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The influence of alternative blowing agents on the mechanical properties and
microstructure of rigid polyurethane (RPU) foam and their relationship were
examined. The compression, creep and stress relaxation tests were conducted

on RPU foams. For compression test, loading was applied at a rate of 5 mm/min; and
for creep tests, a constant stress (0.12 MPa) was applied for 15 min and the strain was
recovered for the next 15 min. In stress relaxation experiments the constant strain (3%)
was applied for 15 min in the rise and transverse directions. The results of mechanical
properties showed that the stiffness of the samples in the rise direction was higher than
the transverse direction. Furthermore, the yield strain for all the samples in the 
transverse direction was higher than the rise direction. Creep and stress relaxation
results, showed that the RPU foam in the rise direction exhibited higher creep recovery
and lower stress decay than the transverse direction. RPU foam which was blown with
n-pentane showed the highest creep recovery and the lowest stress decay, and the
foams blown with cyclopentane showed the lowest creep recovery and the highest
stress decay at both directions. The microstructures of the foams were studied with an
optical microscope. The results of microstructural studies indicated that the RPU foam
with the smallest cell size and the narrowest cell size distribution exhibited the highest
compressive strength and modulus. RPU foam blown with n-pentane produced the
smallest average cell size and narrowest cell size distribution which led to the highest
compressive strength and modulus, and the foams blown with cyclopentane produced
the largest average cell size and the broadest cell size distribution leading to the 
lowest compressive strength and modulus.

INTRODUCTION

Rigid polyurethane (RPU) foams
as cellular solids are widely used in
applications such as packaging,
cushioning, and insulating and they
increasingly attract attention by the
engineers and researchers [1-3].
Cellular solids are characterized by
structures composed of solid struts
and/or plates, forming the edges
and faces of cells. They can be 
further characterized by porosity,

whether cells are open or closed,
cell shape, cell diameter, and cell
wall thickness [4,5]. They are 
basically made of interconnected
networks of solid struts and cell
walls interspersed by voids or
pockets with entrapped gas. The
material is versatile and can be 
produced with open-cell structure
for more flexibility or a closed-cell
structure for more rigid product
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[6,7]. Cells are polyhedral in foams and their edges
and faces are defined by struts and walls. The cell
geometry (e.g., shape and size) and the way the cells
are packed, govern the microscopic distribution of the
solid material within the cellular structure [1,8].

Polyurethanes are polymers which contain 
urethane linkages and are produced by reaction of
diisocyanates with polyols and some supplementary
chemicals and catalysts. The polyol is a low molecu-
lar weight polymer with hydroxyl end groups; the
diisocyanate is often an isomer of toluene diiso-
cyanate (TDI) or methylene diphenyl diisocyanate
(MDI). The reaction between a diisocyanate and a
polyol basically leads to form polyurethane (PU) 
prepolymer and their further reaction with appropri-
ate chain extender complete the polymerization
process giving final polyurethane. Foaming 
phenomena occur when a small amount of blowing
agent and water is added during polymerization
process. Water reacts with isocyanate groups giving
carbamic acids, which spontaneously lose CO2, thus
generating the foam bubbles. The blowing catalyst
composition provides the resulting polyurethane
foam with improved breathability [3,9-11]. 

Polyurethane foam manufactured by mixing liquid
constituents and allowing them to react and expand
(rise) upwards exhibits normal anisotropic cells
which are generally elongated in the foam rise 
direction due to the foaming process and this gives
rise to mechanical anisotropy [1]. The mechanical
properties of open and closed-cell foams can be
described in first approximation by considering the
density properties of the cellular solids [12,13]. This
approach is valid for most conventional foamed 
materials. However, cellular shape of foams could
provide a significant contribution to the overall
mechanical properties of the cellular solids. When the
cells are equiaxed the properties are isotropic, but
when the cells become slightly elongated or flattened
then the properties will often depend to a significant
extent on a specific direction [14]. The architecture of
polyurethane foam is achieved by a foaming process,
where liquid constituents are mixed, and their 
reaction results in an expansion of the material, 
forming elongated cells in the rise direction. This
architecture, and its associated properties, make
polyurethane foams suitable for a number of applica-

tions: low thermal conductivity allows for good 
thermal insulation; low strengths and large 
compressive strains make them ideal for packaging
purposes and energy absorbing applications; low
stiffness provides good cushioning; low densities 
permit the design of sandwich panels; uniform and
consistent physical properties make them ideal as
materials for testing orthopedic bone implants, 
instruments and cutting tools [15,16]. The mechanical
response of polymer foam strongly depends on the
foam density, architecture, and cell microstructure
such as cell size, shape and type (open or closed). The
architecture is determined by the wall thickness, size
distribution and the shape of the cells. Compressive
stress-strain behaviour in the rise direction shows a
typical response in three phases: initial linear 
elasticity, plateau (due to collapse of cell walls), and
densification. In many foam materials, compression
in the foam rise direction shows a drop in stress at the
beginning of the plateau phase; such behaviour is
hence termed “strain softening”. For compression in
the transverse to the foam rise direction, the three-
phase response differs slightly. There is no strain soft-
ening and the plateau is replaced by a small degree of
strain hardening prior to densification [1,12,13].

Many studies on foams have been conducted to
relate foam density, cell size and cell geometry on
their mechanical properties [2-4,7,12,16-26].
Optimization of the blowing agent to obtain desired
density of RPU foam, which gives optimized
mechanical properties and the effect of foam density
on the mechanical, morphological, water absorption,
thermal conductivity, and thermal properties of the
water blown RPU foam have been investigated [18].
The influence of different surfactants on polyol 
surface tension and hence on initial bubble sizes as
well as the effects of different surfactants on
hydraulic resistance, cell structure, closed cell 
content, and compressive modulus in the cured foams
have been examined [19,20]. The effects of distilled
water and surfactant on the thermal properties,
mechanical properties, and morphology of the RPU
foams blown by distilled water and butane diol have
been investigated and concluded that the cell size of
the PUF increases with the water and the cell size is
not affected by butane diol [21]. 

Enhanced thermomechanical properties of
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nanocomposite foams result from improved cell 
morphology that is mainly attributable to the role of
nanoparticles as nucleation agents for bubble genera-
tion. High-specific mechanical properties and 
multifunctional characteristics of nanocomposite
foams make them desirable in a multitude of applica-
tions [22]. In water-blown rigid polyurethane foams
made with modified and unmodified montmorillonite
clay, the mean cell size decreases due to addition of
clay. However, the hydraulic resistance of the
nanocomposite foams is lower than that of the pure
foam. This indicates that the clay improves the 
overall mechanical properties of the foam; however,
the cell windows are weakened [23]. Hybrid 
reinforced rigid PU composite foam has been 
prepared. By comparison of the reinforcing effect of
various contents of powders and fibres on the
mechanical properties of RPU composite foam, it is
shown that the integrated mechanical properties of the
hybrid reinforced rigid PU composite foam could
reach an optimal value [24]. The effects of surface
modification of the clay, polyol molecular weight, and
the route of PU/clay synthesis on the cell structure
and properties of PU foam nanocomposites have been
investigated. In these nanocomposite foams,
nanocalys lead to smaller cell size, higher cell 
density, and enhanced mechanical properties for
polyurethane foams and better clay dispersion 
provides smaller cell size and higher cell density, but
better nanoparticle dispersion does not affect the cell
morphology [25]. Furthermore the influence of the
stress relaxation and creep recovery times on the 
viscoelastic properties of open cell foams have been
examined [26]. Incorporation of empty fruit bunch

(EFP) fibre as filler in polyurethane and the effect of
the EFB fibre size and loading on the mechanical
properties of the low-density polyurethane rigid foam
has been investigated [27]. The effect of processing
conditions on the mechanical response such as flexur-
al properties and the failure modes of foam core sand-
wich structures has been studied [28].

In previous works a systematic study on the 
influence of different blowing agents on the
microstructure and mechanical properties of RPU
foams has not been conducted. In this study it is tried
to correlate quantitatively the blowing agent's effect
on microstructure and mechanical properties of the
rigid polyurethane foams and compare the results
obtained by using different blowing agents.
Mechanical characterization of rigid polyurethane
foam blown with alternative blowing agents are being
conducted via compression, creep, and stress 
relaxation tests and the cells’ microstructures were
observed by optical microscope in the rise and 
transverse directions. A quantitative interrelation
between the type of blowing agent, microstructure as
well as the mechanical properties was concluded from
the experimental observations.  

EXPERIMENTAL

Materials
The ingredients used for manufacturing of the rigid
polyurethane foams and their formulation (by weight
percentage) are presented in Table 1. The weight ratio
of polyol/isocyanate was 1:1.3 in all foam samples. In
this study it was tried to compare the influence of
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Formulation A B C D Supplier

Polyol 501 (wt%)
Isocyanate 370 (wt%)
n-Pentaneb (wt%)
CFC-11c (wt%)
HCFC-141bd (wt%)
Cyclopentane (wt%)

39.2
51.0
9.8
0.0
0.0
0.0

36.8
47.8

0.0
15.4

0.0
0.0

38.2
49.6

0.0
0.0

12.2
0.0

39.1
50.8

0.0
0.0
0.0

10.1

IPC-PURa

IPC-PUR
Merck
IPC-PUR
IPC-PUR
Merck

Table 1. Materials used to produce rigid polyurethane foams.

(a) Insulating and packaging chemicals-polyurethane foam (IPC-PUR Systems GmbH), (b) normal

pentane, (c) chlorofluorocarbon, and (d) hydrochlorofluorocarbon.



blowing agents on the mechanical properties and
microstructure of rigid polyurethane foam. The 
comparison is made at constant mould density (34-
35 kg/m3), and different weight ratios of the blowing
agents have been selected for various formulations
because of the different densities of blowing agents.
The commercial polyol blend (Polyol 501) was a
mixture of polyether polyol, surfactant and catalyst,
and commercial isocyanate (Isocyanate 370) was a
high functionality methylene diphenyl diisocyanate
(MDI), both in liquid form. 

Methods
The commercial polyol blend first was premixed with
blowing agents, then the polymerization reaction of
PU foams were conducted by mechanical mixing
(2000 rpm with a stirrer) of premixed polyol and
blowing agents blend and commercial isocyanate
according to the formulations presented in Table 1 at
room temperature and moulding in an aluminium
mould (5×5×5 cm3) for mechanical tests. The mould-
ed foams then were post-cured at 60ºC for 5 min and
at room temperature for 24 h. The sample preparation
procedure was repeated at least three times to achieve
a constant density (34-35 kg/m3) for all the samples.  

The mechanical properties of rigid polyurethane
foam were investigated via compression, creep and
stress relaxation tests. These tests were carried out
using a Zwick/Roll (model TI-FR010THA50) 
tensile-compression machine at room temperature.
For compression test, loading was applied at a rate of
5 mm/min; and for creep tests, a constant stress 
(0.12 MPa) was applied for 15 min and deformation
was recovered for the next 15 min. In stress 
relaxation experiments the constant strains (3%) were
applied for 15 min in the rise and transverse 
directions. All experiments were repeated at least
three times and averages as well as standard deviation
of the results were recorded. Creep strain recovery
(%) was calculated from eqn (1).

(1)

As well as the stress relaxation (%) was calculated
from eqn (2). 

(2)

Cell size and cell size distribution (CSD) of foams
were studied with an optical microscope (Leica
DMLS) under transmitted light. CSD was determined
using Image Pro-Express software.

RESULTS AND DISCUSSION

Compression
Figure 1 shows typical compressive stress-strain
curves for rigid polyurethane foam blown with 

Figure 1. Typical compressive stress-strain curves for rigid
polyurethane foams blown with alternative blowing agents
in the: (a) rise and (b) transverse directions.
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alternative blowing agents in the rise and transverse
directions and their characteristics are presented in
Table 2. Compression in the rise direction produces a
drop in the stress-strain curve at the beginning of the
plateau phase. The stress-strain response shows that
compression in the rise direction engenders the three
characteristic phases: an initial linear elastic response
leading to yield which is generated by cell wall bend-
ing, cell face stretching, and compression of gas 
within closed cells, a protracted post-yield plateau
phase, which is associated with the collapse of cells
by elastic buckling, formation of plastic hinges, and
crushing if the cell walls are brittle, and finally 
densification phase, which has a sharp rise in 
compressive stress when all the cells are collapsed.  In
comparison to the rise direction, in the transverse
direction, there is no drop in the stress-strain curve
after yield stress and the post-yield plateau was
replaced by a monotonous increasing in stress-strain
curve prior to densification.

The results of compressive stress-strain tests
(Table 2) at both directions indicate that the foam
which is blown with n-pentane exhibits higher modu-
lus, compressive strength, and yield stress compared
to the foams blown with other blowing agents.
Furthermore, it shows the lowest yield strain among
the samples. Comparing the results at both directions
shows that all the samples in the rise direction, are

stiffer than the transverse direction. Furthermore, the
yield strain for all samples in the transverse direction
is higher than the rise direction.  

Creep and Creep Recovery
Creep and creep recovery experiments on rigid
polyurethane foams with alternative blowing agents
were conducted at both directions. Figure 2 shows the
strain versus time (creep and creep recovery) curves
for rigid polyurethane foams in the rise and transverse
directions. As it was mentioned before, the collapsing
of the cells happens in the post-yield plateau phase in
the rise direction, and for this reason the stress value
of 0.12 MPa (in elastic region) was chosen from
stress-strain curves in rise direction for creep and
creep recovery studies. To compare the behaviour of
rigid polyurethane foams at different directions, the
same experiment was conducted in the transverse
direction as well. The creep experiment results indi-
cate that all the samples show initial increase in strain
at the beginning of test (t = 0 min) and this increment
for the transverse direction is very much higher than
the rise direction, because of low modulus foams 
produced in this direction. Then strain proceeds with
time and finally approaches very slowly to a constant
value at t = 15 min. Rigid polyurethane foam shows
the lowest deformation with n-pentane and the 
highest deformation with cyclopentane because of
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Formulation Young’s modulus 
(MPa)

Compressive strength
(at strain 10%) (MPa)

Yield stress
(MPa)

Yield strain
(%)

Rise direction

A
B
C
D

1.96 ± 0.098
1.75 ± 0.087
0.81 ± 0.040
0.61 ± 0.030

0.22 ± 0.011
0.20 ± 0.010
0.18 ± 0.009
0.16 ± 0.008

0.24 ± 0.012
0.23 ± 0.011
0.19 ± 0.009
0.17 ± 0.008

4.22 ± 0.211
4.31 ± 0.215
5.1 ± 0.255

5.05 ± 0.252

Transverse direction

A
B
C
D

1.02 ± 0.051
0.93 ± 0.046
0.43 ± 0.021
0.32 ± 0.016

0.13 ± 0.006
0.12 ± 0.006
0.11 ± 0.005
0.09 ± 0.004

0.11 ± 0.005
0.10 ± 0.005
0.09 ± 0.004
0.08 ± 0.004

4.98 ± 0.249
5.00 ± 0.250
5.84 ± 0.292
5.76 ± 0.288

Table 2. Mechanical properties of rigid polyurethane foam via compression test in the rise and transverse 
directions with alternative blowing agents (average ± standard deviation).



their highest and the lowest modulus, respectively, at
both directions. After t = 15 min, the load was
removed and the deformation was recorded versus
time. The results of creep experiments in the rise and
transverse directions are presented in Table 3. The
results of creep tests indicate that the creep strain
recovery (%) in the rise direction is higher than that of
the transverse direction. The rigid polyurethane foam
in the rise direction has higher modulus than the trans-
verse direction and hence it shows lower deformation

and higher strain recovery. Furthermore the rigid
polyurethane foams blown with n-pentane and
cyclopentane show higher and lower strain recovery
at both directions, respectively.

Stress Relaxation
Figure 3 shows the stress versus time (stress 
relaxation) curves for rigid polyurethane foams at
both directions. To overcome the collapsing of the
cells in  the post-yield plateau phase, this experiment
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Figure 2. Strain versus time (creep and creep recovery) curves for rigid polyurethane foam with alternative blowing agents in:
(a) rise and (b) transverse directions at constant stress (0.12 MPa).

Table 3. Creep and creep recovery results of rigid polyurethane foams at constant stress (0.12 MPa) at both 
directions (average ± standard deviation).

Formulation Stress 
(MPa)

Initial strain (%)
t = 0 min

Maximum strain (%)
t = 15 min

Final strain (%)
t = 30 min

Creep strain
recovery (%)

Rise direction

A
B
C
D

0.12
0.12
0.12
0.12

1.96 ± 0.098
2.20 ± 0.110
2.34 ± 0.117
2.78 ± 0.139

2.66 ± 0.133
3.01 ± 0.150
3.38 ± 0.169
3.82 ± 0.191

0.68 ± 0.034
0.86 ± 0.043
1.15 ± 0.057
1.53 ± 0.076

74.43 ± 3.721
71.42 ± 3.571
65.97 ± 3.298
59.94 ± 2.997

Transverse direction

A
B
C
D

0.12
0.12
0.12
0.12

5.40 ± 0.270
6.0 ± 0.30

6.80 ± 0.340
7.30 ± 0.365

30.44 ± 1.522
33.03 ± 1.651
39.18 ± 1.960
44.42 ± 2.221

17.38 ± 0.869
19.26 ± 0.963
23.84 ± 1.192
29.21 ± 1.460

42.90 ± 2.145
41.68 ± 2.085
39.15 ± 1.957
34.24 ± 1.712



was performed like creep experiment at linear 
elasticity phase. Comparison of the curves at both
directions shows an inverse correlation of stress
decay and modulus. For example, the rigid
polyurethane foam blown with n-pentane at both
directions has the lowest stress decay because of its
highest modulus. The results of stress relaxation
experiments at both directions are presented in Table
4. These results (Figure 3 and Table 4) show that the
stress relaxation (%) in the transverse direction is

higher than that of the rise direction. As it was 
mentioned before the rigid polyurethane foam in the
transverse direction has lower modulus than the rise
direction and hence it shows higher stress decay and
stress relaxation (%). Furthermore the rigid
polyurethane foams blown with cyclopentane and
n-pentane show the highest and the lowest stress
relaxation (%), respectively, at both directions. All
experiments showed that the mechanical behaviours
of rigid polyurethane foams are different in the rise
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Figure 3. Stress versus time (stress relaxation) curves for rigid polyurethane foams with alternative blowing agents in the: (a)
rise and (b) transverse directions at constant strain (3%).

Table 4. Stress relaxation results of rigid polyurethane foams at constant strain (3%) at both directions
(average ± standard deviation).

Formulation Strain (%) Initial stress (MPa) 
t = 0 min

Final stress (MPa)
t = 15 min

Stress relaxation
(%)

Rise direction

A
B
C
D

3
3
3
3

0.190 ± 0.009
0.179 ± 0.009
0.158 ± 0.007
0.139 ± 0.007

0.137 ± 0.007
0.125 ± 0.006
0.105 ± 0.005
0.091 ± 0.004

27.89 ± 1.394
30.16 ± 1.508
33.54 ± 1.677
34.53 ± 1.726

Transverse direction

A
B
C
D

3
3
3
3

0.103 0.005
0.087 0.004
0.069 0.003
0.056 0.003

0.074 0.004
0.056 0.003
0.041 0.002
0.030 0.001

28.15 1.407
35.63 1.781
40.57 2.028
46.42 2.321



Figure 4. Microscopic images from the surface of rigid
polyurethane foams in the rise direction blown with: (a) n-
pentane, (b) CFC-11, (c) HCFC-141b, and (d) cyclopentane.

Figure 5. Microscopic images from rigid polyurethane
foams in the transverse direction blown with: (a) n-pentane,
(b) CFC-11, (c) HCFC-141b, and (d) cyclopentane.
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and transverse directions, as well as with alternative
blowing agents. This difference can be related to the
different microstructures of these foams. In this study
the microstructures of different foams were recorded
and the average cell size as well as cell size distribu-
tion in the rise and transverse directions were
obtained.

Microstructural Studies
Microscopic images from the surface of rigid
polyurethane foams blown with alternative blowing
agents in the rise and transverse directions are shown
in Figures 4 and 5, respectively. Figure 4 shows that
the rigid polyurethane foam blown with n-pentane has

Figure 6. Cell size distribution of rigid polyurethane foam
with alternative blowing agents in the: (a) rise and (b) 
transverse directions.

smaller average cell size (178.33 μm) than the others.
Rigid polyurethane foams blown with CFC-11,
HCFC-141b, and cyclopentane show average cell
sizes of 189.77, 216.48, and 224.08 μm, respectively.
In the transverse direction the rigid polyurethane
blown with n-pentane gives smaller cell size
(141.54 μm) compared to the others (Figure 5). Rigid
polyurethane foams blown with CFC-11, HCFC-
141b, and cyclopentane have average cell sizes of
157.82, 167.43, and 175.92 μm, respectively.  

Figure 6 shows cell size distribution of rigid
polyurethane foam with alternative blowing agents at
both directions. The results of microstructural studies
indicated that the rigid polyurethane foam with the
smallest cell size and the narrowest cell size distribu-
tion has the highest compressive strength and modu-
lus. For example, the rigid polyurethane foam blown
with n-pentane has the smallest average cell size and
narrowest cell size distribution which leads to the
highest compressive strength and modulus. The foams
with cyclopentane as a blowing agent have the largest
average cell size and the broadest cell size distribution
which have led to the lowest compressive strength
and modulus among the specimens. Thus, there is a
direct correlation between the foams’ microstructure
and mechanical behaviour: with the smallest cell size
and the narrowest cell size distribution correspond to
the highest mechanical properties.  

CONCLUSION

The mechanical properties of rigid polyurethane foam
were examined via compression, creep, and stress
relaxation in the rise and transverse directions with
alternative blowing agents. The results of compres-
sive stress-strain tests at both directions indicate that
the foams blown with n-pentane have higher modulus,
compressive strength, and yield stress than the foams
blown with other blowing agents. Furthermore it
shows the lowest yield strain among the samples. The
results of mechanical properties show that the 
stiffness of the samples in the rise direction is higher
than the transverse direction. Furthermore the yield
strain for all samples in the transverse direction is
higher than the rise direction. Creep and stress 
relaxation results at constant stress and strain, 
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respectively, showed that the rigid polyurethane foam
in the rise direction exhibits higher creep recovery and
lower stress decay than the transverse direction; rigid
polyurethane foam which was blown with n-pentane
shows the highest creep recovery and the lowest stress
decay, and the foams blown with cyclopentane have
the lowest creep recovery and the highest stress decay
at both directions.

Microscopic images from rigid polyurethane
foams blown with alternative blowing agents in the
rise and transverse directions showed that the rigid
polyurethane foam blown with n-pentane has smaller
average cell size (178.33 μm) than the others. Rigid
polyurethane foams blown with CFC-11, HCFC-
141b, and cyclopentane have 189.77, 216.48, and
224.08 µm, average cell sizes, respectively. As well as
in the transverse direction the rigid polyurethane
blown with n-pentane has smaller cell size 
(141.54 μm) than the others. Rigid polyurethane
foams blown with CFC-11, HCFC-141b, and
cyclopentane produce average cell sizes of 157.82,
167.43, and 175.92 μm, respectively. The results of
the microstructural studies have indicated that the
rigid polyurethane foam with the smallest cell size
and the narrowest cell size distribution has the highest
compressive strength and modulus. For example, the
RPU foam blown with n-pentane has the smallest
average cell size and narrowest cell size distribution
which have led to the highest compressive strength
and modulus and the foams with cyclopentane as a
blowing agent have the largest average cell size and
the broadest cell size distribution giving the lowest
compressive strength and modulus among the speci-
mens. Thus the smallest cell size and the narrowest
cell size distribution correspond to the highest
mechanical properties. 
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