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The autowave modes of solid phase polymerization of metal-containing
monomers in two- and three-dimensional fiberglass-filled matrices

V. V. Barelko,a) A. D. Pomogailo, G. I. Dzhardimalieva, S. I. Evstratova,
A. S. Rozenberg, and I. E. Uflyand
Institute of Chemical Physics, Russian Academy of Sciences, Chernogolovka, Moscow Region,
142432, Russia

~Received 17 July 1998; accepted for publication 23 December 1998!

The phenomenon of autowave~frontal! solid phase polymerization of metal-containing monomers
based on metal-acrylamide complexes is considered. The comparison of the features of autowave
processes realized in both the single-component matrices of the monomer and the matrices filled by
the fiberglass materials is performed. The unstable regimes of the polymerization wave as well as
the conditions for the stabilization of the flat front in the filled matrices are described. The
peculiarities of the frontal regimes in the three- and two-dimensional media are studied. Some
possibilities for using of autowave polymerization in the fabrication of the polymer–fiberglass
composites and composition prepregs are discussed. ©1999 American Institute of Physics.
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The phenomenon of frontal polymerization has devel-
oped as an independent branch of polymer chemistry and
technology during the past three decades. Polymer com
posites are special objects in this problem. The investiga
tions of frontal phenomena in these systems are only a
recent development. The study of the autowave regime
in such systems are of interest both for the scientific and
practical purposes. In the present work we are devoted to
composites of fiberglass formed frontally with metal-
acrylamide complexes. Without added fiber, the fronts
exhibit bistability between a polymerization front and a
combustion mode, depending on the initiating tempera-
ture. Pulsating modes are also observed. Above a critica
loading of fiber only planar propagation is observed.

I. INTRODUCTION

Almost three decades ago, Maksimov first introduced
theory of polymerization processes and reactors for th
carrying the concept of the combustion theory concern
the self-sustaining regime of a layer-by-layer chemical tra
formation, the traveling and stationary front of th
reaction.1,2 Since then the problem of frontal polymerizatio
~FP! has been formed as an independent scientific fi
There is a great deal of experimental and theoretical wo
devoted to this problem. More detailed information can
obtained from excellent reviews.3,4

On the basis of the goals of the present work, we po
out the following features of FP processes:~i! the phase state
of monomers;~ii ! the initiation agent of polymerization;~iii !
the composition of the starting monomeric medium.

Most works on frontal polymerization have been carri
out with liquid monomers and relatively few with soli
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monomers. Here one can distinguish three different type
frontal polymerization studied to date.

~1! Polymerization autowaves in solid monomers that ta
place in the condition of the cosmic cold. These FP p
cesses are controlled by nontraditional mechanisms
the feedback of the mechanical–chemical nature. T
frozen monomer becomes active in the result of
brittle layer-by-layer autodispersion of the sol
matrix.5–7

~2! The frontal polymerization of acrylamide with free
radical initiators.8,9

~3! Frontal polymerization of metal-containing monomers
the solid phase.

This phenomenon has been observed first for acrylam
complexes.10,11 This reaction proceeds without initiators o
activators. The autowave regimes of these reactions in
solid monomers is the subject for the present work, with
special emphasis on filled fiberglass–monomer media.

II. EXPERIMENT

The cobalt acrylamide complex of the compositio
Co„CH25CHC~O!NH2…44~H2O!2~NO3!2 ~CoAAM! was pre-
pared according to the procedure previously described,12 and
its structure was characterized by x-ray spectroscopy in
previous work.13 We have studied frontal polymerization i
two systems. The first system was a Co-AAm as a pow
with particle sizes of 200–500mm. The second system con
sisted of glass fibers impregnated with methanol solution
CoAAm from which the solvent was evaporated, and t
samples were dried.

As the filler we used fiberglass silicate materials with
filament diameter of 7mm and the low porosity of 2–4 m2/g.
We studied two different states of the fiber:~i! the fibers
ground to the powder with a characteristic particle size o
few microns;~ii ! the regular woven fiberglass matrix. Th
© 1999 American Institute of Physics
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FIG. 1. Derivatograms of the CoAAm
complex. 1—DTGA ~dm/dt30.8,
g/min•mm!; 2—TGA ~Dm32.5
3103, g/mm!; 3—DTA ~DT30.88,
K/min•mm!; 4—TA ~T30.5, K/mm!
~the rate of heating was 10 °C/min
sample weight—45.831023 g!.
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fiberglass materials with certificates of GOST-6943.0-
TU-648-64-91 were from the industrial corporation ‘‘Stekl
volokno’’ ~Republick Belorussia, Polotsk!.

In our studies we used the samples with two differe
geometries.

~i! Cylindrical tablets of a diameter of 0.3–0.5 cm a
length of 2.5–3.0 cm. Such samples were prepa
from the powder of the monomer with or without th
powdered fiber in a mold. Samples were pressed
density of 0.7–0.8 g/cm3.

~ii ! Two-dimensional~plane! samples formed by impreg
nating the woven fiberglass sheet with the CoAA
complex.

For the study of the kinetics of CoAAm thermal tran
formation and gas emission during the reaction as well as
composition of gaseous products of thermal transforma
and the morphology of the yield solid product~polymer! we
used several methods and instruments.

Thermal analysis of the CoAAm complex was pe
formed on a C derivatograph~MOM, Hungary! in air with
heating at a rate of 10 and 20 °C/min in the temperat
range of 20–590 °C.~The weight of the sample was 45.
31023 g!.

The thermal decomposition of CoAAm was carried o
under static isothermal conditions at 120–280 °C in a s
generated atmosphere~before the experiment, the sampl
were evacuated at room temperature for 30 min!. The kinet-
ics of conversion were monitored taking into account g
evolution with the use of a membrane zero-manometer. A
completion of thermolysis the amount of gases evolved w
determined, samples were taken for mass-spectrom
analysis, the mass loss of the sample was determined,
low-temperature fractionation~77 K! of the gaseous product
was carried out. Mass-spectrometric studies of gaseous p
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ucts were performed on an MS-3702 mass spectrometer.
IR absorption spectra of condensed and gaseous prod
were recorded on a Specord IR-75 instrument.

The optical microscopic observations of the evolution
the sample morphology during the reaction were perform
in transmitted light on an MBI-15 instrument.

III. KINETICS AND MECHANISM OF CoAAm THERMAL
TRANSFORMATION AND DECOMPOSITION

We focus on the information relevant to the frontal p
lymerization process. On the thermograms of CoAAm in t
mode of thermal analysis~Fig. 1! the following thermal ef-
fects in the DTA curve are observed: the weak endother
peaks at 55 and 90 °C, the strong exothermic transitions w
maxima at 115 and 225, 255 °C. The loss of mass beg
around 120 °C. The main loss of mass occurs in the rang
the second exothermic peak. The total mass loss at the en
thermolysis~590 °C! is equal to 61.5%. According to th
kinetic data two gas-evolution regions were observed in
decomposition of CoAAm: a low-temperature region~LT,
,200 °C! and a high-temperature region~HT, .210 °C!. In
the LT region the rate of gas evolution decreases monot
cally to a steady state (dP/dt5constant). In the HT region
the sharp gas evolution at the early stage of conversion
then a decrease~absorption! of gases evolved are observe
The total amount of gases evolved in the LT region is eq
to 0.5–0.9 moles per mole of the compound under study.
mass loss of the sample amounts therewith 7–29% and
creases withTexp. The total amount of gases evolved in th
HT region~210–280 °C! at the end of conversion is equal t
1.4–1.9 moles with the mass loss of the sample of 23–3
Herewith with increasing the temperature the loss of m
decreases. During thermolysis in the HT region the ma
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mum mass loss is observed at the maximum gas evolu
the loss of mass~%! at 240 °C amounts 42.7~0.2 h!, 42.3
~0.5 h!, 41.2 ~2.3 h!, 36.6 ~4.0 h!.

The analysis of the thermograms of CoAAm thermoly
and the dynamic of gas emission clearly indicate the p
ence of two parallel reaction routes that are distinguished
their energies of activation. The exothermic peak located
the region below 200 °C corresponds to the first route—
polymerization of CoAAm complex. The second exotherm
peak is placed on the thermogram well above 200 °C. T
signal corresponds to the significant changes of the poly
matrix, and in the result, its burning. The pattern of gas em
sion is similar: the polymerization is accompanied by slig
gaseous product emission and mass loss of the sa
~;7%!, at the burning of polymer matrix the intense g
emission and significant mass loss of the sample are
served~in the vapors there are highly oxidized products
the organic moiety of CoAAm!.

Note that the oxidized products formed during thermo
sis of a preevacuated sample may occur in the result of
dation by the products of nitrate–anion decay in a s
generated atmosphere. The quantitative composition
gaseous products of conversion is complex and requires
ther study. By IR- and mass-spectrometric analysis the m
gaseous products of CoAAm decomposition are CO2, N2O,
CO, NO, NH3. The solid products of CoAAm decompositio
are amorphous by x-ray analysis and do not show magn
activity.

In the period preceding the exothermic peak of polym
ization there is an endothermic peak in the range of 6
90 °C which we propose corresponds to the dehydration
the metal-containing monomer and/or its melting. By the m
croscopic observation of the evolution of the surface
CoAAm transformation in the air at the thermal scanning
following stages of the process are established.

At the temperatures below 60 °C no changes are
served; the sample consists of the assembly of CoAAm
ticles with average sizes of 200–500mm as amorphous blob
without typical crystal faces.

In the range of 60–90 °C~the region of the endothermi
peak! the appearance of the pink liquid phase in which th
exist monodisperse solid noncolored particles is observe

About 100 °C~at the beginning of the polymerization!
the formation of uniform solid noncolored materials, whi
rotate the plane of polarized light in crossed polarizers, p
ceeds.

At temperatures over 110–115 °C in the solid interme
ate product formed the phase transition to the cubic mod
cation occurs followed by the appearance of a liquid phas
high viscosity again and simultaneously with the beginn
of gas emission~the bubbles!.

About 140 °C the reaction process is accompanied by
hardening of the materials with the occurrence of the da
pink color.

Over 200 °C the intense gas emission~the beginning of
polymer burning! starts, and the sample becomes opaque
n:
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IV. THE FRONTAL POLYMERIZATION OF METAL-
CONTAINING MONOMERS

A. Three-dimensional samples of CoAAm without
filler

In accordance with the task of the experiment and
order to change the boundary conditions the pellet
CoAAm could be placed in a vacuumed ampule, in a gl
reactor that allowed heat transfer or loosely hanged from
bracket in air. The variation of the cell design does not ma
significant changes to the features of the autowave proc
The following data correspond to the series of the exp
ments in the air at room temperature.

The initiation of frontal polymerization was carried ou
by the introduction of a thermal disturbance at the bottom
the CoAAm tablet using either an electric heating elemen
the immersion of the bottom of the ampule in a bath~with
silicone oil or an alloy of low-melting metals! at the given
temperature.

The front velocity was measured either by therm
couples placed along the sample or by timing of the cha
of the visible coordinate position of the color propagati
reaction zone.

Front polymerization was thermally induced by heati
of the bottom of the sample at the range of 120–170
temperatures. Below the given range, ignition did not ta
place ~above this temperature another mode of propaga
occurred; about this we shall tell later!. The front moves
along the axis of the cylindrical sample with the average r
of order 1022 cm/s. The temperature of the front does n
exceed 140–170 °C. Thus only polymerization occurs in t
mode. The elemental and gravimetric analysis of the yi
product of FP also confirms that in the front the total co
version of the monomer proceeds with the formation o
highly cross-linked polymer matrix. This is indicated by in
solubility of the polymer in organic solvents and water.

The essential peculiarity of the FP process for t
CoAAm complex without adding the filler is a clearly de
fined temporal–spatial periodicity of the autowave proce
at the passing of the front the structure of the sample
changed; the sample foams~‘‘swells up’’ !. Simultaneously,
at the sample surface well defined and regular banded
mations appear indicating the pulsating regime of propa
tion, similar in behavior to that observed in Self-Propagat
High Temperature Synthesis~SHS!.14 Besides the instability
of the flat front moving the spin regime of the FP proces
could be observed in the experiments. The typical pattern
the described autowave process of CoAAm polymerizat
propagation are shown in Figs. 2~b!–2~d!.

The analysis of the nature of the FP periodic mode
this system and the building of an appropriate mathemat
model is an independent problem and is out of the frame
this work. We do note two possible mechanisms of the l
of the planar mode’s stability. One of them is typical f
systems in which reactant and product diffusion is abse
The FP process of a CoAAm monomer in the solid phas
such a system. The pulsating mode of FP occurs becaus
zone is formed in the wave front that is only heated throu
conductive heat transfer and distinguished by a low degre
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the monomer conversion due to the strongly limited dif
sion transfer. In this zone the mode of the thermal explos
~fast ‘‘burning out’’ of the reagent! is easily realized. In
other words, the stage of the quick front propagation is f
lowed by a slowing down one of sample heating until t
next explosive stage of the autowave transition. For
theory of this mechanism see, for example, Refs. 14–20

The other possible mechanism is specific to the polym
ization of a CoAAm complex. The observation of gas em
sion during the CoAAm polymerization at the temperatu
of 110–120 °C is the basis for this hypothesis. The qual
tive scheme of such a pulsating process is the following
the zone of the moving front corresponding to the giv
temperature range the foaming of the reacting layer redu
the heat transfer to the next layer of the solid monomer
the result the FP process is retarded, and the intensity of
emission is decreased. In the heated layer of the sample
polymerization process is activated again, the tempera
increases and the stage of the accelerated propagatio
peats.

In conclusion of this section we note another feature
the frontal regime of CoAAm polymerization without a fille
Bistability with respect to the initiating temperature exis
which to our knowledge is reported for frontal polymeriz
tion for the first time. As noted above, the FP process
induced at the starting temperatures of 120–170 °C. Ab
170 °C the autowave process alters its route radically. Ins
of a low-temperature slow wave of the polymerization re
tion, the front of high oxidation~in fact, burning! forms in
which the temperature rises about 1000 °C, and the w
propagation velocity becomes on the order of a few cm
i.e., the velocity of the reaction front moving is comparab
to the rate of the gun powder combustion.21 The product
formed in this process can be classified as a ceramic mat
consisting of cobalt oxides and, probably, carbides.

FIG. 2. ~a! The view of the cylindrical tablet of the starting CoAAm com
plex; ~b! d—the dynamic of the autowave regime at the front polymerizat
of CoAAm during~b! and at the end of the reaction~c!, ~d!; ~e!–~f! views of
the samples of CoAAm composites with fiberglass fillers of 5~e! and 10
wt.% ~f! contents after front polymerization;~g! the illustration of the front
polymerization in the two-dimensional glass fabric system appreted b
10% solution of CoAAm in methanol.@The tablets were pressed atP51 ~c!
and 6 MPa#.
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B. Three-dimensional samples of CoAAm with the
glass fiber powder filler

In the case of the fiberglass-filled systems the autow
process in CoAAm frontal polymerization alters its chara
teristics significantly even at small degrees of the filling.
only 5% content of the fiber the autowave regime of t
burning ~the high oxidation! of CoAAm disappears, i.e., the
autowave mode of this reaction route cannot be induced
the local heat disturbance with any amplitude. This act
initiates only the frontal polymerization process. Moreov
the measured velocities of propagation are significantly l
than that for the same nonfilled systems. The traveling fr
of the autowave polymerization acquires the characteris
of the spatial–temporal stability: the intensity of gas em
sion in the wave of polymerization~the foaming! is de-
creased, the change of the sample shape at the front is s
the color of the sample polymerized is more homogeneo
i.e., the banded structure becomes less distinct@Fig. 2~e!#.

At 10% content of the fiberglass powder in the CoAA
the process of FP becomes absolutely steady, with a pl
front, which propagates in the cylindrical samples with
stationary velocity. The gas emission and the foaming
suppressed. The typical picture of the wave moving at the
mode described is shown in the photograph@Fig. 2~f!#.

At higher degrees of filling no qualitative changes of t
FP process are observed~up to certain threshold content o
the glass powder!, only the front propagation velocity is de
creased~Fig. 3!. However, at about 30% of glass powder
the CoAAm matrix the self-sustained autowave mode of
of the monomer studied becomes impossible. Figure 3 d
onstrates the discontinuous character of the dependenc
the velocities of autowave propagation on the filler conte

C. Two-dimensional composites of CoAAm with
fiberglass woven materials

The fiberglass woven material was treated by soaking
an alcohol solution of CoAAm and then dried at ambie
conditions. To enchance the monomer-holding capacity
the glass woven samples, the glass fabrics with a dense

a

FIG. 3. The dependence of the front velocity on the content of the fiberg
filler in the CoAAm composition systems.



th
ta
a
n

po
i

ex

th
th
r

ou
v

eg

na
n
a
t

ple
rg
in

su
in

iz
le

ai
th
en
s

v
n
ilit
m

ca
tio

y
he
O
a

w
ni-

ri
ra
ss
d
t

e
ur
ol

o-
ew
e
-
car-

r-
in
ose
by
uct

and
m-
dd-
d

en-
in
ena
h-
on

in
i,

as
te

id
to-
s.

ple

l-

e
-

ent
er

an

al

ag.

346 Chaos, Vol. 9, No. 2, 1999 Barelko et al.
weaving were used. This allowed the incorporation in
fiber glass woven matrix as much as 20 wt.% of the me
containing monomer. It should be noted that the textile ch
acteristics of the used fiberglass filler, its chemical a
physical capacity to the metal-containing monomer incor
rated, are the independent parameters that can be varied
wide range of their values according to the tasks of the
periment.

The sample prepared in this way was stretched in
horizontal position using a special frame and placed in
vertical rising stream of air heated to a given temperatu
The initiation of the FP in such a system was carried
using an electric heating wire loop. For the start of the wa
this device was brought near the local piece of the impr
nated fiberglass woven sample, without direct contact.

The self-sustained mode of FP in this two-dimensio
glass fabric system impregnated by CoAAm is possible i
very narrow range of the temperatures of the surrounding
It is obvious that this feature is caused by such factors as
high intensity of the heat transfer from the thick flat sam
to the surrounding medium and low potential inner ene
content due to the small concentrations of a metal-contain
monomer in such composites. At temperatures of the
rounding air below 60 °C the autowave mode is not susta
able. In the air stream heated over 80–90 °C the polymer
tion propagated completely on the two-dimensional samp

Within the given temperature range of surrounding
the FP occurs. The wave of polymerization started in
point of the initiation and propagated on the flat wov
sample in the form of a circle front. An illustration of thi
phenomenon is given in Fig. 2~g!. The front propagation
velocities are very small, i.e., the conditions of the autowa
process are apparently close to the threshold of its existe
No other characteristics of the spatial–temporal unstab
of the FP process in two-dimensional composition syste
are observed.

V. POTENTIAL APPLICATIONS

Let us consider briefly some possible practical appli
tions of the FP process and primarily, the glass composi
systems.

~1! Frontal polymerization of the solid monomers filled b
glass powder illustrates the possibilities of using of t
autowave modes in the fabrication of composites.
special interest could be such modes due to their adv
tages together with the pultrusion technologies.22–25 It is
important to note the stabilizing effect of the glass po
der filler on the FP regime that results in spatially u
form products.

~2! The autowave mode of the metallopolymer glass fab
prepreg preparation without using the traditional ope
tions of the appreting, i.e., impregnation of fibergla
materials by liquids on the basis of siloxane compoun
of the fiberglass fillers, has significant possibilities due
the essential enhancement of the mechanical charact
tics of the fiberglass composites for construction p
poses and using such prepregs in the products with p
olefin binders.
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~3! The frontal polymerization of metal-containing mon
mers in the high-temperature burning regime is a n
technological tool, potentially, for the preparation of th
‘‘out of furnace’’ multielemental ceramics with the mo
lecular dispersion of the components such as oxides,
bides, carboxides, etc.

VI. CONCLUSIONS

In this work we have studied first the frontal polyme
ization of metal-containing monomers in the solid phase
the presence of the fiberglass fillers. We were able to prop
a description of the transformations that occur in a front
performing thermal analysis and product gaseous prod
analysis. We observed periodic modes of propagation
the bistability between a polymerization mode and a co
bustion mode, depending on the initiating temperature. A
ing a fiberglass filler stabilized the front, both in two- an
three-dimensional samples.

The results obtained should stimulate further experim
tal and theoretical work, which would be of interest both
the general theory of nonlinear spatial–temporal phenom
in polymerization and in frontal polymerization in the tec
nology of fiber glass composites. We will focus our attenti
on the following.

~i! To extend the group of metal-containing monomers
frontal polymerization including ones based on N
Fe, Cu, Mn etc. complexes.

~ii ! Using the other types of fiberglass materials such
alkaline, boron alkaline and boron aluminosilica
glasses, etc.

~iii ! The study of the effect of the filling degree of sol
monomeric matrices on the peculiarities of the au
wave regime in two- and three-dimensional system

~iv! The study of the effect of the thickness of the sam
on the spatial stability of the wave flat front.

~v! The study of frontal copolymerization of meta
containing monomers.

~vi! The study of the influence of preactivation of th
monomer matrix byg-radiation on the dynamic pecu
liarities of frontal polymerization.

We propose that this approach permits the developm
of novel unique technologies for the fabrication of a polym
glass composite.
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