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Abstract 

This paper presents the effect of the phenolic foam density, in the range from 

0.14 to ,g.cm36.0 3−  on the compression and flexural behaviours as well as on 
friability properties. The bulk and Young's modulus were determined from 
crushing and flexural tests respectively and compared to the Gibson and Ashby 
model. It is then observed that these experimental results are consistent with 
the model. Surprisingly, the plateau stress calculated from crushing tests does 
not follow the model of brittle foams defined by Gibson and Ashby but that of 
elastic foams. The maximum strain at break also contradicts the model but the 
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relation found in this work satisfies a more physically meaningful model, as this 
one indicates that the dense state has almost the same density as the densified 
foam. Furthermore, the results of the friability tests on phenolic foam were 
found to be highly dependent on density. In addition, the evolution of the 
microstructure versus density was also characterized by SEM and then 
processed with image analysis software. It was found that with increasing 
density, the average cell size decreases, cell size distribution narrows, and the 
cell density remains stable. 

1. Introduction 

Polymeric foams are extensively developed due to their great 
potential in several applications such as thermal and sound insulation, 
packaging, filter systems, structural elements and domestic elements [1]. 
The benefits given by the reduction of mass they offer compared to dense 
solid materials are numerous; they save energy in transport applications 
by lightening the structures and in insulation applications due to higher 
performances as well as they reduce the amount of raw materials used    
[1-4]. All of these reasons lead one to consider polymer foams as very 
attractive candidates for reducing the environmental impacts in the 
industrial field [1-4]. However, the commonly used polymeric foams, such 
as polyurethane and polystyrene foams, have high flammability and 
generate a great amount of smoke and harmful toxic gases while burning 
[5, 6]. 

With the increase in safety regulations, phenolic foams (PF) have 
been taken into consideration due to their excellent fire behaviour, i.e., 
high flame retardancy properties, the absence of dripping or/and low 
generation of toxic gases during combustion [7]. In addition, they have a 

low thermal conductivity ( [ ]),4K.m.W040.0-022.0 11 −−  a high thermal 

stability over a large range of temperatures and they are cost-effective 
compared to other polymeric foams [8]. Nevertheless, these foams present 
two major drawbacks, i.e., high friability due to their brittleness and 
relatively low mechanical performances from the compressive and 
flexural point of views [8-11]. Despite this mechanical frailness, phenolic 
foams are generally used as insulating and structural materials when 
fire resistance is crucial for the required application. 
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For shock absorption application as is the case for radioactive waste 

transportation, high-density foams are required ( ),g.cm1.0 3−<d  for 

which little information is reported in the literature [12]. Indeed, high 
mechanical performances can only be obtained with high foam density. 
Only a few studies have been reported on phenolic foams of densities 

higher than 3g.cm1.0 −  [9, 13-16]. For instance, Del Saz-Orozco et al. 
investigated the effect of the reinforcement of phenolic foams in terms of 
friability, ageing, thermal and mechanical properties. Foam densities 

were equal to 0.16 and ,g.cm12.0 3−  and bio-based fillers such as cellulose 
fibres [13] and lignin particles or wood flour were used [14]. The 
compressive, shear and friability properties of phenolic foams reinforced 
with glass and aramid fibres, with a density comprised between 0.19 and 

,g.cm24.0 3−  were also studied [9, 11]. The compressive properties of the 
phenolic foam were enhanced whatever the reinforcement type. 
Nevertheless, glass fibres provided the most improvement. Aramid fibres 
were more efficient at reducing the friability while wood floor particles 
increased it.  

The relationship between density and material properties is the key 
issue in structural applications for both opened-and closed-cell foams. In 
[3], Gibson and Ashby proposed several models that relate Young’s 
modulus and the collapse stress to the relative density for various foam 
material behaviours such as elasticity, plasticity, or brittleness. However, 
St. Michel et al. [17] demonstrated that the Gibson and Ashby models 
were not quite suitable for modelling the compression behaviour of 

polyurethane foams with high density, i.e., between 0.33 and .g.cm85.0 3−  
Indeed, Gibson and Ashby’s models are based on numerous assumptions: 
the cells are all similar and have a cubic geometry; the cells are stacked 
so that the vertical struts press against the middle of the struts of the 
neighbouring cell; the deformation is done by bending the struts which 
have a cubic section and are made of a homogeneous material. Moreover, 
while Gibson and Ashby’s models assumed that the cells size did not 
influence the final mechanical properties, some authors have 
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demonstrated opposite trends. For example, according to Chen et al. [18], 

closed-cell styrene-acrylonitrile foams with a density of 3g.cm15.0 −  
experience a decrease of both Young’s modulus and compressive stress 
with cell size variation as well as with cell wall thickness variation. Xu et 
al. [19] demonstrated that Mg alloy brittle foams with smaller cell size 
possess better deformation stability and higher compressive strength by 
sharing the load with more numerous smaller cells. In opposition, 
Gaétane [20] studied polystyrene foam and found that on one hand 
Young’s modulus, as well as the compressive strength, increased when 
the cell size increased for a solid fraction greater than 18%; on the other 
hand, below this solid fraction compressive properties have almost no 
dependence on the cell size. 

Moreover, the microstructure might be influenced by the amount of 
water contained in the phenolic resins [5]. It has been reported that 
increasing the water amount in the phenolic resin leads to the increase of 
the hole size in the cells walls [21] whereas no pinhole was observed with 
water amount below 7%wt. The foaming and curing temperatures might 
also play a role in the formation of the voids in the phenolic foams [5, 21]. 
Since the exothermic nature of the curing reaction, the temperature can 
greatly increase locally inducing the water vaporization. If the process 
temperature is too high, the vapour pressure can exceed the rupture 
strength of the cell walls leading to the cell burst and the formation of 
voids. 

Nevertheless, to the best of our knowledge, no studies have been 
reported on the effect of density on the morphological, mechanical and 
friability properties of phenolic foams. Hence, this work aims at 
investigating the impact of relative density in the range 0.12 to 

3g.cm30.0 −  on the morphology, compressive behaviour, and friability 
properties. For that purpose, phenolic foams were investigated by 
scanning electron microscopy (SEM); the obtained images were analyzed 
in order to quantitatively determine morphological parameters such as 
the cells size, the cells size distribution or the cells density. In addition, 
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the results of mechanical crushing measurements, such as bulk modulus, 
plateau stress, or maximal strain were confronted to Gibson and Ashby 
models. Friability was also evaluated via classical drum tests since they 
present a major drawback for the phenolic foam. 

2. Materials and Methods 

2.1. Preparation of PF samples 

The PFs were prepared from a resol-type phenolic resin with an acid 
catalyst as a curing agent and n-pentane as the blowing agent. The resin 
and surfactant were stirred for several minutes by using a high-speed 
mechanical mixer at room temperature until a homogeneous mixture was 
obtained. The blowing and the curing agents were added to the mixture 
under high mechanical stirring. The obtained viscous mixture was 
rapidly poured into a closed foaming mould and cured at 60°C for several 
hours and then post-cured at 80°C for several days. After post-curing, 

foam blocks with a dimension of (120 × 120 × 60) 3mm  were obtained. 
Specific sampling preparation was required for each analysis, i.e., 
microstructural observation and mechanical testing. The effect of the 
density was studied on samples that were withdrawn from the same foam 
block. 

Five PFs with poured density varying between 30.20g.cm−  and 
3g.cm50.0 −  were prepared (Table 1). The poured density was fixed by 

dividing the mass of the reactional mixture introduced in the mould by 
the volume of the mould. After curing and post-curing, the density was 
calculated according to the mass and the volume of the resulting foam 
block. Whereas no change of the density value was noticed after the 
curing step, the removal of water occurring during the post-curing step 
induced a decrease of the foam density for all samples. Finally, to provide 
a mass evaluation independent from the adsorbed water, the foam 
samples were systematically dried at 70°C prior to any analysis. The 
density values discussed below correspond to the relative density ( )rd  
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based on the foam density after this drying step. The relative density 
corresponds to the ratio of the dry foam density ( )d   by the density of the 

unfoamed solid ( ).g.cm20.1 3−=sd   

.
s

r d
dd =  (1) 

Table 1. Density ( )3g.cm−  values of five PF samples according to the 
manufacturing process steps. Values are given with a tolerance of 0.01 

Sample PF1 PF2 PF3 PF4 PF5 

Poured density 0.20 0.30 0.35 0.40 0.50 

Density after curing 0.20 0.30 0.35 0.40 0.49 

Density after post curing 0.14 0.22 0.26 0.31 0.42 

Density after drying 0.14 0.21 0.25 0.29 0.36 

Relative density ( )rd  0.12 0.18 0.21 0.24 0.30 

2.2. Measurements and characterization 

The morphological study of phenolic foams was performed by using a 
scanning electron microscope (SEM) FEI Quanta FEG 250, under high 
vacuum ( ),Torr10 5−≈  at a voltage of 10kV. The samples were coated 
with a thin layer of palladium prior to the analysis. The samples were 
extracted from the central zone of each foam block and the observations 
were realized along the foaming direction. Image J software was used to 
complete the structural analysis. The analysis was performed on SEM 
images with a magnification of 40, thus the surface analyzed was of 

2cm1283.0  and contained between 800 and 1000 cells depending on the 
sample. This number of cells is statistically satisfactory; hence for each 
sample only one representative image was studied. 

The cells density of the foam ( )fN  corresponds to the ratio of the 

number of cells ( )N  per unit of volume by the foamed polymer volume 
( )fV  [22]: 

.
f

f V
NN =  (2) 
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Batch process usually leads to the formation of nearly spherical cells [22]; 
hence, it is possible to assume an isotropic distribution of spherical cells. 
Under these conditions, the square root of the area density is cubed to 
estimate the number of cells per cubic centimeter of foam as described in 
Equation (3) [22]: 

,
23






= A

nN f  (3) 

where n is the number of cells in the micrograph of area A in .cm2  

Simple compression tests were performed by using an AGSX300 
universal machine from Shimadzu Instruments. Tests were performed on 
cylindrical specimens with a diameter of 40mm and a height of 40mm, at 

room temperature, with a speed of .mm.s1 1−  Samples were placed 
between two compression plates to contain the sample during the test. To 
ensure significant and reproducible data, experiments were repeated at 
least twice. 

The crushing tests were performed by using an AGSX300 universal 
machine from Shimadzu Instruments. Tests were performed on 
cylindrical specimens with a diameter of 40mm and a height of 60mm, at 

room temperature, with a speed of .mm.s1 1−  To ensure significant and 
reproducible data, experiments were repeated at least twice. 

The 3-point bending tests were performed according to ASTM D790-03, 
on an AGSX300 universal machine from Shimadzu Instruments. The 
sample was supported by two cylinders with a radius of 5mm and the 
force was applied by a cylindrical tip with a radius of 20mm. The distance 
between the supports was 80mm. The samples studied had the 

dimensions of .mm1001818 3××  The tests were repeated at least twice 
to ensure reproducibility. 

The bending stress ( )fσ  in the linear region is given by Equation (4):  

.
2
3

2bd
FL

f =σ  (4) 
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The deformation in flexion ( )f  is given by Equation (5): 

.6
2L
d

f
∆=  (5) 

The tangent modulus of elasticity ( ),BE  is given by Equation (6): 

,
4 3

3

bd
mLEB =  (6) 

where L is the distance between supports in mm, d is the thickness of the 
sample in mm, b is the width of the sample in mm, F is the force 
measured in ∆,N  is the deflection of the middle of the sample in mm, 

and m is the slope of the initial linear part of the force displacement 
curve. 

Friability tests were performed according to the ASTM C421 
standard, using a rotating drum, where 12 foam samples and 24 wood 

blocks with a dimension of 3mm20  were introduced. Then, the drum was 
rotated at 60 rpm for 10 minutes. The mass loss ( )lW  during the 

experiment or the pulverization ratio is determined thanks to Equation 
(7): 

,
i

fi
l W

WW
W

−
=  (7) 

where iW  and fW  are the initial and the final masses of the foam 

samples, respectively. 

3. Results and Discussion 

3.1. Morphological observations 

Morphological investigations were performed with the aim to 
determine the type and the characteristics of cells in the foams. Indeed, 
the average cell diameter, cells size distribution, or cell density might 
influence the mechanical properties although no clear explanations have 
been reported [12, 20]. 
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Figure 1 displays SEM images of the five PF samples at two 
magnifications (×40 and ×300). All samples exhibit spherical-shaped 
cells with an opened-cell structure. Nevertheless, some holes are 
noticeable in the walls and their size decreases when the density 
increases. Hence, the higher the density, the less opened are the cells. 
Moreover, some small voids are present both on the cell walls and in the 
matrix. The presence of some holes in the phenolic foams may be 
explained by the presence of water in the phenolic foam formulation 
(generally 15–25%wt.) as well as the water produced during the curing 
process [5]. 

In order to quantitatively study the morphology of the foam samples, 
the SEM images were analyzed by Image J. A cut off at 50µm was 
applied because too much noise was detected and the obtained results 
were then strongly influenced, thus the average cell size >< cellD  is 

overestimated. The cell size distribution and the average cell size of each 
foam sample are shown in Figure 2 and Table 2. The results confirm the 
previous observation of Figure 1; i.e., the average cell size decreases from 

m140µ  to m100µ  when increasing the relative foam density from 0.12 to 

0.30, respectively (Table 2). With the same trend, the cell size 
distribution is narrower for the higher density with numerous small cells 
( m,100µ≈  Figure 2). Cell density ( )fN  is kept at an almost constant 

value around 35cells.cm106.00.6 −×±  except for 12.0=rd  where fN  is 

found equal to .cells.cm104.02.4 35×±  

Table 2. Average cells size, cell density and nucleation density obtained 
from image analysis as a function of the relative density. Values are 
given with a tolerance of 10% 

rd  0.12 0.18 0.21 0.24 0.3 

( )mcell µ>< D  140 120 115 110 100 

( )35cells.cm10 −×fN  4.2 5.9 6.2 5.7 6.3 
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(a) 

 
(b) 
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(c) 

 
(d) 
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(e) 

 
(f) 
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(g) 

 
(h) 
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(i) 

 
(j) 

Figure 1. SEM images of PF with different relative densities 0.12 (a), 
(b); 0.18 (c), (d); 0.21 (e), (f); 0.24 (g), (h); and 0.30 (i), (j) with respect to 
magnification (×40 and ×300). 
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Figure 2. Size distribution as a function of the relative density of the 
foam. 

3.2. Mechanical properties 

3.2.1. Physical and mechanical characteristics of the cured 
phenolic resin 

Here, the parameters of the un foamed dense state are determined, 
such as the density of the solid material, ,sd  and the Young’s modulus, 

,sE  as they are required to further apply the Gibson and Ashby model 

[3]. Regarding ,sd  it is obtained for a cylinder mm,33,mm56 ==∅ h  

and m = 88g of the mixture formulation without blowing agent, cured at 
70°C in a mould for 24h. A simple compression stress-strain curve reveals 
that GPa1=sE  for this sample. However, three-point bending tests 

performed on two parallelepipedic samples provide a more accurate value 
of GPa.2.08.1 ±=sE  Indeed, for compression test, the compression 

surface is much lower than the sample surface during the bending test, 
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so the obtained value may be underestimated. Moreover, tensile tests 
have been also performed on flat specimens with rectangular cross-
sections; the obtained GPa.0.1=sE  In the following parts, the value of 

GPa8.1=sE  is used for calculations. 

3.2.2. Crushing properties 

Figure 3 presents the compressive behaviour of the phenolic foam as 
a function of the relative density. All curves present the typical three 
stages of foam compression behaviour; at low strain, a linear region is 
observed corresponding to the foam linear elasticity. After that, a wide 
region where the stress is almost constant, called the plateau is observed. 
Finally, we can observe the densification region where the stress steeply 
increases. 

Since the foam is confined in a metal casing when used as a shock 
absorber, the crushing test well represents the foam behaviour when 
applied in a shock absorber. Crushing properties are of great interest for 
energy absorption applications as the amount of energy that may be 
absorbed by the foam corresponds to the area under the curve in the 
elastic and plateau region but also depends on the acceleration during 
impact. Hence, the bulk modulus and plateau stress values are critical. 

As expected [3], a strong effect of the density on the stress-strain 
curves is observed (Figure 3); increasing the relative density of the foams 
leads to an increase in the bulk modulus and the plateau stress but the 
densification will start at lower strain. 
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(a) 

 
(b) 

Figure 3. Compressive stress-strain as a function of the relative density 
of the foam (complete curve (a) and zoom (b)). 
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Each region mentioned above is governed by a specific deformation 
mechanism. The linear elasticity is controlled by the cell walls bending in 
the case of opened cells and also by the stretching of the cell walls for 
closed cells [3]. At small deformations, the response of the foam is linear 
and elastic. Hence, it is possible to define the stress equal to the bulk 
modulus times the strain ( )..ε=σ K  The plateau, in compression, is 

associated with the collapse of the cells by using different mechanisms 
according to the foam type. It has been identified that the plateau is 
determined by elastic buckling in the case of elastomeric foams, by the 
formation of plastic hinges for elasto-plastic foams, and by brittle 
crushing of the cells for brittle foams [3]. Finally, at large compressive 
strains, the opposing cell walls are in contact with each other, in which 
the cells are almost completely collapsed [3]. Additional strain 
compresses the solid itself, giving the final region, the densification, of 
rapidly increasing stress [3]. From Figure 3(b), compression curves 
exhibit the typical shape of brittle foams [3]. 

The characteristic parameters of the foam, in term of compression as 
well as their evolution as a function of the relative density, is determined 
by the following method (Table 3). First, the collapse plateau stress is 
( )pσ  calculated for average stress values between 10 and 40% of strain 

and the maximal strain ( )maxε  at 16MPa when the foam is completely 

compacted. This parameter and the bulk modulus (K) are then compared 
to the Gibson and Ashby model. Linear elastic coefficients are related by 
the equation: 

( ) .213 ν−
= EK  (8) 

As Poisson’s coefficient is close to 0.33 (as will be demonstrated a 
posteriori), the bulk modulus is equivalent to Young's modulus (K = E). 
Other experimental parameters are also characterized but cannot be 
predicted, i.e., the plateau modulus ( )pγ  defined as the slope of the 
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plateau and the stress ( )hσ  recorded at the intersection between the 

plateau tangent and y-axis (Figure 4). The densification strain ( ),dε  

where the foam is almost densified, is defined as the intersection between 
the tangent of the plateau and the tangent at maximal strain (Figure 4). 
Finally, the energy absorbed by the material is defined as the area below 
the stress-strain curve between 0% of strain and .dε  The values of these 

experimental parameters (denoted exp) as a function of the density have 
been listed in Table 3. The data are determined from resultant curves of 
the crushing tests according to the density (Figure 3 and Figure 4). In 
this table, we also provide the values (denoted adj) adjusted from the 
different models (Equations (9)-(13)). 

 

Figure 4. Determination of parameters from the crushing test curve. 
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Table 3. Characteristic parameters obtained from compression tests 
according to the foam relative density. Values are given with a tolerance 
of 10% 

 rd  0.12 0.18 0.21 0.24 0.30 

( )MPaexpK  83 180 220 280 370 
Linear elastic region 

( )MPaadjK  68 150 220 290 450 

( )MPaexphσ  2 5 8 11 14 

( )MPaexppσ  3.0 7 11 14 22 

( )MPaadjpσ  3 7 10 14 22 
Plateau region 

( )MPaexppγ  1 7 10 12 30 

( )%expdε  84 76 72 68 60 

( )%adjdε  84 75 71 66 58 

( )%expmaxε  88 82 79 76 69 
Densification region 

( )%adjmaxε  88 82 79 76 70 

 Energy absorbed  

( )3MJ.m−  

6 10 12 14 16 

The bulk modulus is determined in the linear elastic region between 
1 and 2% of strain (Table 3). Indeed, the typical initial behaviour is not 
exactly linear because of geometrical irregularities and inhomogeneities 
on the sample surface. Moreover, Gibson and Ashby [3] note that this 
method often underestimates the bulk modulus. Instead, they encourage 
using the slope during release after starting the plateau regime. While 
such a method eliminates the problem of sample adjustment to the 
shaper, and can thus provide a higher value of the slope, it is unclear 
that it will provide the actual bulk modulus and not a bulk modulus of a 
partially restructured material. As a consequence, only the initial slope 
has been considered in the present study, despite the shortcoming of this 
method. 
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Figure 5(a) shows Young’s modulus (equal to the bulk modulus) 
calculated from the experimental data as a function of the relative 
density against the Gibson and Ashby model. Literature values are also 
reported in Figure 5. The Young’s modulus is described by a quadratic 
function of the relative density in accordance with the model described in 
Equation (9). Indeed, a correlation coefficient of 0.97 was obtained 
although only five points were used. The best parameter obtained for the 
adjusted model is a constant value of sEC .1  equal to 5.0GPa. Hence, 

considering GPa,8.1=sE  the model is consistent with a coefficient 

8.21 ≈C  instead of 1 as observed by Gibson and Ashby [3]. Gibson and 

Ashby noticed that the presence of porosity in the struts in ceramic 
materials could lead to a modified 1C  value, as Young’s modulus for 

dense materials (without porosity) was used [3]. From SEM observations, 
we also observe a second scale of porosity in the wall as well as in the 
struts, which can explain this difference. Moreover, the strut shape [23], 
as well as the structural heterogeneity inside the strut [20], can also 
influence the coefficient of proportionality. 

.1constantaiswhere, 11
2

1 ≈= CCdCE
E

r
s

 (9) 

Figure 5(b) shows the bi-logarithm of Young’s modulus versus the 
relative density for experimental and literature values and their 
respective quadratic adjustment. Literature values are more scattered 
but still consistent with a quadratic adjustment with sEC .1  equal to 

3500MPa. Such scattering is expected because each value comes from 
different studies. Nevertheless, all values are consistent and the Young’s 
modulus is described by a quadratic power law of the relative density 
(Equation (9)). 
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(a) 

 
(b) 

Figure 5. Evolution of Young’s modulus as a function of the relative 
density (a) and representation in logarithm scale (b). Symbols are values 
from crushing tests (red empty circle) and from literature (green 
rhombus) and the line, the associated adjusted model: crushing tests (red 
line) and from literature (green dot line) [11, 13, 14, 15, 24, 25, 26]. Blue 
dash line represents the Gibson and Ashby prediction [3]. 
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The density also significantly influences the plateau parameters; the 
collapse stress, the length of the plateau and the plateau modulus vary 
from 3.3 to 21.6MPa, from 57 to 33% of strain and from 1.1 to 30MPa for 

12.0=rd  and ,30.0=rd  respectively. 

Moreover, we observe that increasing the density leads to the 
emergence of a slope in the plateau region. This could be due to the 
thickness variation of the cell struts, which increases with the density. 
Indeed, according to their thicknesses, they will break under different 
stresses while struts with identical thicknesses will break at the same 
stress leading to a long and flat plateau [19]. Another reason for the 
plateau rising with strain is that the number of closed cells in the foam 
increased with the density. Gibson and Ashby have observed that for 
totally opened-cell polyethylene foams, the cells collapse at almost 
constant load. For closed-cell polyethylene foams, the compression of the 
gas within the cells, in addition to the membrane stresses in the cell 
faces, provides a stress-strain curve rising with the strain [3]. At 
relatively low densities, the PF is a fully open-cell type, while the 
increase of the density induces the formation of closed cells. This is in 
accordance with SEM observation in Figure 1. 

Figure 6 shows the variation of the collapse plateau stress versus the 
relative density. The Gibson and Ashby model for open-cell brittle foam 

(Equation (10)) with a power law 23
rd  does not match the experimental 

data of the collapse plateau stress. This result points out that this model 
is not relevant to the present data. On the contrary, the Gibson and 
Ashby model of open-cell elastomeric foam (Equation (11)) matches quite 
well the experimental data with a correlation coefficient of 0.99; a 
constant value of 240MPa for sEC .3  was obtained from the adjusted 

curve, leading to a coefficient 3C  around 0.13 (considering GPa8.1=sE ) 

instead of 0.05 as determined by Gibson and Ashby [3]. 
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Conversely, when considering 1C  and 3C  equal to 1 and 0.05, 

respectively, as defined by Gibson and Ashby, we obtain values of 5.0GPa 
and 4.8GPa, respectively, for Young’s modulus of the solid. These two 
values are thus in agreement and GPa8.1=sE  might be an 

underestimate. 

Finally, the Gibson and Ashby model for elastomeric foams appears 
to be quite surprisingly adapted to describe the PF behaviour instead of 
the one for opened-cell brittle foam. It is not possible to explain this non-
typical behaviour 

,2.0constantaiswhere, 22
23

2 ≈=
σ
σ CCdC r

fs
cr  (10) 

.05.0constantaiswhere, 33
2

3 ≈=
σ CCdCE r

s
el  (11) 

 

Figure 6. Evolution of the plateau stress as a function of the relative 
density: red symbols are values from crushing tests and the lines the 
adjusted models; red elastic model and black dot brittle model. Blue dash 
line represents the Gibson and Ashby prediction [3]. 
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In the last part of the stress-strain response (Figure 3), the stress 
rapidly increases likely because the strain transforms the foam sample to 
a quasi-dense material. The densification region can be evaluated due to 
two parameters: the densification strain ( )dε  and the maximal strain 

( ).maxε  The relation found for ,dε  where the densification of the 

material begins, is given in Equation (12). Surprisingly, this relation in 
Gibson and Ashby theory corresponds to the relation for maximal strain. 
In our case, maxε  is represented by a more physically satisfactory 

relation defined in Equation (13), as this one means that the densified 
foam has almost the same density as the dense state. Hence, it is possible 
to consider that the load applied to compress the foam was sufficiently 
high. Moreover, dε  and maxε  decrease when the density increases. 

The absorbed energy by the material is defined as the area below the 
stress-strain curve between 0% of strain and .dε  Values are reported in 

Table 3. As expected, the amount of energy absorbed increases with the 
density. 

,4.11 rd d−=ε  (12) 

.1max rd−=ε  (13) 
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Figure 7. Evolution of densification strain (red) and maximal strain 
(blue) as a function of the relative density: symbols are values from 
crushing tests and the lines correspond to the adjusted model. 

3.3.3. Compressive strength 

In the literature, the authors principally evaluate the compressive 
strength and do not perform crushing tests. Hence, to compare the 
compressive strength ( )cσ  of our PF to the literature, in addition to 

Young’s modulus, some simple compression tests have been performed 
(Figure 8(a)). The experimental values are in agreement with the 
literature and even slightly higher. Moreover, the values from both 
sources are plotted in a bi-logarithm scale (Figure 8(b)) and follow a 
quadratic law as suggested by the results obtained for the plateau stress. 
As seen for Young’s modulus, the literature values for compressive report 
more disparities than the values obtained in this work and a lower 
proportionality coefficient. 
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(a) 

 
(b) 

Figure 8. Evolution of the compressive strength as a function of the 
relative density (a) and representation in bi-logarithm scale (b). Symbols 
are values from simple compression tests (red empty circle) and from 
literature (green rhombus) and the line, the associated adjusted model: 
simple compression tests (red line) and from literature (green dot line) 
[11, 13, 14, 15, 24, 25, 26, 27, 28, 29, 30].  
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3.3.4. Bending properties 

The 3-point bending test was performed in order to determine the 
Young’s moduli according to the relative densities and to compare them 
with the ones deduced from bulk modulus. In such experiment, the 
flexural strain can be related to the deflection and the flexural stress to 
the load. In the case of phenolic foam, the curve does not show any 
significant softening before breaking since phenolic foam is brittle. 
Flexural strength and flexural stress at break are thus identical. The 
stress at break ( ),breakσ  strain at break ( ),breakε  and Young’s modulus 

( BE  defined as the slope between 0.2 and 0.5 of strain) for each relative 

density are reported in Table 4. 

As expected, the stress at break increases with the density from 
1.9MPa at 12.0=rd  up to 8.0MPa at 30.0=rd  to the opposite, the 

strain at break stays at an almost constant value equal to 2.3 ± 0.2, 
independent of the relative density. The Young’s modulus is observed to 
increase when the relative density increases and the obtained values are 
comparable to those found by compressive stress, except for the highest 
density studied. Experimental values are adjusted using the Gibson and 
Ashby model according to Equation (9). Figure 9 presents the 
experimental results, the resultant adjusted model, and the results 
obtained from the compressive tests. The Young’s modulus is always 
correctly described by a quadratic function of the relative density, but the 
constant value ( )sEC .1  is found to be equal to 4GPa. Hence, the model is 

consistent with a coefficient 2.21 ≈C  instead of 1. This deviation could 

be explained by the same reasons mentioned above for the bulk modulus. 
Nevertheless, all results tend toward an estimation of the dense-state 
Young’s modulus to be greater than the one found from dense-state 
experiments. Hence, sE  is probably underestimated. 
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Table 4. Young’s modulus, strain at break as well as stress at break 
obtained from of 3-points bending tests as a function of the relative 
density. Values are given with a tolerance of 10% 

rd  0.12 0.18 0.21 0.24 0.30 

( )MPaexpbE  71 190 200 260 270 

( )MPathbE  54 123 174 234 360 

( )MPabreakσ  1.9 4.5 4.9 6.4 8.0 

( )%breakε  2.4 2.5 2.2 2.4 2.4 

 

Figure 9. Evolution of Young’s modulus from crushing tests (red) and 
from 3-point bending tests (grey) as a function of the relative density. 
Symbols are values from crushing tests (red empty circle) and from          
3-point bending tests (grey triangle) and the line, the associated adjusted 
model: crushing tests (red line) and from 3-point bending tests (grey dot 
line). Blue dash line represents the Gibson and Ashby prediction [3]. 
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3.3.5. Computation of Poisson’s coefficient on the basis of 
crushing tests and 3-point bending tests 

Another important parameter characterizing the foam is Poisson’s 
coefficient because it allows characterizing the contraction of the material 
perpendicular to the direction of the applied load. It can be deduced from 
the bulk modulus (K) and Young’s modulus (E) according to Equation 
(14). 

.6
3

K
EK −=ν  (14) 

Based on the crushing and 3-point bending tests, all the results are in the 
vicinity of 0.33, as expected by the Gibson and Ashby model as shown in 
Table 5. From the experimental values, all samples present a Poisson’s 
coefficient of 0.35 ± 0.03. Hence, the bulk modulus can be considered 
equal to Young’s modulus. 

Table 5. Poisson’s coefficients from crushing tests and 3 points bending 
tests. Values are given with a tolerance of 10% 

rd  0.12 0.18 0.21 0.24 0.30 

K(MPa) 83 180 220 280 370 

( )MPa5000. 2
rd  68 153 217 292 450 

( )MPabE  71 190 200 260 270 

( )MPa4000. 2
rd  54 123 174 234 360 

expV  0.36 0.32 0.35 0.35 0.37 

modelV  0.37 0.37 0.37 0.37 0.37 

3.3.6. Friability 

Friability remains the main drawback of rigid and brittle foams. This 
property is particularly crucial for phenolic foams as it can limit their 
applications [4]. Since the friability becomes more important for low-
density foams, the literature essentially contains reported studies on 
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phenolic foams with a density below 0.1 [12]. Nevertheless, it is difficult 
to compare the obtained results with the literature because on one hand 
different tests are used to evaluate the friability; e.g., the abrasion test 
against sandpaper [31, 32] or the drum test [11, 33]. On the other hand, 
the results from the drum test (chosen for this study) depend on the 
density of the wood cubes, their surface state, etc.; hence, the obtained 
values are relative. 

The phenolic foam of various densities was submitted to the friability 
test. Results are shown in Figure 10. Although the mass loss was 9.3%wt. 
for a relative density of 0.12, this value significantly decreases to 1.0%wt. 
with the increase in the relative density up to 0.30. As the resin content 
is higher for high-density foam, the cell walls are thicker and can sustain 
higher stresses before breaking. Moreover, the cell size is lower making 
the buckling phenomenon more difficult. 

 

Figure 10. Mass loss during friability tests as a function of the relative 
density of the foam. 
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4. Conclusion 

The main objective of this work was to investigate the properties of 

phenolic foams (PFs) with relatively high densities ( ).g.cm1.0 3−>d  We 

investigated the effect of the density on the morphological, compressive, 
and friability properties of PFs in which the relative densities varied 
from 0.12 to 0.30. The compressive properties were compared to the 
Gibson and Ashby models. 

SEM results of PF revealed spherical-shape cells with an opened-cell 
type structure, which agrees with the literature. Image analysis provided 
quantitative values and revealed that as the relative density increased 
up to 0.30, the mean cell size decreased from m140µ  to m100µ  with a 

narrower cell size distribution. Cell density remained constant with 
35cells.cm103.00.6 −×±  except for the lowest density studied where it 

decreases to .cells.cm102.4 35 −×  

Regarding the mechanical properties, Young’s modulus has been 
deduced from bulk modulus and determined by 3-point bending tests. 
The results are consistent with those found in the literature and 
qualitatively agree with Gibson and Ashby’s model as Young’s modulus 
obeys a quadratic law with respect to the relative density. It has been 

evaluated at ( )2.5000 rdE =  and at ( )2.4000 rdE =  for crushing and      

3-point bending tests, respectively. To quantitatively evaluate the model, 
Young’s modulus of unformed cured materials is required and was found 
to be equal to 1.8 ± 0.2GPa. Hence, the model is in quantitative 
disagreement with the proportionality coefficient by a factor 2.8 and 2.2 
in the case of compressive and 3-point bending tests, respectively. 

Plateau stress has been also evaluated following Gibson and Ashby 
model. First, the case of brittle foam was studied and clearly appeared 
not adapted to our case of study. Then, the model for elastomeric foam 
was applied and our results are in good agreement with the proposed 
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model. This time again, plateau stress is a quadratic function of the 

relative density. It has been evaluated around ..240 2
rel d=σ  Hence, 

using the value of sE  equal to 1.8GPa, a divergence of factor 2.5 on the 

proportionality coefficient is found with the model. 

The densification region has been also evaluated and according to the 
Ashby and Gibson model, the strain at maximal densification is  

,1max rd−=ε  with a = 1.4. In our case, a value of 1 is found which is 

more physically satisfactory. Indeed, it means that the density of the 
compressed foam is equal to the dense material. 

Finally, friability results showed a strong dependence on the density. 
Indeed, the mass loss for a relative density of 0.30 (1.0%wt.) is almost ten 
times lower than that for 0.12 (9.3%wt.) because the cell walls are 
thinner for low density and thus more fragile. For relatively high density, 
the friability becomes less problematic. 
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