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ABSTRACT: In this paper, carbon nanotubes (CNTs)/poly(methyl methacrylate) (PMMA) composites with excellent thermal
stability and flame retardancy were prepared by in situ polymerization. The morphology, structure, transmittance, thermal stability,
flame retardancy, and mechanical properties of the materials were characterized with scanning electron microscopy (SEM),
thermogravimetric analysis (TGA), cone calorimetry, etc. According to the results, the initial decomposition temperature of CNTs/
PMMA prepared using carbon nanotubes with a concentration of 2 mg/mL increases from 175 to 187 °C when compared with pure
PMMA, and the weight loss ratio decreases significantly at the same time. In addition, the maximum limiting oxygen index (LOI)
value of CNTs/PMMA composites is 22.17, which is 26.9% higher than that of PMMA. SEM images of residues after LOI tests
demonstrate that when CNTs/PMMA is heated, a dense and stable interconnected network structure (i.e., carbon layer) is formed,
which can effectively inhibit the combustion of pyrolysis products, prevent the transfer of heat and combustible gas, and finally
interrupt the combustion of composite materials. However, a 25% decrease in the transmittance of CNTs/PMMA composites is
observed in the Ultraviolet−visible (UV−vis) spectra. Although the addition of CNTs reduces the transparency of PMMA, its tensile
and impact strength are all improved, which illustrates that CNT is a competitive flame retardant for PMMA.

1. INTRODUCTION

Poly(methyl methacrylate) (PMMA), also known as plexiglass,
is characterized by high light transmittance, excellent optical
performance, and easy processing. It is often used as a
substitute for glass in aviation, construction, transportation,
and other fields.1,2 However, due to the poor fire resistance of
PMMA, it is easy to cause melting and dripping during
combustion, which can easily lead to the spread of fire.3 As a
result, the application of PMMA is limited. Therefore, the
preparation of PMMA with excellent flame-retardant proper-
ties has become a research hotspot.
Laachachi4 et al. incorporated ammonium polyphosphate

(APP), Al2O3, and TiO2 in PMMA. They found that both
APP-based additives and oxide nanoparticles could improve
the thermal stability and reduce the heat release rate (HRR) of
PMMA, and they attribute these improvements to the catalytic
effects of the oxide surface to modify the degradation pathway
of PMMA and the formation of a charred and ceramized

structure. Xie5 et al. synthesized a phosphorus-containing
acrylate monomer and introduced it into the PMMA matrix by
in situ polymerization. After the modification, the limiting
oxygen index (LOI) value of PMMA increased from 17.5 to
27.5%, and meanwhile, the peak HRR and total heat release
(THR) were greatly reduced. Vahabi6 et al. studied the
thermal degradation and flame retardancy of PMMA
containing different mineral fillers in combination with APP.
The results showed that the combination of APP and sepiolite
improved the fire behavior of PMMA significantly. Yang7 et al.
synthesized a novel PMMA-based copolymer (PMMA-co-
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BDPA) via radical copolymerization. The copolymer exhibited
a 23% increase in the LOI value, and the PHRR of PMMA was
reduced by 29.2%.
With the progress and development of modern nano-

technology, nano-flame-retardant materials have been highly
developed. Among them, nanocarbon materials such as
fullerene, graphene, and carbon nanotubes can improve flame
retardancy and the mechanical property of polymers.8−11

Dittrich12 et al. prepared a polypropylene/multiwall carbon
nanotube composite by melt blending and found that with the
continuous addition of carbon nanotubes, the initial thermal
decomposition temperature and maximum thermogravimetric
temperature of the composite material system increased and
the thermal stability was improved. Zuo13 et al. prepared
polyimide (PI) composite aerogels with enhanced flame-
retardant properties using freeze-drying methods by adding
environmentally friendly flame-retardant additives (i.e., gra-
phene and montmorillonite), and it is found that there is a
strong interaction between the two components, and the
graphene oxide/MMT hybrid can be dispersed in water
synergistically to enhance the mechanical properties, thermal
stability, and flame retardancy of the composite aerogel. Cao14

et al. used in situ polymerization to bond graphene oxide (GO)
derivative (i.e., sheets and nanoribbons) coatings to the PDMS
foam surface. It is interesting to find that the two GO
derivatives can significantly improve the thermal stability and
flame retardancy of PDMS foam without affecting its density
and elasticity. Wu15 et al. uniformly dispersed CNTs in a flame
retardant, which not only enabled the composite material to
exhibit good mechanical properties but also effectively
improved the flame-retardant performance of the composite
material, and its limiting oxygen index value could reach 25.5%.
Three-dimensional flame-retardant carbon−carbon nanotube
hybrid foam was prepared by Patle,16 and he found that adding
three-dimensional flame-retardant carbon−carbon nanotubes
to phenolic resin not only increased its compressive strength
(6.5 MPa) but also increased heat stability and flame
retardancy.
However, nanocarbon materials generally have some defects,

such as poor dispersion, easy agglomeration, low chemical
activity, and poor compatibility with polymers. Therefore,
functional monomers such as silane coupling agents and
phosphorus-containing flame retardants can be introduced into
nanocarbon materials to overcome these shortcomings.17

Xing18 et al. prepared functionalized carbon nanotubes
(DPPA-MWCNT) with the reaction of aminated multiwalled
carbon nanotubes and diphenylphosphinic chloride. The
experimental results showed that DPPA-MWCNT nanofillers
were more uniformly distributed within the PS matrix than
unmodified carbon nanotubes. Therefore, the thermal stability,
glass transition temperature, and tensile strength of PS/DPPA-
MWCNT were greatly improved in comparison with PS/A-
MWCNT. Xie19 et al. synthesized a composite consisting of
carbon nanotubes and zinc aluminum-layered double hydrox-
ide (CNT/ZnAl-LDH) and analyzed its effect on the thermal
stability and flammability performance of flexible polyurethane
(PU) foams. According to the results, the maximum reduction
of the peak HRR of PU/CNT/ZnAl-LDH foams was 13.5%
compared with pure PU foam. Yang20 et al. fabricated
poly(lactic acid) (PLA) biocomposites using CaMg-Ph as a
biosourced phosphorous additive combined with acid-treated
carbon nanotubes and evaluated their thermal, mechanical, and
flame-retardant properties. They found that PLA/CaMg-

Ph19/CNT1 (1 wt % CNT and 19 wt % CaMg-Ph) showed
lower PHRR (35.0%) and higher char yield (18.4 wt %)
compared with PLA/CaMg-Ph20 (20 wt % CaMg-Ph) because
of the reinforcement effect of CNTs.
In this paper, the in situ polymerization method was adopted

to improve the flammability of poly(methyl methacrylate)
(PMMA) by introducing carbon nanotubes (CNTs) with
different concentrations, and a highly flame-retardant CNTs/
PMMA composite material was prepared. The apparent
morphology of PMMA and CNTs/PMMA microspheres was
observed using an optical microscope and a scanning electron
microscope, and their structure was analyzed using infrared
spectroscopy. The thermal stability and flame-retardant
properties were characterized. Finally, the effect of CNTs on
the thermal stability and flame retardancy of PMMA and its
mechanism were explored.

2. EXPERIMENT PART
2.1. Experimental Reagents. Methyl methacrylate

(MMA, 99.5%), azobisisobutyronitrile (AIBN, 98%), and
multiwalled carbon nanotubes (CNTs, 90%) were provided
by Shanghai Maclean Biochemical Technology Co., Ltd.
Poly(vinyl alcohol) (PVA, analytical grade) was purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd.
Tetrahydrofuran (analytical purity), absolute ethanol (95%),
potassium hydroxide (KOH, 95%), and potassium persulfate
(KPS, 99%) were obtained from Tianjin Tianli Chemical
Reagent Co., Ltd.

2.2. Experimental Equipment and Instruments. The
oxygen index tester (SH5706A) was obtained from Guangzhou
Xinhe Electronic Equipment Co., Ltd. The optical microscope
(N-180M) was provided by OLYMPUS, Japan. The desktop
low-speed centrifuge (TDL-5) was purchased from Jintan
Liangyou Experimental Instrument Factory. A synchronous
thermal analyzer (STA449F3) and a Fourier exchange infrared
spectrometer (Nicolet 380) were provided by the German
company, Netzsch. The cone calorimeter (FTT Standard Cone
Calorimeter) was provided by Fire Testing Technology
Limited, the U.K. The UV/NIR spectrophotometer (Lamb-
da75) was purchased from Shanghai Changfang Optical
Instrument Co., Ltd. The electronic universal testing machine
(WDW 50M) was purchased from Jinan Zhongluchang
Testing Machine Manufacturing Co., Ltd.

2.3. Preparation of CNTs/PMMA Composite Material.

(1) Preparation of dispersant: 5.26 g of flocculent poly(vinyl
alcohol) (PVA) was weighed and added to 100 mL of
distilled water and stirred for 12 h. The reaction
temperature started from 50 °C, and each unit was
stirred for 2 h. The 5% PVA solution was successfully
prepared when it was observed that the solution in the
flask was uniformly mixed, transparent, and free of
impurities.

(2) Preparation of PMMA microspheres: briefly, 0.5 g of 5%
PVA solution was dropped into a three-necked flask
filled with 40 mL of distilled water. After stirring the
solution at 320 rpm for 5 min at a temperature of 40 °C,
6 mL of methyl methacrylate (MMA) solution was
added, the temperature was gradually increased, and a
small amount of AIBN was added at 50, 60, and 70 °C.
Then, the temperature was slowly increased to 78 °C
and reacted for 90 min. A small number of beads were
taken out from the flask with a disposable plastic
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dropper and dropped into distilled water to see if they
harden and settle. If they become hard, the temperature
and rotation speed are increased appropriately to
accelerate the formation of the beads. If they do not
become hard, the reaction is continued for 10 min. After
the reaction ends, PMMA microspheres were success-
fully prepared.

(3) Preparation of carbon oxide nanotubes: quantitative
multiwalled carbon nanotubes and 300 mL of distilled
water were placed in a flask and ultrasonically shaken
and dispersed for 3 h. Then, 2.7 g of potassium
persulfate (KPS) was added into a beaker, and a KOH
solution with a concentration of 1 mol/L was added to
adjust the pH value of the reaction system to 13. The

Figure 1. Preparation diagram of the CNTs/PMMA composite.

Figure 2. Scanning electron microscopy image of the composite material. (a) PMMA material, (b) 0.5 mg/mL CNTs/PMMA composite material,
(c) 1 mg/mL CNTs/PMMA composite material, and (d) 1.5 mg/mL CNTs/PMMA composite material.
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mixture was poured into a flask equipped with a
condensing reflux tube, stirred vigorously in a water
bath at 85 °C for 5 h, and cooled to room temperature
naturally. Then, it was centrifuged at 3000 rpm for 5 min
and washed repeatedly with distilled water. Finally, the
product was dried at a temperature of 60 °C for 24 h.

(4) CNTs/PMMA composite material preparation: the
oxidized carbon nanotubes were configured into 0.5, 1,
and 2 mg/mL solutions and ultrasonically vibrated for 1
h to obtain a uniform solution. The distilled water used
in the PMMA preparation process in step (1) was
replaced with different concentrations of oxidized water.
A homogeneous aqueous solution of carbon nanotubes,
and then in accordance with the experimental process of
the preparation step (1), CNTs/PMMA composite
material was successfully prepared. Finally, the product
was filtered and dried to obtain the CNTs/PMMA
composite material. The preparation diagram of the
CNTs/PMMA composite is shown in Figure 1.

3. RESULTS AND DISCUSSION
3.1. Morphology Analysis of the CNTs/PMMA

Composite. The morphology of PMMA and CNTs/PMMA

composites was observed using optical microscopy (OM) and
scanning electron microscopy (SEM), and the influence of the
addition of CNTs on the appearance and structure of PMMA
was analyzed. The result is shown in Figure 2.
As shown in Figure 2a, the PMMA materials present an

obvious spherical structure and good light transmittance, but
the surface is slightly convex, and there are small bubbles in the
microspheres. It can be clearly seen that there is a lot of black
powdery substance attached to the surface of the smooth
PMMA microspheres, which means that CNTs have been
successfully attached to PMMA and the CNTs/PMMA
composite has been successfully prepared. As shown in Figure
2b, the surface of the CNTs/PMMA composite prepared with
0.5 mg/mL CNT solution is basically similar to the surface of
pure PMMA. This may be due to the less addition of CNTs,
and the effect on PMMA is not obvious. Interestingly, on the
surface of the CNTs/PMMA composite with a CNT

concentration of 1 mg/mL, there are a large number of fluffy
protrusions, as shown in Figure 2c, indicating that CNTs have

Figure 3. Fourier infrared spectrum of composite materials.

Figure 4. TGA curves of composite materials.

Figure 5. X-ray diffraction curves of composite materials.

Figure 6. Limiting oxygen index of composite materials.
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been uniformly attached to the PMMA, and the CNTs/
PMMA composite has been successfully prepared. However, as
shown in Figure 2d, the surface of the 2 mg/mL CNTs/
PMMA composite is relatively smooth, with small fluffy
protrusions attached, and a small number of CNTs are
adsorbed on PMMA. This shows that with the increase of the
CNT content, the number of CNTs attached to the surface of
PMMA microspheres decreases, which may be caused by the
agglomeration of CNTs during the preparation process. On
the whole, the adhesion of CNTs with a concentration of 1
mg/mL is the best.
3.2. Fourier Transform Infrared (FT-IR) Spectroscopy

Analysis. To prove that the free radical in situ polymerization
reaction occurred between CNTs and PMMA, the Fourier
infrared spectrum of CNTs, PMMA, and CNTs/PMMA are
compared in Figure 3.
As shown in Figure 3, the CO ester group absorption

peak at 1730 cm−1; the C−H bending vibration absorption
peaks at 1460, 1327, and 1160cm−1; and the stretching

vibration peak of the C−O−C group at 1140 cm−1 are the
characteristic absorption peaks of PMMA, and CNTs have a
stretching vibration peak of −CC− at 1522 cm−1. It is worth
noting that because many characteristic oxygen-containing
groups appear during the oxidation process of CNTs, they
result in peaks such as the hydroxyl stretching vibration
characteristic peak at 3415 cm−1 and the −CO− stretching
vibration characteristic peak at 1616 cm−1. Interestingly, it can
be seen that the infrared spectrum curve shape of the CNTs/
PMMA composite material is similar to that of PMMA,
indicating that PMMA is the main body in the composite
material. We are surprised to find that the CNTs/PMMA
composites have both the characteristic strong peaks of PMMA
and those of CNTs, indicating that CNTs/PMMA composites
have been successfully prepared.

3.3. Thermogravimetric Analysis (TGA). The thermal
weight loss curves of CNTs/PMMA composites prepared from
CNTs with different contents (0.5, 1.0, and 2.0 mg/mL) are
shown in Figure 4. By comparing the TGA curves, the effect of
different concentrations of CNTs on the thermal stability of
PMMA composites is studied.
As shown in Figure 4, the initial decomposition temperature

of pure PMMA is 175 °C, and there is almost no residue when
heated to 400 °C, which shows that PMMA decomposes
completely after heating. Due to the small content of CNTs,
the thermogravimetric curve of 0.5 mg/mL CNTs/PMMA is
similar to that of pure PMMA. However, with an increase of
the CNT content, the initial decomposition temperature of 1.0
and 2.0 mg/mL CNTs/PMMA increased to 187 °C. In
addition, the thermogravimetric rate of 2.0 mg/mL CNTs/
PMMA is significantly decreased, and there are still some
residues after thermal pyrolysis of the composites. Therefore, it
can be concluded that the addition of CNTs can increase the
initial thermal decomposition temperature and improve the
thermal stability of PMMA. This is because CNTs can prevent
both the further decomposition of PMMA and the entry of
internal thermal decomposition products into the gas phase
and their participation in combustion.

3.4. X-ray Diffraction (XRD) Analysis. The X-ray
diffraction curves of PMMA and CNTs/PMMA composites
are shown in Figure 5.

Figure 7. (a) HRR and (b) THR curves of composite materials.

Figure 8. Ultraviolet−visible (UV−vis) spectroscopy spectra of
composite materials.
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It can be observed from Figure 5 that both PMMA and
CNTs/PMMA composites have obvious diffraction peaks at 2θ
= 13.8, 29.3, and 41.4°. Moreover, the shape and position of
the peaks are not significantly different. This may be due to the
low addition of CNTs; it cannot significantly affect the
crystalline structure of PMMA, which proves that after the
addition of CNTs, the original performance of PMMA is not
damaged. Since the wide and sharp diffraction peaks of the
samples can be observed in Figure 5, we can conclude that the
CNTs/PMMA composite has small crystal grains and good
crystal shape.

3.5. Flame-Retardant Performance Analysis. The
limiting oxygen index (LOI) of the sample was measured
using an SH5706A oxygen index tester to analyze the
minimum concentration of oxygen required for the combus-
tion of PMMA and CNTs/PMMA composites. Three standard
samples of PMMA, 0.5 mg/mL CNTs/PMMA, 1 mg/mL
CNTs/PMMA, and 2mg/mL CNTs/PMMA were tested,
respectively, and the average value of the limiting oxygen index
was calculated. The results are shown in Figure 6.
According to Figure 6, the average LOI of pure PMMA is

17.50, and the LOI of 0.5 mg/mL CNTs/PMMA, 1 mg/mL
CNTs/PMMA, and 2mg/mL CNTs/PMMA is 20.00, 22.17,

Figure 9. SEM images of samples after the LOI test. (a) PMMA, (b) 0.5 mg/mL CNTs/PMMA, (c) 1 mg/mL CNTs/PMMA, and (d) 2mg/mL
CNTs/PMMA.
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and 20.50, which is 14.3, 26.9, and 17.1% higher than that of
PMMA, respectively. This shows that the addition of CNTs
can indeed improve the flame retardancy of PMMA. However,
it is interesting that the limiting oxygen index of the composite
does not increase linearly with the increase of the amount of
CNTs; this may be due to the agglomeration of CNTs when
the content is too large, which affects their dispersion.
The excellent carbonization effect can not only improve the

stability of polymer materials but also improve the flame-
retardant properties of materials. Heat release rate (HRR) and
total heat release (THR) are two important parameters to
evaluate the fire hazards of polymers. The HRR curves of pure
PMMA and the other three CNTs/PMMA composites are
shown in Figure 7a. It can be seen that when the concentration
of CNTs is 0.5mL/mg, the peak heat release rate (PHRR) is
796.7 kW/m2, and the peak heat release rate of CNTs/PMMA
decreases significantly with the addition of CNTs. Compared
with 951.2 kW/m2 of pure PMMA, the introduction of CNTs
can reduce the peak heat release rate up to 201.5 kW/m2. This
shows that CNTs can effectively improve the flame-retardant
performance of PMMA. This is because the mesh-structure
carbon nanotubes form a relatively stable interconnected

network on the surface of the composites, which affects the
heat transfer in PMMA, and then improves the flame-retardant
performance of CNTs/PMMA.
THR refers to the total heat released by polymers from

ignition to extinction. As shown in Figure 7b, the maximum
heat release of pure PMMA can be as high as 99.5 MJ/m2.
With the increase of the CNT content, THR of the composites
gradually decreases. When 2 mg/mL CNT is added, the THR
decreases to 69.3 MJ/m2, which is 30.4% lower than that of
pure PMMA. This shows that the addition of flame-retardant
monomer CNTs can effectively reduce the total heat released
during combustion and then prevent the heat from further
promoting the combustion of PMMA.

3.6. Transmittance Analysis. The UV/NIR spectra were
measured to evaluate the effect of CNTs on the transmittance
of PMMA. Figure 8 shows the UV−vis spectra of pure PMMA
and CNTs/PMMA composites. It can be seen that the
transmittance of pure PMMA is 91% within the visible
wavelength range (420−780 nm). With the increase of CNT
addition, the transmittance of CNTs/PMMA within the visible
wavelength range decreases. Compared with pure PMMA, the
maximum decrease is about 25% (2 mg/mL CNTs/PMMA).

Figure 10. Flame-retardant mechanism diagram.

Figure 11. Elastic modulus and tensile strength of composite materials (the one with the diagonal pattern is tensile strength and the other is elastic
modulus).
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3.7. Analysis of the Flame-Retardant Mechanism. The
flame-retardant mechanism in the condensed phase was
analyzed according to the SEM images of residues after the
LOI test, as shown in Figure 9.
It can be seen from Figure 9 that the surface of PMMA after

combustion is relatively loose (Figure 9a), but the surfaces of
burnt CNTs/PMMA composites become more and more
compact with the increase of the CNT content (Figure 9b−d).
The SEM images also show that there is a dense carbon layer
generated by CNTs, which effectively hinders further
combustion of the material. This result is consistent with
that of the HRR analysis. Furthermore, the addition of CNTs
significantly increases the melt viscosity of the composite; thus,
the dripping of molten materials during combustion is
effectively inhibited.
Besides the condensed phase, CNTs also work on the gas

phase, as shown in Figure 10. When the composite material
was heated, CNTs could quickly act on the active free radicals
required for the branching reaction and generate inert gases
such as CO2 and H2O, which can dilute the combustible gas to
a certain extent, as well as absorb radiant heat and reduce the
surface temperature of PMMA, thereby slowing down the
violent combustion of the material.21,22 At the same time,
CNTs can form a dense and stable interconnected network
structure (i.e., carbon layer)23−26 on the surface, which can
effectively inhibit the combustion of polymer cracked products
and prevent the transfer of heat, combustible gas, etc., and
finally combustion of the composite material.
3.8. Analysis of Mechanical Properties. Figure 11 shows

the elastic modulus and tensile strength of CNTs/PMMA
composites. It can be seen that the tensile strength and elastic
modulus of pure PMMA are 54.2 and 1865.3 MPa,
respectively. With the increase of CNT addition, both tensile
strength and elastic modulus of the composites increase.
Among them, the strength and elastic modulus of CNTs/
PMMA composite prepared with 0.2 mg/mL CNTs are the
highest (67.8 and 2630.1 MPa), which is increased by 24 and

41% when compared with pure PMMA, respectively. This is
related to the network structure of CNTs in the PMMA matrix
and the interface between them. CNTs have ultrahigh
heterogeneous nucleation ability, which is conducive to the
crystallization of PMMA on their surface, resulting in strong
interfacial adhesion between them. When CNTs are dispersed
well in the PMMA matrix, they form a network structure,
which can improve the interaction with molecular chains. The
molecular chains do not slip easily; therefore, they can
withstand greater stress and improve the elastic modulus and
tensile strength of the composites.
To further explore the effect of CNTs on the toughness of

PMMA, the impact strength was tested. Figure 12 shows the
non-notched impact strength of PMMA and CNTs/PMMA
composites. It can be seen from Figure 12 that the non-
notched impact strength of CNTs/PMMA increases first and
then decreases. Compared with pure PMMA, the impact
strength of 1 mg/mL CNTs/PMMA increases by 25%. This is
because CNTs are well dispersed in the matrix and their
interfacial adhesion and energy absorption effects are relatively
good under this condition; therefore, the impact resistance is
improved. However, with the increase of the CNT content, the
dispersion of CNTs becomes worse, leading to local
agglomeration which concentrates the stress and weakens the
absorption of impact energy; therefore, the impact strength
decreases (2 mg/mL CNTs/PMMA).

4. CONCLUSIONS
Using an in situ polymerization method, carbon nanotubes
(CNTs) were innovatively introduced to improve the
flammability of poly(methyl methacrylate) (PMMA), and a
highly flame-retardant CNTs/PMMA composite with regular
shape and uniform particle size distribution was prepared. The
results show that the initial thermal decomposition temper-
ature of the 2 mg/mL CNTs/PMMA composite material is 12
°C higher than that of PMMA, the corresponding weight loss
ratio is smaller, and the thermal stability is better. In addition,

Figure 12. Impact strength of composite materials.
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the PHRR and THR values of CNTs/PMMA composites
decrease significantly compared with those of pure PMMA. On
analyzing the flame-retardant mechanism of the condensed
phase, it is found that CNTs can form a dense and stable
interconnected network structure (i.e., carbon layer), which
can effectively block the transmission of heat, combustible gas,
etc., and thereby improve the flame retardancy of PMMA.
Although the transmittance of PMMA is reduced slightly after
the addition of CNTs, other properties of the composites such
as thermal stability, flame retardancy, tensile strength, and
impact strength are all improved, which makes CNT an
effective flame retardant for PMMA.
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