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ABSTRACT: Phenolic foams reinforced with pristine and functionalized multiwalled carbon nanotubes (MWCNTs) were fabricated to
develop fire-resistant materials with improved mechanical properties. The influences of the contents of carboxyl multi-walled carbon
nanotubes (MWCNTs-COOH) and of MWCNTSs types on the compressive properties of the composite foams were investigated. The
microstructure and detailed failure behavior of MWCNTs/phenolic composite foams were studied using scanning electron microscopy
(SEM) and in situ quasistatic compression inside SEM, respectively. In addition, thermal performances were evaluated by thermogra-
vimetric analysis (TGA) and vertical burning method. It is found that as heterogeneous nucleation agents, MWCNTs increase cell
density and decrease cell size of the produced foams, and that as reinforcements located in cell walls, MWCNTs impart high strength
and stiffness to brittle foams. Moreover, MWCNTs reinforced foams have higher thermal stability than raw foams and exhibit similar
excellent resistance to flame, confirming the effectiveness of MWCNTs as stabilizers. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130:

1479-1488, 2013
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INTRODUCTION

Unlike those market-leading polymeric foams as polyvinyl chlo-
ride (PVC), polystyrene (PS), and polyurethane (PU) foams,
phenolic foam exhibits excellent comprehensive thermal proper-
ties, including low thermal conductivity coefficient, flame resist-
ance without incorporating any fire-retardant additives, i.e.,
nondripping during combustion, low smoke density and smoke
toxicity, as well as thermal stability over a broad temperature
range."” As a consequence, phenolic foam has been the leading
candidate in a wide range of applications with stringent require-
ments for flame, smoke, and toxicity, like civil construction,
chemical industry, and aerospace application.”® However, one
of the main drawbacks of phenolic foam, particularly that of
low density, is intrinsically brittle due to the structure of its
molecular chain,® which causes low strength, poor impact resist-
ance, and high friability. This leads to serious problems such as
skin debonding in sandwich structure, susceptibility to damage
during handling and dust pollution in workspace, thereby
severely restricting its applications in engineering.*™®

Over the past few decades, there have been many attempts to
make phenolic foam stronger and tougher, and these fall into
two categories: chemical modification®™ ™! and nonreactive
approaches."””™” Incorporating chemical modifier, such as
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polyisocyanate,™ polyacrylamide,'” and glutaraldehyde,"" is
effective for improving the mechanical properties of phenolic
foam, but deteriorates its flame retardancy. On the other hand,
adding inert filler, like talc, mica, clay,lz’13 glass and ceramic
miroballoons, fly ash,'* etc., has shown to enhance the texture
and homogeneity of foam, while increases the viscosity of the
resin before foaming, and thus makes foams heavier. The incor-
poration of chopped fibers, including glass fiber, aramid fibers
(e.g., Nomex and Kevlar)'™!® and natural fibers (bamboo and
cellulose fiber)'” increases foam strength, stiffness, resistance to
abrasion and dimensional stability. Although these fiber rein-
forcements are distinctly effective for the enhancement in the
mechanical properties of phenolic foam, they affect the mixing
and foaming process, leading to increased density and poor sur-
face quality.

Since first reported by Sumio Iijima in 1991, carbon nanotubes
(CNTs) have received increasing attention. With low density,
large aspect ratio, and remarkable mechanical, electrical and
thermal properties, CNTs provide lightweight, strong and high
toughness characteristics to composites.'®'” Until recently,
researches regarding CNTs reinforced polymeric foams have
been reported mainly referring to thermoplastic polymeric
foams.”>** Small amounts of uniformly dispersed CNTs in a
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polymer matrix as heterogeneous nucleation agents, can facili-
tate nucleating cells, leading to an alteration in the microstruc-
ture of foam, such as cell size and cell density.”® Chen et al.*!
studied the influence of multiwalled carbon nanotubes
(MWCNTs) aspect ratio on the morphology of the nanocompo-
site foam, and found that smaller aspect ratio yielded higher
cell density under the same formulation and foaming process.
Furthermore, strong interfacial interaction between functional-
ized CNTs and foam matrix improves the efficiency of stress
transfer as well as the modulus and strength of the composite
foam. The effect of MWCNTs on the mechanical properties of
MWCNTs/PMMA nanocomposite foam was also revealed by
Chen.”> When MWCNTSs concentration reached 1% by weight,
Young’s modulus of polymeric foam increased by 82%, and the
collapse strength increased by 104%. Remarkable enhancement
in tensile properties was observed when MWCNTs were added
into ethylene vinyl acetate (EVA) foams.”> Moreover, Zhang

et al.*

studied the mechanical behaviors of rigid polyurethane
foam reinforced with MWCNTs, showing the effectiveness of

CNTs on the compressive properties of thermoset foam.

In addition, multifunctional CNTs/polymeric composite foams
are gaining intensive significance. For instance, Verdejo et al.”’
prepared MWCNTs/flexible polyurethane composite foam, and
concluded that MWCNTs with the addition of 0.1 wt %
enhanced the acoustic activity. MWCNTs reinforced poly (e-cap-
rolactone) (PCL)*® and PS* foams showed extraordinary elec-
tromagnetic shielding (EMI) properties due to high electrical
conductivity of CNTs. Besides, CNTs, acting as flame-retardant
additives, demonstrate potential flammability reduction in
many polymers, like polypropylene (PP),*® PMMA,** and PS.*
Many works have shown the advantages of CNTs reinforced
foam, but few studies on CNTs/phenolic foam have been
reported. Because the effect of CNTs on the properties of brittle
foam is still not fully understood, the mechanical and functional
performances of the nanocomposite foam are worth
investigating.

This current article is aimed at showing the simultaneous
enhancement in mechanical and thermal properties of phenolic
foams via the inclusion of MWCNTs. Pristine, carboxyl, and
amino MWCNTs were respectively well dispersed into phenolic
resins through ultrasonic irradiation and MWCNTs reinforced
phenolic foams were obtained by batch foaming process. The
cell morphology, with and without MWCNTs additives, was
observed by scanning electron microscopy (SEM). The influence
of MWCNTs on the compressive properties of the composite
foam was investigated, and in situ compression inside SEM was
conducted to explore the reinforcing mechanism of MWCNTs.
Moreover, thermal stability and flame-resistant property of these
foams were analyzed by means of thermogravimetric analysis
(TGA) and vertical burning test, respectively.

EXPERIMENTAL

Materials

Phenolic resolve resin (solid content = of 75-80%) was sup-
plied by Shandong Shengquan Chemical. Both Tween-80 as
surfactant and n-pentane as blowing agent were acquired from
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Xilong Chemical factory. Phosphoric and p-toluenesulfonic acid
supplied by Beijing Yili Chemical were used as curing agents.
Three kinds of MWCNTS, i.e., pristine MWCNTs (p-MWCNTs),
carboxyl MWCNTs (MWCNTs-COOH), and amino MWCNTs
(MWCNTs-NH,), of which the outer diameters were 20-30 nm
and the lengths were 10-30 um, were purchased from Chengdu
Organic Chemicals. Alcohol, as the dispersion solvent for
MWCNTs was obtained from Beijing Chemical Works.

Preparation of MWCNTs/Phenolic Composite Foam

All phenolic foam samples were synthesized in our laboratory
through a proprietary formulation.”® Manufacturing of
MWCNTs/phenolic composite foam is a three-step process as
shown in Figure 1. In step 1, phenolic resolve resin was mixed
in a beaker with a small amount of surfactant and alcohol solu-
tion. After mechanical mixing, a certain amount of MWCNTs
was dispersed in a phenolic solution with a high intensity ultra-
sonic horn (Ti-horn, power 800W, frequency 20 kHz) for sev-
eral hours to make a stable suspension of MWCNTs. The
appropriate sonication time was determined based on MWCNTs
concentration. The mixing of samples containing 0.01, 0.03, and
0.05 wt % MWCNTs-COOH took 1, 2.5, and 4 h respectively.
Next, MWCNTs dispersive solution was placed in a vacuum
oven at 25°C for 6 h to remove alcohol. In step 2, blowing
agent was added to the mixture, followed by being stirred
mildly until no more free liquid was visible. Curing agents were
then added into the creamy mixture and stirred for 30 s at
25°C. Finally, in step 3, the reacting mixture was quickly poured

- (Phem)lic resin+5urfactant+Solvent]

Mechanical mixing

[ Phenolic solution H MWCNTs puwder]

Ultrasonic treatment

[MWCNTS phenolic dispersive suspension]

(=)

Removing solvent at 25°C during 6
h in vacuum oven

[MWCNTs dispersive phenolic solulionHBluwing agent]

Mechanical mixing

Step 2
MWCNTs dispersive blowing
agent/phenolic mixture uring agents

i [ Mechanical mixing for 30 s at 25 "C]

[Snlidiﬁca(inn at 70 °C for lh]

(MWCNTslPhenulic Composite Foam]

Figure 1. Preparation process for MWCNTs/phenolic composite foam.
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Figure 2. In situ quasistatic compression test equipment. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

into a mould, and cured inside an oven at 70°C for 1 h to
obtain MWCNTs/phenolic composite foam.

Characterizations of Phenolic Foam

Cell Structure. The structure of phenolic foam, including cell
size d and cell density Nj was examined by scanning electron mi-
croscopy (SEM, CamScan3400), and analyzed by means of Scion
Image software. The samples from MWCNTs/phenolic composite
foams were cut by a sharp surgical blade and then sputter-coated
with gold to preclude charge build-up by electron absorption.
Cell size d was calculated by the following equation’*:

a _LZE:ONidi

ONi

i=
where L was the proportional scale, and N; was the number of

cells with the apparent cell diameter d; in um. Cell density Ny
was calculated by the following equation’:

2\ 3/2
. (NM ) o

A

where A was the area of the micrograph, N was the number of
cells with more than 50 cells chosen and M was the magnifica-
tion factor. The thickness of cell face #; was estimated by averag-
ing the membrane thickness values of about 20 broken cells,
and the thickness of cell wall ¢, was determined by averaging
the edge thickness in the same way.

The apparent density was measured from the sample weight in
air, according to the China National Standard GB/T 6343-2009.

Mechanical Behavior. Compression testing, by means of a uni-
versal testing machine (UTM5000, Shenzhen SUNS), was car-
ried out in accordance with China National Standard GB/T
8813-2008. Both MWCNTs composite foam and phenolic foam
control samples were tailored to the dimensions of 60 mm X
60 mm X 30 mm and then compressed between two stainless
steel platens with a crosshead speed of 0.5 mm min ~ ' until the
samples deformed by 20%. Compressive strength was deter-
mined from the maximum load (in a range of strain <10%).
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Specific strength was used to exclude the influence of the differ-
ence in composite foam density on the mechanical properties,
and was calculated by the following equation®:

Om

= 3
7T T x98 ¥

where g, is compressive strength in kPa and p; the apparent

density of foam in g cm >

In situ quasistatic compression test on specially designed small
samples with dimensions of 12 mm X 5 mm X 12 mm was
accomplished in a small loading device equipped inside SEM,
which was designed to observe the overall collapse response of
multiple cells corresponding to compression test on bulk foam,
as illustrated in Figure 2. The samples were carefully sectioned
from phenolic and MWCNTs/phenolic composite foams to
avoid local damage to cell walls and cell faces, and then com-
pressed along the horizontal direction (perpendicular to the
observed direction by SEM) at a cross-head speed of 0.2 mm
min~ ' until 20% deformations were achieved. Microstructure
series of cell deformation was investigated through SEM at an
interval of every 3.3% deformation.

Thermal Properties. TGA (thermogravimetric analysis) was car-
ried out on a NETZSCH STA449 F3 Jupiter to study the ther-
mal stability of the as-prepared foams at a heating rate of 10°C
min~' from room temperature to 800°C under argon gas
atmosphere. The samples about 5-10 mg were cut into small

pieces by a surgical blade.

Flammability was assessed through vertical burning method
in accordance with China National Standard GB/T 8333-2008,
as illustrated in Figure 3. The tests were conducted on sam-
ples being cut from the as-fabricated foams with the dimen-
sions of 127 mm X 10 mm X 10 mm. Each sample was
mounted vertically on an iron support and ignited by an
alcohol blast burner for 10 s, adjusting the flame cone 25-
mm high. Loss of mass by entire specimen was recorded. To
estimate the error and identify the repeatability of the test,
six samples for each case were used to obtain the average
loss of mass value.
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Figure 3. Test configuration and sample geometry of vertical burning method. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

RESULTS AND DISCUSSION

Microstructure Characterization

Microstructures of phenolic and MWCNTs/phenolic composite
foams are shown in Figure 4. It is observed that all foams ex-
hibit closed-cell structures, and cell size and shape get uniform
distribution over the region, which indicates a good dispersion
of MWCNTs in phenolic resin during foaming process.

Table I shows the morphology parameters of MWCNTs/phenolic
composite foams, compared to that of raw phenolic foam. It is
clear that MWCNTs/phenolic composite foams have smaller av-
erage cell sizes and greater cell densities than those of phenolic
foams. Furthermore, the average cell size of MWCNTs-COOH
reinforced foams decreases with the increase of MWCNTs-
COOH content, whereas the corresponding cell density increases
as expected.” Nearly 32% decrease in cell size and 54% increase
in cell density are achieved via the integration of 0.05 wt %
MWCNTs-COOH into phenolic foam. This could be due to the
fact that MWCNTs serve as heterogeneous nucleating agents
during foaming stage which involves two basic steps, i.e., cell
nucleation as well as cell growth and coalescence. In the first
step, the well-dispersed MWCNTs lower the critical nucleation
free energy,” implying that more cells begin to nucleate concur-
rently and less gases for cell growth accumulate on the phenolic
resin/MWCNTs interfaces. In the second step, the interactions
at the molecular level between MWCNTs and phenolic resin
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chains increase the viscosity of MWCNTs dispersive phenolic
solution, thereby precluding cell growth.

As shown in Table II, all MWCNTs reinforced foams exhibit
similar foam densities about 0.049 g cm ~ °, showing a slight in-
crement compared to the neat counterpart. This may well be
attributed to the thickening of cell walls and shrinkage of cell
space, as illustrated in Table 1.

Compressive Properties

Effect of MWCNTs-COOH Content. Compression tests were
conducted to study the effect of MWCNTs-COOH on the me-
chanical properties of the composite foams. A series of
MWCNTs-COOH/phenolic foams with different mass fraction,
including 0.01, 0.03, and 0.05 wt % were prepared.

The representative compressive stress—strain curves are shown in
Figure 5. Phenolic foam exhibits a multistage deformation
response when subjected to compressive loading, i.e., initial lin-
ear elasticity regime, controlled by the overall elastic bending of
cell walls and stretching of cell faces; linear plateau region,
depending on collapse of cells—on brittle crushing; and densifi-
cation, accompanied by the complete collapse and contact
between opposing cells, as described in Ref. 36. It can be seen
that both compressive modulus and strength of MWCNTs-
COOH/phenolic composite foams are evidently higher than
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Figure 4. SEM images of phenolic foams under X 100 filled with: (a) 0.01 wt % MWCNTs-COOH; (b) 0.03 wt % MWCNTs-COOH; (c) 0.05 wt %

MWCNTs-COOH; (d) 0.05 wt % p-MWCNTs; (e) 0.05 wt % MWCNTs-NH,; (f) without MWCNTs.

Table I. Microcellular Structure of Phenolic and MWCNTs/Phenolic Composite Foams

Cell wall Cell face Cell size Cell density,
thickness, thickness, Cell size, rate-of- N¢ x 108
Foam to/um tinm dlum change (%) cell/em®
Raw phenolic foam 185 520 244 .4 0 6.98
0.01 wt % MWCNTs-COOH reinforced phenolic foam 16.4 490 216.9 -11.3 7.50
0.03 wt % MWCNTs-COOH reinforced phenolic foam 20 480 190.3 -221 8.40
0.05 wt % MWCNTs-COOH reinforced phenolic foam 18.5 438 165.8 -32.2 10.72
0.05 wt % MWCNTs-NH> reinforced phenolic foam 16.8 459 179 —-26.8 9.89
0.05 wt % p-MWCNTs reinforced phenolic foam 16.5 424 172 —-296 9.30
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Table II. Compressive Properties of Phenolic and MWCNTs/Phenolic Composite Foams
Density Strength Specific

Foam (gem™9) (MPa) strength (m) Gain (%)
Raw phenolic foam 0.044 0.156 361 —

0.01 wt % MWCNTs-COOH reinforced phenolic foam 0.0504 0.174 353 -2
0.03 wt % MWCNTs-COOH reinforced phenolic foam 0.0477 0.202 431 19

0.05 wt % MWCNTs-COOH reinforced phenolic foam 0.0479 0.223 474 31

0.05 wt % MWCNTs-NH> reinforced phenolic foam 0.0503 0.209 424 18

0.05 wt % p-MWCNTs reinforced phenolic foam 0.0481 0.213 451 25

those of phenolic foams. As indicated in Table II, except for the
composite foam containing 0.01 wt % MWCNTs-COOH, spe-
cific strength of the composite foam increases with the incre-
ment of MWCNTs-COOH content.

Effect of MWCNTs Type. Three kinds of MWCNTs/phenolic
composite foams with mass fraction of 0.05% were made to
investigate the influence of MWCNTs type. The influence of
MWCNTs type on foam compressive strength is summarized in
Table II and the corresponding stress—strain curves are shown in
Figure 6. As expected, the addition of MWCNTs irrespective of
MWCNTs type improves the compression modulus and strength
relative to unreinforced foam; and MWCNTs-COOH reinforced
foam shows the highest compressive properties. In situ compres-
sion tests in SEM for comparing p-MWCNTs/phenolic and
MWCNTs-NH,/phenolic composite foams with the neat system
were carried out and similar trends in cell morphology to
MWCNTs-COOH/phenolic composite foam were observed. This
is attributed to that MWCNTs additions in cell walls impart
high resistance to brittle fracture under compression loading, as
previously discussed. In addition, the variations in foam proper-
ties reinforced by different kinds of MWCNTs are believed to
arise from the differences in the interfacial compatibility
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Figure 5. Typical compressive stress—strain curves of phenolic foams filled
with MWCNTs-COOH under different mass fraction. Loading direction is
parallel to the foam rise direction. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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between different MWCNTs and the matrix, which dominates
the efficiency of interfacial load transfer.

Reinforcing Mechanism of MWCNTs. To understand the inter-
actions among MWCNTs, cells and phenolic matrix, in situ
compressive experiment inside SEM with a small loading
attachment was employed via observing the evolution of cell
morphology during deformation of 0.05 wt % MWCNTs-
COOH/phenolic composite foam sample, compared with raw
phenolic foam sample.

Figure 7 shows the deformation and failure morphology of raw
phenolic foam subjected to compressive load. In Figure 7(a,b),
cell walls bend and the membranes of cell faces stretch in ac-
cordance with progressively compressed enclosed spaces, corre-
sponding to linear elastic deformation that is homogeneous
through the sample. Surpassing the first maximum in stress, the
deformation starts to localize. Within the localized band, as
arriving at the modulus of rupture, brittle fracture initiates at
weak cell walls so fast that SEM image could not be taken, while
deformation apart from the band remains symmetric and ho-
mogeneous.”® With the increasing strain, cracks in crushing cells
propagate dramatically along the cells nearby, as presented in
Figure 7(c); and eventually, the walls of collapsed opposing cells
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f M LT
0.20 |- I.' ,_.,-’ P NI
| g T
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o OISE I-' ’_f' /
£ L de
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el 19 ,.:’ ~ — p-MWCNTSs 0.05wt.%
A —=-- MWCNTs-NH, 0.05wt.%
Ly
u'o‘] y 1 1 1 L
0 5 10 15 20
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Figure 6. Typical compressive stress—strain curves of phenolic foams filled
with MWCNTs in different types. Loading direction is parallel to the
foam rise direction. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 7. SEM images taken from in situ compression showing deformation of raw phenolic foam at different strains: (a) ~3% ( X 50); (b) ~3% at high
magnification ( X 350), the arrow pointed to ellipse region indicates cell face and to circle region indicates cell wall; (c) ~10% ( X 50), the arrows indi-

cate the regions where cells collapse and contact; (d) ~15% ( X 50).

get in touch along crack growth region. The morphology of
fracture band in Figure 7(d) is evidently indicative of brittle
crushing in phenolic foam which arises from the intrinsic qual-
ities of this material, accompanied by progressive crush of cells
on the boundaries. Different deformation behavior in reinforced
phenolic foams is showed in Figure 8.

SEM images taken from in situ compression as shown in Figure
9, describe the deformation process of 0.05 wt % MWCNTs-
COOH/phenolic composite foam, where big cells are ringed

EDGE THICKNESS &

FACE THICKNESS u

EDGE THICKNESS o

FACE THICKNESS &

with some relatively small cells. Compared with phenolic foam
in Figure 7, there are several distinct points in microscopic mor-
phology of cells to be noted. When strain increases to 10%,
there is no rupture taking place on the cell walls of big cells,
indicating that cell walls get stronger associated with the incor-
poration of MWCNTs-COOH, as denoted by a, b, ¢ in Figure 9.
Furthermore, hosts of small cells, arising from good dispersion
of MWCNTs-COOH in the composite foams, carry more com-
pressive loading. This is demonstrated in Figure 9(c) where it is
cells on the boundaries of the sample that bear stress and

11: BROKEN CELL EDGES

Figure 8. Illustration of different deformation behavior in reinforced phenolic foams. (a) phenolic foam. (b) MwCNTs-COOH-phenolic composite

foams.

Mah\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39326

1485


http://www.materialsviews.com/
http://onlinelibrary.wiley.com/

1486

ARTICLE Applied Polymer

IENCE

Figure 9. SEM images taken from in situ compression showing deformation of 0.05 wt % MWCNTs-COOH/phenolic foam at different strains under
X 50: (a) ~3%, the arrows indicate imperfections which initiate crack; (b) ~ 6.7%; (c) ~ 10%; (d) ~ 13%, the circle region suggests cell-wall fracture
during crushing; (e) ~15%.

deform in a crushing pattern, whilst cells in the middle remain  from brittle rupture. In general, the composite foam still experi-
homogeneous. In comparison, in Figure 7(c), cell walls both on  ences progressive crushing, failing in a brittle mode, i.e., broken
the boundaries and in the middle of the counterpart suffer cell faces, as shown in Figure 9(a), induce cracks, and then
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Figure 10. TGA results of (a) different kinds of MWCNTS; (b) MWCNTs/
phenolic composite foams with mass fraction of 0.05 wt % and raw phe-
nolic foam. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

cause brittle fracture in cell walls of large cells in Figure 9(d).
This phenomenon stems from the brittleness of MWCNTs/phe-
nolic composite foam, which has a substantial solid fraction.””
Good dispersion of MWCNTs-COOH in the composite foam
reduces stress concentration as well as improves the stress trans-
fer efficiency, thus contributes to the enhancement in the ability
of deformation resistance.

Thermal Characteristics

TGA results of the unreinforced and different kinds of
MWCNTs reinforced phenolic foams are presented in Figure 10
and the data concerning residual weight yield at 400, 600, and
800°C, are summarized in Table III. In Figure 10(a), it can be
seen that MWCNTs-COOH has a thermal stability which is

ARTICLE

Table III. Results from TGA Curves of MWCNTs/Phenolic Composite
Foams

Residual weight (%)

Foam 400°C 600°C 800°C

Raw phenolic foam 84.04 64.70 56.95

0.05 wt % MWCNTs-COOH 84.06 67.04 58.99
reinforced phenolic foam

0.05 wt % p-MWCNTs 83.01 65.01 57.34
reinforced phenolic foam

0.05 wt % MWCNTs-NH 83.22 69.04 60.38

reinforced phenolic foam

lower than that of MWCNTs-NH, and slightly higher than that
of p-MWCNTSs as a result of variations in the surface chemical
state and the structure of CNTs. Meanwhile, the introduction of
MWCNTs into phenolic foams increases residual weight above
500°C, especially for MWCNTs-NH, [Figure 10(b)]. It can be
concluded that the improvement in thermal stability for
MWQCNTs/phenolic composite foam is determined by the ther-
mal stability of MWCNTs.

MWCNTs embedded in cell walls offer stabilizing effects to
restrain the thermal motion of phenolic chains, and to hinder
the flux of volatile degradation products out of cell walls.”’
Consequently, the degradation rate of phenolic foam containing
MWCNTs is relatively slow.

Table IV shows the flammability results for MWCNTs/phenolic
foams and raw phenolic foam. All samples maintain nonignition
properties and no visible smoke could be detected. Both unrein-
forced and reinforced foams exhibit <7% mass loss; and the
loss of mass after burning decreases slightly with MWCNTs.
However, there is no pronounced improvement in flame retard-
ancy for MWCNTs/phenolic composite foam. This might be
because such small amounts of MWCNTs make impossible the
formation of a protective nanotube network, which could main-
tain structural integrity and concurrently influence heat and
mass transport in phenolic solid.*>*®

Compared to the neat phenolic foam counterpart, MWCNTs
affect the properties of phenolic foam in three ways: providing
remarkable stiffening and strengthening effects via cell walls/
MWCNTs junctions to achieve macroscale compressive property
enhancement, increasing cell density and decreasing cell size by
inducing heterogeneous bubble nucleation, and offering a stabi-
lizing effect that slows thermal degradation to slightly improve
the thermal stability and fire resistance. Therefore, the proposed
method using MWCNTs is an effective way for improving the
mechanical and thermal properties of brittle phenolic foam.

Table IV. Flammability Properties of MWCNTs/Phenolic Composite Foams Measured Using Vertical Burning Method

Raw phenolic

Foam foam reinforced phenolic foam

0.05 wt % MWCNTs-COOH

0.05 wt % p-MWCNTs
reinforced phenolic
foam

0.05 wt % MWCNTs-NH>
reinforced phenolic foam

Loss of mass/% 6.60 6.09

6.50 6.11

Mnh\"‘lfi‘.'} WWW.MATERIALSVIEWS.COM
1
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CONCLUSIONS

MWCNTs/phenolic composite foams with three different types of
MWCNTs, including pristine, carboxyl and amino MWCNTs
were successfully manufactured with the aid of ultrasonic cavita-
tion. SEM results show that MWCNTs/phenolic composite foam
is a closed-cell structure, and that cell density increases with the
increase of MWCNTs content whereas cell size decreases as a
result of well-dispersed MWCNTs serving as sites to accelerate
heterogeneous nucleation. Moreover, the embedment of
MWCNTs in cell walls significantly enhances the compressive
properties of phenolic foam via reducing sensitivity to induce
crack, diminishing the crack propagation rate, and delaying cata-
strophic collapse of cell walls. This phenomenon is verified by in
situ quasistatic compression test inside SEM. The addition of
0.05 wt % MWCNTs-COOH increases the specific strength of
foam by 31%, which is the maximum improvement using
MWCNTs in this study. A marginal enhancement in thermal sta-
bility and flame-retardant property of the composite foam is
observed with the incorporation of various MWCNTs, which
results from high thermal stability and the stabilizing effect of
MWCNTs on phenolic foam under elevated temperature.
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