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Abstract. It is made fiber reinforced plastics (FRP) adhesion properties influence analysis on their 
destruction at an increase of temperature. Taking into account the thermoelastic properties of fiber 
reinforced plastics, it is proposed an expression for calculating the load of the composition 
delamination beginning, and a correlation of the destructive stress in monolayer FRP with the 
temperature of heating is found. It has been established that the further intensity of delamination 
and destruction of FRP depends on the temperature of the destruction beginning and coke formation 
intensity. 

Introduction 
During the FRP moulding on the edge of phase distribution (filler-binder), residual stresses are 
formed in boundary layers which have a significant influence not only on the actual strength and 
physical-mechanical properties of the composite, but on its flammability also [1]. 

When the FRP is burned, the effect of the "match" is observed (the delamination of the 
composite on the phase distribution edge), during which the surface of the flame heat action 
influence is substantially increased. This effect is also present in the initial stages of heating and 
ignition. 

The purpose of the work is to establish the impact of the temperature of the coking onset and its 
intensity on the fiberglass integrity and strength characteristics loss under high temperature 
conditions. In this regard, in this work, we study the critical temperature limits of the delamination 
onset of FPR based on industrial polymers in comparison with alternative and the theoretical 
dependence of the delamination temperature on the composites thermoelastic properties is 
established. 

Analysis of Recent Research and Publications 
Various composite plastics differ significantly from other filled compositions by the mutual 

influence of phases in the boundary layers. With a developed surface of phase distribution 
(especially when filled with thin and shaped fibers), the volume of the interfacial zone approaches 
the volume of the entire binder. The mutual components influence in the interfacial zone is 
determined by the composition of the composite and the conditions for moulding products [2,3]. 

Attempts to evaluate the mutual influence of components on their mechanical properties have 
been carried out repeatedly. Thus, an increase in the long-term strength under cyclic loading of 
glass fibers after applying various binders to their surface has been studied [4]. The long-range 
action effect of different fillers and the nature of the interaction in the boundary layer were also 
investigated [5,6,7]. A number of authors also paid attention to the adhesive and strength 
characteristics of polymers, taking into account aging and elevated temperatures [8,9,10]. 

But it is very difficult to take into account the mutual influence of the components using the 
given dependences, without taking into account the characteristics of the materials used. 
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Main Part 
In determining the dependencies, the basic assumption is the adhesive strength between the 

plastic components. Under given loading conditions, strong adhesion of the binder to the filler is 
usually necessary, since the strong adhesive bond between the plastic components provides 
maximum design stresses are transmitted to the filler elements. In cases where the finishing 
increases the adhesive strength, there is a correlation between the adhesive strength and tensile 
breaking stress [11]. The authors of [12] showed that with a sufficiently high adhesive strength, the 
destruction of the composite proceeds along the filler fibers of the bonding layer. That is, it is 
possible to assume that the delamination of the reinforced material occurs when a stress occurs, 
which is equal to the breaking stress during stretching of the binder. However, the cited works do 
not indicate the dependence of the breaking stress on adhesion bonds when FRP is heated to 
temperatures typical to a fire. 

In [13], a formula is given for calculating the breaking stress in tensile unidirectional plastic, 
which takes account the influence of physicochemical factors that determine the interaction in the 
boundary layers using the average coefficients (1): 

𝜎𝜎𝑥𝑥𝑥𝑥 = 𝛼𝛼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ �𝐾𝐾|| ∙ 𝜎𝜎𝑓𝑓 ∙ 𝑉𝑉𝑓𝑓 + 𝜎𝜎𝑏𝑏 ∙ �1 − 𝐾𝐾|| ∙ 𝑉𝑉𝑏𝑏��,                                                                                  (1) 

where 𝛼𝛼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 - coefficient of deviation from the ideal adhesive interaction; 
К|| - coefficient of the deviation degree of the fibers direction from the load direction; 
𝜎𝜎𝑓𝑓, 𝜎𝜎𝑏𝑏 - breaking tensioning stresses of the fiber and the binder, respectively; 
𝑉𝑉𝑓𝑓, 𝑉𝑉𝑏𝑏 - the volume of fiber and binder in the composite, respectively. 
So, the coefficient 𝛼𝛼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 takes account the deviation from the ideal adhesive interaction, the 

presence of final stresses and other factors. It has been experimentally established that for 
unidirectional compositions based on fiberglass 𝛼𝛼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0,7 ÷ 0,9. The coefficient К|| takes 
account the degree of deviation of the fibers from the load direction.  

For a unidirectional composite, in the case of delamination (destruction) under the action of 
thermal deformation, the breaking stresses will be directed in the transverse direction to the filler. 
With this direction of load, the coefficient К|| = 0, therefore: 

𝜎𝜎𝑥𝑥𝑥𝑥 = 𝛼𝛼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝜎𝜎𝑏𝑏 .                                                                                                                                           (2) 

Based on the above expression, it can be concluded that the breaking stresses during ignition 
coincide with the dependence on the breaking stress in tensile of the binder. 

During ignition, as a result of the difference in the binder and the filler coefficients of thermal 
expansion, the effect of composite delamination occurs, which leads to a significant increase in the 
area of flame thermal irradiation and, as a consequence, to an increase in the rate of combustion and 
burnout, which was noted in [14]. 

The correlation between the thermoelastic properties of the composite components and the 
breaking stress is known [15]: 

𝜎𝜎𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑐𝑐 = Е𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ �𝛼𝛼𝑏𝑏 − 𝛼𝛼𝑓𝑓�/𝛥𝛥Т,                                                                                                              (3) 

where Е𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 - the modulus of elasticity of the FRP;  
𝛼𝛼𝑏𝑏, 𝛼𝛼𝑓𝑓 - coefficients of linear thermal expansion of the binder and filler, respectively; 
ΔТ - the temperature of the ignition source (heating), up to which effective coke formation does 

not begin on the composite surface. 

To use formula (3), several assumptions must be made. Since the composite behavior is 
considered only at the stage of heating in a narrow time interval and does not takes account the 
processes that occur after ignition, the time can be neglected.  
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Analysis of the data regarding the characteristic temperatures of fires [16] and the behavior of 
fiberglass binders during heating [17] shows that the main thermochemical changes in a short time 
interval occur up to a temperature of 600 ℃. 

That is, in a certain temperature range, a noticeable destruction of the binder begins and a 
sufficient mass ratio of coke residue is released, the elastic-strength characteristics and the 
qualitative composition of the composite change. Based on the above, the maximum ΔТ is taken 
equal to 600 ℃. 

When the considered temperature is exceeded, due to the formation of a coke layer on the 
composite surface, the effective heat amount acting on the surface of the non-destructed composite 
changes, that is, the heating mode changes and, accordingly, the process of expansion and 
delamination of fiberglass under thermal influence. 

Equations (2) and (3) describe the dependence of the breaking stress during FRP transverse 
expansion, but proceed from different characteristics of the fiberglass components. Thus, we obtain 
the expression for the critical stress level in the composite, above which detachment of the binder 
from the filler is observed: 

𝜎𝜎𝑥𝑥𝑥𝑥 = 𝜎𝜎𝑏𝑏𝑒𝑒                                                                                                                                                        (4) 

From this expression, an equation can be obtained to determine the critical stress that leads to the 
delamination of the composite during heating and ignition: 

𝜎𝜎𝑏𝑏𝑐𝑐𝑒𝑒 =
Е𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ (𝛼𝛼𝑏𝑏 − 𝛼𝛼𝑓𝑓)

𝛼𝛼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ Т
.                                                                                                                            (5) 

Information about the determination of the elastic modulus is provided in [18], where it is noted 
that the structure of the filler (fiber) has almost no effect on the elastic modulus of the composite as 
a whole. So, considering unidirectional fiberglass based on industrial binding ED-20 and 
aluminoborosilicate glass fiber as a filler, as well as bromine-containing binder and epoxidized 
dinaphthol, it was experimentally determined that the modulus of elasticity of the composite varies 
in the range of 80000-82000 MPa. It was also noted that the fluctuation of this characteristic within 
2% when testing composites in tension (Table 1) is due to the test procedure. 

According to [11], the breaking stress during tension of ED-10 and melamine-formaldehyde 
polymers is in the range of 60-100 MPa, depending on the setting mode of the binder. 

Table 1. Influence of the FRP composition on the modulus of elasticity of unidirectional glass fiber 
plastic 

Bulk content, [%] Tensile modulus of elasticity 

Filler Binder Pores Plastic, 
[MPa] 

Fiber in plastic 
[MPa] [%] 

62.7 34.2 3.1 51300 80000 

100 
62.5 34.6 2.9 53100 80500 
64.0 34.2 1.8 51000 80900 
61.6 36.0 2.4 50500 80100 
62.0 36.0 2.0 50600 81000 

 
During the experiment, the samples of glass-filled composite based on ED-20 epoxy resin, 

bromine-containing resin and a binder based on epoxidized dinaphthol, considered in [17] are used. 
Aluminoborosilicate glass fiber with a filling degree of 62-63% was used as a filler. The thermal 
effect on the sample surface was carried out using a flat duralumin plate with a thickness of 1.5 mm 
pressed against the sample, which was gradually discretely heated in the temperature range of 20-
600 °С. 
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At some point, the heated plate was brought into contact with the sample surface. After 15 
seconds, it was withdrawn. Up to a temperature of 80-100 °C in the case of a composite based on 
ED-20 resin, no changes were recorded. For fiberglass based on a bromine-containing binder, the 
same behavior was inherent up to a temperature of 280-300 °C, and for epoxidized dinaphthol up to 
a temperature of 270-290 °C (Fig. 1).  

 
Fig. 1. Calculated tension stress values on short-term heating temperature for composites based on: 
1 – ED-20; 2 – bromine-containing binder; 3 – epoxidized dinaphthol; 4 – area of the beginning of 
binder intensive decomposing 

When the above-mentioned temperatures were exceeded, on the lateral surface of the samples, 
expansion of the material and detachment of the binder from the fibrous filler were visually 
observed, which well confirms the calculated data. 

However, when the composite samples were heated to a temperature of 200-350 °C, the effect of 
the coke residue formation on the surface and the loss of the regularity of material delamination 
were observed (Fig. 2). As can be seen from the data provided, the regularity of the stress change in 
fiberglass changes. The change in the strength of monolayer plastic is clearly divided into two 
stages: with a high rate of strength fall and an established regularity. The regularities of strength 
decreasing are approximated by lines with a standard deviation not lower than R=0.942. 
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Fig. 2. Experimental tension stress values on short-term heating temperature for composites based 
on: 1 – ED-20; 2 – bromine-containing binder; 3 – epoxidized dinaphthol; 4 – area of the beginning 
of binder intensive decomposing 

At the same time, at the first stage, the difference in the calculated and the experiment data 
reaches 24.4%. However, at the second stage, they decrease to 8.4%. 

Moreover, in composites based on a bromine-containing binder, as well as epoxidized 
dinaphthol, the nature of the change is more pronounced. The authors associate this behavior of 
fiberglass with different temperatures of the thermal destruction onset, the coke formation in 
binders (Table 2), the transition of the polymer binder to a high-elasticity state and, accordingly, a 
decrease in the breaking stress for FRP. At the same time, the bromine-containing binder and 
dinaphthol have a higher coke residue value, which, most likely, allows the binder residues to take 
on part of the load. 

Table 2. Characteristics of the thermal destruction process of polyepoxy binders [19] 

Polyepoxide Characteristic temperatures (data 
from TG and DTG), [°С*] 

The amount of 
coke residue, [%] 

Td. Tc.f. Ti.c.f. 

ED-20 80 120 240 14 
Bromine-containing binder 220 480 540 19 

Epoxidized dinaphthol 270 440 520 22 

Note.  
*1. Тd. – temperature of the intensive decomposing beginning (with 10% of a binder mass loss). 

2. Тc.f. – temperature of the coke formation onset. 3. Ti.c.f. – temperature of the intensive coke 
formation beginning. 

Conclusions 
The paper establishes the dependence of the appearance of the material delamination effect 

depending on the thermoelastic characteristics of the FRP elements up to the temperatures of the 
beginning of the intensive destruction of the material. Experimental data have confirmed that with 
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the onset of intense coke formation, the regularity of material destruction changes, while there is a 
dependence on the intensity of coke formation. 

Comparative analysis showed that the composite based on epoxidized dinaphthol retains its 
integrity in a wider temperature range as compared to the given industrial analogs. 

It is shown that the change in the strength of monolayer plastic is clearly divided into two stages: 
with a high rate of strength fall and an established regularity. At the same time, at the first stage, the 
difference from the calculated data in the experiment carried out reaches 24.4%. However, already 
at the second stage, they decrease to 8.4%. 
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