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ABSTRACT: Polystyrene (PS) was flame retarded with a
polymeric intumescent flame retardant, poly(diaminodi-
phenyl methane spirocyclic pentaerythritol bisphospho-
nate) (PDSPB), and in situ compatibilized with styrene-
maleic anhydride (SMA) copolymer. Compatibilization
reaction was verified by IR spectroscopy and gel content
measurement. Electron microscopy images showed that
compatibilization could considerably reduce the size of the
flame retardant domains and improve the interfacial adhe-
sion between PS and PDSPB. With the same PDSPB load-
ing (20 wt %), addition of 5, 10, and 20 wt % SMA
increased the impact strength of the flame retarded PS by
about 29, 103, and 201%, respectively. Compared with PS/
PDSPB sample, addition of 5 wt % of SMA improved the

limiting oxygen index from 23.8 to 24.2 and reduced the
peak heat release rate (PHRR) of the blend by 18.3%.
However, further increment of SMA content deteriorated
the flame retardancy of the blend. It was found that the
—NH, groups changed into more stable imide groups at
high temperature, causing the absence of gas source.
Therefore, the intumescent char could not be formed dur-
ing combustion process, which was the main reason for
the deteriorate effect of flame retardancy at high SMA
loading. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 118:
152-158, 2010
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INTRODUCTION

Most of the current flame retardant plastics are mix-
tures composed of polymers, flame retardants, addi-
tives, or fillers. As these polymer materials are mix-
tures with a multiphase morphological structure, the
miscibility and the adhesion on the interface act as
key characteristics for the physical properties and
performance of these materials.'™

Halogen-free flame retardant has attracted much
attention by both scientists and engineers in recent years
due to the ecological problems caused by traditional
halogen flame retardants. Intumescent flame retardants
(IFRs) are preferably used in thermoplastics due to their
advantages of little smoke release and low toxicity.>®

A novel phosphorous nitrogen-containing IFR,
that is, poly(diaminodiphenyl methane spirocyclic
pentaerythritol bisphosphonate) (PDSPB) was syn-
thesized in our laboratory and proved to be an effi-
cient IFR.”™ Although the flame retardancy property
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of PDSPB in polystyrene (PS) is outstanding in our
previous work,' it also causes some problems, such
as phase separation and weak interfacial adhesion
because of the rather different polarities between PS
and PDSPB. As a result, the mechanical properties
and flammability of IFR-PS were not satisfied.

Reactive compatibilization''™ has been proved to
be an effective method to improve the interfacial adhe-
sion and morphology control in a variety of incompati-
ble blends. However, reactive compatibilization may
affect the flammability in IFR system because the func-
tional groups of IFR could react with compatibilizer.

In this study, styrene-maleic anhydride (SMA)
copolymers which are frequently used in reactively
compatibilized blend systems'®'® was used as a
compatibilizer to modify the interfacial adhesion
between PS matrix and PDSPB particles. The effect
of SMA on the properties of IFR-PS was character-
ized. And the relationship between reactive compati-
bilization and flammability was discussed.

EXPERIMENTAL
Materials

The PS resin used is a general purpose grade transpar-
ent resin, manufactured by Yanshan Petrochemical
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TABLE I
Formulations for Flame Retarded PS Systems

Composition (g)

Sample code PS PDSPB SMA
PS1 100 0 0
PS2 80 20 0
PS3 75 20 5
PS4 70 20 10
PS5 60 20 20
PS6 87.5 0 12.5

Company (Beijing, China) under the trade name
666D, with molecular weight of 200,000 g/mol and
polydispersity index of 2.3, as measured by GPC.

The SMA used is a random copolymer of styrene
and maleic anhydride, produced by ARCO with the
trade name Dylark 332. Its molecular weight and
polydispersity index are reported by the manufac-
turer to be 180,000 g/mol and 2.0, respectively. Ele-
mental analysis shows that Dylark 332 contained
13.9 wt % MA.

PDSPB was synthesized by condensation polymer-
ization according to procedures published previ-
ously7 and its structure was shown below (1 = 4-5):

Preparation of blends

The PS/PDSPB and PS/PDSPB/SMA blends were
prepared via melt compounding at 180°C in Thermo
Haake Rheomix with a rotor speed of 60 rpm, and
the mixing time was 8 min for each sample. The
mixed samples were transferred to a mold and
heated at 180°C for 3 min, then pressed at 20 MPa,
and successively cooled to room temperature while
maintaining the pressure to obtain the blend sheets
for further measurements. The formulations pre-
pared are shown in Table I.

Characterization

Infrared spectroscopy (IR) was applied with a Vec-
tor-22 FTIR spectrometer using KBr pellets.

The gel content measurement was performed
using a Soxhlet extractor by refluxing PS, PS/SMA,
PS/PDSPB, and PS/PDSPB/SMA samples, which
has been shredded and wrapped in filter, in boiling
xylene for 48 h.

Scanning electron microscopy (SEM) images were
recorded on a SIRION-100 (FEI, Hillsboro, OR) with
SEM at an accelerating voltage of 10 kV. To study
the morphological behavior, the fractured surfaces of

the sample were first sputter coated with a conduc-
tive layer, and then its morphologic structures were
observed. The char residues after cone calorimetric
measurements were first glued to the sample stage
with liquid conductive adhesive and then its mor-
phologic structures were observed.

The unnotched impact strength of the sample was
tested according to GB/T2571-1995 using Charpy
impact tester (XCJ-L). Five pieces were tested and
averaged for each sample.

Flammability of the samples was characterized by
a cone calorimeter performed with an FTT, UK de-
vice according to ISO 5660 at an incident flux of 35
kW/m? using a cone shaped heater. The cone data
reported here were the averages of three replicated
experiments.

Thermogravimetric analysis (TGA) was done in a
TA SDTQ600 thermal analyzer at a scanning rate of
10°C /min under air from 30 to 600°C.

Limiting oxygen index (LOI) was also used to
measure the fire retardancy. This method followed
the ASTM D2863-2008 procedure, using specimens
of 130 x 6.5 x 1.6 mm.

RESULTS AND DISCUSSION
Compatibilization mechanism

The active terminal —NH, groups of flame retardant
PDSPB can react with the maleic anhydride groups
(MAH) in SMA to generate graft copolymers, which
can compatibilize the PS/PDSPB system during
blend processing. The possible compatibilization
reaction is shown in Scheme 1. To verify this reac-

tion, IR and gel content measurements were
performed.
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Scheme 1 The reaction between SMA and PDSPB, where
R represent the main chain of PDSPB.
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Figure 1 FTIR spectra of PS/20%PDSPB/5%SMA, PS/
20%PDSPB/10%SMA, PS/20%PDSPB/20%SMA, and PS/
SMA after melt blending.

The IR spectra of PS3, PS4, PS5, and PS6 after
melt blending are shown in Figure 1. For the IR
spectrum of the PS/SMA sample (PS6), the absorp-
tion peaks at 1780 cm ' are attributed to symmetric
stretching vibrations of carbonyl groups in MAH of
SMA molecules. For PS/PDSPB/SMA samples (PS3,
PS4, and PS5), a new absorbing band at 1710 cm !
ascribes to imide group,'”* which indicates that a
ring opening reaction has taken place. Moreover, the
IR spectroscopy shows that there is no peak at 1780
cm ! when the content of SMA is 5 wt % (PS3),
implying that SMA has reacted completely [Scheme
1(a)]. However, both curves of the PS/PDSPB sys-
tems with 10 and 20 wt % SMA have peaks at 1780
cm ™!, indicating the overplus of SMA [Scheme 1(b)].

The gel content measurement can be used to
prove whether the reaction has occurred because the
graft copolymers generated in the compatibilization
reaction are likely crosslink products and do not dis-
solve in boiling xylene. The gel content (g) was cal-
culated according to the following formula:

ngl/Wo X 100%

where W, is the weight of the sample after extrac-
tion and W, is the weight of the sample before
extraction. The gel contents values of PS2, PS3, PS4,
and PS5 are shown in Table II taking into account
that no gels appear in PS1 and PS6 due to the com-
plete dissolution of PS and SMA. For PS/PDSPB
(PS2) sample, about 14.4% residues indicate that
PDSPB can’t dissolve in boiling xylene completely.
For PS/PDSPB/SMA systems, the gel content
increases with increasing SMA loading, 19.6, 26.6,
and 33.1 wt %, respectively. Apparently, the gel con-
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tent of the PS/PDSPB/SMA samples is composed of
the remaining flame retardant PDSPB and the insol-
uble graft copolymers because it is difficult to
deduct the part of remaining PDSPB. Despite this,
the gel content provides powerful evidence for the
compatibilization reaction.

Morphology

Morphological observations were made by using a
SEM. The fracture surface after impact measurement
of PS/PDSPB and PS/PDSPB/SMA blends are pre-
sented in Figure 2. These photographs show that the
fractured surfaces of the PS2 and PS3 exhibit typical
brittle feature [Figs. 2(a) and 1(b)], but with the
increase of the SMA content (PS4 and PS5), the frac-
tured surfaces show typical tough feature [Figs. 2(c)
and 1(d)], which have higher efficiency to absorb the
impact energy.

From the SEM micrographs we can see that PS is
the continuous matrix in which the PDSPB particles
are dispersed, which indicates that some of the
PDSPB particles agglomerate together. The micropar-
ticles with a diameter of 8 pm to 10 pm seen in Fig-
ure 2(a) are PDSPB. It is clear that the adhesion
between the matrix and the IFR is very poor, result-
ing in a distinct interface between PS matrix and
PDSPB particles. The IFR surface does not have
good contact with the matrix, and has voids on the
fracture surface because of the breaking off of
PDSPB particles. As a result, most of the PDSPB par-
ticles are almost completely separated from the ma-
trix after impact, shown in Figure 2(a). These are the
so-called defects or crack initiating points of the
materials.?! Consequently, a much lower impact
strength should be obtained, which will be discussed
in the next section.

Addition of SMA changes this situation, as seen in
Figure 2(b-d). The PDSPB particles are embedded in
PS matrix. Almost no isolated PDSPB particle
appears on the fractured surfaces. The voids on the
interface disappeared when SMA content exceeded
5 wt %. The diameter of PDSPB particles decrease to
about 5, 2, and 1 um, respectively, when the content
of SMA increases to 5, 10, and 20 wt %. Compared
with PS/PDSPB blend, addition of SMA as compati-
bilizer is able to induce a good dispersion and pre-
vent the agglomeration of PDSPB, decrease the size
of dispersed phase, and substantially improve the

TABLE II
Gel Contents of PS/20%PDSPB (PS2), PS/20%PDSPB/
5%SMA (PS3), PS/20%PDSPB/10%SMA (PS4), and PS/
20%PDSPB/20%SMA (PS5)

Sample PS2 PS3 PS4 PS5

Gel content (%) 14.4 19.6 26.6 33.1
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Figure 2 Morphologies of fracture surfaces for PS/20%PDSPB (a), PS/20%PDSPB/5%SMA (b), PS/20%PDSPB/10%SMA

(c), and PS/20%PDSPB/20%SMA (d).

interfacial adhesion between PDSPB particles and PS
matrix. The interphase becomes illegible with the
increase of SMA content.

Mechanical properties

Figure 3 depicts the average impact strength of these
blends with various SMA contents. The impact
strength of PS6 (3.15 KJ/m?) is higher than PS1 (2.48
KJ/m?), which implies that SMA is able to provide
better impact resistance. With the same IFR loading
(20 wt %), addition of SMA into PS/PDSPB blends
led to improvement in impact strength. Moreover,
with 5, 10, and 20 wt % SMA loadings, the impact
strength increased about 29, 103, and 201%, respec-
tively compared with the PS/PDSPB blend. This
indicates that the interface between the matrix and
PDSPB particle is no longer the defect or crack ini-
tiating point of the material. The reason is that the
interphase formed by SMA between PS and PDSPB
acts as an energy absorbing phase, and is able to
entangle with the PS matrix. The interphase becomes
thicker with the increase of SMA contents (from 5 to
20 wt %). When the addition of SMA is up to 20 wt
%, there must be many chains of SMA that do not
react to the surface of PDSPB, increase the degree of
freedom of the intramolecular motion of SMA.****
Therefore, the blend with 20 wt % SMA provides
the highest impact resistance of all. Therefore, it can
be concluded that increasing the SMA weight frac-

tion in blends improves the impact strength
significantly.

Flammability properties

Cone calorimetry is widely used to evaluate fire per-
formance. It is one of the most effective bench-scale
methods for studying the flammability properties of
materials. Various parameters are obtained from

5 \
g 1.5 \
e \

0oLt §

PS3 PS4 PS5 PS6
Sample code

Figure 3 Impact strength of pure PS (PS1), PS/20%PDSPB
(PS2), PS/20%PDSPB/5%SMA (PS3), PS/20%PDSPB/
10%SMA (PS4), PS/20%PDSPB/20%SMA (PS5), and PS/
SMA (PS6).
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Figure 4 Heat release rate of pure PS, PS/20%PDSPB,
PS/20%PDSPB/5%SMA, PS/20%PDSPB/10%SMA, and PS/
20%PDSPB/20%SMA.

cone measurements. Heat release rate (HRR), in par-
ticular peak heat release rate (PHRR), has been
found to be the most important parameter to evalu-
ate fire safety.

Comparison of the HRR data for pure PS, PS/
PDSPB, and PS/PDSPB/SMA blends is shown in
Figure 4. Table III shows PHRR values of the
samples.

Figure 4 shows that pure PS resin burns very fast
after ignition and a sharp PHRR appears at 700 kW/
m?. When 20 wt % PDSPB is added (PS2), the value
of PHRR decreases to 502 kW/m?, which is 28%
lower than pure PS. In PS/PDSPB/SMA systems,
the PHRR of PS3 (5 wt % SMA) is reduced by 18%
relative to PS/PDSPB blend. However, when the
content of SMA is increased to 20 wt %, the PHRR is
improved by 14% compared with PS/PDSPB blend.
This indicates that 20 wt % contents of SMA are
obviously excessive for reducing flame retardance.
From the above it appears that in PS/PDSPB/SMA
systems, 5 wt % content of SMA is adequate to
reduce the PHRR. However, the ignition time of the
PS/PDSPB samples (see Table III) is lower than that
of pure PS. The reason may be due to the fact that
PDSPB decomposes earlier than PS itself, and some
small volatile molecules are produced from the
decomposition of PDSPB. Similar phenomenon was
observed by Ma et al.” and Song et al.* Whereas af-
ter compatibilization, the ignition time was higher
than that for PS/PDSPB system and much higher
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with the decrease of SMA incorporation. The result
indicates that compatibilization could delay thermal
oxidation degradation of flame retardant PS, which
has been reported in PP system by Song et al.**

Results with similar trend could be obtained from
the LOI test, as shown in Table III. The LOI value of
PS resin is 17.6, indicating its inherent flammability
properties. When 20 wt % PDSPB is added, the
flame retardancy of the PS blend is improved. At
the same time, the dripping tendency during com-
bustion becomes weaker. When 5 wt % SMA was
loaded, the LOI kept in a relatively high value.
However, as SMA increases, the LOI value of the
blends decreases.

There is an optimum loading content of the com-
patibilizer for the flammability properties. This is
because two effects were produced after the compa-
tibilization. On the one hand, compatibilization can
make the flame retardant PDSPB disperse uniformly.
The more the compatibilizer added, the more evenly
the flame retardants distributed. Therefore, the
increase of the compatibilizer content is positive for
improving the flame retardant properties. On the
other hand, a ring opening reaction takes place
between the —NH, functional groups of the flame
retardant PDSPB, which play a role of gas source in
IFR, and the MAH of the compatibilizer SMA after
compatibilization, causing the absence of gas source.
The more the compatibilizer added, the more the
gas source lost. From this sense, the increase of the
compatibilizer addition is negative for improving
the flame retardant properties. Consequently, for the
PS/PDSPB/SMA systems, a best flame retardant
property is obtained at the SMA loading content of
5 wt %, when the two opposite effects are balanced.

TGA shown in Figure 5 can approximately
describe the possible chemical reaction between the
components with different SMA content when burn-
ing. The results show that two steps of degradation,
one around 300—450°C and the other higher than
500°C, exist in the compatibilized system. The first
step can be considered as the thermal degradation of
PS resin, the same as pure PS1 and PS2 samples,
which has been discussed previously.'® In this step,
the temperature at maximum degradation rate is
increased and maximum degradation rate is reduced
with the addition of 20% PDSPB. The second step
from 450 to 550°C might be attributed to the degra-
dation of more stable amide groups and imide

TABLE III
Peak Heat Release Rate, Time to Ignition and LOI Values of the Samples
Sample PS1 PS2 PS3 PS4 PS5 PS6
PHRR (kW /m?) 700 =21 502 18 410*13 509 =14 573 16 713 £17
Time to ignition (s) 49 £ 1 251 42 = 2 34 1 300 49 =1
LOI 17.6 23.8 242 22.7 22.3 18.3
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Figure 5 TGA curves of pure PS, PS/20%PDSPB, PS/
20%PDSPB/5%SMA, PS/20%PDSPB/10%SMA, and PS/
20%PDSPB/20%SMA.

groups as illustrated elsewhere.”?® This indicates
that the —NH, groups dehydrating into more stable
imide groups at high temperature is the reason for
the gradual loss of gas source with the increase of
SMA content.

The lack of gas source can be reflected visually
from the microstructures of the residues. Figure 6
shows the morphologies of the chars after combus-
tion for PS/PDSPB and PS/ PDSPB/SMA blends.

20pm

The chars of PS2 and PS3 exhibit a honeycomb struc-
ture. Some cavities can be seen on the char surface.
However, there is no honeycomb bubbles scatter on
the char surface of PS4 and PS5. Our previous work
has demonstrated that’ an intumescent char with
honeycomb structure could be formed during burn-
ing process, because the nonflammable gas released
by gas source (—NH;) can make the char swell. The
formation of intumescent char is responsible for the
flame retardancy. According to this, if some —NH,
groups remain after melt blending (PS3), the intu-
mescent char could form and the flammability could
be reduced. Otherwise (PS4 and PS5), the flame
retardancy will decrease. This is the reason why the
flame retardant properties of PS3 are the best.

CONCLUSIONS

The relationship between the content of compatibil-
izer and the properties of the PS/PDSPB/SMA
blends was investigated. SMA was used as the com-
patibilizer for flame retardant PS systems, in which
MAH could react with functional groups (—NHy)
present on the flame retardant PDSPB to form in situ
graft copolymer, whose chemical structure was veri-
fied. This compatibilization significantly reduced the
size of the dispersed PDSPB domains and improved
the interfacial adhesion between PS and PDSPB.

Figure 6 FESEM observations of residues from PS/20%PDSPB (a), PS/20%PDSPB/5%SMA (b), PS/20%PDSPB/10%SMA
(c), and PS/20%PDSPB/20%SMA (d) after cone calorimetric measurements.
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With the same PDSPB loading (20 wt %), addition of
5,10, and 20 wt % SMA increased the impact strength
of the flame retarded PS by about 29, 103, and 201%,
respectively. The PHRR of PS/PDSPB/5 wt % SMA
blends was reduced by 18.3% relative to PS/PDSPB
blend. However, when the content of SMA was
increased to 20 wt %, the PHRR was improved by
14.2% compared with PS/PDSPB blend. Results with
similar trend were obtained from the LOI test. 5 wt %
is the optimum SMA loading content to improve the
mechanical properties and to reduce the flammability
properties at the same time. Results of thermal gravi-
metric analysis revealed that the —NH, groups
change into more stable imide groups at high temper-
ature, causing the absence of gas source. Char mor-
phologies collected after cone calorimetry show that
the intumescent char couldn’t form during combus-
tion process because of the absence of gas source,
which is the main reason for the deteriorate effect of
high SMA loading.
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