Table 2. Viscosity measurements of polyol mixtures.
Sample

Viscosity [mPa.s]

Polyol
Polyol
Polyol
Polyol
Polyol
Polyol

6732  8a
5651  20
5105  21
652  2
470  3
394  1

(PU formulation)-Neat
(PU formulation)-HFB-3
(PU formulation)-NFP-3
(PIR formulation)-Neat
(PIR formulation)-HFB-3
(PIR formulation)-NFP-3

a

 values represent 2 standard deviation.

Table 3. Cellular structure properties of PUs: density, ACS, AR and OC.
Sample

Density [kg.m–3]

ACS [mm]

AR

OC [%]

Neat
PU-HFB-1
PU-HFB-2
PU-HFB-3
PU-NFP-1
PU-NFP-2
PU-NFP-3

23.41  0.35a
22.89  0.23
22.61  0.39
22.33  0.37
22.81  0.22
22.48  0.24
22.15  0.32

435  19
425  37
387  20
362  24
386  33
331  17
316  26

1.11  0.08
0.99  0.06
1.06  0.09
1.00  0.01
1.06  0.09
1.04  0.08
1.09  0.06

15.23  0.42
14.66  0.31
13.61  0.43
15.28  0.28
13.82  0.62
14.87  0.45
15.81  0.32

a

 values represent 2 standard deviation.
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Table 4. Cellular structure properties of PIRs: density, ACS, AR and OC.
Sample
Neat
PIR-HFB-1
PIR-HFB-2
PIR-HFB-3
PIR-NFP-1
PIR-NFP-2
PIR-NFP-3

Density [kg.m–3]
a

28.04  0.26
27.72  0.43
27.56  0.23
27.43  0.28
27.78  0.22
27.69  0.26
27.58  0.34

ACS [mm]

AR

OC [%]

458  27
415  16
380  10
315  14
382  33
298  47
249  36

0.92  0.13
1.12  0.07
1.04  0.10
1.02  0.05
0.96  0.12
1.01  0.16
0.97  0.10

12.96  0.32
12.50  0.62
13.01  0.31
13.15  0.28
12.46  1.15
11.82  0.89
12.48  0.44

a

 values represent 2 standard deviation.

seen that the density slightly decreases for both HFB and NFP additions, the effect
increasing with additive amount. This effect can be explained by taking into
account the effect of the additives on the the viscosities of the reactive mixtures
(Table 2).
The effects of both the OFAs on the morphology of PU and PIR are shown in
the SEM images reported in Figures 2 and 3. From the SEM micrographs, it was
possible to measure the ACS, the AR and evaluate the cell size distribution (see
Tables 3 and 4). It is evident that the ACS reduces when the additive content is
increased, leveling off at a limiting value (where foams were characterized by uniform cellular structure – lower standard deviation). In case of PU foams, this
optimum corresponded to 2 parts of OFA (both HFB and NFP), while in case
of PIR foams, corresponded to 2 parts when only HFB is used. PIR samples
treated with NFP were characterized by a larger standard deviation.
Figure 4 reports the collective results of this morphological investigation,
evidencing that, in PU, the ACS is reduced up to 17% by PU-HFB-3 and up to
27% by PU-NFP-3, whereas in PIR, the ACS is reduced by to 29% by PIR-HFB-3
and by 46% by PIR-NFP-3, compared to the corresponding neat formulations. As
previously reported in the literature, the introduction of liquid-type additives may
induce a cell size reduction.28,29
Moreover, the variation of the OC content (Figure 5(a) and (b)) is negligible
with the addition of OFAs indicating that the additives do not affect the open cell
content, differently from other foamed systems where solid-type functional nanofillers were added,38 proving the advantages of additives in liquid phase with
respect to solid ones.

Thermal conductivity
The effect of OFA content on thermal insulation properties of both PU and PIR is
reported in Figure 6. Thermal conductivities of the formulations with the additives
showed diminished values with respect to their respective reference formulations.
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Figure 2. SEM micrographs of PUs: (a) Neat material, (b) PU-HFB-1, (c) PU-HFB-2, (d) PU-HFB3, (e) PU-NFP-1, (f) PU-NFP-2, (g) PU-NFP-3.
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Figure 3. SEM micrographs of PIRs: (a) Neat material, (b) PIR-HFB-1, (c) PIR-HFB-2, (d) PIRHFB-3, (e) PIR-NFP-1, (f) PIR-NFP-2, (g) PIR-NFP-3.
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Figure 4. ACS of (a) PUs and (b) PIRs at different OFA content. Error bars represent 2
standard deviation.

Figure 5. OC content of (a) PUs and (b) PIRs at different OFA content. Error bars represent 2
standard deviation.

Figure 6. Thermal conductivity of (a) PUs and (b) PIRs at different OFA content. Error bars
represent 2 standard deviation.
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Figure 7. Relationship between thermal conductivity and ACS of (a) PUs and (b) PIRs.

Figure 8. Mechanical properties of PUs and PIRs respectively at different OFA content: (a) and
(c) relative compressive strength, (b) and (d) relative compressive modulus. Error bars represent
2x standard deviation.
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Figure 9. Mechanical properties of PUs and PIRs respectively at different OFA content: (a) and
(c) relative flexural strength, (b) and (d) relative flexural modulus. Error bars represent 2x
standard deviation.

The relationship between the thermal conductivity and the ACS is shown in
Figure 7, evidencing a tight correlation between thermal conductivity and cell size,
also extensively reported in the literature.28,29
The thermal conductivity of a foam is given by four mechanisms:39–41 i) convection within the cells, ii) radiation, iii) conduction through the solid phase iv)
conduction through the gas-filled cell. The convection contribution is relevant only
when the cell dimension is greater than 10 mm, most polyurethane foams have
closed cells about one order of magnitude smaller than this value and, therefore,
heat transfer due to convection can be considered negligible.39 The radiation contribution depends on the cell dimensions and the wall thickness: foams composed
of many small cells transfer less heat by radiation than foams with few big cells.
The contribution of the solid phase to the overall thermal conductivity is low, ca.
10% for PU due to small fraction occupied by the polymeric matrix of the total
volume of the foam.39 Conduction in the cell gas mixture represents the main part
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of the thermal conductivity of a foam.39 Taking into account the abovementioned
considerations, the thermal conductivity decrease can be related to a significant
contribution of the radiation in foams with smaller cells and a lower gas mixture
conductance in the cells.39 The latter, in our case, is due to the use of OFAs, which
are characterized by a lower thermal conductivity than air and CO2. In addition to
this, the open cell content of the different formulations is almost constant with the
OFAs (Figure 5(a) and (b)) and it cannot be considered responsible for the thermal
conductivity variation.

Mechanical properties
The effect of the liquid-type additives on the mechanical properties of PUs and
PIRs with the different OFA content is shown in Figures 8 and 9. For both
strength and modulus, the property-density ratio allows to properly compare several formulations with (slightly) different densities. From these results, it is
observed that the compressive and flexural strengths increase with the additive
content. The effect of density and microstructure on the mechanical properties
of polymeric foams is well-known.42–44 In agreement with the settled literature,
we observed that the PU and PIR with the smaller cell size and the narrower cell
size distribution lead to enhanced strength as well as modulus.45

Conclusions
The effects of two OFAs on the density, microstructure, thermal conductivity and
compressive as well as flexural strengths of PU and PIR were herein
systematically studied. It was shown that the foams prepared with the OFAs are
characterized by smaller cells, while the effect on the density is minor and on the
open cell content is negligible. Foams prepared with the OFAs were characterized
by a decrease of the average cell size from 435 mm of the neat PU to 326 mm of the
PU-NFP formulation, and from 458 mm of the neat PIR to 249 mm of the PIRNFP formulation.
Such foams were also characterized by a decrease of the thermal conductivity
from 25.91 mW.m1.K1 of the neat PU to 24.68 mW.m1.K1 of the PU-NFP
formulation, and from 26.79 mW.m1.K1 of the neat PIR to 25.44 mW.m1.K1
of the PIR-NFP formulation. We also observed improvements in the mechanical
properties, consistent with the finer cell size morphology. On one hand, for PU, the
specific compression strength increased from 3.75 kPa.kg1.m3 (neat formulation)
to 5.99 kPa.kg1.m3 (PU-NFP), whereas for PIR, the compression strength
increased from 5.83 kPa.kg1.m3 (neat formulation) to 6.59 kPa.kg1.m3 (PIRNFP). On the other hand, also the flexural strengths increased when the OFAs
were added (8.53 kPa.kg1.m3 and 7.53 kPa.kg1.m3 for PU-NFP and PIR-NFP
respectively) and compared with those of the neat formulations (5.77 kPa.kg1.m3
and 6.86 kPa.kg1.m3 for PU and PIR respectively). Obviously, the observed
dependencies were related to the cell size reduction, in turn due to the OFA
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introduction in the formulations. The observed effect of these liquid additives in PU
and PIR foaming, the negligible weakening of the bubble walls (as proven by the
negligible effect on the OC content), which is conversely observed when using solid
nucleating agents, together with their inherent non-flammability, are to our point of
view very promising for the future exploitation in the industry.
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