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In the work the causes of the stability violation of self-propagating heat waves in the process of 

frontal polymerization (FP) are studied. FP is an autowave process of the propagation of 

polymerization heat waves. One of the major factors for the practical implementation of FP is the 

necessity to establish the causes and boundaries of the stability violation of propagating heat waves 

in the process of FP. The paper clarifies one of the causes of stability violation during frontal 

polymerization of complexes of acrylamide with transition metals. Taking into account the fact that 

for the specified monomers the cause of stability violation and appearance of spin modes is 

shrinkage of polymer, we have investigated nanoparticle additions to the polymerizing media. It is 

shown that it is possible to regulate the stability violation during FP of the monomers depending on 

the amount of nanoparticle additions. 

 

1. Introduction 

In relation to the synthesis of functional gradient materials (FGM), 

which is one of the main advantages of frontal polymerization (FP) [1, 2], it 

has become necessary to study the stability of FP heat waves for the 

synthesis of high-temperature superconducting polymer composites with an 

objective of developing a strong linkage between superconducting composite 

and polymer according to a prescribed program. As it is known [3, 4], 

superconducting composites were obtained on the basis of cobalt- and 

nickel-complexes of acrylamide (AAm) using additions of superconducting 

ceramic, and studied for superconducting properties, transitions and 

electrical conductivity. However, in terms of the adhesion of these 
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composites to the required polymers for the synthesis of FGM, we faced the 

task of detailed investigation of the polymerization of metal-complexes of 

AAm both with and without additions. In Ref. [5], FP of the monomers as 

well as stability violation and appearance of spin modes were observed. It 

was shown that the main cause of the above-mentioned phenomena was 

shrinkage of polymer in the process of FP. To verify this, we specifically 

carried out FP in strict adiabatic conditions and confirmed that there was no 

heat loss from the walls of the reaction vessel [5]. A possible mass transfer 

from a hot polymeric part to a cool monomeric was checked as well. To that 

end, experiments were carried out where FP was initiated both from the top 

down and from the bottom up. The data obtained were consistent and the 

possibility of mass transfer was also excluded. Thus, in the work [5], the 

main causes of stability loss as a result of shrinkage of polymer were 

established.  

Accordingly, the investigations with the additions of nanoparticles make 

it possible to synthesize compatible components of FGM by the method of 

FP.  

 

2. Experimental Section 

Reagents used: acrylamide (>99%) (AAm), cobalt nitrate hexahydrate 

(99.5%) (Co(NO3)2 · 6H2O), nickel nitrate hexahydrate (99.5%) (Ni(NO3)2 · 

6H2O), silicon dioxide nanoparticles (10 nm, 99.9%) (all purchased from 

Sigma – Aldrich), bentonite of the local origin (63-80 μm, 99.5%). 

Synthesis of cobalt- and nickel-containing acrylamide complexes 

(Co(AAm)4(NO3)2, Ni(AAm)4(NO3)2) was carried out according to the 

method described in [6].  

The FP of the monomers was carried out in glass ampoules with a 

diameter of 8mm. The mechanical mixtures of the monomer and 

nanoparticles and bentonite were prepared by mixing the substances for a 

long time to thoroughly distribute the nanoparticles in a monomeric medium. 

The prepared mixtures were then loaded into the ampoules. To start the FP 

reaction of the monomeric mixtures, an instant heat was locally applied on 

the upper end of the ampoules.  

The measurements were taken using thermocouples located in the recess 

holes on the reaction ampoules.  

The samples obtained were examined on microscope MB30. 

 

3. Results & Discussion 

The FP of the monomers was investigated using thermocouples. The 

temperature profiles of the processes are given in Figures 1 and 2 (the 

thermocouples were located at a distance of 3mm from each other). 
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Figure 1. Temperature profiles of FP of Ni (curve 1) and Co (curve 2) complexes of AAm. 

 

As can be seen from the Figures, the temperature of the waves reaches 

the adiabatic heating temperature for the polymerizing monomer and, at a 

certain moment, a part of the polymer formed during FP shrinks and gets 

detached from the monomer. At this detachment zone the wave temperature 

declines, which in turn decreases the polymerization rate. When sufficient 

amount of heat, released from the exothermic polymerization, transfers to the 

neighboring layer of the monomer on account of thermal conductivity, the 

FP process is restored and the temperature again reaches the adiabatic 

heating temperature. 

 
Figure 2. Temperature profiles of FP of Ni-complex of AAm in comparison with spin rings 
formed on the samples as a result of polymer shrinkage. 
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Figure 3 shows the temperature profiles of FP of Co(AAm)4(NO3)2 with 

additions of different amounts of SiO2 nanoparticles. As can be seen from 

the Figure, FP of Co(AAm)4(NO3)2 proceeds with formation of instabilities 

and spin modes (curve 1). The addition of up to  

5 wt% of SiO2 nanoparticles leads to a decrease in the gap between the 

polymer and monomer (curve 2), which, in turn, may be resulted by 

intermolecular interactions of the nanoparticles with the polymer chains [6].  

 
Figure 3. Temperature profiles of FP of Co(AAm)4(NO3)2 with the additions of 0 (curve 1), 5 
(curve 2), 10 (curve 3), 15 (curve 4), and 20 (curve 5) wt% of SiO2 nanoparticles. 

 

Next, the further increase (10-15 wt %) in the amount of the 

nanoparticles leads to a uniform propagation of the FP heat waves (curve 3, 

4) with a decrease in both the rate and maximal adiabatic heating of the 

polymerization process. The behavior of the curves in relation to the 

adiabatic heating of the FP of Co(AAm)4(NO3)2 is shown in Figure 4. 

 
Figure 4. Dependence of the maximal adiabatic heating temperature of FP of Co(AAm)4(NO3)2 
on the concentration of SiO2 nanoparticles. 
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Figure 5 shows the samples of nanocomposites obtained by FP of 

Co(AAm)4(NO3)2 with the additions of 0 (1), 5 (2), 10 (3), 15 (4), and 20 (5) 

wt% of SiO2 nanoparticles. It is clearly seen from the Figure that addition of 

the nanoparticles up to 10 wt% gives the samples a homogeneous structure 

(Figure 5-2, 5-3). The fact is that, as mentioned above, the nanoparticles 

interacting with the polymer chains, attract them to each other and change 

the structure of the resulting composite. Nevertheless, with a further increase 

in the amount of nanoparticles, the structure of the obtained composites 

becomes inhomogeneous with the formation of uneven ruptures of the 

polymer matrix of the composite (Figure 5-3, 5-4). 

 
  1)  2)  3)  4)  5) 

Figure 5. Samples of nanocomposites obtained by FP of Co(AAm)4(NO3)2 with the additions of 
0 (1), 5 (2), 10 (3), 15 (4), and 20 (5) wt% of SiO2 nanoparticles. 

 

The samples of the obtained nanocomposites were also examined under 

the microscope MB30. The microimages of the composites (Figure 6) 

confirm the conclusions made. As can be seen from the microscope 

photographs, indeed, with additions of nanoparticles more than 15 wt% the 

structure of the nanocomposites becomes non-uniform and crumbly (Figure 

6-3, 6-4). 

    
1)  2)  3)  4) 

Figure 6. Microscopic images of the samples of nanocomposites (at 100x magnification) 
containing 5 (1), 10 (2), 15 (3), and 20 (4) wt% of SiO2 nanoparticles. 

 

FP of Co(AAm)4(NO3)2 with the addition of 5, 10, 15, and 20 wt% of 

bentonite as an inert filler was investigated as well. The results are 

demonstrated in Figure 7. 
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Figure 7. Temperature profiles of FP of Co(AAm)4(NO3)2 with the addition of 5 (curve 1), 10 
(curve 2), 15 (curve 3) and 20 (curve 4) wt% of bentonite. 

 

As seen from the Figure, the shrinkage area decreases as the bentonite 

concentration increases. This phenomenon is caused by the dilution of the 

monomer with inert filler that reduces the front velocity, and consequently 

the shrinkage of the resulting composite. 

 

4. Conclusion 

The work presents investigations of stability loss of self-propagating 

heat waves in the process of FP. In the paper the effects of nanoparticles on 

the stationarity of FP heat waves were studied. From the presented data it 

can be concluded that the additions of nanoparticles diminish the effect of 

polymer shrinkage, and therefore instabilities and spin modes. At the same 

time denser filling disrupts the smoothness of the propagation of the heat 

waves, which is due to the agglomeration of the nanoparticles as a result of 

their very tight packing. From the presented data it can be concluded that by 

adjusting the quantity and quality of nanoparticles, it is possible to regulate 

the properties of the resulting composites. The results indicate that by means 

of nanoparticles it is possible to regulate the kinetics of the FP process, and 

therefore, obtain polymeric nanocomposites with prescribed properties and 

synthesize compatible components of FGM by the method of FP. 
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üðàÜî²È äàÈÆØºð²òØ²Ü ¶àðÌÀÜÂ²òàôØ î²ð²ÌìàÔ 

äàÈÆØºð²òØ²Ü æºðØ²ÚÆÜ ²ÈÆøÜºðÆ Î²ÚàôÜàôÂÚ²Ü Ê²ÊîØ²Ü 

ä²îÖ²èÜºðÆ àôêàôØÜ²êÆðàôÂÚàôÜÀ 

²․ ú․ îàÜàÚ²Ü« ²․ Ð․ ØÆÜ²êÚ²Ü« ²․ ¼․ ì²ð¸ºðºêÚ²Ü« 

²․ ¶․ ÎºîÚ²Ü & ê․ ä․ ¸²ìÂÚ²Ü 

²ßË³ï³ÝùáõÙ áõëáõÙÝ³ëÇñíáõÙ »Ý ýñáÝï³É åáÉÇÙ»ñ³óÙ³Ý ÁÝÃ³óùáõÙ 

ÇÝùÝ³ï³ñ³ÍíáÕ ç»ñÙ³ÛÇÝ ³ÉÇùÝ»ñÇ Ï³ÛáõÝáõÃÛ³Ý Ë³ËïÙ³Ý å³ï×³éÝ»ñÁ£ 

üñáÝï³É åáÉÇÙ»ñ³óáõÙÁ åáÉÇÙ»ñ³óÙ³Ý ç»ñÙ³ÛÇÝ ³ÉÇùÝ»ñÇ ï³ñ³ÍÙ³Ý 

³íïá³ÉÇù³ÛÇÝ ·áñÍÁÝÃ³ó ¿£ üñáÝï³É åáÉÇÙ»ñ³óÙ³Ý ·áñÍÝ³Ï³Ý Çñ³·áñÍÙ³Ý 

·ÉË³íáñ Ý³Ë³å³ÛÙ³Ý ¿ Ñ³Ý¹Çë³ÝáõÙ ·áñÍÁÝÃ³óÇ ÁÝÃ³óùáõÙ ï³ñ³ÍíáÕ ç»ñÙ³ÛÇÝ 

³ÉÇùÝ»ñÇ Ï³ÛáõÝáõÃÛ³Ý ÏáñëïÇ å³ï×³éÝ»ñÇ å³ñ½áõÙÁ ¨ ¹ñ³Ýó ë³ÑÙ³ÝÝ»ñÇ 

Ñ³ëï³ïáõÙÁ£ ²ßË³ï³ÝùáõÙ ùÝÝ³ñÏíáõÙ ¿ ³ÝóáõÙ³ÛÇÝ ß³ñùÇ Ù»ï³ÕÝ»ñÇ Ñ»ï 

³ÏñÇÉ³ÙÇ¹Ç ÏáÙåÉ»ùëÝ»ñÇ ýñáÝï³É åáÉÇÙ»ñ³óÙ³Ý ÁÝÃ³óùáõÙ ÇÑ³Ûï »Ï³Í 

³ÝÏ³ÛáõÝáõÃÛáõÝÝ»ñÇ å³ï×³éÝ»ñÇó Ù»ÏÁ£ Ð³ßíÇ ³éÝ»Éáí« áñ Ýßí³Í ÙáÝáÙ»ñÝ»ñÇ 

Ñ³Ù³ñ Ï³ÛáõáõÃÛ³Ý ÏáñáõëïÇ ¨ ëåÇÝ³ÛÇÝ é»ÅÇÙÝ»ñÇ ³é³ç³óÙ³Ý å³ï×³é ¿ 

Ñ³Ý¹Çë³ÝáõÙ åáÉÇÙ»ñÇ Ýëï»óÙ³Ý »ñ¨áõÛÃÁ« áõëáõÙÝ³ëÇñí»É »Ý åáÉÇÙ»ñ³óíáÕ 

ÙÇç³í³ÛñáõÙ Ý³ÝáÙ³ëÝÇÏÝ»ñÇ Ñ³í»ÉáõÙÝ»ñÇ ³½¹»óáõÃÛáõÝÁ ·áñÍÁÝÃ³óÇ Ï³ÛáõÝáõ-
ÃÛ³Ý íñ³£ òáõÛó ¿ ïñí»É« áñ ïíÛ³É ÙáÝáÙ»ñÝ»ñÇ ýñáÝï³É åáÉÇÙ»ñ³óÙ³Ý ÁÝÃ³óùáõÙ 

ÑÝ³ñ³íáñ ¿ Ï³é³í³ñ»É ·áñÍÁÝÃ³óÇ Ï³ÛáõÝáõÃÛáõÝÁ Ï³Ëí³Í é»³ÏóÇáÝ ÙÇç³-
í³ÛñáõÙ Ý³ÝáÙ³³ëÝÇÏÝ»ñÇ Ñ³í»ÉáõÙÝ»ñÇ ù³Ý³ÏÇó£ 
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В работе исследуются причины нарушения устойчивости самораспростра-

няющихся тепловых волн в процессе фронтальной полимеризации (ФП). ФП – это 

автоволновый процесс распространения тепловых волн полимеризации. Одним из 

важнейших факторов практической реализации ФП является необходимость 

установления причин и границ нарушения устойчивости распространяющихся 

тепловых волн в процессе ФП. В статье выяснена одна из причин нарушения ус-

тойчивости при фронтальной полимеризации комплексов акриламида с переход-

ными металлами. Учитывая, что для указанных мономеров причиной нарушения 

стабильности и появления спиновых мод является усадка полимера, нами были 

исследованы добавки наночастиц в полимеризующиеся среды. Показано, что 

можно регулировать нарушение стабильности при ФП мономеров в зависимости 

от количества добавок наночастиц. 
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