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The physical properties, such as compatibility, the mechanical properties and
the thermal degradation behavior of poly(methyl methacrylate) blended with
propyl ester phosphazene have been investigated by DSC, SEM and
TGA/FTIR. The results reveal partial miscibility of propyl ester phosphazene
in PMMA when the amount of propyl ester phosphazene is less than 20 phr;
greater amounts were immiscible. The major thermal degradation temperature,
residual char yield and activation energy of PMMA blends increase with
increasing propy! ester phosphazene content, and are higher than pure PMMA.
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1 INTRODUCTION

Poly(methyl methacrylate) (PMMA) exhibits
excellent mechanical properties and good
performance at various processing conditions.
Since it is susceptible to degradation at high
process temperatures, much work has been
directed towards improving its thermal stability.
For example,” some studies have pointed out
that PMMA blended with inorganic compounds
such as chromium chloride and manganese
chloride results in improved thermal stability.
Other studies have shown that sulfur or phospho-
rus grafted in the polymer backbone could
improve the thermal degradation behavior of
PMMA. Fundamental studies®® on the degrada-
tton of PMMA have shown that the thermal
degradation takes place by an unzipping reaction.
This is accompanied by the evolution of methyl
methacrylate gas with the reaction having an
activation energy of 130 ~230 kJ/mol. Recently,
studies on the thermal degradation of PMMA
have also focused on avoiding the generation of
toxic and corrosive gases during thermal degrada-
tion. This work has led to the substitution of
halogen flame retardants by non-halogen com-
pounds. The addition of these non-halogen
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compounds is cheaper and more convenient than
chemical modification; however, compatibility
must be considered.

Among the current non-halogen compounds in
use as flame retardants are a variety of
phosphazene compounds.” These compounds
have been used mainly in non-burning expanded
foam material. In other applications, large
improvements in the thermal stability of rayon by
the addition of phosphazene have been
reported,'” but studies on the thermal degrada-
tion of other polymers blended with phosphazene
have not been reported. Hence, in this paper the
effects of propyl ester phosphazene on the
thermal degradation pathway of poly(methyl
methacrylate) and its kinetics are examined by
studying evolved gas products and residual yield
using TGA/FTIR techniques. In addition,
physical properties and compatibility are also
discussed.

2 EXPERIMENTAL
2.1 Blending material

The samples were prepared from mixtures of
poly(methyl methacrylate) (PMMA) supplied by
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Chi Mei Industrial Co. Ltd, and propyl ester
phosphazene (FR) supplied by the Chang Shan
Institute of Science and Technology. Samples
were blended with acetone and prepared at room
temperature by a solvent casting technique. The
cast films were dried slowly in an oven at 106°C
until the weight of the specimens remained
unchanged. The physical properties of PMMA
and propyl ester phosphazene are listed in
Table 1, and the symbolic descriptions of the
formulation used in this study are listed in
Table 2.

2.2 Measurement of phosphorus content

The phosphorus content of the PMMA blends
was determined using a colorimeter.'' The results
were listed in Table 2.

2.3 Glass transition temperature (77,)

The glass transition temperature of the PMMA
blends was determined using a Du Pont DSC 910
differential scanning calorimeter (DSC). The
sample weights were 5-10 mg and the heating
rate was 10°C/min under nitrogen purge.

2.4 Morphology observation

The morphology and compatibility of PMMA
blends were examined with a JEOL JSM-T100
scanning electron microscope (SEM) using an
accelerating voltage of 5 kV.

2.5 The interaction between PMMA and FR

The interaction between poly(methyl methacry-
late) and propyl ester phosphazene was investi-
gated with a BIO-RAD 3240+ FTS-40 Fourier
transform infrared spectrometer (FTIR).

Table 1. Physical properties of PMMA and propyl ester phosphazene

Formula

Materials T,(°C)"

Poly(methyl methacrylate) CH;
~CH—C 55
(l“()
OCH; 110
Propyl ester phosphazene OC,H,
—N=P
OCsH; ~100

Melt flow index (gm/10 min)

2.6 Mechanical properties of PMMA blends

The tensile strength of the PMMA blends was
measured using a UTM 111-500 Instron according
to ASTM 683.

2.7 Thermal degradation behavior

The thermal degradation of the PMMA blends
was investigated with a Perkin-Elmer TGA-7
thermogravimetric analysis (TGA) at various
heating rates under a nitrogen atmosphere.

2.8 Evolved gas and residual char yield analysis

The gas products of PMMA blends at various
temperatures were studied using a SEIKO SSC
5000 thermogravimetric analyser (TGA) coupled
with a BIO-RAD FTS-40 Fourier transform
infrared spectrometer (FTIR). Samples were
heated at a rate of 10°C/min under a nitrogen
atmosphere and the spectra were identified by
visual analysis and by searching the spectral data
bases. The residues at various temperatures in
TGA were also investigated using a Fourier
transform infrared spectrometer (FTIR BIO-
RAD FTS-40).

3 RESULTS AND DISCUSSION
3.1 Compatibility between PMMA and FR

The relationship between the glass transition
temperatures of PMMA blends and weight
fraction of propyl ester phosphazene (FR) is
illustrated in Fig. 1. The glass transition tempera-
ture of pure PMMA is 110°C, which agrees with
the literature.”” Since FR has a very low glass

Remark

14° CM-211

Cyclic/linear structure
=65:35 Cl1 <0-1%wt

“ By ASTM Code D-1238. * Determined by DSC. © Viscosity > 10° Poise (25°C).
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transition temperature ( — 100°C), the glass tran-
sition temperature of PMMA blends decreases as
the content of FR increases. However, the glass
transition of PMMA blends begins to level off
after 20 phr of FR. This signals the incompatibil-
ity of FR in PMMA at levels greater than 20 phr.
To verify this suspicion, scanning electron micro-
graphs of the morphology of PMMA blends are
shown in Fig. 2. The micrographs confirm that FR
is uniformly dispersed in the PMMA matrix when
the content of FR is less than 20 phr, Figs 2(a)
and (b). At levels greater than 20 phr large
particles are fromed which coagulate on the
sample surface, and these particles increase in
size with increasing FR content, Figs 2(c) and
(d).

A comparison of experimental and theoretical
glass transition temperatures calculated according
to the Fox equation® is listed in Table 3. The
comparison indicates that the Fox equation is not
applicable to the system of the PMMA-FR. This
discrepancy between the Fox equation and the

Table 2. Symbolic meaning and phosphorus content of
blended samples

Code Weight ratio (PMMA/FR) P (wt%)* P (wt%)®
PMMAOF 10:0 0-00 <0-01
PMMAIF 10:1 2:01 2:01
PMMAZ2F 10:2 3-68 370
PMMAZ3F 10:3 5-10 5-07
PMMAAJF 10:4 631 7-17
FR 0:10 221 22-1

“ Phosphorus content from composition calculation.” Phos-
phorus content by the colorimeter.

experimental result is a further indication that
PMMA blends are partially miscible when the FR
content is less than 20 phr, but incompatible at
levels greater than 20 phr.

3.2 The interaction between PMMA and FR

The FTIR spectra for FR and three different
PMMA blends are shown in Fig. 3. These are
accompanied by a listing of functional group
frequencies in Table 4. Intensities at 1225 ~ 1250
and 900 ~ 1050 cm ' are attributed to N=P and
P-O-C bonds," respectively. An intensity change
or peak shift of the

0

[

——C—

group (1730 cm ') is a measure of the interaction
between PMMA and FR. Since this peak does
not change with increasing FR, we infer that a
chemical bond was not formed or that only weak
interaction exists in the PMMA blends.

3.3 Tensile properties

The stress and strain characteristics of PMMA
blends are shown in Fig. 4. The results show that
the tensile strength of PMMA blends decreases
with increasing FR content. However, the ulti-
mate strain of PMMA blends increases with
increasing FR content. These results show that
FR acts as a plasticizer for PMMA.

3.4 Thermal degradation of PMMA blends

Both Fig. 5 and Table 5 represent the relationship
of residual weight fraction to temperature. The

110 -
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Glass Transition Temperature (°C)
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"
100
T T T T T T T T T T T T T
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Weight Fraction of FR
Fig. 1. The relationship of the glass transition temperature of PMMA blends versus the weight fraction of FR.
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(a) PMMAOF

(b) PMMA2F
Fig. 2. Scanning electron micrographs of PMMA blends. (a) PMMAOF, (b) PMMAZF. (¢) PMMAJF and (d) PMMA4E

weight loss characteristics of various PMMA
blends were recorded at heating rate of 10°C/min
under a nitrogen atmosphere. The curves show
thermal degradation of FR occurring in three
temperature ranges—140-268°C, 270-340°C and
above 340°C. Gas discharge during the thermal
degradation of FR and the FTIR spectrum at
various times during that gas discharge are shown
in Figs 6(a) and 7(a). respectively. The FTIR
spectra in Fig. 7(a) are very similar all the way
through the thermal degradation process by
visual analysis and by searching the spectral data
bases, and this spectral data led to the conclusion
that the major gas product was propylene. The
FTIR spectrum of the condensed phase of FR at

Table 3. Comparison of glass transition temperature
between experimental results and calculation using the Fox
equation

Weight fraction T, (experimental) T, (bv Fox equation)
of FR in
PMMA blends

0 (0 phr) 110 110

0-09 (10 phr) 102:22 71-95
0-13 (15 phr) 101-85 57-67
0-17 (20 phr) 100-56 45-57
0-20 (25 phr) 10025 35:20
0-237 (30 phr) 101-45 26:21
0-29 (40 phr) 10039 11-40

(¢) PMMAZ3F

(d) PMMAJF

various temperatures is shown in Fig. 8(a). The
peaks at 2940, 2900, 2850 and 1478 cm ', assigned
to bending in methyl and methylene groups,
decrease with increasing temperature, as does the
peak associated with the P=N bond at 1250 cm .
The intensity at 1400 cm ' due to the

0

Hol
— N—p—

|
bond" increases with increasing temperature.
This implies that the methyl and methylene
groups of FR gradually disappear, due to the
formation of propylene gas. The P=N bond
undergoes an isomerization rcaction during the
thermal degradation of FR as it seeks a more
thermally stable structure. The thermal degrada-
tion mechanisms of FR are suggested by
Maynard et al.” and Papkov et al.'* as follows:

OC.it OH 0
| ! i

ol

——N=P 5 +N:["+, + 00 H,  —— +'\ﬁl" — + nCeH,
A |
[RIQS] OC:H OC -
(1)
i (119 Jn
CHH OH [}
{ | H
—N=P o —— +'\:l"4ﬁ + 0 H, -———— »«—.\H"f cnCiH,
A
O :H OH OH ('y)
db (133 (V)

The amount of propylenc produced during the
thermal degradation of FR in egns (1) and (2) are
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Fig. 3. FTIR spectra of various PMMA blends.

1000 500

calculated to be 23 and 23 wt%, respectively, but
in fact from Fig. 5 the amount of propylene
evolved during the thermal degradation of FR is
29 and 17 wt%. Therefore, the thermal degrada-
tion of FR in stage 1 can be inferred to include
eqn (1) and partially eqn (2), and the reaction
occurring in stage 2 can be inferred to mainly
follow eqn (2).

As shown in Fig. 5, the thermal degradation of
PMMA, unlike FR, is a one stage reaction; the
temperature range of the thermal degradation is
between 289 and 453°C. This agrees with
Manring, Soloman’ and MacCallum'’ who
reported that the temperature range of thermal
degradation of PMMA was between 270 and
410°C. TGA/FTIR was also used to identify the
pyrolysis gas of PMMA shown in Figs 6(b) and
7(b). The FTIR evidence shows that the major
gas product at 35-6 min is methyl methacrylate.
The result was determined by visual analysis and
by searching spectral data bases, and it agrees

Table 4. Characteristics of FTIR for poly(methyl methacry-
late) and propyl ester phosphazene

Compound Functional group  Frequency (cm™')
Poly(methyl -C=0 1730
methacrylate)
-C-0 1150 ~ 1190
-CH, 2962
Propyl ester N=P (linear) 1260 ~ 1420
phosphazene
N=P (cyclic) 1120 ~ 1439
P-O-C 900 ~ 1050

with the study of Guaita and Chianote.® The
FTIR spectrum of the condensed phase is similar
to the original structure of PMMA as shown in
Fig. 8(b). From the FTIR spectrum of evolved gas
and residual yield, it can be predicted that the
thermal degradation mechanism of thermal deg-
radation of PMMA is unzipping reaction coupling
with random-chain scission, which leads to
monomer volatilization and depolymerization.
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Fig. 4. Stress—strain curves of various PMMA blends.
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Fig. 5. TGA thermogram of PMMA blends at a heating rate of 10°C/min under nitrogen atmosphere.

Table 5. Weight loss characteristics of various blends at a heating rate of 10°C/min under nitrogen atmosphere

Blends T.ei(°C) at 5% wt loss % residual at 550°C Temperature range for thermal
degradation (°C)
Stage 1 Stage 2 Stage 3
FR 224-98 3747 140 ~ 268 271 ~ 340 340 ~
PMMAOF 340-08 0 — 289 ~ 453« —
PMMAI1F 35195 243 220 ~ 331 332 ~ 500¢ —

PMMAZF 301-87 69 220~ 329 337 ~ 500¢ —

“ Major degradation of polymer or polymer blends.
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Fig. 6. The gas discharge with time (temperature) during thermal degradation for (a) FR, (b) PMMAOF and (c) PMMAZ2FE
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The thermal degradation of PMMA blends
occurs in two stages as shown in Fig. 5. Weight
loss occurring in the first stage, from 220 to
330°C, is attributed to FR, and weight loss during
the second stage is mainly attributed to PMMA.

(a) r From data base _A
_/Jp—_&/\/\
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Fig. 7. FTIR spectrum of the gas phase during thermal

degradation at various times for (a) FR, (b) PMMAOF and
(c) PMMA2F.

Experiments to identify the gas product for
PMMA blends are shown in Figs 6(c) and 7(c).
The major evolved gas at 36:33 min is methyl
methacrylate; propylene is not observed in the
FTIR spectrum. The residual content of PMMA
blends at 550°C increases with increasing FR
content. It is interesting that the major degrada-
tion temperature of PMMA blends increases with
increasing FR content.

From the FTIR spectrum of residual yield of
PMMAZ2F shown in Fig. 8(c), it is found that the
intensity of the

0
[
_C_
bond at 1830 and 1750 cm ™' and the intensity of
the
00
il

\/
O

bond at 1000 cm™' increase are clearly seen at
temperatures of 250 and 400°C. This implies that
residual yield forms an anhydride structure
during the thermal degradation process of
PMMA blends. However, the intensity at 1830
and 1750 cm™' due to the contribution of
anhydride mostly disappear at 400°C, because the
major degradation of PMMA occurs. In order to
examine the degree of interaction between
PMMA and FR during the thermal degradation
of PMMA blends, a mixing rule, eqn (3), which
assumed no interaction effect, was employed.

Wblend(T) = WPMMA(T) ‘Xpmma + WFR(T) X rr (3)
where
Woena(T):  residual weight fraction of PMMA blend
at any temperature

Wemma(T): residual weight fraction of pure PMMA
at any temperature

Wer(T): residual weight fraction of FR at any tem-
perature

Xomma: weight fraction of PMMA at blends

Xer: weight fraction of FR at blends.

A comparison of the experimental result and
the results calculated from the mixing rule is
shown in Fig. 9. The major thermal degradation
temperature predicted by the mixing rule is lower
than the experimental results; however, the
residual content predicted by the mixing rule is
close to the experimental results after complete
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Fig. 9. Comparison of the TGA thermograms between
experimental results and mixing rule for PMMAIF and
PMMAZF.

thermal degradation of PMMA. The incorpora-
tion of FR in PMMA polymeric chains accel-
erates the breakage of ester groups in the early
stages of thermal degradation. In a later stage an
anhydride structure is formed which retards the
successive degradation. It seems that FR changes
the thermal degradation reaction route, but it
does not influence the major evolved gas of
PMMA blends or form extra stable char with
PMMA through the interaction.

3.5 Kinetic analysis

The relationship between apparent activation
energy and weight loss fraction (a) of PMMA
blends was determined using Ozawa’s method."
The results are shown in Fig. 10. The litera-
ture™'”?" has pointed out that the range for the
activation energy of PMMA is about 130~ 233
kJ/mol. This includes random scission initiation
and end initiation. In our experiment, the
activation energy of PMMA increases with
increasing weight loss fraction. The range is from
130~170 kJ/mol and the average activation
energy is 154 kJ/mol. Because the thermal
degradation of FR occurs in three stages, the
thermal degradation activation energy also has
three stages. The first stage occurs between 100
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Fig. 10. The relationship of activation energy versus weight
loss fraction for PMMA blends.

and 120 kJ/mol (« =0:04 ~0-29) with an average
value of 110 kJ/mol. Different competing reac-
tions caused the range of activation energy for
the second and third stages to become less well
defined and so their physical meaning is less
clear. The activation energy of thermal degrada-
tion of PMMA blends increases with increasing
content of FR, and for 10 and 20 phr blends the
average activation energy is 170 and 221-4 kJ/mol,
respectively. The increase in activation energy for
the blends indicates that thermal degradation is
delayed by the addition of FR.

4 CONCLUSIONS

1. Mechanical tests and electron microscope
evidence indicate that PMMA and FR are
partially miscibile when the content of FR is
less than 20 phr.

2. The thermal degradation of FR occurs in three
stages up to 550°C, and propylene is the major
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evolved gas. The activation energy ranges from
100 to 120 kJ/mol (weight loss fraction
a =004 ~0-29).

. The thermal degradation of PMMA is a one

Bar-Long Deng et al.
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