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Experimental and theoretical studies in the field of development and modernization of
gas-filled polymeric materials were analyzed. The foamed material structure was shown to
be dependent on the nature and concentration of porogens. The choice of phenylone as a
polymer matrix and magnesium carbonate as a gasifier was substantiated to develop heatproof
foamed polymer compositions with increased strength properties. Thermal gravimetric
analysis of the substances formed at the temperatures of phenylone transitions to the state
of viscous flow with emission of gaseous products was performed. According to experimental
results, magnesium carbonate (MgCQO,) was chosen as a porogen that is decomposed
during heating with the formation of carbon dioxide and magnesium oxide. The most
intense gas production process proceeded at 590 K during 15—20 min. The high values of
melt viscosity of aromatic polyamide phenylone considerably blocked pore formation in
the bulk of a polymer. In order to decrease the viscosity of the melt composition, it was
doped with 2—3 wt.% of oligodimethylsiloxane. The results of thermomechanical study
revealed that magnesium oxide, which was formed when magnesium carbonate was
decomposed, have a thermostabilizing effect on the polymer, which resulted in an increase
in the glass transition temperature of phenylone. It was shown that the main characteristics
of the developed materials (density, thermal conductivity, and specific heat capacity) were
strongly affected by porogen concentration. The study of the surface morphology of the
samples exhibited a highly dispersed structure in the polymer volume with pore size close
to 100—300 um. Comparative analysis of foamed phenylone and commercial foamed
plastics revealed that the maximal operational temperature was about 653 K for the materials
developed in this work, whereas this parameter was close to 423 K for known foamed
plastics. The developed material can be recommended to use for heat insulation in aircraft
and aerospace industries.

Keywords: gas-filled polymeric materials, phenylone, thermophysical characteristics, gasifier,
magnesium carbonate.

DOI: 10.32434/0321-4095-2019-127-6-213-220

Introduction

Gas-filled plastics are two-phase systems
consisting of polymeric matrix and uniformly
dispersed gas phase. Such a plastic structure has an
infinitesimal mass and shows high heat-insulating
and soundproof characteristics.

Specific features of gas-filled plastics determine
the technical trends and economic efficiency of their
application in various industries. Due to low density,
high thermal and acoustic properties, high specific
strength, and a number of other valuable technolo-
gical and operational properties, foam plastics are
widely used in up-to-date industry [1—3].

Properties of gas-filled polymeric materials
depend on a number of factors, among which the
characteristics of polymer matrices and substances
used to foam the polymers (i.e. foaming agents)
should be firstly mentioned for the cases when the
foamed composites are prepared by chemical
methods. Additionally, the quality of the finished
products from gas-filled plastics is affected by the
way of products fabrication (extrusion, injection
moulding, pressing, etc.) and the parameters of the
process (temperature, viscosity, draw speed of
extrudate, etc.).

However, most of the known gas-filled plastics

© V.I. Sytar, [.M. Kuzyayev, K.M. Sukhyy, O.S. Kabat, E.A. Belyanovskaya, 2019

Influence of the nature and concentration of porogens on the structure and properties of phenylone



214

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2019, No. 6, pp. 213-220

demonstrate some disadvantages. Therefore, their
application is significantly limited by reduced fire
resistance, heat resistance and temperature resistance
at operating temperatures above 473 K. Moreover,
irreversible deformations occur to develop foam in
plastics under prolonged static loads. These processes
result in changes of the geometric sizes of the articles
made of foam plastics.

One of the main tasks in this area is the precise
control of the powder formation process in order to
obtain pores in the form of gas bubbles (blisters) of
a given structure and concentration. For several
decades, scientists from many countries have carried
out numerous experimental and theoretical studies.

The works by Han and Villamizar [4,5] can be
mentioned as a one from the first publications on
this subject that demonstrated a systemic approach
to the problem concerned. They conducted a series
of experimental studies on the visualization of the
dynamic behavior of bubbles. Several types of
polymer matrices, namely, polyethylene of high
pressure (AMOSO 48-460U2), polystyrene
(STYRON 678), and polycarbonate were investigated.
As the initiator of the formation of pores (porogens),
the following substances were investigated: sodium
bicarbonate (NaHCO,), which forms CO, gas and
water vapor; hydrazide (Celogen CB), which forms
N,; and 5-phenyltetrazole (Expandex 5PT), which
generates nitrogen. At the same time, the
decomposition temperatures for NaHCO, and
Celogen CB are 373—413 K and 460—473 K,
respectively.

It was established that the behavior of bubbles
corresponds to a certain critical pressure. The critical
pressure was found to decrease with increasing the
temperature of the melt and to increase with
increasing the concentration of porogens.

Experiments were carried out both under
isothermal conditions and under temperature gradient
[5]. Data presented in this work indicated that an
increase in the size of bubbles could be practically
unlimited when a constant temperature was
maintained. As the solidification of the material
proceeded, the size of the bubble underwent intense
changes during 50 s, then the growth rate of the
radius slowed down and the growth stopped during
one minute.

It was shown [6] that the structure of the foamed
polyolefins varied with the extrusion modes, namely,
the melt temperature; the speed of rotation of the
worm; and the drawing speed of extrudate. In this
case, sodium hydrogen carbonate and citric acid were
used as foaming agents. According to the obtained
results, the melt temperature significantly affected

the character of the change in the size of the bubbles
in the production of the foamed polymeric materials.
Moreover, the temperature and the size of the bubbles
appear to increase simultanecously.

If there is a need for a finely dispersed structure,
it is necessary to conduct the process at low
temperatures. Additionally, other parameters,
including the speed of the worm rotation and the
drawing rate the extrudate, which in turn, affect the
temperature, ought also to take into account.

The structure and quality of the foamed
materials are strongly affected by the choice of the
foaming agent in the polymer matrix and the
concentration of the porogen. According to ref. [7],
the pore sizes and their morphology depend on the
content of the porogen in the initial polymer
composition. As stated by the microphotographs, the
different contents of the foaming agent in the initial
composition strongly affect the structure of the
resulting foamed polymer. In this case, the surface
of the foamed polyethylene terephthalate with a
content of a porogen of 0.3 wt.% in the initial
composition exhibits reduced size and number of
pores as compared to the material containing 0.5 wt. %
of porogen. The structure is known to affect the
properties of the obtained products. Therefore,
physical and mechanical characteristics of the foamed
polymer with a content of porogen of 0.3 wt.% in
the initial composition exceed by 10—15% the
materials containing 0.5 wt.%.

The structure of pores is affected by the presence
of a dispersed filler in the foamed polymer
composition [8]. SEM microphotograph of the
surface of the initial foamed polymer and that filled
with 4 wt.% of dispersed clay (C20A) showed that
the pores in the foamed polymer filled with dispersed
filler have lesser size and more stable morphology
than those of the unfilled polymer. This feature is
explained by the fact that the filler particles are a
barrier, which prevents free release of the gas from
the polymer melt during the process of pore-
formation. As a result, the size of the bubbles
decreases, their number increases, and a similar
structure is formed.

One of the most important factors that affected
the pore size and structure is the pressure in the
polymer-bubble system. The effect of the saturation
pressure on the system of poly (e-caprolactone)
(PCL)—CO, bubbles was investigated [9]. According
to the obtained results, different morphology is
observed for different pressure values. At low values
of pressure, closed cells are formed. When the
saturation pressure is sufficiently high (in this case
at P,=10 MPa), the boundaries of the cells are not
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Table 1
Basic characteristics of some well-known foamed polymers
Expanded | Polystyrene| Polyvinyl Foamed Foamed
Characteristics polyethylene foam chloride | polyurethane | epoxide
(PE) (PPS-1) |foam (PV-1)| (PPU-308) (PE-8)
Density, kg/m’ 600 400 400 300 290
Compression strain 3.5 5.0 5.0 3.0 2.0
Maximal allowable temperature, K 353 338 343 393 373
Minimal allowable temperature, K 213 213 203 213 213
Heat conductivity, W/(m-K) 0.029 0.027 0.035 0.02 0.029

clearly visible, that is, the cells are opened. In order
to obtain foamed materials with a predetermined
structure, the process should be performed with strict
conformity to the operational regimes and
characteristics of the material.

To summarize, some characteristics of the most
widely used foamed polymer materials are given in
Table 1 [1].

Experimental

The material density was determined by the
method of hydrostatic weighing according to ISO
1183-1. The Vicat softening temperature was
measured according to ISO 1183-1 on the FWV-
633/10.

The heat capacity of materials was determined
by the method of measuring the heat flow, which
absorbs the sample at monotonous heating in
accordance with the State Standard 23630.1-79. The
thermal conductivity of materials was established by
the method of measuring the thermal resistance
during monotonous heating according to the State
Standard 23630.2-79.

The resistance to the temperature of the
polymeric composite materials and the initial
polymers were determined by the method of
thermogravimetric analysis (TGA) according with
ISO-11358 by using a derivatograph Q1500D.

In order to improve the performance of the
foamed polymers, the phenylone aromatic
polyamide, which is an analogue of the well-known
materials such as kevlar and nomex, was chosen as a
polymer base. It exceeds the majority of industrial
thermoplastic polymers in a complex of physical-
mechanical and thermophysical properties. The
temperature of the treatment of the products made
from it reaches 563 K, and the strength properties
are 220—240 MPa [10].

Magnesium carbonate was chosen as a porogen.
It decomposes with the release of carbon dioxide
forming pores in the volume of polymer at a softening
temperature of phenylone (about 613 K). However,
another product of decomposition is magnesium
oxide, which is a thermal stabilizer. Moreover, its

presence contributes to improving the heat resistance
of phenylone.

To determine the influence of the pore formers
on the structure and properties of phenylone, thermal
stability, heat resistance and thermophysical
characteristics, i.e., the coefficients of heat and
thermal conductivity and density, were studied.
Additionally, the viscosity of composites was studied
depending on the modifiers type.

For the experimental study on the foam-
formation in the compositions, the samples were
manufactured by compression pressing. To remove
the moisture that is the agent providing the
destruction of phenylone, the press material was pre-
dried at 453 K for 40 minutes. Pressing of the samples
was carried out at the temperature of 603 K and the
specific pressure of 40 MPa followed by cooling to
the temperature of 470 K. The samples were
expanded in the form at a temperature of 613 K for
15—20 minutes.

Results and discussion

To form a foamed plastic based on phenylone,
porogens were used. One of the methods to achieve
this effect is the introduction of substances into the
composition, which are decomposed during heating
with the release of gaseous products forming pores
in the polymer when it passes into a viscous-fluid
state.

For this purpose, the decomposition of
compounds associated with the release of gas-forming
products during the transition of phenylone into a
viscous-fluid state was studied by TGA method.
Magnesium carbonate (MgCO;), ammonium
chloride (NH,CI) and polyvinyl alcohol (PVA) were
chosen as gasifiers. The introduction of MgCO; was
the most efficient and ensured coincidence between
the decomposition temperature and the temperature
of the phenylone transition into a viscous-fluid state.

Figure 1 shows the data of the
thermogravimetric analysis of the above-mentioned
compounds. The obtained results indicate that the
selected substances are rapidly decomposed in the
temperature range of 573—613 K. Magnesium

Influence of the nature and concentration of porogens on the structure and properties of phenylone
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carbonate decomposes with the release of carbon
dioxide CO, and magnesium oxide MgO, and
ammonium chloride resolves into ammonia and
hydrogen chloride. Polyvinyl alcohol decomposes
into acetic aldehyde and carbon dioxide.

It should be noted that the decomposition
temperature of ammonium chloride is somewhat
lower than the transition of phenylone to the viscous-
fluid state. In this process, harmful substances are
released to environment during the decomposition.
The decomposition of polyvinyl alcohol proceeds in
a sufficiently wide range of temperature that does
not ensure the desired effect of the foam-formation.

Based on the data of the thermogravimetric
analysis, magnesium carbonate was selected as a
porogen for further investigation.

In order to determine the duration of full
decomposition of MgCO, corresponded to the
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Fig. 2. MgCO, mass losses versus duration of the heat
treatment at 590 K

maximal release of the gaseous components, the
kinetics of MgCO, decomposition was studied at the
temperature of 590 K. Practically complete
decomposition of MgCOQ; is achieved within 15—20
minutes (Fig. 2).

Numerous studies showed that an increase in
the concentration of MgCO, provides an enhanced
thermostabilizing effect of the released magnesium
oxide on the phenylone, which further improves its
heat resistance and extended the range of the
operating temperatures (Fig. 3).

The study of the main characteristics of the
developed materials showed that their density (p)
and thermal conductivity (A) are closely related to
the concentration of porogen (Figs. 4 and 5). This
means that a decrease in the density and an increase
in the thermal conductivity of the materials are
observed as the concentration of MgCOQO, increases.

One of the main characteristics of foam
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Fig. 3. Deformation Al of expanded samples variation with
temperature: 1 — phenylone C2+2% PMS; 2 — phenylone
C2+2% PMS+5%MgCOs; 3 — phenylone C2+2%
PMS+10%MgCOs; 4 — phenylone C2+2% PMS+15%MgCO;
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Fig. 4. Packing density versus concentration of MgCO,
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materials is their thermal conductivity, because of
most of them are used as heat insulation. As the
temperature is increased, the thermal conductivity
of polymer composite material not practically change,
and its values being stable up to 553 K (Fig. 5).

This dependence can be explained by
simultaneous increase of both the total area of pores
and transfer of heat due to increased concentration
of porogen (MgCO,).

Thus, the study of the heat capacity of the
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Fig. 5. Variation of heat conductivity factor of composite
material with temperature and porogen concentration:
1 — phenylone C2+2% PMS; 2 — phenylone C2+2%
PMS+5%MgCO;; 3 — phenylone C2+2% PMS+10%MgCO;;
4 — phenylone C2+2% PMS+15%MgCO,
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Fig. 6. Variation of specific heat with temperature and
concentration of porogen MgCO;:
1 — phenylone C2+2% PMS;
2 — phenylone C2+2%PMS+5%MgCOs;
3 — phenylone C2+2% PMS+10%MgCOs;
4 — phenylone C2+2%PMS +15%MgCO;,

foamed materials based on phenylone is of significant
interest. The results of the measurement of the
specific heat of the polymeric composite materials
(Fig. 6) showed that increasing temperature results
in an increase in the value of specific heat, and its
maximum values is close to the glass transition
temperature of the polymeric composite materials
(548 K). In addition, the specific heat depends on
the concentration of MgCO;: the specific heat
increases with an increase in the concentration of
MgCO; in polymeric composite materials, which is
the consequence of an increase in the absorbing
capacity of the material.

The aromatic polyamide phenylone has a high
viscosity of the melt, which creates a significant
barrier to the pore-formation in the bulk of the
polymer. To improve the viscosity characteristics,
the phenylone was modified by oligodimetilsiloxane
(PMS), hexadimethylsilosan (GMDSS) and
diphenylsilanediol (DFSDQ). The introduction of
silicone-organic additives to the composition provides
a significant decrease in the viscosity of polymer
melt [11,12]. At a temperature of 613 K and a
shearing stress of 2.0 MPa, the melt viscosity
decreases by an order of magnitude.

The viscosity of the obtained polymeric
composites was determined by viscosimetric method
(Fig. 7).

According to the results of the experiment, the
introduction of PMS into phenylon C2 allows
reducing the viscosity of the melt of polymeric

C.%

Fig. 7. Dependence of the melt viscosity of polymeric systems
on the modifier concentration in phenylone:
1 — phenylone C2+2% GMDSS;
2 — phenylone C2+2% GMDSS;
3 — phenylone C2+2% PMS
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Fig. 8. Surface morphology of composition based on phenylone C2+2% PMS +10%MgCO;:
a — before expansion; b — after heat treatment at 590 K

composite materials. An intensive decrease in
viscosity is observed in composites containing PMS
up to 2%. A further increase in the content of the
modifier does not cause a significant reduction of
viscosity, while the incompatibility of the components
and the visible phase separation occur, which leads
to a decrease in the mechanical properties.

For the foamed compositions based on
phenylone, an optical study of their surface was
conducted, the presence of a finely porous structure
in the bulk of the polymer was observed (Fig. 8).
The sizes of the pores were about 100—300 um.

Key characteristics of the most optimal foamed
phenylone are given in Table 2. Comparison of the
data presented Tables 1 and 2 shows that most
characteristics of the foamed phenylone exceed those
typical of common plastic foams.

Table 2
Characteristics of foamed phenylone
Characteristic Value

Density, kg/m’ 230
Compression strain, MPa 6

Maximal allowable temperature, K 573
Minimal allowable temperature, K 193
Heat conductivity, W/(m-K) 0.03

The maximum allowable operating temperature
for most known foamed polymers is about 373 K,
while it reaches 573 K in case of the foamed
phenylone. The minimum allowable operating
temperature for known foamed polymers is about
213 K, whereas it is 193 K for the foamed phenylone.
A compressive strain reaches 6.0 MPa for the
developed polymeric composite materials, this is an
excellent result as compared with the values of 3—
5 MPa that are typical of other foamed polymers.

Conclusions

1. The process of pore-formation in polymers
is determined by the concentration of porogens, the
conditions of the implementation of the process and
the structure and properties of the polymer. Changing
the conditions of the foaming process can affect the
size and number of formed pores, thus the properties
of the foamed plastics being regulated.

2. In order to prepare plastic foams, it is
expedient to use phenylone C2 aromatic polyamide
as a polymeric base.

3. In order to reduce the viscosity of the
phenylone melt, it is appropriate to introduce silicon-
organic modifiers into (2—3 wt.%).

4. To realize the process of pore-formation in
phenylone, magnesium carbonate should be included
in its composition. At the transition temperatures of
the phenylone in the viscous-fluid state, magnesium
carbonate decomposes with the release of carbon
dioxide, which expanded the polymer.

5. According to the obtained results, some
optimal concentrations of porogens were selected,
which allow fabricating plastic foams based on
phenylone with an enhanced thermophysical and
mechanical properties. These materials can be
recommended for manufacturing application as a
thermal insulation in aircraft and aerospace industries.
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BILJIUB MTPUPOIN TA KOHIIEHTPAIIIT
IIOPOYTBOPIOBAYIB HA CTPYKTYPY I BJACTUBOCTI
®EHUIOHY

B.I. Cumap, I. M. Kyssaes, K.M. Cyxuii, O.C. Kabam,
0.A. beasnoscvka

Pozensinymi pezyromamu excnepumeHmanbrux i meopemu-
YHUX 00CAIONCEHD 8 2any3i po3pobKU ma y0OCKOHANeHHS 2A30HAN06-
HeHux noaimeprux mamepianis. Iloxazano, wo cmpykmypa cnie-
H020 Mamepiany 3anexucums 6i0 npuUpoou ma KOHUeHmpauii nopo-
ymeoprosaua. O6rpyHmosaro eubip QeHinoHy, K noaimepHoi mam-
puyi 015 CMeopeHHs MenA0CMIUKUX CRIHEHUX NOAIMEPHUX KOMNO-
3uyiti. Buxonano mepmoepagimempuunuii ananiz pewosuH, uo po3-
KAadaromucst npu memnepamypax nepexooy (eHinony y 6 a3Konaun-
HULl CMaH 3 UOiNeHHAM 2a30n00ibHuUX npodykmis. 3a pezyrbmama-
MU 0ocaidiceHb 6 AKOCmi nOpoymeopea4a 04s (eHinoHy obpauo
maeniti kapoonam (MgCQO;), skuii 6 npoyeci HaepieanHs po3Kaa-
daemucs 3 sudinenHsm Kapbow diokcudy ma maeriti oxcudy. Ilpo-
yec ea3oymeopeHHs Haubinbwl IHMeHCUBHO NPOMIKAE npu memne-
pamypi 590 K npomseom 15—20 xeuaun. Apomamuunuii nosiamio
heninon mae ucoky 6’a3Kicms po3naagy, uj0 CMeoprE Cymmeei
nepewkoou 0as nopoymeoperHs 6 maci noaimepy. 3 memoro 3Hu-
JHceHHs1 8 ‘a3Kocmi po3naagy 00 tioeo ckaady dodaeanu do 2—3 mac. %
onicodumemuncunoxcary. IIposedeni mepmomexaniumi docaioxncer-
HA 8KA3YIOMb HA mMe, W0 MA2HIl OKCUO, AKUU YMEOPIEMbC npu
PO3KAAOaHHI MaeHill kapboHamy, 30ilcHIoE mepmocmabinizyrouy oiro,
Y pe3yabmami 4oeo nidgUUyemscs memMnepamypa CKAy8ants QeHi-
aoHy. Tlokazano, wo ocHosHi Xapakmepucmuku po3pooaeHux ma-
mepianie (eycmuHa, menaonpogioHicms i Mena0EMHICMYb) 3HAXO0-
0smubCst 8 MICHIL 3ane)cHocmi 8i0 KOHUeHMpauyii CRiHIO1020 aceH-
my. Bueuenns mopghonoeii nosepxwi 3paskie nokazaso Ha npu-
cymuicms 6 00 emi noaimepy dpibHoOducnepcHoi cmpykmypu 3 po3mi-
pamu nop 6auzvko 100—300 mxm. TlopieHsavHuil ananiz cnineHoeo
heHinoHY 3 NPOMUCAOBUMU NIHONAACMAMY NOKA3A8, W0 MAKCUMANL-
Ha memnepamyp ekcnayamauii po3pobaeHo2o mamepiany ckaaoae
bausbko 653 K, Ha 6iomiHy 6i0 eidomux niHonaacmie, 04 AKUX
3HA4eHHsl Yb020 NOKA3HUKA cmaHogums 0ausvko 423 K. Po3pobaeni
mamepianu Moxcyms 0ymu peKomeH008aHi 04 3aCMOCYBAHHS 6
AKOCMI menaoizonayii 6 agiayiuniil ma aepoKoCMIiuHIll NPOMUCAO-
6ocmi.

Kunrouosi ciioBa: razoHanoBHEHi MoJliMepHi MaTepianu,
deHinoH, TemnogiznyHi XapakKTepUCTUKHU, ra3oyTBOploBay,
MarHiif KapooHar.
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Experimental and theoretical studies in the field of development
and modernization of gas-filled polymeric materials were analyzed.
The foamed material structure was shown to be dependent on the
nature and concentration of porogens. The choice of phenylone as a
polymer matrix and magnesium carbonate as a gasifier was
substantiated to develop heatproof foamed polymer compositions with
increased strength properties. Thermal gravimetric analysis of the
substances formed at the temperatures of phenylone transitions to
the state of viscous flow with emission of gaseous products was
performed. According to experimental results, magnesium carbonate
(MgCO;) was chosen as a porogen that is decomposed during heating
with the formation of carbon dioxide and magnesium oxide. The
most intense gas production process proceeded at 590 K during 15—
20 min. The high values of melt viscosity of aromatic polyamide
phenylone considerably blocked pore formation in the bulk of a
polymer. In order to decrease the viscosity of the melt composition, it
was doped with 2—3 wt.% of oligodimethylsiloxane. The results of
thermomechanical study revealed that magnesium oxide, which was
formed when magnesium carbonate was decomposed, have a
thermostabilizing effect on the polymer, which resulted in an increase
in the glass transition temperature of phenylone. It was shown that
the main characteristics of the developed materials (density, thermal
conductivity, and specific heat capacity) were strongly affected by
porogen concentration. The study of the surface morphology of the
samples exhibited a highly dispersed structure in the polymer volume
with pore size close to 100—300 um. Comparative analysis of foamed
phenylone and commercial foamed plastics revealed that the maximal
operational temperature was about 653 K for the materials developed
in this work, whereas this parameter was close to 423 K for known
foamed plastics. The developed material can be recommended to use
for heat insulation in aircraft and aerospace industries.

Keywords: gas-filled polymeric materials; phenylone;
thermophysical characteristics; gasifier; magnesium carbonate.
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