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Abstract

Nanofiller reinforcing agents can significantly improve the strength and modulus of
polymer foams. But these improvements are often accompanied by changes in foam
density (or equivalently the expansion ratio or void volume). The efficacy of nanofillers
as reinforcing agents can only be judged once the density differences are accounted for.
We review the literature and show that representing the data on Ashby charts of
modulus against foam density is an effective way of evaluating whether nanofillers
have a significant reinforcing effect or not. The literature suggests that strength and
improvements due to nanofiller — after accounting for foam density changes — are
typically modest for thermoplastic foams. However, major improvements are possible
for reactively generated foams, especially flexible polyurethane foams.

Keywords
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Introduction

Nanofillers such as carbon nanofibers (CNFs) or nanotubes, silica, or organoclays
are often added to foamed polymers for a variety of reasons including increasing
nucleation, reducing cell size, or improving barrier properties. In many such cases,
the addition of nanofillers is also intended to improve the mechanical properties of
the foams. Figure 1 illustrates an example of an especially dramatic improvement
in the strength of polyurethane (PU) foams with addition of montmorillonite
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Figure 1. Compressive and tensile strength of PU foam/organoclay nanocomposites.'

(MMT) clay: the addition of only a few weight percent clay improves the tensile
strength and the compressive strength by 110% and 152%, respectively.! Many
such examples of nanofiller-induced improvements in modulus or strength are cited
in the literature® ® and the supplementary information has compiled data from
numerous articles showing similar results. A recent review article also commented
on the efficacy of nanofillers at improving foam properties.” In the light of these
results, the question “Do nanofillers improve modulus and strength of foams?”
seems to be answered with an unequivocal “Yes” in many cases. However, this
conclusion cannot be sustained solely based on data such as Figure 1 because the
nanofiller may simultaneously change the foam density which itself affects mechan-
ical properties. For instance, if the filler increases the density of the foam, one
would see an increase in strength for that reason alone — regardless of the reinfor-
cing effect of the filler. Thus, for any practical application, the foam strength may
be improved by simply reducing the expansion (i.e., foaming to a higher density)
rather than by adding a nanofiller. Depending on the costs of the nanofiller, the
polymer and the processing operation, increasing the density of the filler-free foam
may be more economical than adding the filler to achieve the same final foam
properties. Clearly then, addressing the question posed in the title of this paper
requires accounting for changes in foam density with particle addition. The goal of
this article is to examine — after accounting for the changes in foam density — the
extent to which nanofillers affect foam mechanical properties.

Remarkably, a large number of articles on polymer foams, including Xu et al.'
(Figure 1), do not quote the density of the foams at all. Thus, a quantitative
“normalization” for the effect of foam density, or even a qualitative judgment of
whether density changes may have affected the mechanical properties, is not
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possible from the data. There are also numerous articles,>® ! especially in the

microcellular foams literature, in which the foam density is not given explicitly
but the mean cell size and the cell number density, Ny, are both quoted. At first
glance, a combination of the two should give the foam density since

1 oam
(void volume fraction) = (V.eNy) = <6nD?eH)N,«- = (l — 'O‘f) (1)
' ' Psolid

where D..; and V. are the cell diameter and cell volume, respectively, and the
angular brackets denote an average. However, there are potential problems with
this approach. Often the cell number density is calculated from electron microscope
images of cross-sections of the foams using the equation®'*'*

n

Ny = (z)g @

where n is the number of cells in an scanning electron microscope (SEM) cross-
sectional image of area 4. Equation (2) makes several assumptions including that
the cells are isotropic, that the foam density is low, and that the cell size distribu-
tion is not too polydisperse. If these assumptions are not met, equation (1) may
give wrong results. To further complicate matters, numerous articles do not specify
clearly how the average cell size has been calculated. Equation (1) requires that the
cell size be the volume-weighted average (D3 ,)'/?, whereas if the size-weighted
average, (D..), has been quoted, it would not be appropriate to use equation
(1). Moreover, if the cells are anisotropic, each cell size is itself an average of its
dimensions along two orthogonal directions. In that case, calculating the average
cell volume from this average size would give incorrect results even if the cell size
polydispersity was low. Finally, to further complicate matters, some articles'> '8
report the cell density, Ny, calculated as

3 .
NO _ (ﬁ)szO/ld (3)
A Pfoam

This Ny is the number of cells per unit volume of the unfoamed polymer which
cannot be used in equation (1). For all these reasons, applying equation (1) to
estimate foam density may cause large errors. For instance, using equation (1)
can sometimes'®?® yield an unphysical result that the Pfoam < 0. This must not
be regarded an error in the values of cell density or of cell size quoted in the original
articles since those values were not intended for back-calculating foam density.
However, it does mean that data from those articles cannot be ‘“‘normalized” to
account for foam density variations.

Accordingly, this review is chiefly focused on articles in which the following
three criteria were met (1) nanofiller-containing foams were compared against cor-
responding nanofiller-free foams, (2) mechanical properties were measured, and (3)
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foam density was cited explicitly in the paper. Approximately 30 articles were
found to satisfy all the three criteria. The bold texted rows in Table 1 summarize
some of the key information in these papers: the polymer, the type and amount of
filler, the foaming method, and which mechanical properties were measured. The
Online Supplementary Information summarizes the mechanical property data in
each paper. Based on all of these articles, we conclude that (1) the improvement in
mechanical properties due to nanofiller addition is typically modest for thermo-
plastics, although occasional cases of much larger improvements have been docu-
mented,®?!?** (2) dramatic improvements are possible when the matrix is
rubbery,*®?° (3) filler surface modification and the foaming operation can have
a significant effect on the efficacy of reinforcement.>!!2°

In addition, there are numerous articles where the addition of nanofiller was
shown to affect mechanical properties, but foam density was not stated. These
articles are also included in Table 1, but datasheets for those papers are not pre-
sented in the Online Supplementary Information.

The outline of this article is as follows. The next section discusses, with one
illustrative example, how differences in foam density may be accounted for when
judging the reinforcement efficacy of nanofiller. Next, we will cite exemplary data
supporting the conclusions listed in the previous paragraphs. Finally, we will dis-
cuss some potential mechanisms whereby the fillers can affect the mechanical prop-
erties of foams.

Accounting for differences in foam density

Figure 2 illustrates an example of the Young’s modulus of foams reinforced by
CNFs.® Figure 2(a) compares the modulus of the foams obtained at two different
nanofiber loadings against the modulus of the filler-free foams. Foams of various
densities, which have been tagged in Figure 2 as “low,” “medium,” and “high”
density, were obtained by varying the processing conditions. Three comments
may be made (1) the modulus of the unfilled foam increases significantly with
density which is well recognized in the foam literature,?’ (2) under a given set of
processing conditions, the modulus increases with nanofiber addition analogous
to Figure 1, and (3) the foam density also increases with nanofiber addition. As
mentioned in the Introduction section, it is the last effect that must be “‘sub-
tracted out” when judging the efficacy of the nanofiller in improving mechanical
properties.

One immediate solution may be to normalize the mechanical property of
each foam by the foam density, e.g., by comparing specific strength or specific
modulus.®®!'"*® This comparison is shown in Figure 2(b), and while the dif-
ference between samples appears somewhat smaller, nanofiber addition still
appears to have a beneficial effect, i.e., it improves the specific modulus Eppa,
Nevertheless, simple normalization by the density may not entirely account for
foam density variations because the mechanical properties of foams often vary
non-linearly with density.>” For instance, in the limit of low densities, a wide
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variety of foams have been shown to approximately follow a quadratic
relationship®’

) 2
E}‘oam _ K(pfaam) (4)

E\'olid Psolid

where K is nearly 1.%” Such a relationship suggests that the specific modulus % is
not independent of the foam density: if a nanofiller doubles the foam densitijtlhe
specific modulus doubles even if the filler has no reinforcing effect at all. In such a
situation, one may erroneously conclude that the nanofiller improves the mechan-
ical properties, when in fact the nanofiller merely reduces foam expansion. As
mentioned in the Introduction, in such a case, the same improvement in modulus
could have been realized without nanofiller, simply by reducing the foam expan-
sion. This same issue remains even if equation (4) is not exactly correct, or if
properties other than modulus are under consideration: simply normalizing a prop-
erty by density is justifiable only if that property is inherently proportional to
density.

The best solution then is to compare samples with and without nanofillers at a
constant foam density. This, however, is difficult since most foaming operations
cannot control foam density accurately. More precisely, if the neat polymer and the
filled polymer are foamed under identical conditions, they will typically not have
the same density. In some cases, the changes in foam density due to nanofiller
happen to be quite small,”®?* and later in this article, one such case will be dis-
cussed in greater detail. It is also possible to guarantee samples of exactly the same
density by foaming in a closed mold, thus limiting the expansion to a pre-specified
value.?”” ! Even in such cases, however, a density gradient between the core and the
walls*?>® may provide misleading results. In extreme cases, the formation of a skin
at the surface may significantly affect mechanical measurements, especially if the
foam density is very low. In summary, although foam properties ought to be
compared at fixed foam density, such comparisons are often not possible.

The next best approach is to obtain the mechanical properties across a wide
range of densities, e.g., finding the entire Efyup VS. pjam curve, often known as
an Ashby chart,’”* and then finding how this curve is affected by the addition
of nanofillers. Indeed, the article of Shen et al.® (Figure 2) provides three
densities at each nanofiber loading, allowing a rough modulus—density graph
to be plotted (Figure 2(c)). The solid line corresponds to the quadratic depend-
ence of equation (4) (with K = 1), which seems to capture the modulus—density
relationship for the filler-free foams at least approximately. At the lowest
densities, the nanofiller-containing foams appear to follow this same relation-
ship almost quantitatively, suggesting that a comparable modulus improvement
might have been obtained by reducing foam expansion rather than by adding
nanofiller. At higher density, however, the modulus appears to increase more
sharply than the solid line suggesting that nanofiller addition may have a
reinforcing effect.
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Figure 2. (a) Young’s modulus of the PS-CNF foams.? (b) Specific modulus of the PS-CNF
foams (ratio of modulus to density). (c) Ashby chart of modulus vs. density. Note that the
moduli of the low- and medium-density foams were measured in compression while the
moduli of the high-density samples were measured in tension.
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Admittedly, Figure 2 shows only three points on the modulus—density curve;
moreover, the moduli of different samples were measured differently (in tension for
the high-density foam and in compression for the medium- and low-density foams).
Therefore, the conclusion of the previous paragraph is only tentative. Nevertheless,
if more data were collected, this approach offers the potential for drawing unam-
biguous conclusions about whether the nanofiller truly has a reinforcing effect. The
advantage of this approach is that it is purely experimental and does not depend on
specific models of foam mechanics: the sole criterion is whether the properties of
foams with nanofiller systematically lie above or below the curve for foams without
filler. For instance, Figure 7 illustrates such an example where the modulus—density
curve for filled foams is consistently above that of the unfilled foams indicating a
true reinforcing effect.?! In contrast, Zhang et al.** (see corresponding graph in the
Supplementary Information) show an excellent example where nanofiller induces
large change in the modulus, strength, and density, yet, foams with and without
nanofiller fall on exactly the same curve. These results* suggest that the dominant
role of the nanofiller in Zhang et al. is simply reducing foam expansion with little or
no reinforcing effect.

The disadvantage of this approach is that it is experimentally tedious: it requires
sufficient number of samples that a continuous curve of Efqy, VS. Pram can be
drawn with confidence. In fact only a few articles*®?!*° have reported samples
at sufficient number of densities that such a curve can be drawn at all. Nevertheless,
this idea of comparing foams on an Ashby chart where a particular property is
plotted against density is very useful: it can not only judge whether nanofiller
addition has a beneficial effect but also identify which particle loadings, particle
types, or foaming conditions offer the greatest improvements. Accordingly, all the
data in this paper and in the Online Supplementary information are compiled in
this form of Ashby charts. In the following section, we will present data from
specific articles that have been selected to illustrate the key effects of nanofiller
on foam mechanics.

Nanofiller effects in polymer foams

Figure 3 compares the Young’s modulus data for a single material, polystyrene
(PS), from four different papers,>®***! including the article of Figure 2. To our
knowledge, these four are the only papers on PS foams which satisfy the three
criteria listed at the end of the Introduction section, viz. using nanofillers, citing
foam density, and measuring mechanical properties. The lines with slope 2 corres-
pond to equation (4), where E|,;; was assigned the modulus of the unfoamed filler-
free PS quoted in each paper. In each case, the unfilled points correspond to the
foams without filler, and in each, equation (4) is found to be in qualitative agree-
ment with the results although deviations of as much as 1.5 x (in either direction)
are sometimes evident. Various nanofiller types, and at various filler loadings are
included in Figure 3. The advantage of representing the data in this form is espe-
cially evident for the data of Han et al.> shown as purple diamonds; here the fillers
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Figure 3. Modulus of the PS foams vs. density.>52**® The lines correspond to equation (4).

The elliptical boundaries correspond to the envelope of properties expected from closed- and
open-celled polymeric foams.”>”® See Table | for abbreviations.

increase both the foam density and modulus significantly, but these filler-containing
foams do not deviate much from the quadratic line. This behavior is similar to that of
Zhang et al.*® mentioned above. Thus, if equation (4) is valid for these foams, then
we would conclude that the improvements in foam properties are entirely attribut-
able to nanofiller-induced changes in foam density rather than nanofiller-induced
reinforcement. Examining Figure 3, the filler effects appear modest for most sam-
ples. In fact, the data on all the papers in the Online Supplementary Information
suggest that this is true for a majority of thermoplastic foams: the improvements in
modulus or strength are typically below 20%. Nevertheless, it must be emphasized
that the y-axis in Figure 3 is a logarithmic scale spanning over three orders of mag-
nitude; such a large-scale magnitude can mask some significant improvements. Most
strikingly, in the case of the MMT-reinforced foams from Ogunsona et al.** (green
triangles in Figure 3, which correspond to different MMT loadings), the filler sim-
ultaneously induces an almost two-fold decrease in foam density and a two-fold
increase in modulus. There are a few other examples in the literature where similar
large improvements of strength or modulus were realized.®>"** In summary, Figure
3 illustrates the value of uniting different data for a single thermoplastic onto a single
graph: it has the potential to identify filler types or filler loadings that can give the
greatest improvement in properties.

Not only the nature of the solid filler used but the processing conditions may
also affect the improvement in mechanical properties. Figure 4 illustrates an exam-
ple of LDPE foams prepared by two different methods:'"** batch foaming (BF)
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Figure 4. Effect of processing conditions on the mechanical properties of LDPE foams with
nanosilica (nS).'""*” The quadratic lines correspond to equation (4) in the text and 5.18b in
Gibson and Ashby.®®

using carbon dioxide and improved compression molding (ICM) using a chemical
blowing agent. In the BF method, samples were saturated with CO, at high pres-
sure and temperature, and then the pressure was decreased rapidly with simultan-
eous cooling. In this case, the addition of nanosilica was seen to reduce the density
with a slight improvement in modulus and collapse stress, at least at the 3% and
6% silica loading. In the ICM method, the polymers, blended with 5% of azodi-
carbonamide as a blowing agent, were introduced into a cylindrical mold in a hot
plate press. The blowing agent was allowed to decompose by heating without
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permitting foam expansion, followed by rapid foam expansion and simultaneous
cooling. In this case, the filler was seen to increase the modulus significantly, at
least up to 6% silica, along with a modest increase in foam density. Thus, the effect
of filler loading is qualitatively consistent in the two experiments (best improve-
ment appears at 3-6% loading in both cases), although the actual density values
realized are somewhat different. It is noteworthy that regardless of foaming tech-
nique, the method used for dispersion of the nanofiller into the thermoplastic was
identical; thus, the difference in foam properties is not likely due to the state of
dispersion of the nanosilica, but instead due to differences in the foam structure
(in particular, the open cell content) obtained from the two different processes.'!
Incidentally, in the case of BF, the modulus increased while density reduced — a
combination that strongly suggests that the nanofiller does have a reinforcing
effect. As with Ogunsona et al.** discussed in the previous paragraph, in such
situations the filler reinforcement effect is clearly evident even though samples
are not compared at fixed foam density.

The surface chemistry of the filler can also affect the foam properties. First, favor-
able interactions between the polymer and the filler can improve the dispersion of the
filler. Second, the adhesion between the filler and the polymer, which is critical for
stress transfer from the polymer to the filler, may also be improved with appropriate
surface chemistry. Such chemical interactions can be improved by including func-
tional groups into the polymer to act as compatibilizing agents. Indeed, Table 1
shows numerous cases in which maleated polymers are added as compatibilizers.
Itis also common in the nanoclay composite literature to use organic modification of
the clay to improve compatibility with the polymer.***® Such compatibilization can
have a significant effect on mechanical properties as exemplified in Figure 5. This
figure shows the tensile strength and ultimate elongation of ethyl vinyl acetate foams
with MMT clay nanofiller®® at a single filler loading of 3 wt%. In addition to the
native unmodified MMT clay, three organoclays were used. As clear from Figure 5,
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Figure 5. Effect of different clay types (all at 3 wt% loading) on the mechanical properties of
ethyl vinyl acetate foams.?
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although clays improved the strength and ultimate elongation in all cases, there was
a significant effect of the type of clay used, with the best improvement coming from a
clay dubbed D1821-MMT which was MMT modified with a surfactant having
highly hydrophobic tail. These differences in mechanical properties with clay func-
tionalization were shown to be directly related to the quality of dispersion of clay as
judged by SAXS: the native Na-functional MMT and the hydroxyl-functional MMT
had the worst dispersion and the least improvement in strength, whereas the orga-
noclays D1821-MMT and 1831-MMT had the best dispersion and greatest improve-
ment in strength. More details of the chemical nature of the organic modification are
available in Table 1 and in the supplementary datasheet.

The data of this figure are unusual in that because the foaming was conducted by
compression molding in a closed mold, all the foams have nearly the same density.
Thus, this is a rare example of where the reinforcing effect of nanofiller can be made
quantitative without normalizing for foam density. Incidentally, it is noteworthy that
in organoclays, the organic surfactant comprises a significant fraction of the mass
and volume of the clay. Thus, even though all the foams contained 3% by weight of
the organoclay, the fraction of the aluminosilicate platelets, which are the actual
reinforcing agent, was not constant. In the case of Na-functional MMT, all of the
mass of the clay was capable of being a reinforcing agent, whereas in the other
extreme of D1821-MMT, only 65% of the clay mass could act as a reinforcing
agent (the remaining 35% being surfactant). Thus, it is noteworthy that the
D1821 clay increased the strength of the foams to a greater extent even though the
loading of the actual reinforcing agent was lower. This testifies to importance of the
better dispersion and adhesion realized due to the organic modifier.

We now turn from thermoplastic foams to reactive foams in which a low-mole-
cular weight fluid is converted, in a single step, into polymer foam. These are
typically PU foams made by reaction between polyol and isocyanate, with several
other ingredients included in the reacting mixture. The foam expansion occurs
either due to the boiling of a physical blowing agent such as a fluorocarbon
mixed into the reacting mixture, or due to the reaction of one component of the
reacting mixture with water. In such systems, foaming, polymerization, and often
crosslinking or vitrification of the polymer, all happen simultaneously. Even in the
absence of nanofiller, the situation is complicated because changes in foam density
may go hand-in-hand with changes in the composition or glass transition tempera-
ture or crosslink density of the solid phase. Moreover, properties of the unfoamed
solid phase, e.g., Ey 4, are difficult to measure since it can be difficult to reproduce
the exact same material in unfoamed form. Accordingly Figure 6, which summar-
izes modulus of some reactive foams, does not show any data for the unfoamed
polymer. What is most noteworthy is that unlike thermoplastic foams, significant
improvements due to nanofiller addition — either a decrease in foam density with-
out loss of modulus, or an increase in modulus at fixed density, or both — are seen
in many cases. However, these improvements can depend severely on the materials
used. An excellent illustration of this is provided in Cao et al.* where two PU foams
were examined, with the only difference being the molecular weight of the polyester



XML Template (2014) [25.8.2014-5:36pm] [1-32]
/bimas3/cenpro/AgplicationFiles/Journals/SAGE/382/CELI/VoI00000/140041/APPFile/SE-CELI140041 3d(CEL) -
PREPRINTER stage]

12 Journal of Cellular Plastics 0(0)

1 1 1 1 T I 1 1
1074 5
- m! -
102
& ]
S .
w =
9 i PUOClay(MMT)® |
5 i PULIMMT+CNFE |
3 PUOCNT®
= PUOVMTS
10° PUOMMT®  —
10‘4—_‘ -]
7 siliconeAFGSACNFY A ]
T T T LI T I T T
0,02 on 04
Density, p (Mg/m® or g/cm?)
Figure 6. Modulus of reactively generated foams with various nanofillers.®'%**=* All exam-

ples are polyurethanes except the pink triangles which are silicone.®® The solid lines corres-
pond to envelopes of closed and open-celled foams from Gibson and Ashby.®®

polyol used to prepare the foam. Using a polyol with a number-average MW of
540 g/mol gave a relatively soft PU (modulus 1.4 x 10~* GPa), and addition of
MMT clay raised this modulus significantly. These results are shown by the
purple oval symbols in Figure 6. The polyol with a number-average MW of
300 g/mol gave a relatively rigid PU foam (modulus 0.19 GPa) and addition of
clay was found to reduce the modulus of the foam. This latter series of PU foams
are not included in Figure 6 because their densities were not cited in that paper.?
This example highlights the complexity of reactive foams: a modest difference in
polyol MW — with no other changes in materials or processing — caused the nano-
filler to increase modulus in one case and decrease it in the other.

Finally, Cao et al.> (published in 2005) state that “the experimental results
suggest that it is difficult to increase strength and modulus in rigid PU foams by
adding nanoclay.” The later literature since 2005 broadly supports this statement:
nanofillers can improve the strength and modulus of flexible foams much more
than of rigid foams. One simple explanation for this may be rooted in the basic
theory of reinforced composites which suggests the modulus of a matrix is
increased much more if the ratio % is large. Thus, if a given filler is added to
a soft elastomeric matrix, a very large improvement in modulus can be realized,
whereas if the same filler is added to a rigid glassy matrix, a relatively smaller
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improvement can be realized. Since the material comprising the cell walls of the
foam is a nanofiller-reinforced composite, this suggests that nanofillers are likely to
be more effective at modifying the properties of foams made from low-modulus
polymers. Indeed, this is borne out by Figure 6: the greatest improvement in modu-
lus appears for the flexible PU foam from Cao et al.®> and the silicone foams of
Verdejo et al.*?* — materials in which the nanofiller is added to a soft polymer.
Finally, we turn to discussing the potential mechanisms whereby nanofillers may
improve the mechanical properties. Perhaps the simplest is equation (4) which sug-
gests that the modulus of a foam is proportional to the modulus of the solid com-
ponent of the foam. Even if the dependence on foam density is different,?! from what
is predicted by equation (4), the basic idea is still valid: since nanofillers often
improve the modulus of unfoamed polymers, a proportionate improvement in the
foam modulus may be expected. Similar correlations have been developed for other
mechanical properties,”” and in most cases, any given foam property is proportional
to the corresponding property of the solid material comprising the cell walls. Thus, it
is of interest to compare the degree to which nanoparticles improve the mechanical
properties of the foams versus those of the unfoamed polymer. Such comparisons
can be done only infrequently using the published literature since many articles do
not document the effect of nanofiller on the unfoamed polymer. A nice example
which does provide data on both the foamed as well as unfoamed nanocomposites
is Chen et al.”! The results from this paper are illustrated in Figure 7, which compares
the modulus of foamed and unfoamed poly(methyl methacrylate) (PMMA) contain-
ing two different CNFs.?! For the foams without added nanofibers, the dependence
on modulus on density does not follow equation (4); instead the modulus appears to
decrease less sharply with density. Regardless, with the addition of F100 nanofibers,

OPMMA
@ PMMA+F20
A PMMA+F100

Modulus, E(GPa)

0.1

0.1
Density, p (Mg/m? or g/cm?)

Figure 7. Modulus of PMMA foams containing two different carbon nanofibers.?'
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the general shape of the modulus—density curve is seen to remain the same but the
curves move upwards by a factor that is roughly the same as the modulus increase for
the unfoamed polymer. These results argue in favor of a very simple picture that the
nanofiller affects Efyuy and Eg,jiq in exactly the same way: the foam is stiffer simply
because the F100 nanofibers make the material of the cell walls stiffer.

We speculate that E,., o< Eyq is not necessarily true, and more complex behavior
may be possible. Indeed, for the sample containing F20 nanofibers in Figure 7, nano-
fiber addition seems to increase Ej,,,, more than Eg,;. If the filler is highly anisotropic,
one possible reason for this may be filler orientation. The filler in the unfoamed polymer
is typically unaligned, whereas upon foaming, the filler can orient parallel to the cell
walls.>***" In reinforced composites, filler alignment generally improves the modulus
and strength along the alignment direction. Thus, high-aspect ratio nanoparticles might
improve the modulus to a greater extent in a foam (due to well-oriented filler in the cell
walls) than in the unfoamed polymer (in which the filler is isotropically oriented).

On the other hand, it is also possible for the filler particles to serve as cell-
opening agents. While we have not found any example of this being true in thermo-
plastic foams, this has been documented in PU foams,*®* and indeed nanofillers
may be added to PU foams specifically for this purpose. Models of foam mechanics
suggest that decreasing the open cell content reduces the modulus®’; thus, even
particles that are good reinforcing agents in an wunfoamed polymer may end up
reducing the modulus once the polymer is foamed. In such cases, not just modulus
changes, but many other large changes in mechanical behavior may be expected.

Cell size may also play a role. Frequently, the addition of nanoparticles increases
the nucleation®®; thus, if samples are compared at the same foam density, a higher
nucleation density also implies a significantly smaller cell size. While the models of
Gibson and Ashby?’ predict that most mechanical properties are independent of
cell size, in reality, some cell size dependence may be present. The available data do
not allow a definitive conclusion on whether nanofillers affect the mechanical prop-
erties via their effect on the cell size.

Conclusion

In summary, the efficacy of nanofiller at improving the strength and modulus of
polymer foams can only be judged after the effects of nanofiller on foam density are
controlled for. However, preparing foams with and without filler at exactly the same
density is difficult. We show that comparisons of filled and unfilled foams across a
range of densities are a powerful method of judging whether nanofillers have reinfor-
cing effects. The same comparisons can identify which nanofillers are most efficacious
and at what loadings. Furthermore, nanofiller can affect foam mechanical properties
in many ways, e.g., mechanical reinforcement of the matrix, alignment of filler in the
foam walls, changes in the open cell content, etc. Identifying which of these mechan-
isms is active becomes possible once the effects of foam density are accounted for.
The chief conclusions of this review are that improvements in modulus or strength
exceeding few 10% (holding foam density fixed) are uncommon for thermoplastic
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foams, but more common for soft elastomeric foams often made by reactive foaming.
Moreover, the efficacy of nanofillers depends on processing conditions and on the
surface chemistry of filler. Finally, we note that several articles'*%*=">! on the mech-
anical properties of nanofiller-containing foams were excluded from this review
because density was not cited explicitly. However, density is perhaps the most import-
ant attribute of foams and ought to be quoted in most research on foamed plastics.

This review focuses only on the narrow issue of how nanofiller affects mechanical
properties. Nanofiller can have numerous other beneficial effects: nucleating foam
bubbles,*”>3 decreasing the cell size,”* > acting as diffusion barriers,”® > increasing
electrical conductivity,*®® stabilizing the foams through interfacial adsorption,®' sta-
bilizing foam through reduced crystallinity,®>% improving fire retartance,®* reducing
thermal conductivity,®>® and increasing open cell content.*® For some of these prop-
erties, the questions central to this review may be posed, e.g., how much does thermal
conductivity reduce once samples are compared at the same foam density? Which
nanofillers reduce thermal conductivity to the greatest extent once foam density vari-
ations are accounted for? What nanofiller loadings are optimal? Addressing these
questions will promote the optimal use of nanofillers in polymer foams.
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