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ABSTRACT: The thermal behavior of an acrylic binder
resin used in back coatings for textile applications was stud-
ied. The influence of the crystalline form of the fire-retardant
additive on the thermal behavior was investigated. This
resin formed a carbon char during its thermal degradation,
so it may be assumed that it acts as a charring agent in
intumescent systems with ammonium polyphosphate (APP)
as the acid source. Thermogravimetric and spectroscopic
analyses of acrylic binder resin/APP mixtures demonstrated

the influence of the crystalline form of APP. The degradation
mechanism of the binder resin could be described by ring
closure and the formation of unsaturations. APP leads to the
formation of a phosphocarbon structure that is thermally
stable, whatever the crystalline form was of APP. © 2004
Wiley Periodicals, Inc. ] Appl Polym Sci 94: 717-729, 2004
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INTRODUCTION

Acrylic binder resins are used to coat fabrics' in many
fields, including construction, transportation, and
clothing. They allow the binding of fibers and the
dispersion of additives, such as fire-retardant addi-
tives, on the surfaces of fabrics. This is particularly
important because fabrics have to satisfy several fire
tests, which are linked to their applications.

Two processes can be used to fire-retard synthetic
fabrics: treatment of the bulk of the fiber (additives are
placed in the polymer before the fiber is formed? or the
polymer chain is modified) and surface modification
of the fiber (coating®). One way of flame-retarding
materials is using intumescent systems.>” An intu-
mescent system is generally composed of three active
agents: an acid agent, a carbon source, and a blowing
agent. Several successive reactions between these
agents take place during the thermal degradation of
the system and finally lead to the formation of a
carbon expanded layer, which is generally called char.
This char should be able to act as a thermal insulation
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shield for heat transfer from the flame to the polymer
and as a physical barrier hindering the diffusion of
volatiles toward the flame and of oxygen toward the
polymer. As a result, the material is fireproofed.

The most common carbon sources are polyols such
as penthaerythritol. Indeed, several studies in our lab-
oratory have shown the efficiency of such intumescent
systems.®™ However, polyols present some problems
of solubility and exudation. An original and innova-
tive way of achieving fire-retardant synthetic fibers by
surface treatment is the use of a binder resin as a
carbon source. Acrylic binder resins are usually used
for the surface treatment of fabrics and could be an
interesting source of carbon because of their ability to
sometimes form a carbon layer when degraded.

An understanding of the mechanism of degradation
is needed for us to improve fire-retardant systems.
This article deals with the mechanism of degradation
of a commercial acrylic binder resin and a mixture of
a binder resin and ammonium polyphosphate (APP).
In particular, the effects of the crystalline forms of
fire-retardant additives on the interactions of addi-
tives and binder resins are examined.

Thermogravimetric analysis (TGA) was used to de-
termine the characteristic steps of degradation and to
study the interactions of fire-retardant additives with
the polymer and their effects on the thermal stability
of the system. Volatile degradation products and solid
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Figure 1 Schematic formula of APP.

residues at determined heat-treatment temperatures
(HTTs) were then analyzed with Fourier transform
infrared (FTIR) and solid-state NMR, respectively, to
obtain a better understanding of the mechanism of
degradation of the binder resin/APP mixture.

EXPERIMENTAL
Materials

The raw materials were an acrylic binder resin' (Re-
polem 1122 TK, Atofina), in the form of an emulsion of
the polymer, and APP (Fig. 1) crystalline form I (An-
tiblaze MC, Rhodia, Paris, France; soluble fraction in
H,O = 2.77 wt %) and APP crystalline form II (Exolit
422, Clariant; soluble fraction in H,O < 1 wt %).

The characteristics of the acrylic binder resin (aqueous
emulsion) are given in Table I. The crystalline forms of
APP" differ in their chain size. Form I contained chains
with average sequences of tetrahedral PO; that were
much shorter than those of form II (Fig. 1).

The APP/resin mixture was obtained with the fol-
lowing procedure. First, APP was dispersed in water,
and then an acrylic emulsion was added (10 wt %
APP, 45 wt % water, and 45 wt % acrylic emulsion).
This mixture was mixed with an Ultra Turax rotor/
stator system (Mac Technologie; Gretz-Armainvilliers,
France) at 8,000 rpm for 8 min and then at 13,500 rpm
for 2 min.

APP/resin films (Table II) were obtained by the wet
mixture being placed in an aluminum pan covered with
Teflon and being dried at 90°C until a constant weight
was obtained. It was dried again at 150°C for 2 min to
eliminate residual water and to reticulate the films.

X-ray diffraction (XRD)

All the samples were powders and were examined
under the same experimental conditions with a Sie-

TABLE I
Characteristics of Repolem 1122 TK Acrylic Binder Resin
Vitreous Solid
temperature content Stabilization Viscosity
T, (°C) (%) pH (mPa.s)
2 59-61 Anionic and 7-8 100-350

nonionic
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TABLE II
Compositions of Different Dried Films
APP Binder resin
Dried film (Wt%) (Wt%)
Acrylic binder resin 0 100
Acrylic binder resin + APP I 25 75
Acrylic binder resin + APP II 25 75

mens 5000 diffractometer. Copper radiation was used,
and the applied voltage was 40 kV with a 25-mA
current (Acy ko = 1.54 A). A graphite monochromator
was used to produce Ka radiation. A 26 scan was
made from 10 to 45° at 0.8°/min in a Bragg—Brentano
configuration (26/6).

With the Joint Comittee Powder Diffraction Stan-
dards-International Centre for Diffraction Data
(JCPDS-ICPD) database, the crystalline phases were
identified from their observed XRD patterns.

FTIR spectroscopy

FTIR spectra of the films were obtained with a Nicolet
400D (Access IR, Brémoncourt, France) device from
700 to 4000 cm . A purge system (Lab Gas) was used
for scanning under dried air without carbon dioxide.
Sixty-four scans were made at a resolution of 4 cm ™'

The films (virgin binder resin or a mixture of the
additives and binder resin) were analyzed with an
attenuated total reflection system, and the residues
were ground and mixed with KBr to form pellets for

transmission analysis.

Scanning electron microscopy (SEM)

The fracture surfaces in liquid nitrogen of the samples
were studied with a JEOL JSM T330 A scanning elec-
tron microscope (JEOL; Croissy sur Seine, France). The
samples were mounted on an aluminum stub with
double-sided tape and then gold-coated with a JEOL
Ion Sputter JFC-1100 coating unit to prevent electrical
charging during the examination.

TGA

TGA was performed at 10°C/min under synthetic air
(flow rate = 0.75 X 10~7 m®/s, Air Liquid grade) with

Sample

Y : "
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Figure2 Schematic diagram of the tubular furnace coupled
with an FTIR spectrometer.
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Figure 3 IR spectra of the pure acrylic binder resin.

a Setaram 92-16/18 microbalance. The sample weight
was fixed at 10 mg, and the sample was positioned in
open vitreous silica pans. The precision of the temper-
ature measurements was 1.5°C over the whole tem-
perature range.

The curves of the weight differences between the
experimental and expected TGA curves were com-
puted as follows:

A[M(T)] = Mexp(T) - Mtheo(T)

where A[M(T)] is the curve of the weight difference,
Mp(T) is the TGA curve of the fire-retardant material
(resin/ APP), and My,.o(T) is the TGA curve computed
by a linear combination of the TGA curves of the APP
and binder resin:

Mupeo(T) = 2, %i X M{(T)

1

303
?.B-g E
- I 5 : i

1000

where %i is the weight percentage of material i in the
initial material and My(T) is the residual weight of
material 7 at temperature T. The A[M(T)] curve en-
abled the observation of an eventual increase or de-
crease in the thermal stability of the polymer related to
the presence of the additive. Synergistic effects were
represented by a positive A[M(T)] value represents a
synergistic effects, and a negative A[M(T)] value rep-
resents antagonistic effects.

Thermal degradation

Experiments were carried out at different characteris-
tic HTTs (250, 370, 430, and 490°C) for 20 min. In all
cases, the sample mass was fixed at about 3 g. The
samples were positioned in open pans placed in a
tubular furnace.
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Figure 4 FTIR spectra of both crystalline forms of APP.
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Figure 5 Particle size of crystalline form I (SEM images, original magnification = 1000X): (a) dry particles and (b) dried film.

Analyses of the gases

Qualitative analyses: FTIR

Gases were continuously evacuated with a pump (2
L/min). A Nicolet 710C FTIR spectrophotometer was
placed online and enabled the continuous detection of
gas components in smoke (Fig. 2).

The gas cell had a volume of 750 cm® and a 3.77 m
path length and was operated at 650 Torr. The sam-
pling line was maintained at 185°C. Therefore, the
partial pressure of the combustion products could be
low enough to prevent liquid or solid condensation in
the sampling line and in the cell. The FTIR instrument
was set to generate one spectrum every 9 s.

Quantitative analyses: HCN measurements
The tubular furnace method (norm NFEX 70-100) al-
lows the thermal degradation under air of polymer
materials associated with a quantitative analysis of the
combustion gases (CO,, CO, HCN, and SO,).
Experiments were carried out at 600°C for 20 min. In
all cases, the sample mass was fixed at about 1 g. The
samples were positioned in open pans placed in a
tubular furnace. Gases were continuously evacuated
with a pump (0.12 m®/h).

K
A\PP 1000 15KY

{a)

Figure 6

In this study, the evolved quantity of cyanhydric
acid during the degradation of the samples was deter-
mined. This acid was collected in traps (in NaOH 0.1
mol/L). The concentrations of the solutions were then
determined with ionic chromatography.

Analyses of the residues: solid-state NMR

Cross-polarization (CP)/dipolar decoupling (DD)/
magic-angle-spinning (MAS) '>C solid-state NMR
analyses were performed on residues of the thermal
degradation at characteristic HTTs.

Spectra were taken with a Bruker ASX 100 spec-
trometer (7-mm probe). The frequency was 25.2 MHz,
and MAS, DD, and CP were used. The Hartmann-—
Hahn conditions for CP were obtained through the
regulation of the canal power of the protons for max-
imum free induction decay of the '*C adamantane
signal.

One thousand scans were taken to obtain a good
signal/noise ratio. The time between each scan was
5 s. The rotation speed was 5 kHz. The reference for
the chemical shifts was tetramethylsilane. The contact
time was 1 ms under Hartmann-Hahn conditions.

{h)

Particle size of crystalline form II (SEM images, original magnification = 1000X): (a) dry particles and (b) dried film.
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Figure 7 TG curves of raw materials at 10°C/min under air.

RESULTS AND DISCUSSION
Characterization of the raw materials

Acrylic binder resins are produced by the radical po-
lymerization of different monomers. The monomers
used in the manufacture of Repolem resin are acrylic
acid, methacrylic acid, acrylonitrile, acrylamide, and
acrylic ester (with a C8 ester chain at the maximum;
Fig. 3).

FTIR spectra of both forms of APP show the pres-
ence of peaks corresponding to phosphates and am-
monium: at about 1250 cm ™! for P==O bonds and at
1010 and 1060 cm ™! for P—O bonds (Fig. 4). The band
at 800 cm ™! characterizes the bond P—O—P. More-
over, the characteristic peaks of form I at 760, 680, and
602 cm ™" are absent in the spectrum of form IL.™

XRD shows that crystalline form I contains some
impurities, unlike crystalline form II. The impurities
are ammonium carbonate and ammonium hydrogen
phosphate.'%*?

Crystalline form II has an orthorhombic structure (a
=4256 A, b=6475A,and ¢ = 12.04 A) in the P2,2,2,

spatial group. Form I has an orthorhombic structure
witha = 1450 A, b = 21.59 A, and ¢ = 4.85 A.

The particle size depends on the crystalline form.
The particles of form I are 10-20 um in size, as de-
scribed in the literature'® [Fig. 5(a)]. The particle size
of form II is about 10-40 um [Fig. 6(a)].

The particle size of form I is different in dried films,
being less than 10 um [Fig. 5(b)], although form II
seems to maintain its particle size [Fig. 6(b)]. During
the dispersion of crystalline form I in the acrylic
binder resin, the particle size decreases, whereas form
II particle size remains the same. This may be reason-
ably explained by the fact that form I has a shorter
chain length and is thus more sensitive to water (sol-
uble fraction in H,O = 2.77 wt %; it is less than 1 wt %
for form II). As the acrylic binder is water-based, the
water partially solubilizes form 1.

Thermostability of the raw materials and products

The degradation of APP I and APP II occurs in two
steps (Fig. 7 and Table III). The first stage corresponds

TABLE III
Different Information from the TGA Curves of the Different Samples (% in Dry Samples)

Step Temperature Resin APP 1 APP I Resin + APP I Resin + APP II
Onset (°C) 285 270 300 245 255
1 Maximum (°C) 370 335 335 365 370
End (°C) 440 450 460 430 440
Residual weight (%) 22 80 85 50 50
Onset (°C) 440 450 460 430 440
2 Maximum (°C) 500 590 620 720 730
End (°C) 580 800 800 800 800
Residual weight (%) 7 12 18 10 11
Onset (°C) 580
3 Maximum (°C) 590
End (°C) 610

Residual weight (%) 2




722
wl_ eoC |
W=, K0,
Weight = ‘
(%]  eo; \ e
380°C \ [%/min]
40 1 \
:mJ \\_h__ 0,0
180 200 200 460 shoeo0 oo [ Vemperature
400°C |"*_ [°Cl
NH3 wiaicc |
(AUl N ] H0 [A.U]
= |

100 200 300 400 500 &0O0 70O

Figure 8 FTIR-TG curves of APP II at 20°C/min under
nitrogen.

to a weight loss of 15% for APP II and of 20% for APP
L. The higher first weight loss of form I may be attrib-
uted to the presence of impurities (urea) due to the
mode of preparation of form I. Form I is prepared
through the heating of an equimolar mixture of am-
monium orthophosphate and urea under a blanket of
anhydrous ammonia at 280°C."> Form II is obtained
from the heating of form I, so no urea may be
present.'

The second step presents the maximum weight loss
at 590 and 620°C for APP I and APP II, respectively.
The thermal behavior depends on the crystalline form.
The degradation mechanisms of APP have already
been studied in the literature.'* The first step, which
starts at about 300°C, corresponds to the release of
ammonia and water (Fig. 8). The crosslinked phospho-
ric acid forms condensed species. During the second
step, which occurs at about 550°C, the evaporation of
phosphoric acid and the dehydration of the acid in
P,O;,, which sublimates, are thought to occur. More-

120 7 Residual weight
(%)
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I
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over, the final residual weight differs: form II has a
bigger residual weight (18.2%) than form I (12.2%).

It has been previously demonstrated that under ni-
trogen, APP I is thermally weaker than APP II. How-
ever, under an inert atmosphere, the same final resid-
ual weight has been reached.

The pure acrylic binder resin shows three degrada-
tion steps (Table III and Fig. 7). The major step of
degradation presents a maximum rate of degradation
at 370°C with a 78% weight loss.

The second step presents a maximum weight loss of
15% at 500°C, and the third presents a maximum
weight loss of 5% at 590°C. At the end of degradation,
the residual mass is 2%.

When APP is added to the acrylic binder resin, the
thermal stability of the binder is strongly modified
(Fig. 9 and Table III). Both crystalline forms of APP
stabilize the structure from 380 to 800°C. The major
degradation step presents a maximum rate of degra-
dation at 365-370°C (with a 50% weight loss vs a 78%
weight loss for the pure resin). Then, the material
degrades slowly between 380 and 680°C. Finally, a
second step of degradation is observed at a higher
temperature (25% weight loss at the maximum rate of
degradation) and leads to the formation of a stable
residue (ca. 10%). As a result, the degradation mech-
anism of the binder resin is modified by the addition
of APP. Chemical reactions between the APP and
resin should occur and lead to a thermally stable
structure.’ This is clearly shown by the curves of the
weight difference, which put forward eventual inter-
actions between the APP and binder resin (Fig. 10).

First, these curves demonstrate that there is no dif-
ference between the crystalline forms of APP. The
temperature range in which the interactions of the
additives and binder lead to the stabilization of the
material is 380-800°C. A destabilization of the mate-
rial is observed between 270 and 370°C. This can prob-

TGA curve

|~ Resin |
1
tAEF Resin + APP form 1 l

|~ Resin + APP form II

; o~ __ Temperature (°C)
0+ T T T T T T T T 1
0 100 200 300 400 500 600 700 800 900

Figure 9 TG curves of dried films.
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Figure 10 Curves of the weight difference for treated resins.

ably be attributed to a catalytic action of degradation
of HyPO, (formed during the degradation of APP) on
the binder resin, as previously observed in polyure-
thane and Ethylene Vinyl Acetate copolymer (EVA),
for example.>*~ 81315

In conclusion, the addition of APP to the binder
resin leads to the following:

+ small reduction of the onset temperature of deg-
radation of the system.

« the formation of a thermally stable material,
which is important in an intumescent system be-
cause it is this shield that acts as a protective
barrier.

These conclusions have been observed for both crys-
talline forms of APP.

Characterization of the volatile degradation
products and residues

To better understand the mechanisms of degradation
of the binder resin and the mixture of the binder resin

120 - Residual weight

and APP, we determined four characteristic tempera-
tures (HTTs) were determined from thermogravim-
etry (TG) curves (Fig. 11 and Table IV) to simulate the
degradation steps of the resin and the mixture,

+ 250°C corresponds to the beginning of the first
step of degradation for the binder resin and for
the mixture,

« 370°C corresponds to the beginning of the second
step of degradation for the pure resin and for the
mixture,

 430°C represents the end of the second step of
degradation for the pure resin and an intermedi-
ate step of the degradation for the FR mixture,

+ 490°C corresponds to the end of the degradation
for the pure binder resin and to an intermediate
step of the degradation for the FR mixture.

Volatile degradation products

Figure 12 presents the spectra of the gases that
evolved at 370°C for the mixture of the resin and
APP II. Table V shows the degradation gases that

o t T rature (HT 120 - Residual weight
o Heat Treatment Temperature (HTT) ey Heat Treatment Temperature (HTTH
100 - == oo S ot MMy - - —  ———— —
~ T =250°C e T e
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Figure 11 Determination of the characteristic degradation temperatures for a resin/ APP mixture and the pure resin.
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TABLE 1V
Description of Isothermally Heat-Treated Samples
HTT Residual HTT Residual HTT Residual
Product (°C) weight (%) Product (°C) weight (%) Product (°C) weight (%)
250 97.7 250 95.9 250 96.4
Acrvlic resin 370 30.3 Acrylic resin+ 370 48.9 Acrylic resin+ 370 49.7
crynetes 430 10.8 APP 1 430 424 APPII 430 40.3
490 2.5 490 37.1 490 39.5

evolved during the degradation of the different
samples. First, the degradation of the pure resin
occurs through the release of methanol, carbon di-
oxide, carbon monoxide, water, and a compound
with an amide function _ll__NRR,) . At higher tem-
peratures, cyanhydric acid, methane, alkene and al-
dehydes can be observed.

Films containing APP release ammonia at the begin-
ning of degradation, and no aldehydes are present. No
cyanhydric acid can be detected in the resin/APP
system. Two assumptions can be proposed: first, the
signal is too weak (too little acid to be detected) and
second, the signal is hidden by one of the ammonia
(harmonic at 3450 cm™ ') and a broad peak of C—H
(=C—H and —C—H at 3200-3000 cm~'). The norm
NFX 70-100 allows us to determine if the presence of
APP limits the formation of cyanhydric acid (Table
VI). As the dispersion of this method is about 15%, the
results show that the presence of APP does not limit
the formation of cyanhydric acid. Therefore, the signal
is hidden by those of ammonia and C—H bonds.

The crystalline form does not modify the nature of
the degradation gases.

Residues

*C-NMR spectra of residues of degradation contain-
ing APP I are similar to those of residues with APP II
(Figs. 13-15).

"

e i W
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Figure 12 IR spectra of degradation gases at 370°C for APP
II/resin mixtures versus time.

At 250°C, there is no evidence of degradation of the
pure resin (Fig. 13 and Table VII). At this temperature,
the degradation has not yet occurred (Table IV and
Fig. 11): there is 98% residue. However, the detection
of gases with an FTIR spectrometer (Table V) implies
that degradation has begun.

At 370°C, the degradation of the pure acrylic resin
occurs, and a peak at about 126 ppm appears. This
peak corresponds to C=C and C=N bonds (aromatics
and alkenes). Moreover, the carbonyl peak disappears,
and it may be assumed that the first step of degrada-
tion of the resin corresponds to the degradation of
carboxylic and amide functions.

The '°C spectra of formulations with APP, crystal-
line form I or I have, (not presented in the paper) have
the same aspects at 430 and 490°C than the one of the
pure binder resin.

At 430 and 490°C, the peaks at 30-50 ppm (tertiary,
secondary, and primary carbons) disappear. Only the
peak at 126 ppm remains (C=C and C=N unsatura-
tions). It may be proposed that the condensation and
oxidation of the structure occur in agreement with a
broadening of this peak.'

The FTIR analyses of the degradation residues show
that APP (form I or II; there is no difference between
the forms) has an impact (Fig. 16 and Table VIII) on
the degradation of the resin. Ester and amide functions

disappear, and an imide function ("THTY) appears (at

250 and 370°C, respectively). If APP is added, the residue
is a dense carbon solid with a structure that is not very
friable in comparison with samples without APP.

Concerning the degradation of the pure acrylic
resin, carboxyl acid functions (1733 cm ') and amide
functions (1717 ecm™ ') disappear progressively and
imide functions (1725 cm™') appear.

Ether functions (C—O—C bonds) also disappear
(1250-1100 cm ™), and a new peak of C—O—C bonds
appears in the same wave-number range: probably the
ether function of anhydride.

Peaks of alcohol and amide functions (O—H and
N—H) disappear, and peaks of C=C, C=N unsatura-
tions appear during the thermal degradation.

For the mixture with APP, the degradation is accel-
erated: at 370°C, only broad peaks remain that are due
to C(=C and C=N aromatic bonds and P—O—C
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TABLE VI
HCN Amounts in the Different Samples

R I TR -
Variation in comparison to

Sample HCN (mg/g) the resin (%)
Resin 6.88 0
RRRHKXK X XX XXX X Resin + APP I 7.86 14.3
Resin + APP II 7.33 6.5

bonds (Table VIII), in agreement with what was pre-
viously proposed according to TGA. All the peaks
present for the pure resin disappear. The thermally
okekalale ol = stable structure presents a broad peak at 1100-1300
cm ', This peak comes from the formation of bonds
between the APP and carbon structure (P—O—C
W K MR K bonds).> The formation of such species has already been
proposed as a partial explanation for the fire-retardant
mechanism. Indeed, it leads to the following:

Resin + APP crystalline form II

250°C T =370°C T =430°C T =490°C T =250°C T =2370°C T =430°C T =490°C T =250°C T =370°C T =430°C T = 490°C

+ a thermal stabilization of the material acting as a
protective barrier,
+ a deformation of the structure rather than crack

Resin + APP crystalline form I

15,18,19
KKK KK KR X KKK XX formation.
Discussion
X R R X = x = TGA shows that the addition of APP to an acrylic resin

enables the formation of a thermally stable structure
during degradation, whatever the crystalline form is
of the fire-retardant additives. First, concerning the
degradation of the pure resin, ">C-NMR shows the
appearance of C=C and C=N unsaturations (126
ppm) and the disappearance of carboxylic functions of
R RA R A XA XA esters (174 ppm) to the benefit of anhydride functions

HKHXHXHXHXHXXXKX KX XXX

TABLE V
Summary of Significant IR Absorbances of Gases of Degradation®

£ and imide functions (160 ppm). Moreover, imide func-
]
& tions and amide functions are detected in the gas
o e ¢ s s s s phase. As a result, it may be proposed that ring clo-
sure of polymer chains occurs and leads to the forma-
xX X X x X > <
Il
=
J Resin + cristalline form II at 250°C J \wm
: (S
=
o E=
S| Ezf. £ 2 :
=1 < < g 2 2 =) . . .
g ELSE & 8 g Resin + cristalfine form I at 250°C
o0 = VL oy B oD bD bD D pp Y
H|ESTHEEE- —SE55E5£57 - SN
Z| 638258 BEEEES e
G135 28 2555885 %
R YRR R
Ili‘”&f:"‘ml £ 5 gcﬁcﬁcﬁmlall)fm \ Resin at 250°C \
[
Zgimuugﬁguuuuuué e e
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Figure 14 '*C-NMR spectra of degradation residues for the
materials at 370°C.

tion of cyclic anhydride and imide, as already pro-
posed in literature®® = and as illustrated in egs. (1)
and (2).**° FTIR analyses support this hypothesis
because the anhydride function and imide function
and C=C, C=N unsaturations appear, whereas
amide, cyano, carboxylic, and ester functions disap-
pear, when the HTT increases.

“-CH, CH

2 ~ CH, CH,
CH CH Y=HouR cH ow
-G C
G c._.c + oY 1
S ovye © oo o : ( )
7CH2¢H CH, e, oM,
7 CH— CH CH— _ nH
+ NH,
e c & ¢ ;
C7 M N, © o "N o
—OCH, cCH, CH, CH, —CH, CH,
cH — : . -
CH— ~NH+ 5 OM o GH CH
c ¢ c. ¢ c._.c (2)
HN o 0 HN O o HN 0 0
2

Ring closure occurs with the release of small mole-
cules: water, ammonia, ether, and alcohol.?°3° These
gases have been detected during the thermal degra-
dation and confirm this hypothesis.

On the basis of these results and those reported in the
literature,”* several mechanisms are postulated for the
thermal degradation of the studied acrylic resin.

The anhydride is formed with the elimination of
water, alcohol, or ether, which depends on the se-
quence of the polymer motif. For example, if R is an
ethyl group, then diethyl ether is formed. Two other
cycles can be formed with the elimination of ammonia:

an imide function (°*° ¥ ") or m=¢-o-¢=ofunction [eq.

(2)], which is detected in the gas phase. For the pure
resin, the ammonia signal, which comes from amide
functions of the resin, is not detected. Two assump-
tions can be proposed:
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Figure 15 '>C-NMR spectra of degradation residues for the
pure resin at different degradation temperatures.

« the signal is hidden by harmonics of cyanhydric

acid,
e ammonia

is trapped in the carbon structure,

which is formed during thermal degradation.

C=N unsaturations can be formed with different
possibilities because of amide functions [egs. (2)-(4)]:

,7CH2CHCH2 CH, CH,
2”” veno CH CH 4 oyn
=Hou .
M C C
O NHyo © TN o
H
_—CH, CH,
T CH cH— + NH,Y
c. ¢
o oo
—CH, CH, —CH, CH, —-CH, CH,
CH CcH— CH— ) _
c e ~OYH + c L= ~ CH cH
G .. c ¢
HN 5 yo © HN 0 T0 w0 Yo (3)
CH, CH,  cH, CH, H, H, H, H
CH cH (‘DH oH —C. : c —C ‘ C
|
HN?‘ Sg S LS S . Lo
HN i H N N -
2! o HN O HN o o HoH O‘NH2 o N u o
H H
+ HO 4+ NH,
_ H H H H
CH, /,CHQ _.CH, CH;~ CZ CL 7C2 Cz
CH CH cH ‘f' I
¢ ¢ c Y=HouR 07 0 N oy ; : J
e} G ’ =Hou . oY e} N
oYo NH,O0  OY HoO o o
2 QY R
+ OHY
TABLE VII

NMR Peak Values for the > C-NMR” of the

Degradation Residues

Peak (ppm) Carbon
174 C=0 acid-ester
160 C=0 anhydride, imide
126 C=C, C=N aromatic
60 —C—0—
30-50 R,—C—R,, R—CH—R,, R—CH,—R
14 —CH;
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Figure 16 IR spectra of degradation residues.

All these ring closures depend on the polymer motif.
Therefore, the previous gases are not detected, either
because of the polymer motif or because of the kinetics
of the reactions.

e B H
R i
P 2
O nw, € (5)
N
CH, CH, | —CH, _CH, : CH, .CH,
CGH CH— CH CH— cH’ TCHy—
.C. .C. ¢ c. | i
o"'N o ‘ Ho "o | o
A LN ! + co,

The degradation of the amide functions allows some
nitrile functions to be formed [egs. (5) and (6)].*”° The
nitrile functions, along with the intrinsic nitrile func-
tions by thermal degradation, eliminate cyanhydric

acid and form C=C unsaturations.>!"*?
(o} é C (H:"
H, B Ro* AT
O NH, 4

present in chain !
“~ A

~CH=CH— + NH,  —OCHyCHy~ + —~CH:CH- (7)

These C=C unsaturations can be formed with radical
reactions [eq. (7)].*°® This mechanism can be consid-

ered with carboxylic acid and ester functions (OH’
radicals and RO radicals, respectively). This is the
case for methyl methacrylate, which is present in the
polymer motif, with CH;0".*?* C=C unsaturations
also come from chain breaking mechanisms with pro-
ton transfers (intramolecular or intermolecular).

All these mechanisms occur nearly at the same time:
they are linked to the polymer motif, the kinetics of
the reactions and the temperature.

As for the degradation of resin/APP system, the
addition of APP leads to the formation of a more
thermally stable system. This effect does not depend
on the crystalline form. APP is degraded to form phos-
phoric acid. This acid catalyzes the degradation of the
resin and leads to a phosphocarbon structure that is
more stable thermally.

CONCLUSIONS

The addition of APP to the studied acrylic resin leads
to the formation of a more thermally stable structure.
The mechanism of protection comes from the forma-
tion of a thermal barrier, which is observable after
thermal degradation; there are no friable solid resi-
dues. This barrier is made of phosphocarbon and ar-
omatic compounds and is formed rapidly: APP is
degraded in phosphoric acid and then catalyzes the
degradation of the resin to form the barrier.

The mechanisms described in the literature agree
with the different results (the spectra of residues and
gases) and show the formation of cycles, which are
formed during the aromatic degradation cycles. These
aromatic cycles are needed to form the shield. No
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differences can be detected between the two crystal-
line forms.
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