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The autowave modes of solid phase polymerization of metal-containing
monomers in two- and three-dimensional fiberglass-filled matrices
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The phenomenon of autowaygontal) 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 discussedl99® 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 regimes
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 critical
loading of fiber only planar propagation is observed.

I. INTRODUCTION

monomers. Here one can distinguish three different types of
frontal polymerization studied to date.

(1) Polymerization autowaves in solid monomers that take
place in the condition of the cosmic cold. These FP pro-
cesses are controlled by nontraditional mechanisms via
the feedback of the mechanical-chemical nature. The
frozen monomer becomes active in the result of the
brittle layer-by-layer autodispersion of the solid
matrix>~’

(2) The frontal polymerization of acrylamide with free-
radical initiators>®

(3) Frontal polymerization of metal-containing monomers in
the solid phase.

This phenomenon has been observed first for acrylamide
complexes2!! This reaction proceeds without initiators or

activators. The autowave regimes of these reactions in the
solid monomers is the subject for the present work, with a

Almost three decades ago, Maksimov first introduced thespecial emphasis on filled fiberglass—monomer media.

theory of polymerization processes and reactors for theirs

carrying the concept of the combustion theory concerning, expeRIMENT

the self-sustaining regime of a layer-by-layer chemical trans-

formation, the traveling and stationary front of the  The cobalt acrylamide complex of the composition
reaction™? Since then the problem of frontal polymerization CXCH;=CHC(O)NH3)44(H;0)2(NOs), (COAAM) was pre-
(FP) has been formed as an independent scientific fielgPared according to the procedure previously deSCﬁBad'fj
There is a great deal of experimental and theoretical workyS Structure was characterized by x-ray spectroscopy in our

devoted to this problem. More detailed information can beprevious work.? We. have studied frontal polymerization in
obtained from excellent revievi< two systems. The first system was a Co-AAm as a powder

On the basis of the goals of the present work, we poin%Nith particle sizes of 200—50Am. The second system con-

out the following features of FP processésthe phase state sisted of glass flb_ers impregnated with methanol solution of
. N L CoAAm from which the solvent was evaporated, and the
of monomersy{ii) the initiation agent of polymerizatioriii )

th i f the starti . di samples were dried.
€ composition ot the starting monomeric medium. As the filler we used fiberglass silicate materials with a

Most works on frontal polymerization have been Carriedfilament diameter of 7um and the low porosity of 2—4 ffy
out with liquid monomers and relatively few with solid \ye studied two different states of the fibéi) the fibers
ground to the powder with a characteristic particle size of a
few microns;(ii) the regular woven fiberglass matrix. The
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FIG. 1. Derivatograms of the CoAAm
complex. 1—DTGA (dm/dtx0.8,
g/minnmm); 2—TGA (AmXx2.5
x10°, g/mm); 3—DTA (ATx0.88,
K/min-mm); 4—TA (TX0.5, K/mm
(the rate of heating was 10 °C/min,
sample weight—45.81072 g).
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fiberglass materials with certificates of GOST-6943.0-79ucts were performed on an MS-3702 mass spectrometer. The
TU-648-64-91 were from the industrial corporation “Steklo- IR absorption spectra of condensed and gaseous products

volokno™ (Republick Belorussia, Polotgk were recorded on a Specord IR-75 instrument.
In our studies we used the samples with two different  The optical microscopic observations of the evolution of
geometries. the sample morphology during the reaction were performed

(i) Cylindrical tablets of a diameter of 0.3-0.5 cm and™ transmitted light on an MBI-15 instrument.

length of 2.5-3.0 cm. Such samples were prepared
from the powder of the monomer with or without the
powdered fiber in a mold. Samples were pressed to 8l. KINETICS AND MECHANISM OF CoAAm THERMAL
density of 0.7-0.8 g/CFn TRANSFORMATION AND DECOMPOSITION

(i)  Two-dimensionalplang samples formed by impreg-
nating the woven fiberglass sheet with the CoAAm
complex.

We focus on the information relevant to the frontal po-
lymerization process. On the thermograms of COAAm in the
mode of thermal analysig=ig. 1) the following thermal ef-

For the study of the kinetics of CoAAm thermal trans- fects in the DTA curve are observed: the weak endothermic
formation and gas emission during the reaction as well as thpeaks at 55 and 90 °C, the strong exothermic transitions with
composition of gaseous products of thermal transformatiomaxima at 115 and 225, 255°C. The loss of mass begins
and the morphology of the yield solid produgolymen we  around 120 °C. The main loss of mass occurs in the range of
used several methods and instruments. the second exothermic peak. The total mass loss at the end of

Thermal analysis of the CoAAm complex was per-thermolysis(590°Q is equal to 61.5%. According to the
formed o a C derivatograpiMOM, Hungary in air with  kinetic data two gas-evolution regions were observed in the
heating at a rate of 10 and 20°C/min in the temperaturelecomposition of CoAAm: a low-temperature regi@dr,
range of 20—-590 °C(The weight of the sample was 45.8 <200 °Q and a high-temperature regigHT, >210°Q. In
x10 3g). the LT region the rate of gas evolution decreases monotoni-

The thermal decomposition of CoAAm was carried outcally to a steady stated/dt= constant). In the HT region
under static isothermal conditions at 120—-280 °C in a selfthe sharp gas evolution at the early stage of conversion and
generated atmosphefbefore the experiment, the samplesthen a decreas@bsorption of gases evolved are observed.
were evacuated at room temperature for 30)milime kinet-  The total amount of gases evolved in the LT region is equal
ics of conversion were monitored taking into account gago 0.5—-0.9 moles per mole of the compound under study. The
evolution with the use of a membrane zero-manometer. Aftemass loss of the sample amounts therewith 7—29% and in-
completion of thermolysis the amount of gases evolved wasreases witlT,,,. The total amount of gases evolved in the
determined, samples were taken for mass-spectrometridT region(210—-280 °Q at the end of conversion is equal to
analysis, the mass loss of the sample was determined, aidd4—1.9 moles with the mass loss of the sample of 23—38%.
low-temperature fractionatiofY 7 K) of the gaseous products Herewith with increasing the temperature the loss of mass
was carried out. Mass-spectrometric studies of gaseous prodecreases. During thermolysis in the HT region the maxi-
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mum mass loss is observed at the maximum gas evolutiony. THE FRONTAL POLYMERIZATION OF METAL-
the loss of mas$%) at 240 °C amounts 42.70.2 h), 42.3 CONTAINING MONOMERS
(0.5h, 41.2(2.3 h, 36.6(4.0 h. A. Three-dimensional samples of CoAAm without
The analysis of the thermograms of CoAAm thermolysisfiller
and the dynamic of gas _em|SS|on clearly |nd.|ca_1te the P'€S"n accordance with the task of the experiment and in
ence of two parallel reaction routes that are distinguished b%rder to change the boundary conditions the pellet of

their er!ergies of activation. The exothermic pgak located itcoAAmM could be placed in a vacuumed ampule, in a glass
the region below 200 °C corresponds to the first route—thgeactor that allowed heat transfer or loosely hanged from a
polymerization of CoOAAm complex. The second exothermicpracket in air. The variation of the cell design does not make
peak is placed on the thermogram well above 200 °C. Thisjgnificant changes to the features of the autowave process.
signal corresponds to the significant changes of the polymerhe following data correspond to the series of the experi-
matrix, and in the result, its burning. The pattern of gas emisments in the air at room temperature.
sion is similar: the polymerization is accompanied by slight  The initiation of frontal polymerization was carried out
gaseous product emission and mass loss of the samply the introduction of a thermal disturbance at the bottom of
(~7%), at the burning of polymer matrix the intense gasthe CoAAm tablet using either an electric heating element or
emission and significant mass loss of the sample are oldhe immersion of the bottom of the ampule in a batfith
served(in the vapors there are highly oxidized products ofsilicone oil or an alloy of low-melting metalsat the given
the organic moiety of CoAAM temperature.

Note that the oxidized products formed during thermoly- ~ The front velocity was measured either by thermo-
sis of a preevacuated sample may occur in the result of oxi€OUPles placed along the sample or by timing of the change
dation by the products of nitrate—anion decay in a sel.0f the visible coordinate position of the color propagating

generated atmosphere. The quantitative composition Orieacgon zon;e. L h Iv induced by heat

gaseous products of conversion is complex and requires fur—f h rort:t tFt)o ymefrltzhatlon Wals t tertrﬂa yin ucef 1236 i?grlgc
ther study. By IR- and mass-spectrometric analysis the maif, "¢ bottom of the sample at the range ot -cv—
gaseous products of CoAAM decomposition are, 0 temperatures. Below the given range, ignition did not take

. ... place (above this temperature another mode of propagation
CO, NO, NH. The solid products of CoAAm decomposition occurred; about this we shall tell lajerThe front moves

are a_lmorphous by x-ray analysis and do not show magnetlglong the axis of the cylindrical sample with the average rate
activity. ) ) ) of order 10 2cm/s. The temperature of the front does not
~ Inthe period preceding the exothermic peak of polymer-gy ceeq 140-170 °C. Thus only polymerization occurs in this
ization there is an endothermic peak in the range of 60-mode. The elemental and gravimetric analysis of the yield
90 °C which we propose corresponds to the dehydration obroduct of FP also confirms that in the front the total con-
the metal-containing monomer and/or its melting. By the mi-yersjon of the monomer proceeds with the formation of a
croscopic observation of the evolution of the surface ofhighly cross-linked polymer matrix. This is indicated by in-
CoAAm transformation in the air at the thermal scanning thesolubility of the polymer in organic solvents and water.
following stages of the process are established. The essential peculiarity of the FP process for the

At the temperatures below 60°C no changes are ob€oAAm complex without adding the filler is a clearly de-
served; the sample consists of the assembly of CoAAm paffined temporal—spatial periodicity of the autowave process:
ticles with average sizes of 200—5@fn as amorphous blobs at the passing of the front the structure of the sample is
without typical crystal faces. changed; the sample foaniswells up”). Simultaneously,

In the range of 60—90 °Cthe region of the endothermic at the sample surface well defined and regular banded for-
peak the appearance of the pink liquid phase in which thergnations appear indicating the pulsating regime of propaga-
exist monodisperse solid noncolored particles is observed. ion. similar in behavior to that observed in Self-Propagating

About 100°C (at the beginning of the polymerizatipn High Temperature Synthes{SHS.™” Besides the instability

the formation of uniform solid noncolored materials, which ©f the flat front moving the spin regime of the FP processes

rotate the plane of polarized light in crossed polarizers, progOuld be observed in the experiments. The typical patterns of

ceeds the described autowave process of CoAAm polymerization

At temperatures over 110—115 °C in the solid intermedi- The analysis of the nature of the FP periodic mode in

ate- product formed the phase transition to the.cu.b|c mOd'f'fhis system and the building of an appropriate mathematical
cation occurs followed by the appearance of a liquid phase gf,qe| is an independent problem and is out of the frame of
high viscosity again and simultaneously with the beginninginis work. We do note two possible mechanisms of the loss
of gas emissiorthe bubbles of the planar mode’s stability. One of them is typical for
About 140 °C the reaction process is accompanied by thgystems in which reactant and product diffusion is absent.
hardening of the materials with the occurrence of the darkThe FP process of a CoAAm monomer in the solid phase is
pink color. such a system. The pulsating mode of FP occurs because the
Over 200 °C the intense gas emissigine beginning of  zone is formed in the wave front that is only heated through
polymer burning starts, and the sample becomes opaque. conductive heat transfer and distinguished by a low degree of

propagation are shown in Figs(t?—2(d).
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FIG. 2. (a) The view of the cylindrical tablet of the starting CoAAm com- 0 0 " 1'0 T 2'0 i 3'0 4 4'0
plex; (b) d—the dynamic of the autowave regime at the front polymerization

of CoAAm during(b) and at the end of the reactid¢o), (d); (e)—(f) views of wt. %

the samples of CoAAm composites with fiberglass fillers ¢f) @nd 10
wt.% (f) contents after front polymerizatiofg) the illustration of the front
polymerization in the two-dimensional glass fabric system appreted by
10% solution of CoAAm in methand[The tablets were pressedRt 1 (c)
and 6 MP4.

FIG. 3. The dependence of the front velocity on the content of the fiberglass
diller in the CoAAm composition systems.

B. Three-dimensional samples of CoAAm with the
glass fiber powder filler

In the case of the fiberglass-filled systems the autowave
the monomer conversion due to the strongly limited diffu- Process in CoAAm frontal polymerization alters its charac-

sion transfer. In this zone the mode of the thermal explosioﬁerl'sug(‘;S'gn'?ca{]tl)f' (tar\]/enf_st sr;r;}all detgrees of th? f'"'n?'tﬁt
(fast “burning out” of the reagentis easily realized. In only 5% content of the Tiber the autowave regime of the

other words, the stage of the quick front propagation is fol_burnlng(the high OXId'atIOD] of.CoAAm dlsappears,'Le., the
lowed by a slowina down one of sample heating until theautowave mode of this reaction route cannot be induced by

W y a slowing dow P ting unti the local heat disturbance with any amplitude. This action
next explosive stage of the autowave transition. For th

i ) Snitiates only the frontal polymerization process. Moreover
theory of this mechanism see, for example, Refs. 14-20. the measured velocities of propagation are significantly less

~ The other possible mechanism is specific to the polymerg, a4, that for the same nonfilled systems. The traveling front
ization of a CoAAm complex. The observation of gas emis-of the autowave polymerization acquires the characteristics
sion during the CoAAm polymerization at the temperaturesyf the spatial—temporal stability: the intensity of gas emis-
of 110-120 °C is the basis for this hypOtheSiS. The qualitasion in the wave Of po|ymerizatio|(|the foaming is de_

tive scheme of such a pulsating process is the following: ircreased, the change of the sample shape at the front is small,
the zone of the moving front corresponding to the giventhe color of the sample polymerized is more homogeneous,
temperature range the foaming of the reacting layer reduces., the banded structure becomes less disfifict. 2(e)].

the heat transfer to the next layer of the solid monomer; in At 10% content of the fiberglass powder in the CoAAm
the result the FP process is retarded, and the intensity of galse process of FP becomes absolutely steady, with a planar
emission is decreased. In the heated layer of the sample tHient, which propagates in the cylindrical samples with a
polymerization process is activated again, the temperaturstationary velocity. The gas emission and the foaming are
increases and the stage of the accelerated propagation igsppressed. The typical picture of the wave moving at the FP
peats. mode described is shown in the photogréply. 2(f)].

In conclusion of this section we note another feature of At higher degrees of filling no qualitative changes of the
the frontal regime of CoOAAm polymerization without a filler. FP process are observeap to certain threshold content of
Bistability with respect to the initiating temperature exists,the glass powdey only the front propagation velocity is de-
which to our knowledge is reported for frontal polymeriza- creasedFig. 3. However, at about 30% of glass powder in
tion for the first time. As noted above, the FP process ighe COAAm matrix the self-sustained autowave mode of FP
induced at the starting temperatures of 120—170 °C. Abov&f the monomer studied becomes impossible. Figure 3 dem-

170 °C the autowave process alters its route radically. Instea@Strates the discontinuous character of the dependence of

of a low-temperature slow wave of the polymerization reac-the velocities of autowave propagation on the filler content.

tion, the front of high oxidatior(in fact, burning forms in

which the temperature rises about 1000°C, and the wave- Two-dimensional composites of CoAAmM with

propagation velocity becomes on the order of a few cm/sfioerglass woven materials

i.e., the velocity of the reaction front moving is comparable  The fiberglass woven material was treated by soaking in
to the rate of the gun powder combustfdnThe product an alcohol solution of CoAAm and then dried at ambient
formed in this process can be classified as a ceramic materiabnditions. To enchance the monomer-holding capacity of
consisting of cobalt oxides and, probably, carbides. the glass woven samples, the glass fabrics with a dense satin
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weaving were used. This allowed the incorporation in the(3) The frontal polymerization of metal-containing mono-
fiber glass woven matrix as much as 20 wt.% of the metal- mers in the high-temperature burning regime is a new
containing monomer. It should be noted that the textile char-  technological tool, potentially, for the preparation of the
acteristics of the used fiberglass filler, its chemical and ‘“out of furnace” multielemental ceramics with the mo-
physical capacity to the metal-containing monomer incorpo- lecular dispersion of the components such as oxides, car-
rated, are the independent parameters that can be varied in a bides, carboxides, etc.
wide range of their values according to the tasks of the ex-
periment. VI. CONCLUSIONS

The sample prepared in this way was stretched in the . . i
horizontal poZitioFr)1 uging a special frgme and placed in the In this work we have studied first the frontal polymer-

vertical rising stream of air heated to a given temperature'.zat'on of metal-containing monomers in the solid phase in

The initiation of the FP in such a system was carried outthe presence of ihe fiberglass fill.ers. We were aple to propose
using an electric heating wire loop. For the start of the wavé descrl_pt|on of the transformatlons that occur in a front by
this device was brought near the local piece of the impregperformlng thermal analysr_s qnd product gaseous .product
nated fiberglass woven sample, without direct contact. analysls. We observed periodic mod_es of propagation and
The self-sustained mode of FP in this two-dimensionalthe bistability between a polymerization mode and a com-

glass fabric system impregnated by CoAAm is possible in é)ustion mode, depending on the initiating temperature. Add-

very narrow range of the temperatures of the surrounding aifhd @ ;l_bergla_ss fllller sta}blhzed the front, both in two- and
It is obvious that this feature is caused by such factors as th%"ee' Imensional samples. . .
The results obtained should stimulate further experimen-

high intensity of the heat transfer from the thick flat sample al and theoretical work, which would be of interest both in

to the surrounding medium and low potential inner energ L th ¢ i tial—t | oh
content due to the small concentrations of a metal-containing € 96n€ral theory of nonlinear spatial—témporal phénomena
N polymerization and in frontal polymerization in the tech-

monomer in such composites. At temperatures of the su \ . . :
rounding air below 60 °C the autowave mode is not Sustain[1ology of fiber glass composites. We will focus our attention

able. In the air stream heated over 80—90 °C the polymerizac-)n the following.

tion propagated completely on the two-dimensional sample(i) To extend the group of metal-containing monomers in

Within the given temperature range of surrounding air frontal polymerization including ones based on Ni,
the FP occurs. The wave of polymerization started in the Fe, Cu, Mn etc. complexes.
point of the initiation and propagated on the flat woven(ii)  Using the other types of fiberglass materials such as
sample in the form of a circle front. An illustration of this alkaline, boron alkaline and boron aluminosilicate
phenomenon is given in Fig.(@. The front propagation glasses, etc.
velocities are very small, i.e., the conditions of the autowaveiii) The study of the effect of the filling degree of solid
process are apparently close to the threshold of its existence. monomeric matrices on the peculiarities of the auto-
No other characteristics of the spatial-temporal unstability wave regime in two- and three-dimensional systems.
of the FP process in two-dimensional composition systemsiy) The study of the effect of the thickness of the sample
are observed. on the spatial stability of the wave flat front.
(v)  The study of frontal copolymerization of metal-
V. POTENTIAL APPLICATIONS containing monomers.
(vi) The study of the influence of preactivation of the
Let us consider briefly some possible practical applica- monomer matrix byy-radiation on the dynamic pecu-
tions of the FP process and primarily, the glass composition liarities of frontal polymerization.
systems.

We propose that this approach permits the development

(1) Frontal polymerization of the solid monomers filled by of novel unique technologies for the fabrication of a polymer
glass powder illustrates the possibilities of using of theg|ass composite.

autowave modes in the fabrication of composites. Of
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