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The present work investigates the mechanical and thermal properties of conventional and hybrid composites based on 
epoxy resin modified with kaolin and polyurethane. Hybrid composites are expected to exhibit better properties than 
heat resin due to positive deviation generated from the combination of two different toughening mechanisms. Diglicydyl 
ether of bisphenol A (Araldite 260 GY) was used as a matrix and polyamine Aradure 460 as crosslinking agent. 
Polyurethane was obtained with hydroxyl-terminated polyester Desmophen 1200 and toluene diisocyanate. The chain 
extender used in this work was 1,4-Butanediol. The impact strength, the critical stress intensity factor (KC) and the 
deflection temperature under load (DTUL) were evaluated as function of modifiers content. It was shown that the impact 
strength of epoxy resin increased with polyurethane (PU) content significantly until it reached a maximum value of 
5.8 kJ/m2 at 20 phr kaolin and 6.9 kJ/m2 with 20 phr of PU, which corresponds to respectively 150 % and more than 
200 % improvement in comparison with IS of neat resin. The addition of 5 phr – 20 phr PU did not affect KC but this 
latter decreased with 30 phr or 40 phr PU. However, KC was maximally increased by approximately 60 % with 20 phr 
kaolin and 40 % with 20 phr PU. The thermal resistance of epoxy resin decreased by 40 % with the addition of 10 phr 
PU, however the addition of both modifier, i.e. 15 phr kaolin and 10 phr PU leads to an increase of DTUL the level of  
that of virgin epoxy resin. 
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1. INTRODUCTION∗ 

Epoxy resins are widely used as matrices for high 
performance composite materials, surface coatings and 
adhesive joints. However due to their highly cross-linked 
density, these materials exhibit a low impact strength, a 
poor resistance to crack propagation and a small  
elongation at break, i.e. they are inherently brittle.  

A great deal of effort was devoted to the improvement 
of the fracture toughness of epoxy resins in the last few 
decades aiming at enlarging their field of applications. 
Approaches to improve the epoxy resins fracture toughness 
include the incorporation of solid particles [1 – 3] and 
copolymers of butadiene and acrylonitrile terminated with 
reactive groups such as carboxyl (CTBN) [4 – 6], amine 
(ATBN) [7 – 9], hydroxyl (HTBN) [10, 11] or epoxy 
(ETBN) [12, 13]. It was noticed that the rubber, which is in 
general soluble in the uncured epoxy resin, precipitates out 
from solution during the curing process forming thus a fine 
and homogeneous dispersion of rubber particles. However, 
the reactive rubber toughening leads to the deterioration of 
some mechanical and thermal properties of the epoxy 
resins. 

In order to overcome the drawback of the loss of ther-
mal properties, ductile thermoplastics such as polysul-
phones [14], polyethersulphones [15], polyetherimides 
[16], polycarbonate [17] and polyimide [18] have been 
used to toughen epoxy resins.  

Moreover, the formation of epoxy based on 
interpenetrating polymer networks was also investigated as 
a toughening way for epoxy resins [19 – 21].  

                                                 
∗Corresponding author. Tel.: +48-48-3617570; fax.: +48-48-3617568.  
E-mail address: mbakar@op.pl (M. Bakar) 

However, the addition of both solid and rubber 
polymer network seems to be a very interesting method for 
epoxy resin modification. 

The aim of the present work is to investigate the effect 
of polyurethane and kaolin content on the fracture 
toughness and thermal properties of epoxy resin. 

2. EXPERIMENTAL 
2.1. Materials 

The following ingredients were used in the present 
work: 
− diglicydyl ether of bisphenol A: Araldite 260 GY, 

Mw = 381 g/mol from Ciba-Geigy; 
− crosslinking agent: polyamine Aradure 460, from 

Ciba-Geigy; 
− kaolin: Calcined Clay Polarite 102 A from Imerys .  
− Desmophen 1200 slightly branched polyester with 

5 % OH from Bayer; 
− toluene diisocyanate (TDI); 
− chain extender: 1,4-Butanediol (1,4-BD);  
− crosslinking agent trimethylolpropane (TMP).   

2.2. Synthesis of polyurethane prepolymer and 
preparation of  epoxy- polyurethane 
compositions 

Polyurethane prepolymer synthesis was carried out at 
70 °C for one hour using 2 equivalents of TDI and 
1 equivalent of Desmophen 1200. TDI was previously 
heated to 40 °C in a reaction kettle. 

The preparation of IPN (epoxy-PU) was carried out 
using different amounts of PU (5, 10, 20, 30, 40 phr) to a 
constant amount of epoxy resin. Then, chain extender (1,4-
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BD) and second crosslinking agent (TMP) were added via 
the dropping funnel. After mechanical agitation PU 
prepolymer was added and agitation was continued for 
45 min at 70 °C. Finally 60 phr of curing agent was added. 
The mixture was poured into teflon coated plates with  
adequate samples geometries (60 mm × 10 mm × 4 mm).  

The curing of the formulations was carried out at 80 °C 
for 1 h and at 120 °C for 3 h. Upon removal from the mold 
samples were kept in a dessicator of a minimum period of 
3 days. 

2.3. Preparation of epoxy-kaolin and  
epoxy-PU- kaolin compositions 

The compositions of epoxy-kaolin were obtained with 
different amounts of kaolin. Epoxy resin and kaolin was 
poured into reaction kettle and heated at 45 °C. After 
mechanical agitation, the curing agent was added and 
agitation was continued for 5 min. Curing was achieved 
under the same conditions as above. Epoxy compositions 
containing both PU and kaolin were prepared with constant 
amount of PU (10 phr and 20 phr) and different amounts  
of kaolin.  

The same procedure, as above presented, was followed 
for PU-kaolin samples preparation. 

2.4. Properties evaluation 
Impact strength was measured according to Izod 

method on samples having the following geometry  
80 mm × 10 mm × 4 mm. Tests were performed at room 
temperature using Zwick 5012 impact tester using the 
Polish Norm PN-85/C-89050. 

The critical stress intensity factor KC was estimated 
under three point bending mode on samples 8 cm long, 
1 cm wide, 4 mm thick and having 1 mm of crack length. 
The tests were performed at room temperature using an 
Instron tensile machine type 5566 at a crosshead speed of 
5 mm/min according to ASTM E-399 using the following 
relationship [22]: 
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where P is the critical load for crack propagation [N]; L is 
the distance between the spans [m]; a is the precrack length 
[m]; w is the specimen width [m]; t is the specimen 
thickness [m]; Y the geometrical factor expressed by the 
following equation [22]: 
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Five samples were used for KC and impact strength 
evaluations with 95 % confidence limit. 

The deflection temperature under load (DTUL) was 
estimated according to the Martens method using the 
Polish Norm PN – 90/C-89025-1 with a heating rate of  
50 °C/h. Three samples were tested for each composition. 

3. RESULTS AND DISCUSSIONS 
Figure 1 represents the impact strength (IS) of epoxy 

resin modified with kaolin and polyurethane (PU). It can be 

seen that IS increases and then decreases as the modifier 
content increases. The maximum improvement is attained 
with 20 phr of either kaolin or PU, and represents respec-
tively 150 % and more than 200 % in comparison with IS 
of neat resin. The IS enhancement through the addition of 
solid particles of kaolin can be explained by the crack 
pinning mechanisms [1]. However, in the case of PU, the 
impact strength enhancement can be explained by the 
increase of the elasticity of the tested compositions 
induced by PU chains flexibility due the presence of chain 
extender. Polybutadiene may also contribute to some 
extent to the impact strength improvement . 

The maximum impact strength improvement has 
already been reported in literature with different modifiers 
[1 – 3, 19, 20]. 
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Fig. 1. Effect of kaolin and polyurethane content on the impact 

strength of epoxy based compositions: 1 – kaolin; 2 – PU 

As it is shown in Fig. 2, the critical stress intensity 
factor (KC) slightly increases then decreases with 
increasing amount of kaolin or PU but one can observe a 
more significant decrease with 30 phr and 40 phr PU. This 
confirms the the impact strength results (Fig. 1). At higher 
concentration PU acts as a plasticizer, that is more free 
volume is provided to the systems leading to more flexible 
compositions. Similarly to impact strength results, KC was 
maximally increased (approximately 60 %) with 20 phr 
kaolin and 40 % with 20 phr PU.  
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Fig. 2. Effect of modifier content on the critical stress intensity 

factor (KC) of epoxy based compositions: 1 – kaolin;  
2 – PU 

As represented in Figure 3, the impact strength also 
increases as kaolin content increases for epoxy composi-
tions containing 10 phr and 20 phr polyurethane. The im-
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pact strength (IS) reaches a maximum value of 6.9 kJ/m2 
for the composition with 20 phr PU and 20 phr kaolin, 
which corresponds to respectively 275 % and 50 % 
improvement in comparison with IS of neat resin and 
composition with only 10 phr kaolin.  

Figure 4 presents the effect of kaolin content on the 
fracture toughness expressed by KC of epoxy compositions 
with and without polyurethane. We can notice that hybrid 
composition containing 10 phr of PU and 15 phr of kaolin 
exhibits the highest resistance to crack propagation 
demonstrated by highest KC. 
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Fig. 3. Effect of kaolin content on the impact strength: 1 – 0 phr 

PU + kaolin; 2 – 10 phr PU + kaolin; 3 – 20 phr PU + 
kaolin 
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Fig. 4. Effect of kaolin content on the critical stress intensity 

factor (KC): 1 – 0 phr PU + kaolin; 2 – 10 phr PU + kaolin; 
3 – 20 phr PU + kaolin 

Since the concepts of GC (the critical strain energy 
release rate parameter) and KC are exclusively applied for 
linear elastic fracture behaviour, they are not recommended 
for the elasto-plastic behaviour evaluation, that is for the 
compositions containing modifiers such as polyurethane 
and exhibiting non linear behaviour. Therefore, the energy 
needed to create new surfaces (designated the fracture 
energy) was evaluated from the load-extension curve that 
was obtained during the sample crack propagation. The 
fracture energy is presented in Figure 5 as function of 
polyurethane content.  

It can seen that the fracture toughness enhancement 
(expressed by the fracture energy) pronounced than the 
critical stress intensity factor, but is comparable to IS 
results, and represents more than 110 % with 20 phr PU in 
comparison with the unmodified epoxy resin. 
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Fig. 5. Effect of polyurethane content on the fracture energy of 

epoxy resin 

Figure 6 represents the evolution of deflection tem-
perature under load (DTUL) as function of modifier 
content. We observe a linear decrease with 10 phr of poly-
urethane, which represents about 30 % decrease in 
comparison with DTUL of the virgin epoxy resin, 
followed by a level off with higher PU content. 
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Fig. 6. Effect of polyurethane and kaolin content on the 

deflection temperature under load (DTUL) of epoxy resin 
compositions: 1 – kaolin; 2 – PU 

Polyurethane acts as plasticizer promoting more free 
volume and therefore inducing an increase in flexibility of 
the tested compositions. The addition of 5 phr – 40 phr of 
kaolin did not affect the deflection temperature under load. 
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Fig. 7. Effect of kaolin content on the deflection temperature 

under load (1 – 10 phr PU + kaolin; 2 – 20 phr PU + 
kaolin) 
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Figure 7 represents the effect of kaolin on DTUL of 
rubber modified epoxy resin. For the composition modified 
with 20 phr of PU, a slight increase is observed with 20 phr 
and 30 phr of kaolin but the thermal resistance is lower 
than that of neat resin (Fig. 6). However DTUL of the 
composition modified with 10 phr of PU increased as the 
amount of kaolin increases until it attained a maximum 
value with 20 phr of kaolin which is at the level of DTUL 
of neat epoxy resin and seems to be the optimum amount 
of kaolin to be added to epoxy resin without causing DTUL 
decrease.  

CONCLUSIONS 
Based on the following results we can conclude that: 

1. The addition of polyurethane modifier improved the 
impact strength as well as the resistance to crack 
propagation expressed by the critical stress intensity factor. 
Maximum values of impact strength and KC were obtained 
with 20 phr of PU. The fracture toughness enhancement 
can be attributed mainly to the high modifier elasticity but 
a lesser extent also to polybuatediene which acts as 
plasticizer.  

As expected, the thermal resistance of epoxy resin 
based compositions decreased with the addition of PU and 
remains almost constant with kaolin. 

2. The addition of kaolin caused the increase of the 
impact strength, the critical stress intensity factor due to 
crack pinning mechanism. The thermal resistance of epoxy  
resin was also enhanced by kaolin addition.  

3. The addition of both modifiers (PU and kaolin) 
leaded to an improvement of the fracture toughness of 
epoxy resin. However, the addition of both modifiers 
resulted in an increase of DTUL to the level of DTUL of  
virgin epoxy resin. 
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