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Abstract In this paper, a novel and facile method was carried
out to microencapsulate ammonium polyphosphate (APP) via
two-step surface polymerization process, which introduces the
carbon source and blowing agent into the microcapsules si-
multaneously. The chemical composition of microencapsulat-
ed APP (MAPP) was confirmed by fourier infrared spectra
(FTIR). The surface morphology and thermal behavior of
APP and MAPP were investigated by scanning electron mi-
croscope (SEM) and thermogravimetric analysis (TGA), re-
spectively. Additionally, transmission electron microscopy
(TEM) demonstrates that MAPP particles possess the obvious
“core/shell-like” structure. Compared with APP, the water
solubility of MAPP greatly decreases that can improve the
water resistance of MAPP in polymer materials when exposed
to water. Moreover, the flame retardant properties of polypro-
pylene (PP) compositing with MAPP were systematically
researched by limiting oxygen index (LOI), vertical burning
tests (UL-94) and cone calorimeter. The results show the
flame retardant properties of PP composites are enhanced by
combining MAPP than that of APP. Besides, the water resis-
tance of PP/MAPP is also enhanced. And the char residue of
PP composites after combustion was analyzed by FTIR and
X-ray photoelectron spectroscopy (XPS) spectra. Based on
these facts, a possible flame retardant mechanism of MAPP in
PP composites was proposed.
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Introduction

As we know, polypropylene (PP) is one of significant general
commodity plastics [1], which has extensive application in
many fields such as wire, cables, automobiles, packaging etc.
However, its inflammability when exposed to fire restrains its
application for PP materials in some fields [2]. Recently,
halogen-free intumescent flame retardant (IFR) has attracted
a large amount of attention in flame-retarding PP materials
[3-8]. Compared with halogen-containing flame retardants,
halogen-free intumescent flame retardants have more advan-
tages in actual utilization, such as low smoke release, anti-
dripping property and toxic gases generation during combus-
tion. Until now, the most typical and widely researched IFR
system is the combination of an acid source, a carbon agent
and a gas source. Besides, the most outstanding ternary IFR
system is a mixture of ammonium polyphosphate (APP),
pentaerythritol (PER) and melamine (MEL) and its main
flame retardant mechanism is depicted as follows. On one
hand, the dilution effect of inert gases originating from gas
source (MEL) that can decrease the oxygen concentration
around the atmosphere of fire and take the heat from the
combustion zone; on the other hand, the dense and compact
char layer structure formed by the esterification reaction be-
tween APP and PER can act as a physical barrier, which
greatly limits heat and mass transfer between gas and con-
densed phases [9]. In this condition, the flame retardant

@ Springer


http://dx.doi.org/10.1007/s10965-014-0443-2

443, Page 2 of 15

J Polym Res (2014) 21:443

properties of materials can be improved by the combination of
the two ways. Bourbigot and co-workers have performed
extensive studies on this IFR system in polyolefins and have
reviewed recent development of IFR systems in field of flame
retardant materials in great details [10-12]. A series of suc-
cessful and valuable conclusion has been achieved and can
effectively instruct the application of flame retardants in poly-
mer materials.

Unfortunately, the APP/PER/MEL system is not durable
due to the weak water resistance and thus is easily attacked by
water. Thus, when polymer materials are exposed to water or
moisture environment, migration and exudation of them may
occur, which results in a decrease in the flame retardancy and
mechanical properties of polymer composites [13]. Besides,
the poor compatibility due to the large surface energy differ-
ence between inorganic flame retardants and organic polymer
materials also restricts the application of the IFR system. To
deal with these shortcomings, microencapsulation technology
with water insoluble materials is usually employed to modify
the flame retardants. As previous reports, the microencapsu-
lation materials include melamine formaldehyde resin (MF)
[14-16], epoxy resin (EP) [17], urea-melamine-formaldehyde
resin (UMF resin) [18], poly(vinyl alcohol)-melamine-form-
aldehyde resin [19] and polyurethane [20]. In these experi-
ments, lots of valuable results were obtained in improving the
disadvantages of flame retardants. However, these microen-
capsulation materials themselves cannot effectively act as
flame retardants in IFR system. In our previous work, APP
particles had been successfully microencapsulated via surface
polymerization process [21] and have been applied in flame-
retardaning rigid polyurethane foam with expandable graph-
ite. By this method, the blowing agent (MEL) has been
successfully introduced into the microcapsules. However,
few experiments are carried out via two-step surface polymer-
ization to microencapsulate APP by the introduction of carbon
source- and blowing agent-containing into the microcapsules
simultaneously.

In this paper, microencapsulated APP (MAPP) particles
were prepared via in situ two-step surface polymerization with
4, 4'-diphenylmethane diisocyanate (MDI), melamine (MEL)
and pentaerythritol (PER). The aim of this article is to solve
the drawbacks existing in APP and introduce the flame retar-
dants into the surface of APP, which are described as follows.
In one hand, the ternary intumescent flame retardant system
(APP/PER/MEL) is combined via the microencapsulation
process in one compound; in the other hand, the property of
APP as flame retardant can be improved by this method, such
as compatibility with polymer materials, water resistance and
flame retardancy. The chemical composition of MAPP was
certified by fourier transform infrared (FTIR). Except that,
transmission electron microscopy (TEM) demonstrates that
MAPP particles possess the obvious “core/shell-like” struc-
ture. Therefore, it can construct and form more simple and
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environment-friendly intumescent flame retardant complex
system via the introduction of carbon source (PER) and blow-
ing agent (MEL) into the microcapsules on the surface of
MAPP. Moreover, the thermal properties and flame retardancy
of polymer composites have been systematically investigated.
Based on the detailed analysis for char residue of PP/MAPP
after combustion, the possible flame retardant mechanism was
primarily proposed.

Experimental
Materials

PP (melt-flow rate 2.5 g/10 min) was provided by Yangzi
Petroleum Chemical Company. Ammonium polyphosphate
(APP) (phase I1, the degree of polymerization >1500; density,
1.88 g/cm®) brought from Qingdao Haida Chemical Co., Ltd.
was under 80 °C vacuum drying before using. 4, 4'-
diphenylmethane diisocyanate (MDI) was obtained from Yan-
tai Wanhua Polyurethanes Co., Ltd. Pentaerythritol (PER) and
melamine (MEL) purchased from Aladdin were dried at 80 °C
for 24 h. Ethyl acetate obtained from Aldrich was removed
water through distillation before using. The water used in this
experiment was distilled followed by deionization.

Preparation of microencapsulated APP

Microencapsulated APP was carried out under nitrogen atmo-
sphere in a 1,000 ml four-neck flask equipped with reflux
condenser, mechanical stirrer, dropping funnel are heated in
the water bath. At first, 50 ml ethyl acetate and 100 g APP were
introduced into the flask with a stirring speed of 300 rpm. When
the mixture was heated to about 55 °C, MDI solution (10 g
MDI dissolved in 50 ml ethyl acetate) and MEL dispersion
liquid (4.8 g MEL dispersed in 50 ml ethyl acetate) were
dropped into the above flask. The system maintained at 55 °C
for 5 h. Then, the mixture was heated to 75 °C, MDI solution
(10 g MDI dissolved in 50 ml ethyl acetate) was dropped to the
flask within 15 min and reacted for 3 h. After that, PER
dispersion liquid (20 g PER dispersed in 50 ml ethyl acetate)
was poured into the flask and kept for another 3 h. At last, the
mixture was filtered instantly under the condition of vacuum.
Besides, the product was washed with ethyl acetate for 23
times and with 60 °C deionized water for 2-3 times. Finally,
moist production was dried at 70 °C for overnight. Thus,
microencapsulated APP powder was obtained. The microen-
capsulation procedure was shown in Scheme 1.

Preparation of polyurethane (PU) polymer

PU polymer which used to microencapsulate APP was also
synthesized. The preparation of PU polymer was the same as
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Scheme 1 The microencapsulation process of MAPP

the microencapsulation process of APP. Different from the
microencapsulation of APP, PU polymer were synthesized in
absence of APP particles.

Simulation details

The simulation was conducted with the Materials Studio v5.0
package (Acclrys) using the condensed-phase optimized mo-
lecular potentials for atomistic simulation studies
(COMPASS) force field. The molecular structure of PP, APP
and PU polymer are shown in Scheme 2. The PP chain and
APP chain were constructed with the 100 repeat units and 25
repeat units, respectively. The PU polymer possesses a block
structure and there were two chain units in a PU polymer
chain. Based on the structure of microcapsules, the chain units
were built by [AB];¢ and [AC];o (where A, B and C represents
MDI, MEL and PER), respectively. Besides, the interface
models have been structured by stacking the layer models.
The APP/PP interface model contains the surface of APP
particles and PP polymer chains layer models, while the
APP/PU/PP interface model contains three “sandwich-like”
layers, such as APP surface layer model on the bottom, PP
polymer chains layer model on the top and PU polymer chains
layer model in the middle. Thus, the APP surface layer model
has been obtained by putting two APP polymer chains in an
amorphous cell with the amorphous cell program. After that,
the APP amorphous cell was optimized by the steepest decent
and conjugate gradient method. To reach an energy-
minimized state, the APP amorphous cell was annealed by
performing dynamics simulations for 100 ps at each temper-
ature, which increased from 300 to 600 K and then decreased
to 300 K with a step of 50 K. After the annealing, 200 ps NPT
MD simulation was performed at 453 K with 1 fs time step.
Finally, the APP surface layer model was obtained and the
density of APP amorphous cell was about 1.9 g/cm® which
was close to the experimental value. Besides, the layer models
of PP and PU polymer chains were structured by using the
same method. Then both of them were performed by anneal-
ing with MD simulation in the same condition. The density of

PP amorphous cell after annealing and NPT MD was close to
the experimental value (about 0.9 g/cm’) [22].

After three kinds of layer models structured, the APP/PP
and APP/PU/PP interface models were easily obtained. Then
two kinds of interface models have performed the 500 ps NVT
MD simulation at 453 K (process temperature). Trajectories
where saved every 2 ps and the final 50 ps configurations were
used for analysis of interaction energy and radius distribution
function (RDF) of interface models. During the whole simu-
lation process, the temperature and pressure were maintained
by Andersen and Berendsen method, respectively.

Preparation of flame-retarding PP composites

PP and flame retardants were melt-mixed in a twin-roller mill
(manufactured by Wuhan Ruiming Plastic Machinery Factory,
SJSZ-10) at a temperature about 180—190 °C for 15 min. The
roller speed was 30 rpm. After mixing, the samples were hot-
pressed at about 190 °C under 10 MPa for 10 min into sheets
of suitable size for measurements. The detailed formulations
are given in Table 1.

Materials characterization
Fourier transform infrared spectra (FTIR)

The infrared spectra of the samples were recorded with a FTIR
SHIMADZU spectrometer at a resolution of 2 cm™'. FTIR
spectra of the samples were obtained between 4,000 and
400 cm™' on a KBr powder with an FTIR spectrometer.

Scanning electron microscope (SEM)

The morphology of APP and MAPP after gold-sputtered were
investigated by SHIMADZU SSX-550 scanning electron mi-
croscope (SEM). And PP composites were fractured in liquid
nitrogen. The specimens were sputter-coated with a conduc-
tive layer. The accelerated voltage was 20 kV.

Transmission electron microscopy (TEM)

The samples were dispersed ethanol and sonicated for 15 min
before measurements. The experiments were performed on a
TEM H-800 of HITACHI Company with an accelerating
voltage of 200 kV.

Thermogravimetric analysis (TGA)

All of samples were dried overnight before measurement. The
TGA curves were recorded on a Pyris Diamond TG/DTA
(Perkin Elmer, USA) under 50 ml/min nitrogen flow ratio
from 50 to 850 °C at a heating rate of 10 °C/min. The weight
of samples was 5-10 mg.
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Scheme 2 The molecular
structure of PP, APP and PU
polymer (Carbon: gray;
Hydrogen: white; Oxygen: red,
Nitrogen: blue; Phosphorus: pink)

X-ray photoelectron spectroscopy (XPS) spectra

The XPS spectra were recorded with a VG ESCALAB MK 11
spectrometer using Al ka excitation radiation (hv =
1253.6 eV).

Water solubility tests

Weighed APP or MAPP (about 5 g) was put into 250 ml flask
with 100 ml deionized water, and kept stirring at a constant
temperature of 25, 50 and 75 °C for 2 h, respectively. After
that, filtered the mixture rapidly, and toke 10 ml liquid filters
into a glass watch (weight W), dried in the oven at the

[ABJi—[AC]0

temperature of 70-90 °C until the water was absolutely re-
moved. The weight of glass watch was labeled as W;. The
water solubility of APP was calculated as followed.

Water solubility of APP(g/100 ml H,0O) = (W;=W,;)/10 x 100.

Particle size distribution measurement

The mean particle size and distribution of APP and MAPP
were measured by Laser particle sizing instrument (LS320) of
Beckman Coulter, Inc, USA. Before the measurement, the
samples were dispersed in ethanol and sonicated for 15 min.

Table 1 The formulations of PP

composites Sample code PP (wt%)  APP (wt%) MAPP (wt%) LOI (%) UL-94
Untreated  Treated  Untreated  Treated
PP 100 0 0 17.0 17.0 Norating  No rating
PP/APP 70 30 0 20.0 17.5 Norating  No rating
PP/MAPP 70 0 30 25.0 24.0 V-1 V-1
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Water contact angle test

Water contact angle tests were measured with a JC2000C2
contact angle goniometer (Shanghai Zhongchen Powereach
Company, China) by the sessile drop method with a
microsyringe at 25 °C. More than 10 contact angles were
averaged to get a reliable value for each sample.

Limiting oxygen index (LOI)

The LOI tests were carried out by using an XZT-100A oxygen
index test instrument (Chengde Jiande test instrument Co.,
Ltd., China) based on the standard LOI test, ASTM D 2863-
97. The dimensions of specimens were 127x10x 10 mm®.

Jertical burning tests (UL-94)

UL-94 tests were performed with plastic samples of dimen-
sions 130x13%3 mm’, suspended vertically above a cotton
patch. The classifications are defined according to the Amer-
ican National Standard UL-94. Five specimens were taken to
estimate the precision of the reported data.

Cone calorimeter

The cone calorimeter (Stanton Redcroft, UK) tests were per-
formed according to ISO 5660 standard procedures. Each
specimen of dimensions 100x100x3 mm® was put on a
horizontal aluminium tray and exposed horizontally to an
incident and external heat flux of 35 kW m 2. Flame-out
was defined as the extinguishment of the visible yellow flame.
The value for amount of residue was taken at flame-out, which
was characterized as the flaming burning before the residues
were consumed in the subsequent afterglow. In additional
experiments fire residues were removed from the cone calo-
rimeter at flame-out and quenched with liquid nitrogen in
order to avoid thermooxidation of the subsequent afterglow
and thus to observe the residue structures formed during
combustion. Time to ignition (TTI), total heat release
(THR), peak of heat released rate (p-HRR) and amount of
residue after combustion will be obtained and discussed.
Results correspond to mean values obtained from two or three
experiments. The experimental error for all the mentioned
parameters is =10 %.

Results and discussion
FTIR spectra of MAPP
FTIR spectra of APP, PU polymer and MAPP are shown in

Fig. 1. The typical absorption peaks of APP contain 3200 (N-
H), 1256 (P = 0O), 1075 (P-O symmetric vibration), 1020
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Fig. 1 FTIR spectra of MAPP

(symmetric vibration of PO, and PO;), 880 (P-O
asymmetric vibration), 800 (P-O-P) cm™' [23, 24]. FTIR
spectra of PU polymer mainly includes 1,000-1,100 cm '
and 810 cm™' (the absorption peaks of benzene from MDI),
1,550, 1,510 and 1,312 cm ' (from MEL) [25-28],
2,274 ecm™' (-NCO groups from MDI), 3,130 cm ™' (-NH,
groups on MEL), 2,950 and 3,320 cm ' (-CH,- and -OH
groups on PER). Moreover, the characteristic absorption peak
of 1,650 cm ! is attributed to -C(=0)- groups (-NH-C(=0)-
NH- or -NH-C(=0)-O-) on the PU molecules. For MAPP, the
main absorption peaks are as follows: 3,130, 2,880, 1,650,
1,550, 1,510, 1,400, 1,312, 1,256, 1,075, 1,020, 880 and
800 cm ', The peaks at 1,550, 1,510, 1,312 cm ! are from
MEL on PU polymer. Besides, the characteristic peak at
1,650 cm ™' is generated from the -C = O groups on PU
molecules, which is well consistent with the FTIR spectra of
PU polymer. Moreover, due to the complete reaction among
MDI, MEL and PER on the surface of APP, the absorption
peak 0f 2,274 cm™' (-NCO) disappears on the FTIR spectra of
MAPP. Therefore, FTIR spectra of MAPP demonstrates not
only the characteristic absorption peak of APP, but also the
absorption peak of PU polymer, illustrating the PU microcap-
sules exist on the surface of MAPP.

Surface morphology of MAPP

The surface morphology of APP and MAPP was observed by
SEM, as shown in Fig. 2. It can be obviously observed that the
severe aggregation phenomenon appears among APP parti-
cles, which can lead to the poor dispersion and bad compat-
ibility of APP in polymer materials. After microencapsulation,
the agglomeration effect is greatly weakened and the cluster
diameter of MAPP particles is much smaller than that of
native APP, as presented in Fig. 2b. Besides, pure APP parti-
cles present a smooth and club-shaped surface morphology
with sharp ends [29]. After modification, the surface of MAPP
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Fig. 2 SEM and contact angle photos of APP and MAPP

becomes much rougher than that of APP. Compared with pure
APP, the sharp ends disappear after microencapsulation, as
shown in Fig. 2d. Therefore, we can conclude that bare APP
particles are well coated by the PU microcapsules.

Water contact angle of MAPP

To investigate the surface property of APP and MAPP, the
water contact angle tests were carried out. As we know, water
contact angle tests could evaluate the surface hydrophobicity
of solid powder. As exhibited in Fig. 2, due to -NH,4 groups on
molecular chain of APP, the water contact angle of APP is
only 10.8°. This indicates that pure APP is hydrophibic with
high surface energy and easily attacked by the influence of
water or moisture. Traditionally, it is considered that with the
polarity of powder or membrane materials decreasing, its
surface energy accordingly decreases and its water contact
angle accordingly increases to some extent. Thus, due to the
formation of the weak polar PU microcapsules (prepared in
this article) on the surface of APP, the surface energy of
MAPP is greatly decreased. In this condition, the water con-
tact angle of MAPP reaches 86.5°. When MAPP particles are
incorporated into polymer matrix, the compatibility between
MAPP and polymer materials will be improved, which is
generated from the contractible polar gap between flame
retardants and polymer matrix. In brief, this phenomenon
can be illustrated by the formation of PU microcapsules on
surface of APP.

Transmission electron microscopy of MAPP
The morphology of MAPP was also characterized by trans-

mission electron microscopy (TEM), as presented in Fig. 3.
As we know, TEM tests are one of best and intuitive methods
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Fig. 3 TEM photos of MAPP

to evaluate the morphology of particles. As shown in Fig. 3,
an obvious light shadow (about 0.5-1.5 pum) is appeared
around the club-shaped MAPP particles. In another word,
after microencapsulation, MAPP particles possess the obvious
“core/shell-like” structure which the core is APP particles,
while the shell is PU microcapsules. Along with the results
of FTIR spectra and SEM, this fact can further illustrate the
formation of PU microcapsules on the surface of APP. And
this “core/shell-like” PU microcapsules formed by the reac-
tion of MDI, MEL and PER will play a significant role in
weakening the aggregation of APP particles, enhancing the
water resistance of APP and improving the dispersion and
compatibility of APP particles in polymer matrix via decreas-
ing the surface energy.

Thermal behavior of MAPP

The thermal behavior of APP and MAPP were investigated by
TGA, as shown in Fig. 4. Besides, the differential thermal
gravity (DTG) of TGA curves was also investigated in Fig. 4.
It can be observed that the thermal degradation curve of APP
is mainly composed of two steps. In first step, APP presents an
obvious decomposition at 300-530 °C with about 20 wt.%
weight loss, which is attributed to the release of the volatile
products (NH; and H,0) and the formation of a highly
crosslinked polyphosphoric acids (PPA) [30-32]. With the
temperature increasing, the further decomposition of PPA
leads to the formation of P,Os and P,O;¢ in second step,
which leaves 14 wt.% residual weight. However, the thermal
decomposition process of MAPP is mainly composed of three
steps in DTG curve. It can be observed that the initial degra-
dation temperature of MAPP is much lower than that of APP,
which is mainly due to the low thermal stability of microcap-
sules on the surface of MAPP. The thermal decomposition of
microcapsules will produce the inert gases (NH3 and H,O,
from MEL), which can enhance the gas flame-retarding
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Fig. 4 Thermal behavior of APP and MAPP

function of APP particles by way of diluting the oxygen
concentration around the zone of fire. In second stage, APP
starts to decompose to form inert gases and PPA at 300 °C,
which is well consistent with that of APP. Besides, the tem-
perature at the maximum weight loss of MAPP is much lower
than that of APP. Surprisingly, the maximum weight loss rate
of MAPP is much lower than that of APP. These facts may be
ascribed to that the thermal stability of char residue via the
prompt chemical reaction between PPA and PER (on micro-
capsules) improves the char -forming rate and possesses
higher thermal stability than PPA generating from APP parti-
cles. And the char residue with the crosslinking structure (P-
0-C) will slow down the thermal degradation rate of PP
materials. Thus, it will take effect in the condensed phase for
flame-retarding polymer materials. However, when the tem-
perature of MAPP is higher than 800 °C, the residual weight is
slightly lower than that of APP. It is because of the initial
degradation of microcapsules (MEL section) to form the inert
gases.

Particle size and its distribution of MAPP

As shown in Fig. 5, the particle size and its distribution of APP
and MAPP were analyzed by laser particle size instrument. It
is obviously observed that the number-average diameter of
MAPP (4.9 pm) is much smaller than that of APP (10.7 um).
This can be attributed to the fact that compared with pure APP,
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Fig. 5 Particle size and its distribution of APP and MAPP

the particle agglomeration size of MAPP diminishes after
coating with PU microcapsules. Moreover, the particle size
distribution of MAPP is narrower than that of native APP. For
these facts, it is expected that MAPP will have better disper-
sion in PP matrix than APP when they are blended with PP
matrix, results in a better flame retardant properties.

Water solubility of MAPP

The water solubility of APP and MAPP at different tempera-
ture was also investigated and the detailed data is shown in
Table 2. As we know, APP is easily attacked by moisture or
water, especially at high temperature [33]. The water solubil-
ity of APP at 25, 50 and 75 °C is 0.50, 1.60 and 2.90 g/100 ml
H,O0, respectively. This shortcoming can lead to the exudation
of flame retardant from polymer matrix when exposed to a
damp environment, which will deteriorate the flame retardant
property of materials. After microencapsulation, the water
solubility of MAPP is sharply reduced. At 75 °C, the water
solubility of MAPP decreases by about 73 %. These facts can
be illustrated that the PU microcapsules on the surface of APP
are hydrophobic, leading to a decrease in the water solubility
and an increase in the durability of APP.

Interface morphology of PP/MAPP

Moreover, in order to confirm and investigate the dispersion
of flame retardants in PP matrix, the fracture section morphol-
ogy of PP composites were carried out by SEM images, as
shown in Fig. 6. It can be observed that there are a lot of
cavities and cracks on the surface of fracture section for PP/
APP composites. Besides, it can be seen that obvious gaps and
interfaces between PP matrix and APP particles, as shown in
Fig. 6a, b and c. This phenomenon may be attributed to the
large different polarity diversity between inorganic flame re-
tardant particles and PP matrix, which makes them thermody-
namically immiscible. In this condition, it causes a loose and
weak interfacial adhesion between polymer materials and
fillers, which is labeled by arrows in Fig. 6¢c. It is well
consistent with the facts of WCA tests. However, as presented
in Fig. 6d, e and f, it can be found that MAPP has well
dispersion in the PP matrix compared with that of APP parti-
cles. Compared with PP/APP, the defects existing in the
interface between fillers and PP matrix for PP/MAPP system

Table 2 Water solubility of APP and MAPP

25 °C
(/100 ml H,0)

50 °C
(/100 ml H,0)

75 °C
(/100 ml H,0)

Sample code

APP 0.50 1.60 2.90
MAPP 0.06 0.39 0.77
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Fig. 6 Interface morphology of
PP/APP and PP/MAPP, a PP/APP
(20 um), b PP/APP (10 pum), ¢
PP/APP (5 um); e PP/MAPP

(20 um), f PP/MAPP (10 um), g
PP/MAPP (5 pm)

decrease to some extent. In addition, the compatibility be-
tween flame retardant particles and PP matrix are enhanced
from the reduction in the gaps for interfaces. As it is expected,
the PU microcapsules on the surface of MAPP after co-
microencapsulation play a significant role in connection and
adhesion between inorganic flame retardants and polymer
matrix. Therefore, when MAPP is incorporated into PP com-
posites, it can greatly improve the dispersion and compatibil-
ity of MAPP and PP matrix, which can further enhance the
flame retardant properties of PP composites to some content.
Except that, the binding energy analysis of PP composites was
systematically investigated by MD simulation as follows. This
method can deeply illustrate the reason of the enhanced inter-
face compatibility for PP/MAPP.

Binding energy analysis by MD simulation

After the MD simulation, the equilibrium interface models
have been obtained in Fig. 7. The interaction energy (E;) can
reflect the interfacial compatibility and stability to some ex-
tent. The E; value between two components (alternative two

Fig. 7 The equilibrium interface models, a Molecular layer models of
PP/APP (left) and PP/MAPP (right), b The possible hydrogen bonding
between APP and PU microcapsules in PP/MAPP (PU microcapsules in
ball-stick module, while APP in line module). Carbon: gray; Hydrogen:
white; Oxygen: red; Nitrogen: blue; Phosphorus: pink

@ Springer

substances in PP, APP and PU polymer) can be calculated by
the following equation (Eqs. 1-3), respectively.

Ei(pp-app) = E1(pp-arp)~Epp—Eapp (1)
Eipp-pu)y = E1(pp-pU)—EpPp—EpU (2)
Eiapp-pu) = Er(aprp-pu)—Earp—Epu (3)

Where Er represents for the energy of two components
after MD simulation and Epp, EApp, Epy represent the energy
of PP, APP and PU polymer, respectively.

Table 3 presented the interaction energy of different inter-
faces which belong to PP/APP and PP/PU/APP system. It can
be found that the E; value of PP/PU interface was larger than
that of the APP/PP interface. The possible reasons might be
the strong interaction between PP molecular chain and the
non-polar units on PU polymer chain. Therefore, the PP/PU
interface has much better interfacial compatibility and stability
than the PP/APP interface. And the E; value of PU/APP
interface is —31,576 kcal/mol, which is far greater than that
of other interfaces. It might be caused by forming the hydro-
gen bond between PU and APP. For PU and APP molecular
chains, there are many high activity acceptors and donors
which could form hydrogen bonds easily. Although the hy-
drogen bonding action could not be obtained through COM-
PASS force-field directly, we could study the possible hydro-
gen bonds via investigating the distance and angle between
acceptors and donors on the MD simulation profiles. The dot
line shows the possible hydrogen bond on a part of the PU/
APP interface (see Fig. 7). Akten et al. have reported another
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Table 3 The detailed data of in-

teraction energy Sample Er kcal/mol Epp kcal/mol Ecap kcal/mol Epp kcal/mol E; kcal/mol
APP/PP 255252 256009 - 1505 —2263
PP/PU 2111 - 2435 3750 —4074
PU/APP 374430 403571 2435 - -31576

method to estimate the homogeneity of composite by using
radial distribution functions (RDF) [34]. The RDF represents
the probability density of A and B at a distance of r with
respect to the bulk phase in a completely random distribution.
For an immiscible system, the RDF curve of each component
exhibits a stronger first maximum than that of the composite
[22]. Therefore, the compatibility of PP/APP and PP/PU/APP
system could be further investigated by calculating the RDF
among the PP, PU and APP. Figure 8 shows the RDF curves of
PP-PP and APP-APP were far higher than that of PP-APP,
which indicates PP/APP system is immiscible. The PP/PU/
APP system shows a different trend in Fig. 8. The RDF curve
of PP-PU indicates that the closest distance between PP and
PU molecular is located in range of 3-5 A, which is a type
distance of a strong vdW interaction between two molecules
[35]. Simultaneously, the RDF curves of PP-PU and PP-PP
exhibit the same trend. It means that the compatibility between
PP and PU was much better than the PP/APP system. Based
on Fig. 8, the closest distance between PU and APP molecular
was about 2.5 A which might be formed by hydrogen bond
interaction. The same results have been obtained by interac-
tion energy and MD simulation profile analysis. This strong
interaction between PU and APP makes their interface stabil-
ity and molding easily. As we expected, these facts was well
consistent with that of SEM photos (Fig. 6) that demonstrates
that the compatibility between PP matrix and MAPP particles
is enhanced via the microencapsulation process.

Flame retardant properties of PP composites
As we know, limiting oxygen index (LOI) and vertical burn-

ing (UL-94) tests have been widely employed to evaluate the
flame retardant properties of materials. The results are

~

recorded in Table 1. As shown in Table 1, the LOI value of
pure PP is 17.0. It indicates that PP is easily inflammable
material. Besides, neat PP cannot pass the UL-94 tests because
of severe melt dripping phenomenon. When PP is composited
with APP particles, the LOI value of PP/APP reaches 20.0.
Due to lack of char agent, pure APP particles are not very
effective in flame-retarding PP materials when used alone. In
this condition, PP/APP still cannot achieve the ratings in the
UL-94 tests. However, the flame retardant properties of PP
composites are greatly improved via combining with MAPP.
In detail, PP/MAPP can achieve the LOI value of 25 % and
obtain a V-1 rating in UL-94 tests. This is mainly attributed to
that charring agent (PER) and gas source (MEL) are intro-
duced to the surface of APP particles after microencapsula-
tion. The possible reason for this phenomenon is proposed as
follows. On one hand, the char residues formed by the chem-
ical reaction of -OH groups (from PER) and -POOH (from
APP) during combustion can restrain the heat and mass trans-
fer between gas phase and solid condensed phase to some
extent; on the other hand, the inert gases (NH3 and H,O) from
the thermal degradation of APP and MEL can dilute the
oxygen concentration around fire source and promote the fast
generation of intumescent char layer. Due to these facts, flame
retardant properties of PP/MAPP composite are improved.
The detailed flame retardant mechanism will be discussed
and confirmed in the subsequent part.

Besides, the flame retardant properties of PP composites
after treating in 60 °C water for 24 h were also measured. As
shown in Table 1, the flame retardancy of PP/APP greatly
decreases after water treatment. This is mainly because virgin
APP particles are easily attacked by water, especially hot
water. After treatment, APP particles exude and migrate from
PP matrix to the surface of PP composites, which leads to the

Fig. 8 The RDF curves of PP
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Fig. 9 The HRR curves of PP composites

decrease in flame retardancy. Surprisingly, the flame retardant
property of PP/MAPP is nearly not affected by hot water.
After microencapsulation, the water solubility of MAPP par-
ticles greatly decreases, which leads to the maintenance of
LOI value for PP/MAPP after water treatment. Moreover, PP/
MAPP after water treatment still maintains V-1 level in UL-94
tests. These facts state that the flame retardant durability of PP
composites by combining with MAPP is enhanced when
exposed to hot water.

Cone calorimeter study

As we know, cone calorimeter tests are an effective approach
to evaluate the combustion behavior of flame-retarding poly-
meric materials. It is useful for the small scale assessment of
several reactions of fire parameters, and this method is widely
employed for the development of new materials [36]. The heat
release rate (HRR) curves of PP composites are shown in
Fig. 9. Besides, the values of time to ignition (TTI), peak heat
release rate (p-HRR), total heat release (THR) and residual
mass are recorded in Table 4. It can be observed that PP
without flame retardant burns very fast after ignition with a
p-HRR value of 1174.7 kW/m?. The p-HRR value of PP/APP
decreases to 526.5 kW/m?, which demonstrates that APP can
take effect in flame-retarding PP to some content. However, p-
HRR value of PP/MAPP is much lower than that of PP/APP.
Except that, it can be observed that the HRR curve of PP/APP
shows two peaks in Fig. 9. The first HHR peak for PP

Table 4 Data of cone calorimeter for PP composites

Sample  Timeto  PHRR (kW/m?) THR (MJ/m?) Residual
code ignition (s) weight (Wt%)
PP 40 11747 1022 0

PP/APP 38 5265 80.6 21.1
PP/MAPP 30 301.8 65.1 16.7

@ Springer

composites is assigned to the gradual formation of the swollen
protective char layer by the interaction between flame retar-
dant particles (APP). After the first HRR peak, the second
HRR peak appears an increase for PP/APP, in which the
increase in HHR value is not restrained and suppressed due
to the presence of the ineffective protective char layer on the
surface of PP composites during combustion. Compared with
PP/APP, the HRR curve of PP/MAPP nearly presents a pla-
teau with low HRR value which indicates that the efficient
protective char layer gradually forms as PP composites are
continuously exposed to the fire. In the condition, the “barrier
effect” of protective char layer for PP/MAPP during the
thermal degradation can leads to the reduction in HHR value
[37,38]. In case of PP/MAPP, the p-HRR value is much lower
than that of PP/APP. Besides, the combustion time of PP/
MAPP is prolonged than pure PP and PP/APP, as shown in
Fig. 9. Obviously, the thermal decomposition rate for PP/
MAPP tends to slow down with the time. This phenomenon
is originated from the formation of more effective, dense and
thermal-stability char layer during combustion. The char layer
may be mainly ascribed to the chemical reaction between APP
and PER from PU microcapsules to generate the crosslinking
bonds, which can promote the formation of high-quality char
layer during combustion of PP/MAPP. The char layer can
prevent the matrix from contacting with heat and oxygen
effectively, resulting in a lower p-HRR value. Conclusion
can be made from above results that it can form an efficient
intumescent protective char in PP/MAPP and thus results in a
decrease of HHR value than PP/APP composites. As present-
ed in Table 4, the THR value of pure PP is 102.2 MJ/m?.
However, PP/MAPP composite has much lower THR than
that of PP and PP/APP composites. The reason is mainly due
to the fact that “polyurethane-like” microcapsules can increase
the flame retardant properties of MAPP in PP matrix by
way of gas and condensed flame retardant process. Except
that, the residual weight of neat PP is little, which illus-
trates pure PP cannot form the char layer during combus-
tion. This is the main reason for the flammability of PP
materials. For PP/APP and PP/MAPP, the residual weight
is 21.1 and 16.7 wt.%, respectively. Due to the thermal
degradation of MEL on the PU shells in gas phase, the
residual weight of PP/MAPP after cone calorimeter tests is
lower than that of PP/APP, which can enhance the gas
phase flame retardant action by the inert gases release
from MEL. Besides, the esterified product formed via
the chemical reaction between PPA and PER from PU
microcapsules can greatly enhance the quality of char
layer in condensed phase during combustion, which may
be the main reason for the improving of flame retardant
properties for PP composites. Based on these facts, com-
pared with PP/APP, the flame retardancy of PP composites
is improved by combining MAPP, which is well consistent
with the results of LOI and UL-94 tests.
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Thermal analysis of PP composites

The thermal degradation of PP, PP/APP and PP/MAPP was
investigated by TGA, as shown in Fig. 10. Besides, the
differential thermal gravity (DTG) of experimental and calcu-
lated TGA curves was also investigated, as shown in Fig. 10b.
The detailed data is listed in Table 5, which includes the
temperature at 5 % weight loss (T,,), the maximum weight-
loss temperature (T,,.x) and the residual weight at 500, 600
and 700 °C, respectively. As shown in Fig. 10a, the initial
degradation temperature of PP/MAPP is lower than that of PP/
APP, which is ascribed to the thermal stability of PU shell on
the surface of MAPP is lower than APP. However, the T,
value of PP/MAPP is slightly higher than PP/APP, as shown
in Fig. 10b. Except that, the maximum decomposition rate
(Rimax) of PP/MAPP is much lower than that of PP/APP. These
facts indicate that the thermal stability of PP/MAPP during
thermal degradation is enhanced and the decomposition rate
of PP composites slows down by compositing with MAPP,
which is in agreement with the thermal decomposition of APP
and MAPP in Fig. 4. The detailed reason and reaction process
of PP composites is systematically depicted as follows. More-
over, it is observed that the residual weight of PP/APP at
500 °C is much higher than that of PP/MAPP. With the
temperature on, the char residue weight of PP/APP decreases
much faster than PP/MAPP [39]. Besides, residual weight of

Table 5 TGA data of PP composites

Sample code Tyy* (°C) Tppax” (°C) Char residues (%) Ronax’
(%/°C)

500 °C 600 °C 700 °C

PP 300.1 406.8 0 0 0 —0.986
PP/APP 318.6 414.4 19.13  12.54 7.55 —0.998
PP/MAPP 3135 4232 1550 13.44 935 —0.714

 T,p: the temperature at 5 % weight loss
O T ax: the temperature at maximum weight-loss rate

© Rnax: maximum decomposition rate

Temperature (°C)

PP/MAPP (13.44 %) has exceeded PP/APP (12.54 %) at
600 °C. Thus, it can be observed that the PU microcapsules
on the surface of MAPP can promote the chemical reaction
with APP to slow down the thermal decomposition of PP
composites. Furthermore, compared with PP/APP, these facts
can illustrate the increased flame retardant properties of PP/
MAPP via the formation of crosslinking structure between PU
microcapsules and APP in the char residue. Therefore, it can
illustrate and certify the results of LOI, UL-94 and cone
calorimeter tests.

The analysis of char residue for PP/MAPP after combustion

The char residue of PP/APP and PP/MAPP after combustion
was studied by optical photos. As shown in Fig. 11. Compared
with the inconsecutive char residue for PPAPP, the char resi-
due structure of PP/MAPP is much compact and dense, which
can restrain both mass and heat transfer between gas phase
and condensed phase and protect the underlying material from
further decomposition. Thus, the flame retardant properties of
PP composites are improved by the formation of compact char
layer. Based on these facts, the flame retardancy of PP is
enhanced by compositing with MAPP. These results are in
accordance with the results of LOI and cone calorimeter tests.

Furthermore, the chemical structure of residue of PP/
MAPP after combustion was investigated by FTIR spectra,
as shown in Fig. 12. It can be found that the absorption around
3,400 cm ! is ascribed to N-H groups. The stretching vibra-
tion peak around 1,640 cm ' is due to P-OH characteristic
absorption. Moreover, the peak at 1,200 cm™ " is ascribed to P
= O groups. Additionally, the peaks at 1,130 cm ' represent
the C-O-C groups, which may be originated by the reaction
among PU microcapsules during thermal degradation. Except
that, the peak at 925 cm ' comes from the characteristic
absorption of P-O-P groups (from P,Os or P,O;) that may
be originated from the decomposition products of the excess
acid source (APP). Most of all, 1,008 and 794 cm™ " are for the
symmetric stretching of P-O bond in P-O-C structure [40, 41].
Thus, the thermal decomposition process can be concluded as

@ Springer
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Fig. 11 The optical photos of char residue of PP composites after
combustion, a PP/APP, b PP/MAPP
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follows. First, APP decomposes to release NH; and H,O in
gas phase and form PPA (P-O-P groups) in condensed phase.
In the same time, PPA from the initial degradation of APP may
react with PER on PU shells to produce the “ester-like”
materials, which leads to the formation of P-O-C cross-
linking groups with high thermal stability. By this way, the
compact and dense char layer for MAPP in PP composites is
formed. And the quality of char layer (thermal stability and
compactness) is improved during combustion of PP/MAPP,
which can effectively slow down the thermal decomposition
rate of PP composites. Thus, compared with PP/APP, the
flame retardant properties of PP matrix by combining with
MAPP are enhanced via the interaction and crosslinking re-
action between APP and PU microcapsules.

As we know, x-ray photoelectron spectroscopy (XPS) can
provide further information about elemental composition and
the elemental content of char residue in detail, which supple-
ments the results from FTIR spectra. The XPS spectra of C,
O1s, Nis and P, of the char residue from PP/MAPP compos-
ites after the combustion tests are shown in Fig. 13. Besides,
the detailed assignations of these peaks are systematically

—— PP/MAPP
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Fig. 12 FTIR spectra of char residue of PP/MAPP after combustion
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Fig. 13 XPS spectra of char residue of PP/MAPP composites after the
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recorded in Table 6. Two bands of C; spectra are observed
with the binding energy at 284.8 and 285.5 eV, respectively.
They can be assigned to the C-H and C-C bonds in aliphatic
and aromatic structures and the C-O bond in the P-O-C groups
in ether and phosphate, which is well consistent with the
results of FTIR spectra above. Moreover, the XPS spectra of
Oy, presents two bands with the binding energy at 532.1 and
533.5 eV. The bands at 532.1 and 533.5 eV could be assigned
to the -O- group and = O- group, respectively [7, 42, 43]. The
band at 532.1 eV is mainly contributed by the P-O in the P-O-
C groups, while the peak at 533.5 eV is ascribed to the P = O
group. In addition, the XPS spectra of Ny exhibits a peak with
binding energy at 402.7 eV, which can be assigned to the
nitrogen in the quaternary nitrogen in NH,", respectively
[44-47]. But the content of N element in the char residue is
only 2 %, which is mainly converted into inert gases (NH3)
during thermal decomposition. These inert gases can take
effect in gas phase that dilute the concentration of oxygen
around the fire during the combustion of PP composites. As
for the XPS spectra of P,,, a band is found with binding
energy at 134.9 eV, which can be assigned to the P-O-C
groups [47-50], which can further verify the esterification
reaction between APP and PU microcapsules during thermal

Table 6 Element identification of functional groups of char residue from
PP/MAPP composites after combustion

Element Element content (%) Binding energy (eV) Group

Cis 59.56 284.8 C-Hor C-C
285.5 C-0 and P-O-C

(OJ 26.33 532.1 -O- group
533.5 P = O group

N 2 402.7 NH,"

Pap 12.11 134.9 P-O-C
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decomposition of PP composites. And this chemical structure
can promote the thermal stability and integrity of char residue
for PP composites that is known as condensed flame retardant
mechanism.

Potential flame-retardant mechanism

As abovementioned results, it is obviously concluded that
when MAPP was incorporated into PP matrix, the flame
retardant properties of PP composites are improved. Even
though the detailed flame-retardant mechanism is still not very
clear, the results have also considerable and promising poten-
tial applications. In our work, based on the obtained results,
the possible flame retardant mechanism is speculated as fol-
lows. First, APP and PU microcapsules start to decompose
and produce the inert gases (NH; and H,O). On one hand,
they can dilute the oxygen concentration around the fire,
which can slow down the thermal decomposition process of
PP matrix; on the other hand, these gases can carry off the heat
releasing from the combustion zone of PP composites. Both of
two ways can accomplish the gas phase flame retardant action
of MAPP in PP composites. After that, the thermal degrada-
tion products from APP and microcapsules can react and
hydrate with each other to form the P-O-C groups (Figs. 11

Scheme 3 The possible flame
retardant mechanism of MAPP in
PP composites

HO Csz:C -0

and 13), which can promote the formation of dense and
integrated char layer on the surface of PP composites during
combustion. Here, APP and microcapsules play a part in the
acid source and char agent in the flame-retarding system,
respectively. Furthermore, this char residue can greatly limit
the mass and heat transfer between gas phase and condensed
phase and protect the underlying substrate from further ther-
mal decomposition. This can be demonstrated by the digital
photographs of the char residue after combustion (Fig. 12).
Therefore, the flame retardant system undergoes the classic
condensed flame retardant mechanism. Based on these facts, it
can be summarized that the improved flame retardant proper-
ties of PP composites are ascribed to the combination of gas
and condensed flame retardant mechanism. Consequently, the
possible flame retardant mechanism is depicted in Scheme 3.

Conclusions

In this paper, APP particles were microencapsulated via a two-
step surface polymerization method, which introduces the
carbon source and blowing agent into the microcapsules si-
multaneously. The chemical composition of MAPP is certified
by FTIR spectra. SEM photos show that the dispersion of
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MAPP becomes better and the surface morphology of MAPP
has obvious change after microencapsulation. Compared with
pure APP, the water solubility of MAPP particles greatly
decreases at different temperature. Besides, the water contact
angle of MAPP is much larger than that of APP, which
demonstrates the hydrophobic property of MAPP is enhanced
after microencapsulation. It is feasible to promote the disper-
sion of MAPP in PP matrix. LOI and UL-94 tests of PP
composites indicate the flame retardant properties of PP/
MAPP are improved than that of PP/APP. The thermal deg-
radation of PP composites by TGA and DTG illustrate the
thermal behavior of PP/MAPP is different with PP/APP which
is due to the thermal decomposition of PU microcapsules and
the formation of crosslinking bonds between APP and PER
(from microcapsules). Furthermore, the flame retardant prop-
erties of PP composites were investigated by cone calorimeter
tests. The results reveal that the p-HRR value of PP/MAPP is
greatly reduced, which is well consistent with the results of
LOI and UL-94 tests. The char residue after combustion was
analyzed by FTIR and XPS spectra. As shown in photos, an
integrated and compact char layer is obtained for PP/MAPP in
contrast with PP/APP. The FTIR and XPS spectra of residue
interprets the formation mechanism of char layer of MAPP
and the effect of PU shell on the flame retardant properties of
PP/MAPP matrix. Except that, a possible flame retardant
mechanism of MAPP in PP matrix is proposed.
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