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semi-transparent nanocellular foams 
have been reported[4,5] and, due to their 
nano-sized cell size, these materials have 
the potential to be used in membranes 
for ultrafiltration or in catalysis and sen-
sors.[6–8] Most research on nanocellular 
polymers is focused on their production, 
whereas the literature on the mechan-
ical characterization is relatively scarce. 
Notario et  al.[9] found that the mate-
rial performance index for a light, stiff 
beam in bending E1/2/ρ (where E is the 
Young’s modulus and ρ is the density) 
for a nanocellular foam exceeded that for 
a microcellular foam.[10] They attributed 
this stiffening to the fact that the size of 
the cell walls of the nanocellular material 
is in the order of the radius of gyration 
of a poly(methyl methacrylate) (PMMA) 
molecule.[9] Miller and co-workers[11] 
found that micro- and nanocellular poly-
etherimide (PEI) have similar values for 
E whereas the nanocellular PEI materials 
had a greater impact resistance. Guo[12] 
observed that micro- and nanocellular 

polycarbonate (PC) have similar values of E/ρ and similar 
impact resistance properties for cellular materials with relative 
densities higher than 0.6. In the case of polymer blends, Wang 
and coworkers[13] reported that nanocellular polymers produced 
with PMMA blended with thermoplastic polyurethane (TPU) 
showed higher tensile toughness and impact toughness com-
pared to microcellular PMMA. For polypropylene (PP) blended 
with polytetrafluoroethylene (PTFE), Wang et al.[14] showed that 
a nanocellular sample based on PP/PTFE has a higher impact 
strength than conventional PP cellular material. Reglero-Ruiz 
et al.[15] measured the elastic modulus for nanocellular samples 
based on nanostructured (poly(methyl methacrylate)-[PMMA]-
poly(butyl acrylate)-PMMA).

The addition of inorganic nanoparticles to a polymer matrix 
is a common strategy to improve the mechanical properties 
of a polymer.[16–20] When these nanocomposites are foamed, 
the resulting cellular nanocomposites inherit this reinforce-
ment and this strategy could be used to further enhance the 
mechanical properties of nanocellular foams.[21,22] In addition, 
nano-sized particles have successfully been used as heteroge-
neous nucleation agents for the production of micro-[23–26] and 
nanocellular[27–31] polymers. The addition of nanoparticles 
is therefore a promising method to enhance the mechanical 

Mechanical Properties

Bimodal cellular poly(methyl methacrylate) with micro- and nano-sized 
(300–500 nm) cells with up to 5 wt% of sepiolite nanoparticles and porosity 
from 50% to 75% are produced by solid-state foaming. Uniaxial compression 
tests are performed to measure the effect of sepiolite concentration on the 
elastic modulus and the yield strength of the solid and cellular nanocompos-
ites. Single edge notch bend tests are conducted to relate the fracture tough-
ness of the solid and cellular nanocomposites to sepiolite concentration. The 
relative modulus is independent of sepiolite content to within material scatter 
when considering the complete porosity range. In contrast, a mild enhance-
ment of the relative modulus is observed by the addition of sepiolite particles 
for the foamed nanocomposites with a porosity close to 50%. The relative 
compressive strength of the cellular nanocomposites mildly decreases as 
a function of sepiolite concentration. A strong enhancement of the relative 
fracture toughness by the addition of sepiolites is observed. The enhance-
ment of the relative fracture toughness and the relative modulus (at 50% 
porosity) can be attributed to an improved dispersion of the particles due to 
foaming and the migration of micro-sized aggregates from the solid phase to 
the microcellular pores during foaming.

1. Introduction

Nanocellular polymers are polymer foams characterized by 
cell sizes in the range of tens to hundreds of nanometers.[1] 
An attractive property of these nanocellular polymers is their 
low thermal conductivity due to the Knudsen effect.[2,3] Theo-
retically, the reductions in the thermal conduction of the gas 
phase start to be significant in comparison with microcellular 
polymers for cell sizes under 500  nm. Moreover, recently, 
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performance of nanocellular polymers. In the recent work of 
Yeh et al.,[32] the addition of nanoclays was proved to enhance 
the modulus and yield strength of nanocellular TPU. However, 
the authors have been unable to locate any more studies that 
investigate the effect of nanoparticles on the mechanical prop-
erties of nanocellular polymers.

In the present study, PMMA is reinforced with nano-sized 
needle-like sepiolites, and cellular materials are produced by 
gas dissolution foaming. The effect of the sepiolite concen-
tration on the mechanical properties (such as the compres-
sive yield strength, the compressive elastic modulus, and the 
fracture toughness) of the solid and cellular nanocomposites 
is measured. In an earlier work[31] we showed that the addi-
tion of sepiolites, modified with a quaternary ammonium 
salt, in a PMMA matrix resulted in bimodal cellular struc-
tures comprising micro- and nano-sized (300–500  nm) cells. 
In this paper, our goal is to analyze the mechanical behavior 
of bimodal nanocellular polymers based on PMMA/sepiolite 
nanocomposites with various particle concentrations and den-
sities, and to determine the effect of the addition of sepiolites 
particles on their mechanical properties. For this purpose, a 
detailed characterization of the samples produced in the paper 
has been carried out.

2. Experimental Section

2.1. Materials

Polymethylmethacrylate (PMMA) V 825T (Mn  = 43  kg mol−1, 
Mw  =  83  kg mol−1) was supplied by ALTUGLAS International 
in the form of pellets with a density (ρ) of 1.18  g cm−3 and a 
glass transition temperature (Tg) close to 114.5 °C as measured 
by DSC. Sepiolites were provided by Tolsa S.A (Spain). These 
particles are hydrated magnesium silicates. Sepiolites pre-
sent a needle-like morphology, with an average particle length 
ranging from 1 to 2 µm and a diameter in the nanometer range 
(between 20 and 30 nm).[33,34] The sepiolites used in this work 
have been modified with a quaternary ammonium salt. The 
process to obtain and modify these particles is detailed else-
where.[35,36] Medical grade carbon dioxide (CO2) (99.9% purity) 
was used as the blowing agent for the gas dissolution foaming 
experiments.

2.2. Solid Blends Production

Blends of PMMA with varying sepiolite contents were com-
pounded using a twin-screw extruder model COLLIN TEACH-
LINE ZK 25T, with L/D equal to 24 and screw diameter equal to 
25 mm (Table 1). PMMA and sepiolites were dried in a vacuum 
oven at 50 °C for 12 h before blending. The temperature profile 
set on the extruder was from 160 °C at the hopper to 200 °C in 
the die. The screw speed was equal to 40  rpm. The produced 
blends were cooled in a water bath and pelletized. After drying 
the pellets for 2 h in a vacuum oven at a temperature equal 
to 50  °C, each blend was extruded again using the same pro-
cessing conditions to have a homogeneous dispersion of the 
particles.

Next, the obtained pellets were compression molded into 
solid sheets of 155 × 75 × 4 mm3 using a hot plate press pro-
vided by Remtex. The pellets were first dried in a vacuum oven 
at 50 °C overnight before processing. Subsequently, they were 
made molten by holding them at 250  °C for 500 s and then 
compacted at 250  °C with a constant pressure of 17  MPa for 
60 s. Finally, the sheets were cooled down to room temperature 
with the pressure of 17  MPa maintained. Rectangular speci-
mens with dimensions corresponding to 50 × 15 × 4 mm3 were 
machined from the sheet for the foaming experiments. Note 
that PMMA absent the sepiolite was processed under the same 
conditions for comparison purposes.

2.3. Gas Dissolution Foaming Experiments

Foaming experiments were performed using a pressure vessel 
(model PARR 4681) provided by Parr Instrument Company 
with a capacity of 1 L. The maximum temperature and pres-
sure reached by the pressure vessels correspond to 350 °C and 
41  MPa, respectively. The pressure is automatically controlled 
by a pressure pump controller (model SFT-10) provided by 
Supercritical Fluid Technologies Inc. The vessel is equipped 
with a clamp heater of 1200 W, and its temperature is regu-
lated via a CAL 3300 temperature controller. Foaming experi-
ments were conducted by a two-step foaming process.[37] First, 
samples were put into the pressure vessel at a constant CO2 
pressure (psat = 10 MPa) and temperature (Tsat = 25 °C) for the 
saturation stage. At these conditions, full saturation of CO2 in 
PMMA is achieved within 20 h.[31] The pressure was progres-
sively released to ambient pressure with an instantaneous pres-
sure drop rate of 15 MPa s−1 at the first pressure drop. The total 
depressurization time was around 30 s.

The foaming step was carried out in a hot and cold plates 
press from Remtex.[38] Details about this foaming process can 
be found in the Supporting Information. To obtain materials 
with different densities, the temperature of the press and the 
foaming time were varied (see Table  2). After the foaming 
step in the hot and cold plates press, flat samples, suitable for 
mechanical characterization, were obtained. From these pieces, 
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Table 1.  The PMMA-sepiolite blend formulations.

Material ID Sepiolite concentration [wt%]

PMMA 0

1%-S 1

2%-S 2

3%-S 3

5%-S 5

Table 2.  Foaming parameters in the press.

Target relative density Temperature [°C] Time [s]

High (≈0.5) 40 300

Medium (≈0.35) 60 300

Low (≈0.3) 100 60
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samples with adequate dimensions for the different mechanical 
tests (see Section  2.4.5) were machined using a band sawing 
machine. For the blend with the highest particle content (5%-
S), it was only possible to produce the materials with high rela-
tive densities, as the presence of too many aggregates of the 
sepiolites particles led to cracking of the samples at the highest 
foaming temperatures used to produce the low and medium 
relative density cellular nanocomposites.

2.4. Characterization

2.4.1. Density

The density of the solid nanocomposites was measured with 
a gas pycnometer (Mod. AccuPyc II 1340, Micromeritics). 
The density of the cellular materials was determined with the 
water-displacement method based on the Archimedes’ prin-
ciple using a density determination kit for an AT261 Mettler–
Toledo balance. The solid skin of the samples was removed 
with a polisher (model LaboPOl2-LaboForce3, Struers) by 
polishing off 200  µm from the top and bottom faces of the 
sample before measuring their densities. Further polish did 
not change the density, indicating that the density is homo-
geneous through the sample thickness. The relative density 
(ρr) is defined as the ratio of the cellular material density (ρ) 
to the density of the solid nanocomposite with the same com-
position (ρs).

2.4.2. Cellular Structure

Samples were immersed in liquid nitrogen and then fractured 
for microscopic visualization and coated with gold using a 
sputter coater (model SCD 005, Balzers Union). The cellular 
structure of the samples was analyzed using an ESEM Scan-
ning Electron Microscope (QUANTA 200 FEG). Dedicated 
in-house software based on ImageJ/FIJI was used for this 
purpose.[39] First, the average cell size (φ) was measured and 
the standard deviation of the cell size distribution (SD) was 
obtained. The parameter SD/φ was calculated as an indicator 
of the homogeneity of the cellular structure. The nanocom-
posite cellular materials of this work possess a bimodal cellular 
structure with micro-sized cells (above 1 µm) and nano-sized 
cells (below 1 µm), and values for the average cell size φ and 
standard deviation SD were measured for both distributions. 
The average cell size was written as φ1 for the nano-sized cells 
and as φ2 for the micro-sized cells. Similarly, SD1 refers to the 
standard deviation of the cell size distribution of the nano-
sized cells and SD2 denotes the standard deviation of the cell 
size distribution of the micro-sized cells. The anisotropy ratio 
AR was measured as the ratio between the average cell size 
of the whole population of cells observed in the plane aligned 
with the compression moulding direction to the average cell 
size of the whole population of cells measured in the plane 
perpendicular to the compression molding direction. Cell den-
sity (Nv) and cell nucleation density (N0) were determined from 
the SEM images using Kumar’s theoretical approximation[40] 
according to
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where n is the number of cells in the SEM image and A is the 
area of the image. Note that more than 200 cells from various 
regions of each cellular material were analyzed.

In this work, bimodal cellular structures (with cell sizes in 
the micro and the nano scale) are obtained. The observed cel-
lular structures were found to have a much larger proportion of 
nano-sized cells than micro-sized cells. The micro-sized cells, 
however, typically occupied a significant volume of the sample, 
in the range from 20% to 40%. To quantify the observed bimo-
dality, the relative volume occupied by the population of nano-
sized cells, Vnano, is measured.[31]
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where Am is the observed area occupied by the micro-sized cells 
(cell size above 1 µm) in the SEM images, and At the total area 
of the image. The resulting 2D area ratio should be equivalent 
to the 3D volume ratio when an adequate amount of surfaces 
are analyzed, according to Delesse principle in stereology.[41,42]

2.4.3. Open Cell Content

The open cell content of the cellular materials was measured 
according to the ASTM D6226-10 standard using a gas pycnom-
eter (Mod. AccuPyc II 1340, Micromeritics). The open cell con-
tent ratio OC is defined as

(1 )
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V V V

V
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rρ
=

− −
−
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where V is the geometric volume of the sample, Vp is the 
volume measured by the pycnometer, and Vs is a penalty 
volume to account for the exposed cells at the surface of the 
sample. The geometric volume was determined from the cel-
lular material density (measured by the water-displacement 
method) and its mass (m) (measured with an AT261 Mettler–
Toledo balance) as V = m/ρ. Vp was determined by performing 
a pressure scan (from 0.02 to 0.13 MPa) in the gas pycnometer 
and measuring the pycnometric volume for each pressure. It 
was assumed that no more gas is able to enter the intercon-
nected open cells when the measured volume remains constant 
for an increase in pressure. Vp was calculated as the average of 
these last measured constant volume values. Note that, as Vs is 
proportional to the cell size, this value becomes negligible for 
micro and nanocellular materials.

2.4.4. X-Ray Analysis

X-ray imaging is employed to determine the number of particle 
aggregates in the nanocomposite material. For this purpose, 
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X-ray tomography images of both solid and cellular materials 
were taken with a spatial resolution of 2.5 µm (i.e., aggregates 
with dimensions larger than 2.5  µm can be detected).[43] The 
mass of the aggregates is calculated by measuring the volume 
occupied by the aggregates and taking into account the real 
volume fraction of particles in the sample.

In addition, all samples were analyzed by X-ray radiog-
raphy[44] and those samples presenting defects or inhomogenei-
ties were excluded from the mechanical tests.

2.4.5. Mechanical Tests

Mechanical properties in uniaxial compression were meas-
ured using an Instron 5584 electromechanical testing 
machine. Specimens were cuboids with in-plane dimensions 
10 × 10 mm2; the thickness varied from 4 to 6 mm depending 
on the relative density of the sample. The compression direc-
tion was perpendicular to the compression molding direction. 
At least three specimens were tested per material system. Tests 
were carried out at a crosshead velocity equal to 0.5 mm min−1, 
corresponding to a strain rate equal to 8.3 × 10−4 s−1. Displace-
ment of the platens was measured via a laser extensometer. All 
tests were conducted at room temperature.

Single edge notch three point bending (SENB) tests were per-
formed at room temperature with an Instron 5584 test bench at 
a constant crosshead speed of 10 mm min−1. Specimens were 
cuboids with in-plane dimensions 55 × 15 mm2; the thickness 

varied from 4 to 6 mm depending on the relative density of the 
sample. The critical mode I stress intensity factor KIc was cal-
culated as a measure for the fracture toughness in accordance 
with the ASTM D5045-14.[45] A pre-crack with a sharp tip was 
made at the end of a sawed notch by tapping with a razor blade.

3. Results and Discussion

3.1. Cellular Structure

Representative cellular structures of the cellular materials 
with a relative density close to 0.5 are shown in Figure 1 (SEM 
images from the plane parallel to the compression molding 
direction). At very low magnification (first row of Figure  1), a 
homogeneous structure is observed for PMMA, whereas the 
blends with sepiolites have a heterogeneous structure with pore 
sizes exceeding 100 µm. Using a higher magnification, one can 
observe the microcellular structure of the pure PMMA and the 
blends with sepiolites (see second row of Figure  1). The cell 
size distribution of the pure PMMA is unimodal; there are no 
nano-sized pores present (see third row of Figure  1 where an 
even higher magnification is used). In contrast, the PMMA/
sepiolite blends have a bimodal cell size distribution, the domi-
nant population of cells is nanocellular (ranging from 300 to 
500 nm) as detailed below (see the third row in Figure 1). Ear-
lier work demonstrated that sepiolites modified with a qua-
ternary ammonium salt act as a nucleating agent during gas 
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Figure 1.  SEM images of the samples produced at a foaming temperature equal to 40 °C and foaming time equal to 5 min: a) PMMA, b) 1%-S, 
c) 2%-S, d) 3%-S, and e) 5%-S.
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dissolution foaming of PMMA.[31] It was suggested that the 
microcellular pores appear due to micro-sized sepiolite aggre-
gates. The well-dispersed sepiolites account for the presence of 
nanocellular pores. The second and third rows show images of 
the same materials at increased magnification.

The main parameters characterizing the cellular structure of 
all the material systems produced in this study are summarized 
in Table  3. Due to the difference in size between the largest 
and the smallest cells in the materials with bimodal cell size 
distribution, we identify two sets of cells: the main (nanocel-
lular, from 300 to 500  nm) and the secondary (microcellular) 
structures. The microcellular pores were measured using SEM 
micrographs with the magnification of the images shown in the 
second row of Figure 1 (cell size around 1–10 µm). The volu-
metric fraction of nano-sized cells (Vnano in Table 3) is greater 
than 50% for all the materials and, for this reason, the nanocel-
lular population is considered to be the dominant one.

Bimodal micro- and nanocellular materials with average 
cell sizes ranging from 330  to 500  nm in the nano-sized cell 
population are obtained, whereas for the micro-sized cell pop-
ulation the cell size ranges from 3  to 7  µm. The nanocellular 
cell populations are more homogeneous, with SD1/φ1 values 
around 0.5–0.7, while the microcellular population is strongly 
heterogeneous with values for SD2/φ2 higher than 1. It is 
observed that, for the high-density materials (samples 1 to 5), 
an increased sepiolite content leads to a mild reduction of the 
average cell size. For the lower density materials, this effect is 
less obvious. For a given sepiolite concentration, the cell size 
tends to increase when density is reduced. Regarding the cell 
nucleation density, an increase of the nucleation in three orders 
of magnitude with respect to the pure PMMA is detected when 
sepiolites are added. The cellular materials were found to be 
closed-celled as the measured open cell contents were lower 
than 10% for all the material systems. In addition, the materials 
can be considered as isotropic because the anisotropy ratio is 
close to 1 for all the systems under study.

Regarding the homogeneity of the samples, it was found that 
all the samples showed a uniform cellular structure along the 

thickness, once the solid skin was removed (see Figure S3, Sup-
porting Information).

3.2. Uniaxial Compression Tests

3.2.1. Effect of Relative Density

Figure 2 shows an example of the nominal stress versus nom-
inal strain curves obtained for the uniaxial compression tests 
of the solid and cellular nanocomposites. The solid PMMA is 
compared with the nanocomposite 2%-S, together with their 
corresponding cellular materials at high relative density (close 
to 0.5). The solid and cellular materials initially deform in a 
linear, elastic manner up until the yield point after which sof-
tening and subsequent hardening is observed.[46] The elastic 
(secant) modulus E is measured from the slope of the initial 
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Table 3.  Measured cellular structure parameters and open cell content of the cellular samples produced in this work.

# Material Relative 
density

Cell nucleation density 
[nuclei cm−3]

Vnano φ1 [nm] SD1 / φ1 φ2 [µm] SD2 / φ2 AR OC

1 PMMA 0.52 ± 0.04 2.1 · 1010 0.00 4300 0.77 — — 1.1 ± 0.4 0.077

2 1%-S 0.50 ± 0.02 1.2 · 1013 0.75 460 0.51 3.4 0.92 1.3 ± 0.5 0.097

3 2%-S 0.51 ± 0.02 2.9 · 1013 0.79 350 0.52 3.7 1.08 1.0 ± 0.5 0.057

4 3%-S 0.53 ± 0.01 2.0 · 1013 0.61 330 0.72 3.1 1.07 1.1 ± 0.5 0.086

5 5%-S 0.47 ± 0.02 3.1 · 1013 0.66 310 0.66 3.6 1.02 1.1 ± 0.4 0.059

6 PMMA 0.35 ± 0.01 7.0 · 1010 0.0 3200 0.92 — — 1.2 ± 0.5 0.065

7 1%-S 0.38 ± 0.04 1.6 · 1013 0.71 440 0.56 4.0 0.74 1.1 ± 0.4 0.041

8 2%-S 0.35 ± 0.01 1.2 · 1013 0.55 420 0.69 5.0 1.00 1.2 ± 0.5 0.049

9 3%-S 0.35 ± 0.01 1.3 · 1013 0.61 420 0.72 7.2 0.80 1.4 ± 0.7 0.070

10 PMMA 0.29 ± 0.04 4.5 · 1010 0.00 3900 0.92 — — 1.1 ± 0.5 0.020

11 1%-S 0.33 ± 0.03 1.0 · 1013 0.60 500 0.66 4.9 0.65 1.1 ± 0.5 0.029

12 2%-S 0.32 ± 0.03 4.4 · 1013 0.82 390 0.51 5.7 1.06 1.2 ± 0.4 0.049

13 3%-S 0.27 ± 0.02 1.7 · 1013 0.66 480 0.60 4.7 0.76 1.2 ± 0.4 0.079

Figure 2.  Example of stress-strain curves obtained during uniaxial com-
pression of the solid materials and cellular samples with high relative 
density (around 0.5) based on the PMMA and 2%-S material systems.
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linear region. The compressive yield strength σy corresponds to 
the peak load before softening.

Figure  3 shows the elastic modulus and the compressive 
yield strength of the solid nanocomposites as a function of sepi-
olite content. It is observed that both properties increase as the 
sepiolite content increases up to a content in the range of 2 to 3 
wt%. Increasing the sepiolite content to 5 wt% does not result 
in a further increase of the modulus and strength. These trends 
represent the typical behavior of polymer nanocomposites: 
the mechanical properties are enhanced when the filler con-
centration increases, but there is a critical filler concentration 
at which there is no further enhancement of the mechanical 
properties.[47] We observe that the addition of sepiolites induces 
enhancement of the mechanical properties of the PMMA in 
uniaxial compression. In particular, for the composite 2%-S, an 
increase of 15% in the elastic modulus and a 5% in the com-
pressive strength are observed compared to the PMMA without 
sepiolites. These observations are in agreement with previous 
reports of an increased strength and modulus when sepiolite 
particles are added to a polymer matrix.[48–50] In the Supporting 
Information, several analytical models are used to capture the 
measured elastic modulus versus relative density trends.

To evaluate the mechanical properties of the cellular mate-
rials, the relative elastic modulus (Er) and compressive strength 
(σy,r) are calculated according to Equations  (5) and  (6), respec-
tively, where E and σy are the properties of the cellular mate-
rials and Es and σy,s are the properties of the solid material with 
the same sepiolite concentration.

=E
E

E
r

s

� (5)

,
,

σ
σ
σ

=y r
y

y s
� (6)

The measured trends for the relative modulus versus relative 
density and the compressive strength versus relative density for 

the cellular nanocomposites and the cellular PMMA are plotted in 
Figure 4a,c, respectively. Slightly higher values of the relative mod-
ulus for the 1%-S, 2%-S, and 3%-S composites at a relative density 
close to 0.5 are observed. In particular, the relative modulus for 
the composites 1%-S, 2%-S, and 3%-S are 11%, 23%, and 20% 
higher than that of the pure PMMA at the same density, respec-
tively. However, the relative modulus at lower densities is observed 
to be independent of sepiolite concentration. It was found that the 
relative yield strength mildly decreases as a function of sepiolite 
concentration for all investigated relative densities.

It has been reported by several authors[51–54] that a given 
material property of a cellular polymer (Pc) is related to the 
material property of the solid polymer (Ps) by

ρ=P

P
Kc

s
r
n � (7)

where K and n are constants to be experimentally determined. 
For most cellular polymers K is close to 1, while n is related 
to the cellular morphology of the cellular material, being close 
to 1 for closed cell structures and in the range of 1.5 to 2 for 
open cell and high density materials.[51] The trends predicted 
by Equation (7) for K = 1 are shown in Figure 4a (relative mod-
ulus) and in Figure  4c (relative strength) for different values 
of n. One can observe that the relative modulus versus relative 
density trend of the cellular materials with a high density is 
captured by Equation  (7) for n close to 2. In contrast, for the 
cellular materials with lower relative densities, a n value of 1.5 
gives a more accurate fit. The relative compressive strength 
versus relative density trends (see Figure 4c) are captured by n 
between 1.5 and 2 for all material systems.

The effect of the relative density is evaluated by fitting Equa-
tion (7) to the measured relative modulus and relative strength 
data, giving a fitted n value for each material system with a 
given sepiolite content (see Figure  4b,d). Note that, for this 
analysis, the system 5%-S was excluded as there were no data 
points at low densities.

Macromol. Mater. Eng. 2019, 304, 1900041

Figure 3.  a) Elastic modulus and b) compressive yield strength of the solid nanocomposites as a function of sepiolite concentration.
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An average n value is calculated from the fitted n values for 
each material system: n = 1.42 for the modulus and n = 1.61 for 
the strength. Equation  (7) is then fitted to the measured rela-
tive modulus of each material system and the measured relative 
strength of each material system with the average n by varying 
K. We will use A to denote the K constant for the modulus and 
B for the K constant for the compressive strength. The obtained 
values for A and B for each sepiolite concentration are divided 
by A0 and B0, the value of A and B for the cellular PMMA 
without sepiolite particles, respectively, as shown in Figure 5a 
(modulus) and Figure 5b (strength). The measured modulus of 
the solid nanocomposite divided by the modulus of the solid 
PMMA is plotted as a function of the sepiolite concentration 
in Figure 5a. The strength of the solid nanocomposite divided 
by the strength of the solid PMMA is plotted as a function of 

the sepiolite concentration in Figure 5b. From Figure 5a,b we 
conclude that, although there is an enhancement of the rela-
tive modulus and the relative strength for the solids due to the 
addition of the sepiolite particles, there is no reinforcement 
found for the cellular nanocomposites. The trends shown in 
Figure  5a,b are replotted with error bars in the Supporting 
Information.

3.2.2. Reinforcement at High Relative Density

In Figure 4a one can observe that, at high relative densities, the 
modulus values of the nanocomposites are higher than those 
of the cellular PMMA. We now perform the same analysis 
as in Section 3.2.1, but assume n = 2. The n = 2 assumption 

Macromol. Mater. Eng. 2019, 304, 1900041

Figure 4.  a) Relative modulus of the cellular PMMA and the nanocomposites as a function of the relative density with contours predicted by Equa-
tion (7) for K = 1 and n values ranging from 1 to 2; b) Predicted trends by fitting Equation (7) to the relative modulus data with corresponding n values; 
c) Relative compressive strength of the cellular PMMA and the nanocomposites as a function of the relative density with contours predicted by Equa-
tion (7) for K = 1 and n values ranging from 1 to 2; b) Predicted trends by fitting Equation (7) to the relative strength data with resulting fitted n values.



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900041  (8 of 12)

www.advancedsciencenews.com www.mme-journal.de

for high relative densities (>0.5) is in agreement with several 
previous works.[53,55–57] For this analysis, as only the high den-
sity materials are considered, the samples with 5%-S are also 
included. Figure  6 shows the results of this analysis for the 
high density materials. One can observe that A/A0 for the cel-
lular nanocomposites with a high density is above unity for 
all sepiolite concentrations. A clear reinforcement effect is 
observed for the elastic modulus for the nanocomposites 1%-S 
and 2%-S, for which the parameter A/A0 takes values as high 
as 1.18, that is, an 18% enhancement of the modulus by the 
addition of 2 wt% sepiolites. No reinforcement is detected for 
the compressive strength by assuming n = 2 for the high-den-
sity materials.

The observed enhancement of the elastic modulus values 
of the high density materials can be attributed to the presence 

of the sepiolite particles. Yet, the bimodal cell size distribution 
and the nano-sized cells could also lead to a potential enhance-
ment of the mechanical properties, see for instance, Notario 
and colleagues[9] and Miller and coworkers.[11] To verify whether 
cell size and cell size distribution play a role, additional micro-
cellular materials with 3 wt% of sepiolites were produced and 
tested in uniaxial compression (see the Supporting Informa-
tion). It was observed that the measured values for the elastic 
modulus of the bimodal and the microcellular samples were 
close to each other. These outcomes suggest that the observed 
enhancement is not caused by the nano-sized cell size and/or 
the bimodal cell size distribution. Instead, we concluded that 
the observed reinforcement is due to the addition of sepiolite 
particles in presence of a cellular structure. This effect was also 
observed by Laguna-Gutierrez and co-workers who measured 

Macromol. Mater. Eng. 2019, 304, 1900041

Figure 5.  a) A/A0 (elastic modulus) and b) B/B0 (compressive strength) as a function of the sepiolite concentration for the cellular materials and the 
solids.

Figure 6.  a) A/A0 (elastic modulus) and b) B/B0 (compressive strength) as a function of the sepiolite concentration for the cellular materials with high 
relative density and the solids.
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the elastic modulus of low density foamed polyethylene rein-
forced with silica nanoparticles.[58]

Another possible rationale behind the reinforcement 
detected in the cellular nanocomposites compared to the 
solid nanocomposites with the same sepiolite content is the 
improved dispersion of the particles in the cellular materials 
due to the foaming process. Multiple studies have demon-
strated that foaming can lead to better dispersion of parti-
cles.[59–62] To validate this hypothesis, the number of particle 
aggregates was determined before and after the foaming 
process for the material with 2 wt% of sepiolites (for which 
the highest enhancement of the modulus was observed at a 
relative density close to 0.5) using tomography and image 
analysis. Figure  7 shows an example of the reconstructed 
images for the solid and a cellular material with a relative 
density close to 0.5. The bright dots represent areas of higher 
density (note that the pores, filled with air, are black). So the 
bright dots are the sepiolites aggregates, with dimensions 
larger than 2.5  µm (corresponding to the spatial resolution 
of the computed tomography instrument). These aggregates 
represent 0.57 wt% in the solid material, whereas they only 
account for 0.15 wt% in the cellular material. Moreover, the 
number of large aggregates decreases by foaming. These 

outcomes indicate that the particles are less aggregated in the 
cellular samples than in the solids. This effect is related to 
the stretching suffered by the polymer chains during the cell 
growth.[61–64] The enhanced dispersion is expected to enhance 
the mechanical properties of the solid phase. As a result, the 
reinforcement found for the modulus of the cellular nano-
composites is stronger than in the solid nanocomposites, 
especially for the systems with 1 and 2 wt% of sepiolites.

Another potential rationale behind the observed enhance-
ment of the elastic modulus values of the high density mate-
rials is related to the position of the aggregates in the cellular 
materials. Based on SEM micrographs and tomography images, 
we observe that most of the micro-sized aggregates are iso-
lated from the solid phase and located within the microcellular 
pores as a result of the foaming process (see Figure  8). The 
solid phase in the cellular material is therefore reinforced by 
the small well-dispersed sepiolites, whereas the big aggregates 
(potentially reducing the mechanical properties of the solid) are 
not affecting the mechanical performance, as they are located 
in the microcellular pores. This observation suggests that the 
presence of a cellular structure in a nanocomposite can balance 
out, up to some extent, the negative influence of the particle 
aggregates on the mechanical properties.

Macromol. Mater. Eng. 2019, 304, 1900041

Figure 7.  Reconstructed tomography images of 2%-S: a) solid nanocomposite and b) cellular nanocomposite with a relative density close to 0.5.

Figure 8.  Example of aggregates inside the microcellular pores (red arrows): a) SEM micrograph of the cellular material 5%-S with relative density 
close to 0.5 and b) reconstructed tomography of the cellular material 2%-S with relative density around 0.5.
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3.3. Fracture Toughness

3.3.1. Effect of Relative Density

Figure 9 shows the measured[65] KIC of the solid nanocompos-
ites and the pure PMMA as a function of sepiolite concentra-
tion. The measured fracture toughness of the unfilled PMMA 
is close to 1.7 MPa m1/2, in agreement with reported values for 
KIC of PMMA in the literature.[66] It is observed that the fracture 
toughness decreases as the sepiolite content increases. This 
result is in agreement with earlier works reporting that high 
aspect ratio fillers such as sepiolites cause embrittlement of the 
nanocomposite.[66,67]

The fracture toughness of the cellular materials is evaluated 
by calculating the relative fracture toughness (KIC,r) according 

to Equation  (8), where KIC is the toughness of the cellular 
materials and KIC,s is the property of the solid material with the 
same sepiolite concentration.

,
,

=K
K

K
IC r

IC

IC s
� (8)

The trends for the relative fracture toughness versus relative 
density of the cellular nanocomposites and the cellular PMMA 
are plotted in Figure 10a. All the samples present a brittle frac-
ture behavior (see the Supporting Information for SEM images 
of the fracture surface). Over the complete density range, the 
measured relative toughness of the cellular materials with 
sepiolite particles is higher than the measured relative fracture 
toughness of the cellular materials without sepiolites. At high 
relative density, the relative fracture toughness of the compos-
ites 1%-S, 2%-S, 3%-S, and 5%-S are higher than that of the 
PMMA in 14%, 31%, 58%, and 19%, respectively. At lower den-
sity (0.34), the differences can be as high as 79% for the sample 
3%-S. The trends predicted by Equation  (7) for K = 1 are also 
shown in Figure 10a for different n values.

Equation (7) is fitted to every material system, see Figure 10b. 
An average n value is calculated from the fitted n values: 
n = 1.43. Equation  (8) is subsequently fitted to the measured 
fracture toughness values for each material system for n = 1.43 
by varying K. We will use C to denote the K constant for the 
fracture toughness. The obtained C values for each sepiolite 
concentration are divided by C0, the value for C for the cel-
lular PMMA without sepiolite particles, as shown in Figure 11. 
The fracture toughness of the solid nanocomposites divided by 
the fracture toughness of the solid PMMA as a function of the 
sepiolite content is shown in Figure 11 too. From Figure 11 we 
conclude that, although there is a significant decrease of the 
fracture toughness of the solids as the sepiolite concentration 
increases, addition of sepiolite particles to the cellular materials 
leads to an enhanced fracture toughness. This enhancement 

Figure 9.  Fracture toughness (KIC) of the unfilled PMMA and of the solid 
nanocomposites as a function of sepiolite content.

Figure 10.  a) Relative fracture toughness (KIC) of the cellular PMMA and the nanocomposites as a function of the relative density with contours 
predicted by Equation (7) for K = 1 and varying n values ranging from 1 to 2; b) Fits of the relative modulus according to Equation (7) and resulting 
fitted n values.
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found in the cellular materials could be a consequence of the 
presence of a bimodal cell size distribution in combination 
with nano-sized cell sizes. To evaluate this effect, the fracture 
toughness of an additional set of microcellular materials with 
a 3 wt% sepiolite concentration was measured (Supporting 
Information). It was found that the cell size distribution had no 
effect on the toughness of the samples. These outcomes there-
fore suggest that a better dispersion of the sepiolites in the cel-
lular nanocomposites and the presence of the aggregates inside 
the microcellular pores lead to an improved relative fracture 
toughness, or in other words, the negative effects of the particle 
aggregates in the fracture toughness of the solids are hidden in 
the cellular materials.

4. Conclusions

The present study reveals that the addition of up to 3 wt% 
of nanoparticles made from hydrated magnesium silicates 
(so-called sepiolites) to solid PMMA leads to a mild increase 
in modulus (by 15%) and in yield strength (by 5%) but to a 
decrease in bulk fracture toughness (by 40%). The effect of sepi-
olite content upon the mechanical properties of PMMA cellular 
materials with a bimodal cellular structure with nanometric 
cells (300 to 500  nm) is more complex. First, the porosity of 
50% to 75% exists in a bimodal cell size distribution with one 
population of cells on the nanoscale (cell sizes below 500 nm) 
and the other on the microscale. The presence of porosity 
degrades the modulus, strength and toughness for both pure 
PMMA and for the PMMA-sepiolite composites. In order to 
isolate the effect of sepiolite content on the relative properties 
of the foamed PMMA, it is necessary to factor-out the effect 
of porosity. When this is done, it was found that the relative 
modulus is independent of sepiolite concentration, whereas 
the addition of sepiolites results in a mild decrease in relative 
strength. The relative fracture toughness strongly increases as 
a function of sepiolite content. Moreover, for the cellular nano-
composites with a relatively low porosity (close to 50%), the 

addition of sepiolite particles leads to an increase in the rela-
tive modulus. Our observations suggest that the enhancement 
of the relative fracture toughness and the relative modulus (for 
the porosity of 50%) of the nanocellular PMMA by the addi-
tion of sepiolites is caused by the improved dispersion of the 
sepiolites due to the foaming process and by the migration of 
the micro-sized sepiolite aggregates to the micro-sized pores 
during foaming.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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