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2.2 Filling by micro-disperced inorganic mineral components as a way to obtain 
a thermo-hardening & thermo- plasticize epoxy-composites 

 
Abstract. The article summarizes the results of experiments on hardening a 

standard bisphenol epoxy-amine polymer. The existence of inorganic microfillers, 

which impart hardening properties to the epoxy, especially after destructive critical 

(250  300 °C) temperatures, is shown. These include inorganic binders (gypsum and 

cement), carbides and nitrides (SiC, TiN), metal microparticles (Fe). 

The ability of the epoxy polymers filled with them to harden or plasticize under 

the action of critical destructive temperatures, is proposed to be called "thermal 

hardening" and "thermal plasticization" of epoxy-composites. The work gives 

examples of these effects on specific compositions with 50 wt% fillers. The creation 

of these filled compositions makes it possible to expand the temperature range of the 

practical application of epoxy polymers - in areas with high requirements for the 

thermal stability of materials. 

Keywords: epoxypolymer, strength at compression, abrasion, modulus, 

microhardness, "thermal hardening", "thermal plasticization", micro-fillers. 

 

Introduction  

A. Epoxy – common information. Epoxy resin - is an epoxy-terminated 

oligomer typically cured with amines and anhydrides. Its invention in 1896  1906 by 

the Russian chemists Dianin and Prilezhaev [112] gave rise to the use of epoxy 

polymers. Of the dozens of types of such resins, the most widely used resin is called 

ED-20 in the USSR and then in the East Europe, and has different trademarks in the 

world (Epoxy520, DER33, Raseen, Eposir7120). Popularity of epoxides is due to its 

ability to transform into a strong durable plastic in any (even poorly adapted - road, 

home, camping) conditions. Moreover, from the use of the most affordable fillers 

(sand, clay, stone chips, shavings, microspheres, grains etc.), it often only strengthens. 

Its distribution is restrained by the specificity of use (skills of mixing with a hardener 

are needed), the toxicity of hardeners (the liquid resin itself is also considered 



SCIENTIFIC FOUNDATIONS OF SOLVING ENGINEERING TASKS AND PROBLEMS 

 
219 

 

unhelpful), the need for complete drying and degreasing of the glued surfaces, and 

other inconvenient requirements. 

B. Filled epoxydes. In the technology of polymers, it is possible to increase the 

physical and mechanical properties or durability of composites by simple filling. 

However, most often, the behavior of such filled composites copies the behavior of the 

initial polymer matrix, especially after severe heat treatment (destructive for this 

polymer matrix). Sometimes, we can reach a new properties through an optimization 

of fillers. Filling can produces effective thermo-durable epoxy composites (EC).  

Theory of the physical chemistry of filled thermo-reactive polymers is well 

interpreted by the well-known generalizing theory of Soviet chemist Lipatov [113], 

which has not lost its significance now. As you know, modern concepts of the structure 

of filled polymers provide for the existence of compacted boundary layers at the 

surface of the filler particles, plus a loosened (weakening) layer tens of microns thick 

[113-115]. The ability of the filler to reinforce is also associated with the formation of 

chains, frameworks, aggregates, and other own filler structures. In works of 

Starokadomsky, this model were expanded in polyepoxides [125] and polyacrylates 

[126]. The experimental hypotheses for reinforcing and thermo-reinforcing of epoxy-

composites by filling, were proposed in different works [112].  

The working temperature range of pure and filled epoxy-polymer is limited by 

200-250 °C. This is due to relaxation and destruction processes at these temperatures. 

Their study in recent years has allowed [115] to classify them into 5 types.  

Table 2. 

(from [115]). Characteristics of relaxation processes (..) in an epoxy 

polymer. 

Т, оС (at =1 Hz) Eactivation, kJ/mol Kinetic unit 

Minus 165  +-15 10 … 20 Side groups –CH2, -OH, etc. 

Minus 90  +-40 30…120 Fragments of basic chain 

105  +-30 70…140 Linear segment or pulsed stitched micro-volume 

250  +-100 80…100 Decay of physical nodes (clusters, etc.) 

390  +-40 144… 175 disintegration of chemical bonds C-C, C-O, etc. 
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Table 2 shows that there are low-temperature transitions (which we will not 

touch upon) and high-temperature ones. There are no transitions in the range of 

practically applicable temperatures of 0  65 °C. The first of the high-temperature 

relaxation transitions is observed during soft heating of epoxy-polymer (EP), which is 

widely used to complete post-processes and impart final properties to EP. These 

transitions have a relatively noticeable activation energy, and are responsible for the 

optimization of the structure at the supramolecular level. The optimizing and enhancing 

effect of these transitions is well known in the practice of using EP, which is why mild 

heat treatment has become a component of most technologies for producing cold curing 

epoxy materials [115]. 

Up to 150 ° C, the temperature has little effect on the EP-relaxation (although 

visually the materials turn yellow), and then the first signs of decomposition appear. 

Responsibility for them, in particular, is borne by -relaxation - or the decay of physical 

units. In epoxides, such are clusters, domains, spherulites, and a number of other 

pseudocrystalline formations. Resistance to these processes can already be considered 

an important property of an epoxy composite. However, with an increase in 

temperature, all epoxy composites undergo -relaxation, and in parallel, already from 

250 °C, signs of chemical destruction are clearly visible. 

Table 1 indicates that it starts only from 350 °C, but in fact, the disintegration of 

chemical bonds becomes clearly visible already 100 °C earlier. Depending on the type 

of EP, in the range of 300-350 °C, carbonization of a part of the polymer occurs, i.e. 

complete disintegration of chemical bonds with “tarring” (koxation according 

Mostovoy [116-117]) of the composite. The fillers, however, can greatly inhibit the 

degradation process. Not the least role in this is obviously played by the heat capacity 

of the filler, the compaction of the polymer at its surface, and, in general, a decrease in 

the percentage of the burned-out polymer phase with its replacement with a non-

combustible one.  

Note that Gorshunov [115] made one of the best literary reviews of this topic. 

He admitted that the literature on thermal relaxation of polyepoxides, especially those 

filled with their composites, has not been identified or even absent. That is, 10 years 
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ago the issue was not worked out at all - and there is too little evidence that the situation 

has changed dramatically. Since then, we have not found information about any epoxy 

composites that harden after exposure to destructive temperatures of 200-300 ° C. 

Of the thermal effects on the hardening of epoxy composites, only thermal 

relaxation methods of soft treatment at 50-120 ° C have been well studied and are 

widely used (which we will also touch upon in this work for comparison). However, 

thermosetting plastics are valuable because (unlike thermoplastics such as PE and PP) 

they do not melt/soften at 120-150 °C, and can partially replace stone and metal 

products. 

Formulation of the problem.  

Is it possible, by simple filling with affordable and cheap binders, to change the 

epoxy resin - to the level of a thermo-fire-resistant composite? A number of our [118-

130] and other works (Danchenko,..[131-132], Buketov&Yakushchenko [133], 

Nizin,..[134], Gnibeda& Mikhalchuk [135]; Li,..[136]; Oguz&Erklig [137], 

Prabhudass& Palanikumar [138]) confirm this. But as regards the possibility of 

maintaining high (or simply sufficient) strength and durability after hard heating, there 

is much less work [118-119, 126, 130]. This is especially true for the basic indicators 

of strength (in compression, bending, abrasion, impact, etc.) and resistance (to 

oxidants, organosilvents, acids). 

Note that this effect was first discovered in 2017 on epoxy composites with 

micronuclear iron (Starokadomsky [119]). In 2017, Starokadomsky first published a 

work with a cursory description of a new interesting effect - hardening of an epoxy 

composite with micro-iron [119] after destructive heating of the composite. This effect 

looked strange and even artifact, but later it was observed on epoxy composites with 

silicates [118], gypsum [118, 124] and carbide [126, 130] fillers. Thus, we are talking 

about a phenomenon that allows the creation on the basis of conventional (non-heat-

resistant) polymer components of epoxy composites with high durability (and even 

hardening & strengthening) of their characteristics in the "hot" range of 250  350 °C, 

which is uncharacteristic for plastics (even standard epoxy plastic). 
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Examples of the effects of thermo-hardening and thermo-plasticization. 

This work shows an examples where the filling is capable of thermo-reinforcing 

a composite - in comparison with unfilled polymer and (sometimes) with a not-heated 

composite. These effects have not been covered in the literature, and I suggest to call 

them “thermo-strengthening” and “thermo-plasticization” (when warming up improves 

flexibility / plasticity). The difference from the well-known effects of polymers 

thermally reinforcing is discussed temperature. So, it is well-known that polyepoxides 

are strengthened by heating at 50-120 °C, but they can work no higher than 150  200 

°C (when the final destruction begins). In our case, after such a "deadly" warming up 

for polyepoxides as 240  270 °C, these composites only improve the physical 

properties, or reduce them very insignificantly (by 5  15%, but not in 1.5  2 times as 

it happens with unfilled epoxy-polymer).  

Figure 1 shows examples of thermal strengthening for a number of composite 

systems. All the microfilled composites taken after 250 °C gave a higher than H-

polymer index, while without such heating only a composite with SiC was such. Note 

- that the studied by us other nano-fillers [121,125,127-129] and a number of micro-

fillers (basalt fiber [120], magnetite [121], cellulose [123] etc.) do not give such 

effects, losing strength as shown in the example of polyepoxide with 0.01 wt% 

graphene oxide (sample GrOx, Fig.1). 

 

Figure 1. Compression load (kgf) for composites without filling (H) and with 

50 wt% SiC and cement 1:1 (SiCZ), SiC, TiN, cement M400 (Z), gypsum G5 (G) and 

from 0.01 wt% graphene oxide (GrOx). Line H55 shows the level for H after 55 °C, 

H250  after 250 °C (1 hour). 
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From tab.3 it is clear, that discussed composites can be also plasticized after 250 

°C. This is indicated by the possibility of deeper penetration of Rockewll-s SteelSphere 

- up to 60 microns or more (instead of 30-50 microns without 250 °C) - unlike the H-

polymer, which naturally loses plasticity after 250 °C. At the same time, fillers were 

found, the microhardness of which is almost insensitive to heating (see tab.1) or even 

grows after it (for marshalite).  

Table 3.  

Microhardness of the filled composites, at different thermal modes. Italic indicates 

the measurement at which or to which the sample was destructed. Designations for the 

destruction of samples: T - cracked, (T) - most samples in this series of tests were cracked 

Soft = 55 оС 5 h 20 mcm 30 40 50  60  

Unfilled (Н) 150 230 310 380 450 (Т) 

SiC 210 300 (Т) 420 (Т) 550 (Т) Т 

TiN 270 350 440 (Т) 550(Т) Т 
SiO2 (marshalite) 400 500 550 (Т) Т - 

Hard = 250 оС 1 h      
Unfilled (Н) 170 250 330(Т) Т - 
SiC 210 330 430 530 570 (Т) 
TiN  180 300 370 460 500 (Т) 
SiO2 (marshalite) 370 450 550 600(Т) 700 (Т) 

 

Another example of thermal hardening and thermal plasticization (elimination 

of unwanted brittleness) is observed for compositions of epoxy with water-binders - 

gypsum G5 and cements M400-M500 (table 4). These effects were recorded and 

published by us in works [118,124,126,130]. After 250 ° C, the compressive strength 

of composites with the neat (non-hydrated) cement almost does not change, and with 

pre-cured it increases, while the unfilled polymer noticeably (by one third) loses its 

strength. The neat (non-hydrated) gypsum gives approximately the same reinforcing 

effect in the composite heated at 250 °C. In all cases, after 250 °C, the abrasion 

resistance increases noticeably (the weight of the abraded mass decreases), while for 

the unfilled one, the resistance decreases (tab.4). 
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Table 4.  

The strength parameters of composites cylinders (d = 6.5 mm; h= 11 + -1 mm).   

Sample (50 wt% of 
filler) 

Load P (kgf) Modulus, ×103, kgf/cm2 Abrasion 
resistance 

Unfilled 
polyepoxide 350 (100%) 

13,5 (100%) 0.12 

Gypsum neat 220 (63%) 8,5 (63%) 0.12 
Gypsum hydrated 
(hardened) 

220 (63%) 9 (67%) 0.13 

Cement neat 345 (99%) 14 (104%) 0.18 
Cement hydrated 
(hardened) 

320 (91%) 14,6 (108%) 0.23 

0.01wt% graphene 
oxide 

350 (100%) 16,5 (122%) 0.10 

Unfilled 
polyepoxide 

350 (100%) 13,5 (100%) 0.12 

Gypsum neat 240 (69%) 10,0 (74%) 0.18 
Gypsum hydrated 
(hardened) 

210 (60%) 9,6 (71%) 0.15 

Cement neat 335 (96%) 13,0 (96%) 0.15 
Cement hydrated 
(hardened) 

300 (86%) 12 (89%) 0.12 

0.01wt% graphene 
oxide 

320 (91%) 14 (104%) 0.11 

Unfilled 
polyepoxide 

245 (100%) 10 (100%) 0.12 

Gypsum neat 280 (114%) 12 (120%) 0.19 
Gypsum hydrated 
(hardened) 

215 (87%) 12 (120%) 0.19 

Cement neat 300 (123%) 12,4 (124%) 0.21 
Cement hydrated 
(hardened) 

350 (143%) 12,2 (122%) 0.21 

0.01wt% graphene 
oxide 

215 (87%) - - 

 

It is still difficult to explain the nature of this effect. It is probably related to the 

nature of the distribution and self-organization of some fillers in the polymer. Thus, 

SEM-Microscopy exhibits the morphology of a polymer composite with SiC (fig.2). 

Here, an interesting fact is visualized of a change (crushing and coarsening) of the size 

of filler microparticles (SiC), their transformation into a reinforcing, bonded system 
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(fig. 2). This should have a positive effect on the strength of the composite in the initial 

and strongly heated state. The same effect should be given by the frameworks of the 

structures of the cement in the epoxy (seen in Figure 3D). Changes in the size and shape 

of agglomerates are visible. 

А В С D 

Fig. 2. SEM images of initial silicon 

carbide (A) and its particles (B) in a 

polymer composite with 50 wt% SiC.  

Fig. 3. SEM images of the initial 

unfilled polymer (C) and its composite 

with 50 wt% cement. 

 

My working with many other fillers (graphite, graphenes, sands, nanosilica, 

cellulose, alumina) did not yet give us information about new heat-strengthened epoxy 

systems. Thus, now can talk about the property of silicate, carbide and some other 

(metallic - micro-iron [116]) fillers as optimal for the manifestation of declared effects 

in polyepoxides. 

 

Conclusions 

1. There are fillers capable of imparting the ability to harden (or plasticize) 

polyepoxide after heating at extreme (critical) temperatures. 250-300 °C, degrading 

pure polyepoxide or usually fillerd epoxy-composites. These effects are called 

“thermo-hardening” and “thermo-plasticization” of epoxy composites, and the 

corresponding fillers are called thermo-hardening (thermoplasticizing). 

2. The reinforcing effect of fillers after heating at extreme temperatures is clearly 

visible on the example of compressive strength, micro-hardness, and abrasion wear 

resistance. These fillers include M500-cement, G5-gypsum, Fe-microparticles and 

SiC-carbide, and to some characteristics (microhardness) – TiN-itride and SiO2-

marshalite. 
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3. The work shows a high perspective of filling of epoxides - for strengthening 

and imparting a new properties. The discovered effects of thermal-hardening and 

thermal-plasticization show that such filling gives the epoxy composite previously 

uncharacteristic properties - that are very important in a number of critical applications 

for industry, repair and creation of new materials. They show good reserves for 

strengthening the thermal-strength of epoxies through simple filling by available 

fillers. 

 
  


