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ARTICLE INFO ABSTRACT

Keywords: The research presented in this paper is an effort to better understand the fracture toughness of
Closed-cell rigid polyurethane foams closed-cell rigid polyurethane (PUR) foams under different loading and temperature conditions.
Quasi-static and dynamic 3PB tests The effect of density (100, 145 and 300 kg/m®) and anisotropy (in-plane and out-of-plane loading
Mode I fracture toughness directions) on both quasi-static and dynamic fracture behavior was also experimentally in-

Room and cryogenic temperatures

Anisotropy vestigated. The three-point bending (3PB) tests were performed on Single Edge Notched Bend

(SENB) samples, at room (25 °C) and cryogenic (— 196 °C) temperatures, and the mode I fracture
toughness (K;c) was calculated from their load-displacement curves. It was observed that all PUR
foam samples, regardless of foam density and loading direction, showed a significant increase in
Kic at the cryogenic temperature. The out-of-plane obtained samples showed a slight improve-
ment in fracture toughness (highlighting an anisotropic behavior), both under quasi-static and
dynamic 3PB loads. The dynamic K;c values were found higher than quasi-static ones, and ir-
respective of foam density and test condition, a brittle deformation mechanism without plastic
deformation was observed for all samples. Finally, empirical formulations for cryogenic and
dynamic K¢ based on room temperature mode I fracture toughness were proposed.

1. Introduction

Porous materials such as metallic [1-3] and polymeric [4-6] closed-cell foams are being increasingly used in many structural and
functional engineering applications, because of their high crashworthiness performances, lightweight, high porosity and good energy
absorption capacity [7-9]. Due to their closed-cellular structure and unique properties, porous materials have found new applications
in the automotive and aerospace industries, and are preferred to fully dense solid materials [10-12]. Closed-cell rigid PUR foam
materials are widely used as cores in sandwich composites, for packing and cushioning [13,14].

Many experimental efforts have been made in recent years to determine the mechanical properties of foam materials through
compression [15-17], tensile [18-20], bending [21-23], shear [24,25], fracture toughness [4,26,27] and fatigue [28-30] tests.
Foams progressively crush in compression to a relatively high strain under an approximately constant load, while in tension fail by
propagating of single crack [31-33]. Most of the rigid polymeric foams have a linear-elastic behavior in tension up to fracture and a
brittle failure behavior. Therefore, rigid PUR foams can be treated using Linear Elastic Fracture Mechanics criteria.

Different teams of researchers presented different aspects of the fracture and failure assessment of PUR foam materials, like
analytical micromechanical models, numerical simulations and experimental determination of fracture toughness [34-37]. However,
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Nomenclature Ns notch surface
P porosity

a crack length of the sample Fo fracture load
B width of the sample PUR polyurethane
CT cryogenic temperature QS quasi-static test
F applied load RT room temperature
Fs fractured surface SEM scanning electron microscope
Fs-Ns fractured-notch interface SENB single edge notched bend
fla/w) dimensionless SIFs shape function for SENB SIF stress intensity factor

sample t cell-wall thickness
Kq mode I stress intensity factor UTS ultimate tensile strength
Kic mode I fracture toughness w height of the sample
Kicp dynamic mode I fracture toughness 3PB three point bending
Kic,0s quasi-static mode I fracture toughness A displacement
Kic,25 quasi-static mode I fracture toughness at 25 °C p density of rigid PUR foam
Kic,—106 quasi-static mode I fracture toughness at —196 °C Ps density of solid material
1 cell length p"/ps foam relative density
LD loading direction Omax maximum tensile strength
LN liquid nitrogen

most of these studies have been focused on quasi-static loads and under room temperature testing conditions. The main physico-
mechanical cryogenic properties (thermal conductivity, thermal expansion, modulus in compression/tension/bending, elongation -
elastic and plastic -, yield strength, tensile/shear/compressive strengths, etc.) of different polymeric foams, the effects of low tem-
perature on fracture toughness and fatigue debond growth rate of foam core sandwich composites, were extensively investigated
[38-40]. Yakushin and co-workers [41] studied the effect of basic processing factors on the inhomogeneity of the structure and
physico-mechanical characteristics of spray-on rigid foam polyurethane at 20 °C and — 182 °C. They determined the properties of the
foam both in the core of sprayed-on plates and in the surface skin. Studies on the effect of the foams’ polymeric matrix’ properties on
the tension and compression properties (Young’s modulus, tensile strength and elongation at break) of PUR foams at 23 and —196 °C
were carried out by Stirna et al. [42]. In the study of Denay et al. [43] the effects of negative temperatures (between 0 and —170 °C)
on compression behavior of non-reinforced and glass-fiber-reinforced PUR foams is presented. A non-linear increase of modulus and
yield stress was observed with decreasing temperature. Yakushin et al. [44] investigated the effect of filler type and mass percentage
on the properties of low-density rigid polyurethane foams at a temperature of —196 °C. A considerable increase in the compressive
elastic modulus in the foam rise direction with increasing filler content was observed.

To the author’s knowledge, no study on fracture toughness determination of rigid PUR foams at cryogenic temperature has been
published to date. Aspects such as low operating temperatures and related failure mechanisms of PUR foams are yet unfamiliar.
Therefore, the aim of the present work is to determine the mode I fracture toughness values of different closed-cell rigid polyurethane
foams at room (25 °C) and cryogenic temperature (—196 °C) under both quasi-static and dynamic loading conditions. Furthermore,
the foam anisotropy (in-plane and out-of-plane loading directions) together with foam microstructure (before and after 3PB tests) are
assessed according to operating temperatures.

2. Experimental details
2.1. Materials and sample preparation

All samples were obtained by cutting them from three different large panels of rigid polyurethane foam (named Necuron 100,

Fig. 1. Geometrical parameters (a) and obtained (b) SENB samples used for 3PB tests.
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Necuron 160 and Necuron 301), produced by Necumer GmbH, Germany. Each foam panel has a different density and its determi-
nation together with the geometric parameters of the foam microstructure will be presented in detail in Section 3.1.

Single Edge Notch Bend (SENB) samples were adopted for both Quasi-Static (QS) and dynamic three Point Bending (3PB) tests
with width W = 25 mm, thickness B = W/2 = 12.5 mm, and span length S = 4 W = 100 mm. At least four samples were tested for
each density and each loading direction. The crack has been produced artificially by using a razor blade (0.6 mm thickness) and
cutting the foam to the desired initial crack length of a = 12.5 mm. Fig. 1a present the geometrical parameters of the investigated
samples, while Fig. 1b show the manufactured foam samples before testing with different densities.

The mode I fracture toughness of anisotropic closed-cell polyurethane foams depends on the direction in which the crack initiates
and propagates [6]. Therefore, the SENB samples were cut after two main directions (see Fig. 2), associated at the same time with
both the foam formation and loading directions: foam rise direction (direction (1) or out-of-plane loading direction), and foam flow
direction (direction (2) or in-plane loading direction).

2.2. Experimental test set-up

Quasi-Static 3PB tests were carried out on a 5 kN Zwick Roell 005 testing machine with a constant crosshead speed of 2 mm/min,
according to D5045-99 standard [45]. The QS 3PB tests were performed under two different temperatures as follows: 25 °C (room
temperature or RT) and —196 °C (cryogenic temperature or CT). Fig. 3 shows photographs of the experimental setup for the cryo-
genic fracture toughness tests. All 3PB samples were precooled at —196 °C in the cryogenic test stand for 10 min. In order to prevent
any reduction in temperature after precooling, the 3PB samples were tested inside the cryogenic stand test. Practically, the low
temperature 3PB sample tests are performed submerged in liquid nitrogen (LN).

A KB Pruftechnik pendulum (Germany) was used for the instrumented impact (dynamic) tests, according to EN ISO 179-2-2000
[46] and Katthoff [47]. The main characteristics of used pendulum are presented in detail in Ref. [48].

The load-displacement curves were recorded and the load Fq for calculation of fracture toughness was determined in accordance
with [45]. The fracture toughness (Kic) was calculated according to [45] based on Eq. (1), using the geometrical parameters of the
samples.

Kic = f(i)[MPa-mO-S]
ic W

-
BWo.S (1)

were Fg, is the critical fracture load in [N], B and W are sample dimensions in [mm], a is the crack length in [mm], while f(a/W) is a
geometric factor expressed in terms of a/W by Eq. (2) [45]:

a_ ., [@ 199 - (@/W)1 - a/W)[2.15 — 3.93(a/W) + 2.7(a/W )]
f(W) B 6\/; (1 + 2a/W)(A — a/W)LS @

3. Experimental results
3.1. Physical properties of closed-cell rigid PUR samples

Fig. 3 shows the microstructure morphology of the investigated closed-cell PUR foams. Due to the large/small dimensions and
random scattering of the cells, the density of the foam samples varies in certain intervals. The average densities together with
geometrical parameters of the cells (cell length and cell-wall thickness) are presented in Table 1. The samples with density above or
below the 5% range were excluded prior experiments.

The samples density of the investigated PUR foams was calculated by dividing the mass of each sample by its volume, according to

(1) Large FOAM panel @)
(1) 7/
o 4 o JF

Direction (_)_,._:,______ g 5

(2) 74 Z )

3) \ Direction
£3): Samples ) ) (1)
extracted from (3),4 '

rigid FOAM panel

Fig. 2. The cutting directions of SENB samples from a large PUR foam panel.
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Fig. 3. Experimental setup for the cryogenic experiment: photographs of the test stand before (a) and after immersing (b) the sample in LN.

Table 1

Density, porosity and geometrical parameters of the foam structures [49].
Foam type Necuron 100 Necuron 160 Necuron 301
Density, p [kg/m®] 100.37 = 0.25 145.53 = 0.22 300.28 + 1.38
Porosity, P [%] 91.42 = 0.02 87.56 = 0.02 74.33 £ 0.12
Cell length in-plane, 1 [um] 104.50 = 9.40 83.80 + 9.60 68.50 = 33.90
Cell length out-of-plane, 1 [um] 120.20 = 14.50 88.10 = 11.20 67.80 = 32.10
Cell-wall thickness, t [pm] 4.35 + 1.45 9.10 = 3.99 12.80 + 8.99

ASTM D 1622-03 standard [50]. The porosity of foam samples was calculated by Eq. (3) [51]:

p=1-%2
P, C)

where P is the porosity percent, p* is the density of foam and p; is the density of the solid material from which foam has been
produced. As it can be seen from the microstructure of the produced PUR foams (see Fig. 4), the porosity distribution is almost
homogenous throughout the selected samples with morphologies ranged from spherical to ellipsoid shapes.

An examination of the microstructure (Fig. 4) indicates that the foams have a typical closed-cell structure [52]. From both Table 1
and Fig. 4, it is seen that the low-density foams (100 and 145 kg/m?>) exhibit a wide variation in pore size and shape, while the high-
density foam (300 kg/m®) exhibit smaller uniform sized pores separated by large amount of solid polymer. Both the SEM images
obtained for direction (1) and direction (2) show approximately the same shape of the cells for each density. The measurement of the
geometrical parameters of foams pores was carried out with Sigma Scan Pro software.

Necuron 100 Necuro

n 160 Necuron 301

S

Direction (1)

Direction (2)

Fig. 4. SEM images of rigid PUR foams before testing (magnification 1000 x).
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3.2. Quasi-static mode I fracture toughness of PUR samples

The load (F) - displacement (A) data was recorded by an built-in data acquisition software incorporated in the test machine. In this
case, A is the displacement of the point of application of load. Fig. 4 presents the F - A curves obtained under quasi-static 3PB tests on
notched samples for both out-of-plane (full lines) and in-plane (dashed lines) loading directions. The graphs are obtained at RT
(Fig. 5a) and CT (Fig. 5b) for three different densities. The F - A curves show a linear-elastic behavior with quasi-brittle failure, more
brittle failure being observed at —196 °C.

The mechanism that make the displacement of out-plane in CT large than in-plane for 100 and 145 kg/m? foams densities (while
in RT the law is opposite), is probably due to the small cell-wall thickness of low density foams. It seems that for lower densities, the
deformation mechanism is more unstable than for high density.

Due to brittle behavior of rigid PUR foams under RT and CT, the maximum load from load-displacement curves was used in the
calculation of fracture toughness. Therefore, Table 2 shows the main mode I quasi-static fracture toughness values (together with
standard deviations) of investigated foams for in-plane and out-of-plane loading directions.

The critical fracture load (Fg) from Fig. 5, corresponding to each foam density is significantly higher for the experimental tests
performed at —196 °C than 25°C. This aspect can be seen much easily in the calculated mode I fracture toughness values from
Table 2. Also, Fq increases with the increase in foam density. However, the displacement at break decreased for both investigated
loading directions, and it was especially significant on the in-plane loading direction. The A reduction from RT to CT can be addressed
to the dominant mechanical behavior of the solid material from which the foam is made.

The geometrical parameters of the used tensile samples together with the ultimate tensile strength (UTS) data and the plain strain
condition are presented in Table 3. As it can be seen from Table 3, the quasi-static room temperature Kj¢ results fulfill the plane strain
condition according with standard (D5045) requirements [45].

Testing of cellular materials in traction is very difficult even at RT, because the clamping of the samples destroys the foam cells.
Performing static tensile tests at CT or even dynamic tensile tests was not possible. In addition, the literature review does not show
UTS values for the investigated foams and densities. Therefore, the plain strain values for cryogenic and dynamic values are not
available. However, extrapolating the values obtained for static RT tests, the authors consider (at least until cryogenic and dynamic
tensile tests are possible) that these values can be met also the dynamic/cryogenic plane strain condition.

3.3. Dynamic mode I fracture toughness of PUR samples

Fig. 6 presents the load-displacement curves obtained for the investigated rigid PUR foams, during dynamic tests at 25 °C, while
Table 4 shows the calculated dynamic mode I fracture toughness (Kicp) values. The Kjcp was determined following the same
procedure as in the case of QS tests.

Like in the static tests, the maximum load for the dynamic F-A curves increases with the increase in foam density. Also, there are
considerable differences between the 3PB tests performed in-plane and out-of-plane loading direction.

3.4. Microstructural analysis of fractured PUR foam samples

Fig. 7 presents the obtained SEM images of the investigated PUR foam cracked samples after quasi-static 3PB tests at cryogenic
temperature. The images are presented for fractured surfaces (Fs), notched surfaces (Ns) and Fs-Ns interfaces of tested samples. After
mode I loading, brittle fracture for all tested PUR foam samples was observed, regardless of foam density and loading direction. The
linear-elastic behavior of load-displacement curves (Fig. 5a) was confirmed during the 3PB tests when no cushioning occurs and there
remained no plastic deformation of the cell-walls after the cryogenic temperature tests (Fig. 7).

90 - 90 -
Quasi-Static p [kg/m’] /LD Quasi-Static p [kg/m3] /LD
25°C —100/(1) -196°C

100 /(1)
----- 100/(2)
——145/(1)
----- 145/(2)
300/ (1)
----- 300/(2)

(b)

0.0 0.2 0.4 0.6 0.8 1.0 12 14 1.6 1.8 0.0 0.2 0.4 0.6 0.8 1.0 12 1.4 1.6 1.8
Displacement [mm] Displacement [mm]

Fig. 5. QS load-displacement curves at 25°C (a) and —196 °C (b) for different foams densities.
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Table 2
Quasi-static mode I fracture toughness values of PUR foams at RT and CT.
Testing temperature [°C] Density [kg/ms] Fracture toughness [MPa-m®°]
Out-of-plane In-plane
25 100 0.076 = 0.006 0.072 + 0.003
25 145 0.116 = 0.010 0.109 + 0.012
25 300 0.355 + 0.028 0.331 + 0.009
—-196 100 0.110 += 0.008 0.092 + 0.007
—-196 145 0.187 = 0.006 0.178 += 0.008
-196 300 0.417 + 0.015 0.393 + 0.012
Table 3
The geometrical parameters of tensile samples, UTS data and the plain strain condition.
Foam density Loading direction Geometrical parameters Yield stress Plain strain condition
2.5(Kq/Omax )?
Crack length, a Sample width, B W-a Omax Static tests Dynamic tests
[kg/mz] [mm] [mm] [mm] [MPa] 25°C —196°C 25°C
100 out-of-plane 12.5 12.5 12.5 1.22 8.77 = 0.61 NA NA
in-plane 12.5 12.5 12.5 1.28 8.92 = 0.85
145 out-of-plane 12.5 12.5 12.5 1.97 6.86 + 0.45
in-plane 12.5 12.5 12.5 211 6.84 = 0.13
300 out-of-plane 12.5 12.5 12.5 4.38 11.48 = 0.37
in-plane 12.5 12.5 12.5 4.69 11.98 = 0.22
250 -
. p [kg/m?] /LD
Dynamic —100/(1)
200 25°C —100/(2)
—145/(1)
—145/(2)
— 150 - ——300/(1
& 300 ’( )
) —300/(2)
<
Q
= 100
50
0 T T T T
0.0 0.2 04 0.6 0.8 1.0 12 14 16 18
Displacement [mm]
Fig. 6. Dynamic load-displacement curves at 25 °C for different foams densities.
Table 4
Dynamic mode I fracture toughness values of PUR foams at 25 °C.
Testing temperature [°C] Density [kg/ms] Fracture toughness [MPa-m®®]
out-of-plane in-plane
25 100 0.201 = 0.015 0.190 =+ 0.005
25 145 0.341 = 0.016 0.293 + 0.009
25 300 0.997 = 0.045 0.819 + 0.021

4. Discussions and comparative analysis

The quasi-static mode I fracture toughness values versus foam density for the in-plane and out-of-plane loading directions are
presented in Fig. 8, according to operating temperature (room and cryogenic temperature). Error bars represent the scatter of ex-
perimental data; the range between the lower and higher obtained K¢ values. Scatter in the fracture toughness values was less than
8% regardless of density, testing temperature and loading direction, except for foam having a density of 100 kg/m> where 14% was
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Fig. 7. SEM images of initial notch surface and fractured surface after test (magnification 250 x ).
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Fig. 8. Quasi-static fracture toughness results according to operating temperature.
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obtained.

It is noticed that density has a significant influence on fracture toughness values, which increases with density increasing (with
about 79% within the range of investigated foam densities for RT and CT). The RT out-of-plane fracture toughness values were found
higher than the in-plane values with about 6% for all densities. This percentage difference increasing by up to 16% for the tests
performed at — 196 °C, especially for low densities (100 kg/ms); while for high densities (300 kg/ms) the K¢ difference is below 6%.
Therefore, the investigated rigid PUR foams highlight an anisotropic behavior in terms of mode I fracture toughness for both room
and cryogenic temperature. The anisotropy of investigated PUR foams is directly related to the geometric parameters of the cell
microstructure (cells orientation, in-plane and out-of-plane cell length, in-plane and out-of-plane cell-wall thickness) [24]. On the
other hand, contrary to the results reported by Yu and co-workers [53], Fig. 8 shows that the in-plane and out-of-plane CT fracture
toughness values are higher than those obtained at RT, i.e. 30-39% for 100 and 145 kg/m?, and about 15% for 300 kg/m?>. This K¢
difference can be explained by the influence of several factors such as testing parameters (cooling systems of the samples, test
temperature, test type, etc.) and foam type (density, microstructure, shape of the cells, cell length, cell-wall thickness, etc.).

As a polymer (solid of which the foam is made) cools down, the motion and vibration of its molecules becomes more restricted,
which increase the stiffness of the material, as can be observed in DMA tests from Ref. [54]. In general, two mechanisms are
responsible for the fracture of polymers/polymeric foams: bond breakage and chain slippage [55]. The first mechanism is determined
by the physical and chemical characteristics of the material, while the second mechanism is influenced by the viscoelastic flow of
macromolecules. Even though the chain scission consumes a significant amount of the energy required to fracture a specimen, the
viscoelastic effects are also important through the energy dissipated by chain slippage, especially in the beginning stages of de-
formation prior to fracture [56]. Therefore, considering the effect of viscoelastic flow in the fracture of polymer, and the fact that
viscous flow energy increases with the decrease in temperature, it can be concluded that, in general, lower testing temperatures
should determine higher fracture energies.

Fig. 9 presents the quasi-static and dynamic fracture toughness results at room temperature for in-plane and out-of-plane loading
directions. Dynamic tests show a more pronounced character of anisotropy than static tests. In this case, only the density of 100 kg/
m? shows a difference of 6% between the two loading directions (like quasi-static tests), whereas for other densities this difference
reaches up to 15% for 145 kg/m?® and 18% for 300 kg/m>. Regardless of foam density, the dynamic K;¢ results are up to 66% higher
than the quasi-static ones for direction (1) and 62% for direction (2).

The RT dynamic mode I fracture toughness (Kic p) has a high importance in selecting closed-cell rigid PUR foams and composites
with foam core, especially for impact applications. Quasi-static mode I fracture toughness at —196 °C (Kic, —196) finds its relevance in
advanced foamed composites from aerospace applications, where extreme temperature conditions are encountered [57]. Taking into
account all these industrial requirements, Fig. 10a present a correlation between RT mode I fracture toughness (Kic,os) and Kic, —196,
while Fig. 10b show a correlation between QS mode I fracture toughness at 25 °C (K¢ gs) and K¢ p.

Based on the obtained experimental data, two linear correlation equations were proposed for estimation of both Kic 196 and
Kic,p. The proposed correlation relations are very useful for mentioned applications because the 3PB experimental tests under
cryogenic and dynamic conditions are carried out more difficult than RT QS tests. In this respect, through these simple empirical
formulations both Kjc, —196 and Kic,p values can be estimated according to the RT quasi-static values which are obtained relatively
easily Of course, the proposed correlations are valid in the investigated foam density range of 100-300 kg/m>.

5. Conclusions

This paper investigate the effect of density (100, 145 and 300 kg/m®), anisotropy (in-plane and out-of-plane loading directions)
and testing temperature (25 °C and — 196 °C) on quasi-static and dynamic mode I fracture toughness of closed-cell rigid polyurethane
foams. Experimental tests were performed on SENB samples. The following conclusions can be drawn:

1.1 -
1.0 | 25°C b
0.9 4 0 Quasi-static
0.8 i ST
07 1 @ Dynamic
0.6
0.5 A
0.4

éézmﬂmﬂ mﬂﬁﬂ ﬂ

Direction (1) | Direction (2) Direction (1) | Direction (2) Direction (1) Direction (2) ‘

Fracture toughness, Kic [MPa-m?]

100 145
Density, p [ke/m’]

Fig. 9. Quasi-static and dynamic fracture toughness results at room temperature.
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Fig. 10. Correlation between RT and CT quasi-static Kic (a) and between static and dynamic Kic at RT (b).

It was found that with increasing of foam density a significant increase of mode I fracture toughness was obtained.

The out-of-plane fracture toughness values were found higher than in-plane ones. Therefore, the investigated PUR foams exhibit
an anisotropic behavior.

Fracture toughness at CT presents higher values compared to RT. Also, the failure mechanisms is more brittle at —196 °C than at
25°C.

The dynamic fracture toughness values were found up to 3 times higher than quasi-static ones, especially for out-of-plane loading
direction.

The microstructural analysis confirmed (obtained from load-displacement graphs) the brittle deformation mechanism of samples
without plastic deformation.

Two empirical linear correlations for estimation of K¢, —19¢ and Kic p according to the RT quasi-static mode I fracture toughness
values were proposed.
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