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Abstract
The thermal properties of epoxy/rubber blends include glass transition, thermal
conductivity, heat capacity, thermal expansion, and thermal stability and are
systematically reviewed by a number of thermal analysis techniques including
differential scanning calorimetry, thermogravimetric analysis, thermomechanical
analysis, and dynamic mechanical analysis. The rubbers include usually used
natural rubber, polybutadiene rubber, nitrile rubber, polyurethane rubber, silicon
rubber, etc. Generally speaking, the addition of a rubber component to the epoxy
resin will result in depression of glass transition temperature of it due to incom-
plete phase separation and incomplete curing reaction. It depends on the cross-
linking density of the blends. The thermal conductivity of the blends is affected
by the polar nature of rubber. The conductive rubber which is forming a contin-
uous phase could enhance the thermal conductivity. Heat capacity of epoxy/
rubber blends is affected not only by the polar nature of rubber but also the
density of the formed blends. The thermal expansion behaviors are not only
related to thermal and mechanical history but also depend on the network of
modified epoxy resin. And further, the thermal stability of epoxy/rubber blends is
mainly depending on the thermal stability of the rubber and the cross-linking
density of the formed networks. The higher-heat-resistant rubber leads to higher
thermal stability of epoxy/rubber blends.
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Introduction

Thermal properties of polymer and polymer composites mainly include glass tran-
sition, thermal conductivity, heat capacity, thermal expansion, and thermal stability,
which can be obtained by thermal analysis techniques (Raymond and Charles 1984).
A number of thermal analysis techniques including differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA), thermomechanical analysis (TMA), and
dynamic mechanical analysis (DMA) have been employed to detect the thermal
properties of polymers and their composites. DSC is used to investigate physical
transitions and chemical reactions. Properties such as the heat capacity, glass tran-
sition temperature, melting temperature, heat, and extent of reaction can be deter-
mined by it. In TGA, the change in mass of a sample is measured as a function of
temperature or time. It can reflect the thermal stability of the samples. TMA
measures the dimensional changes of a sample as it is heated. In the thermal
expansion measurement, the probe exerts a low pressure on the surface of the
sample. The samples are heated linearly over the temperature range of interest.
The linear thermal expansion coefficient can be calculated directly from the mea-
surement cure. In DMA, a mechanical modulus is determined as a function of
temperature, frequency, and amplitude. By this means, relaxation behavior and
phase transition in semicrystalline materials can be obtained (Bernhard 1990;
Edith 1996).

Varieties of epoxy/rubber blends are widely applied in many different applica-
tions ranging from adhesives in civilian application to structural components in
military and aerospace systems due to their outstanding versatility and performance
(Nigam et al. 2001; Kothandaraman and Kulshreshtha 2003). In these applications,
structural integrity and thermal stability of the polymer composites at elevated
temperatures are of primary importance especially when the products undergo
long-term serviceability in dynamic conditions. The thermal properties of epoxy/
rubber blends are relevant to their mechanical properties, stability properties, and
whether and how long they can be used in some specific circumstances. Therefore, to
understand and study the thermal properties of epoxy/rubber blends are very impor-
tant for their applications.
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Thermal Properties of Epoxy/Rubber Blends

Glass Transition

The glass transition, Tg, is a phenomenon observed in amorphous polymers. It occurs
at a fairly well-defined temperature when the bulk material ceases to be brittle and
glassy in character and becomes less rigid and more rubbery. When a material is heated
to this point and beyond, molecular rotation around single bond becomes significantly
easier (Raymond and Charles 1984). Many physical properties change profoundly at
the glass transition temperature, including coefficient of thermal expansion, heat
capacity, mechanical damping, etc. Therefore, glass transition temperature of polymers
is closely related to the properties and potential use of themselves.

Epoxy, as a cross-linked polymer when it cured, has a relative high Tg values. The
degree of cross-linking can restrict chain mobility and thus increase the Tg values
(Watanabe 1999; Petri 2005). Rubber is any type of elastomer which can undergo
much more elastic deformation under stress than most materials and still return to its
previous size without permanent deformation (Morton 1981; Smith et al. 1993).
They have low Tg values. The Tg increases as the intermolecular forces in the
polymer and the regularity or crystallinity of the polymer chain structure increase;
when the epoxy blends with rubbers, the glass transition of the blends will change.

Glass Transition of Epoxy/Natural Rubber Blends
Hong et al. (2005) studied the glass transition temperature of epoxidized natural
rubber (ENR, 25 mol.% epoxidation) modified epoxy systems by DSC. The results
showed that the presence of ENR changes the viscosity/the flexibility (Tg) of the
mixed resins (Table 1). When the ENR blended with epoxy, the Tg of the rubbery
phase obtained which are 21 �C and 18 �C in the specimens R-5 and R-10 (the
specimens R-5, R-10, and R-15 are prepared by the addition of 5, 10, and 15 parts of
ENR in the basic formulation), respectively, are much greater than the Tg (�45 �C)
of unreacted ENR. At the same time, the epoxy matrix in the R-5, R-10, and R-15
have Tg near 130 �C, 121 �C, and 117 �C, respectively, which are all lower than the
Tg of the neat epoxy resin matrix (�134 �C). The presence of ENR in the epoxy
matrix decreases the Tg of the epoxy phase, and the Tg decreases with the increasing
ENR content (or with more dissolved ENR). Many equations have been proposed to
calculate the Tg of miscible polymer blends, and all indicate an increase in miscible
content of the low Tg constituent which could shift the Tg of miscible blend to a
lower temperature and vice versa (Gordon and Taylor 1952).

ENRs (epoxy value: mg of potassium hydroxide/g of rubber is 16.23 mg/g) with
different concentrations of up to 20 wt% were used as modifiers for epoxy resin and
were also studied by Mathew et al. (2014). The glass transition properties of the
blends were investigated by DMA. The Tg values of the fully cured epoxies were
taken to be the temperatures at the maximum of the tan δ peaks. The results showed
the Tg of the epoxy resin decreased when it was blended with ENR and was more
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significant for higher weight percentages of ENR. The different peak heights indi-
cated that the damping properties of the toughened blends were different. The
magnitude of tan δmax was at a minimum for the blends because of an epoxy
phase decrease in size with the addition of ENR and because the dimensions of
the rubber-rich phase were larger at higher ENR concentrations.

Kumar and Kothandaraman (2008) investigated another kind of natural rubber
with terminated carboxyl group (maleated depolymerized natural rubber (MDPR))
which blends with epoxy resin at three different ratios (the ratios of epoxy resin and
rubber are 97/3, 98/2, and 99/1). With DSC analysis, the results showed that addition
of MDPR to epoxy resin does not produce significant change in the Tg value of the
neat epoxy resin. This could be attributed to the limited compatibility between the
blend components and the very small amount of MDPR in the blends.

Glass Transition of Epoxy/Polybutadiene Rubber Blends
The glass transition of brittle epoxy resin modified by liquid rubber hydroxyl-
terminated polybutadiene (HTPB) has been studied by DMA (Ozturk et al. 2001).
HTPB, hardener, and epoxy were mixed directly; Tg of neat epoxy specimens
decreased from 119 �C to 117 �C with 1% HTPB addition and further down to
114 �C with 1.5% HTPB addition because of the toughening effect of HTPB.

Epoxy resin and varying content of HTPB (hydroxyl value 42.4 mg KOH g�1, the
HTPB content varied from 5 to 20 phr) which were cured using an anhydride hardener
were studied by Thomas et al. (2008). The loss factor curve of neat epoxy resin shows a
peak at around 142 �C (Fig. 1). That is clearly related to the glass transition temperature
of the epoxy resin. The presence of HTPB results only in a slight displacement of the
transition peak; e.g., for 5 and 10 phr HTPB-modified epoxy networks, a shift to a
lower region is observed by a shift of 1 �C and 2 �C, respectively. The authors attributed
this to the lowering of cross-linking density in the modified samples. During the curing
of epoxy resin, phase-separated rubber domains shall occupy the space in between the
reaction sites, thereby impairing the cross-linking reaction at that particular site which
can reduce the cross-linking density of cured systems. Thus, the glass transition
temperature decreases by the incorporation of more rubber.

Zhang et al. (2010) investigated Tg of new elastomers based on a liquid amine-
terminated polybutadiene (ATPB, an amine value of 62) and epoxy resin blends. The

Table 1 Tg (�C) obtained from specimens cured at 170 �C (Hong et al. 2005)

Specimen Tg of rubber constituent

Tg of epoxy constituent

Tgb Tgf Tgbroadness Tgepoxy
Reference No. 126 (2.0) 140 (1.8) 14 (1.0) 134 (1.2)

R-5 21 (2.6) 119 (1.6) 139 (0.8) 20 (1.4) 130 (2.0)

R-10 18 (0.5) 110 (1.7) 131 (1.5) 21 (1.3) 121 (0.4)

R-15 23 (3.0) 106 (0.5) 129 (0.4) 23 (0.5) 117 (0.5)

Tgb: the beginning point of the glass transition region
Tgf: the end point of the glass transition region
Tgbroadness: the width of the glass transition region
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samples constitute ATP-1 (mole ratio of ATPB/triethylenetetramine (TETA)/m-
xylylenediamine (MXDA)/epoxy resin is 11/0/0/10.4), ATP-2 (weight ratio of
ATPB/TETA/MXDA/epoxy resin is 11/9/0/20.8), and ATP-3 (weight ratio of
ATPB/TETA/MXDA/epoxy resin is 11/0/10/20.8). The study of cured ATP samples
showed that the Tg of the soft segment appeared at�68 to�70 �C (Fig. 2). The value
of the Tg in these elastomers was compared to a value of �70 �C for HTPB-based
polyurethane, and its invariance with increasing epoxy resin content indicated that
phase segregation was very nearly complete. Because amine and epoxy groups form
amorphous hard regions, the driving force for phase segregation must have come
from the extreme incompatibility of the polar hard segment and the nonpolar soft
segment. In the high-temperature glass transition area, the Tg belongs to epoxy
matrix part in the samples; the Tg increases as the cross-linking density increases
(from 46.9 �C to 103.5 �C).

Glass Transition of Epoxy/Nitrile Rubber Blends
The Tg of a diglycidyl ether of bisphenol A-based epoxy resin, using an anhydride
hardener (nadic methyl anhydride), at different weight contents (0 phr to 20 phr) of
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carboxyl-terminated copolymer of butadiene and acrylonitrile liquid rubber (CTBN,
Mn of 3500 g/mol, containing 18% acrylonitrile content and 3% carboxyl content) as
modifier, was investigated using a DMA (Thomas et al. 2004, 2007). The Tg of the
modified epoxy resin decreased with increase in cure temperature. Addition of the
liquid rubber lowered the Tg of the epoxy/nitrile rubber network. This became
prominent in the modification of the matrix with 15 and 20 phr of the elastomer. It
is attributed to the flexibilization of the matrix. The shifted Tgs clearly indicate that
the phases are not pure. The dissolved rubber plasticize the epoxy network. The Tg of
the neat rubber in the low-temperature region was shifted to higher temperature upon
the addition of the elastomer into epoxy resin. A higher shift was noted for 15 and
20 phr inclusion (Fig. 3). This was due to dissolved epoxy in the rubber-rich phase
that increased the modulus of the rubbery phase. The inclusion of a large wt% of
CTBN decreased the cross-linking density of the thermoset matrix.

Tripathi and Srivastava (2007, 2008) studied the blends of epoxy resin with
varying weight ratios (0 phr–25 phr) and high carboxyl content of CTBN (Mn of
3500 g/mol, containing 27% acrylonitrile content and 32% carboxyl content). At
high temperature, the Tg was observed as a large maximum in the loss modulus
curve. The effect of the CTBN lowered the glass transition temperature of the cured
epoxy resin/CTBN network (Fig. 4). It is observed that more and more inclusion of
rubber shifted the Tg peak of epoxy resin/CTBN blends to lower temperature scale.
This could be attributed to the inclusion of rubber into the epoxy network, which is
forming homogeneous rubber-rich phase as reported earlier by Nigam et al. (2001).

In the case of epoxy/CTBN blends, the glass temperature transitions of the blends
are significantly shifted to lower temperature which shows that the dissolved rubber
plasticize the epoxy network and homogeneous rubber-rich phase formed in the

Fig. 2 Temperature dependence of tan δ of the ATPB-based elastomers (Zhang et al. 2010)
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blends. With different carboxyl content in CTBN, the Tg decreased as the carboxyl
content increased. This can be explained by the solubility parameter concept. The
solubility parameter of epoxy is 21.05 (J/cm3)0.5. As the carboxyl content increases
in CTBN, the proximity of the solubility parameter becomes closer between CTBN
and epoxy. It leads to better miscibility between CTBN and epoxy. And with the
increase in the functionality of liquid rubber, the chemical interaction between the
epoxy and rubber increases (terminate carboxyl reacts with epoxy group) which
induces compatibility of the epoxy/rubber blends (Ratna and Simon 2001).

Glass Transition of Epoxy/Polyurethane Rubber Blends
Polyurethane (PU, synthesized by polyester diol and toluene diisocyanate) having
different isocyanate index were used to modify epoxy resin by Bakar et al. (2009).
With the addition of 15% of polyurethane, Tg of the epoxy and polyurethane blends
decreases by more than 50 �C. The depression of Tg might be attributed to the
additional free volume provided by the plasticizer facilitating segmental movements.
The lowering of Tg is taken as a measure of plasticizer efficiency, which is more
pronounced in polymers containing rigid chains. The similar results obtained by
Tang et al. (2013) used a carboxyl-terminated polyether (polyol)-based polyure-
thane-modified epoxy resin. Tg values of the resins varied with the submicron PU
weight content in the composite sample (Fig. 5). The presence of PU results in a

0

115

120

125

130

110

5 10

CTBN ,wt%

G
la

ss
 tr

an
si

tio
n 

te
m

pe
ra

tu
re

 (
˚C

)

15 20 25

Fig. 4 Variation of glass transition temperature with CTBN concentration of prepared samples
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slight displacement of the transition peak, e.g., a shift of 5 �C and 6 �C observed for
4.5 and 14.8 wt% PU-modified epoxy networks, respectively. The slight reduction in
Tg is probably attributed to small amounts of liquid rubber, which possess a lower Tg,
remaining in epoxy matrix after curing, and/or the decreased cross-linking density in
the PU-modified epoxy composite samples.

Chen et al. (2010) investigated the glass transition properties of castor oil-based
polyurethane (based on polymer triol) and epoxy resin (EP) composites with the
polyurethane (PU) content from 5 wt% to 30 wt%. The results showed that there was
only one Tg peak for all the composites and component ratio exerted much influence
on the damping properties. In addition, the damping temperature range became
wider, and the temperature for peak tan δ became lower with the increase of PU
content in the composites (Fig. 6). There are no separated Tg peaks corresponding to
EP and PU rubber which existed in the DMA curves. It indicated that the EP and PU
rubber forms a homogeneous network. That is to say the PU and EP were well
compatible in the interpenetrating polymer networks (IPNs). The two possible
reasons are as follows: on the one hand, there are interpenetration and entanglement
between PU and EP in the IPNs; on the other hand, there is higher degree of
hydrogen bonding and cross-linking in the composites, which could also improve
the compatibility of the two polymers.

Jin et al. (2014) further studied a series of IPNs based on EP and PU prepolymer
derived from soybean oil-based polyols (have more than three terminated –OH in
one molecular of soybean oil-based polyols) with different mass ratios. Tg of the
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JX, Lai GQ, Cure kinetics, morphology and miscibility of modified DGEBA-based epoxy resin -
Effects of a liquid rubber inclusion, 333–342., Copyright (2013), with permission from Elsevier)
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PU/EP IPNs was detected by DSC and DMA (Fig. 7). Only one Tg is observed for
each soybean oil-based PU/EP IPN, which agrees well with the results of the other
reports (Jia et al. 2006; Lin et al. 2007; Chen et al. 2010). It can be seen that the Tg of
the pure EP is higher than that of the PU/EP IPN. Furthermore, the value of Tg of the
soybean oil-based PU/EP IPN decreases clearly upon increasing the PU prepolymer
contents. PU prepolymer reacts with the pendant hydroxyl group on the side chains
of EP and exists with good compatibility in the PU/EP IPN structures on the
molecular scale; thus, the low value of Tg and the soft properties of PU prepolymers
affect the epoxy resin to a great extent to cause the decreased values of Tg. The Tg
obtained from DMA had the same tendency as obtained from DSC.

Tang et al. (2014) used hyperbranched polyurethane (HBPU) as modifier of
epoxy resin. The tan δ curves of modified thermosets showed a single peak
(Fig. 8), which is similar to the neat epoxy thermoset, at the temperature range of
�40 �C to 160 �C (the HBPU-G3 used was characterized by DSC with a Tg of
3.7 �C). The appearance of one tan δ peak indicates the good compatibility between
HBPU and EP resins. These facts evidenced that there was no phase separation and
that homogenous blends were formed. On the one hand, the HBPU has good
compatibility with epoxy; on the other hand, the HBPU molecules can be incorpo-
rated into epoxy networks by covalent bond (Tang et al. 2014). In this study, by the
addition of 5 wt% HBPU, slight increase in Tg was observed. At 10 and 15 wt%
HBPU, the Tg decreased by 2 �C and 7 �C, respectively. The Tg slightly increased at
low HBPU content (5 wt%) but decreased at higher HBPU content (10 and 15 wt%)
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which could be attributed to two factors: on the one hand, the chemical incorporation
of the HBPU into the epoxy networks would result in a higher cross-linking density
which would lead to a shift in Tg to higher temperature (when the HBPU content is
5 wt%); on the other hand, the Tg of HBPU is low, and the HTPB could plasticize the
epoxy network which would lead to a shift in Tg to lower temperature (when the
HBPU content is 10 and 15 wt%).

–50 0

T
an

 δ

0.0

0.5

1.0

1.5

50 100 150

H
ea

t f
lo

w
 (

a.
u.

)

Temperature (˚C)

Temperature (˚C)

–40 –20 0 20 40 60 80

EP

EP

IPN-10/90

IPN-10/90

IPN-15/85

IPN-15/85

IPN-20/80

IPN-20/80

IPN-25/75

IPN-25/75

IPN-30/70

IPN-30/70

IPN-35/65

IPN-35/65

a

b

Fig. 7 DSC curves (a) and temperature dependence of tan δ (b) of soybean oil-based PU/EP IPNs
(Jin et al. 2014)

9 Thermal Properties of Epoxy/Rubber Blends 259



Glass Transition of Epoxy/Silicon Rubber Blends
An epoxy-terminated organosilicon polymer (ETOP, with epoxide value of 0.02)
was used as modifier to blend with bisphenol A-type epoxy resins cured with
p-phenylenediamine (Zheng et al. 1995). The glass transition properties of the blends
were detected by DSC and DMA. In DSC analysis, the cured products possess two
Tgs, which were ascribed to Tgs of both the epoxy-rich and ETOP-rich phases
(Table 2). In these cured blends, particularly at higher ETOP content (>10 wt%),
the two Tgs corresponded to the ETOP- and EP-rich components, respectively, which
are indicative of a heterogeneous morphology. While ETOP was blended into the
systems, the epoxide groups in the ETOP molecules also participate in the cross-
linking reaction and form a co-cured polymeric product. The Tg of the EP phase has a
dramatic increase as a function of ETOP concentration. The Tg increased from 94 �C to
153 �C. Tg of cured EP is 94 �C, while blending with ETOP and curing under standard
schedule, the Tg of cured epoxy matrices increased to 153 �C for EP/ETOP 30/70
blends. The increase in Tgmay arise from the occurrence of reaction between resin and
ETOP forming a copolymer. ETOP is a copolymer terminated with epoxide groups.
The epoxide value is the reflection of reaction ability of ETOP. It can participate in the
curing reaction of epoxy resins. The higher epoxide value of ETOP will increase the
higher cross-linking density in the epoxy/ETOP blends. These epoxide groups will
extend into the matrices and take part in the cross-linking reaction of epoxy matrices
and elevate the cross-linking density, i.e., increase Tg of the matrix, particularly at a
higher ETOP content in the blends. The Tg obtained from DMA had the same
tendency as obtained from DSC (Fig. 9).

Ma et al. (2010; Liu et al. 2010) investigated a dendritic epoxidized polysiloxane
(DPSO) blended with epoxy resin. The DSC results showed the Tgs of epoxy resins
were slightly increased by introducing silicon compounds either (Fig. 10). This
result can be explained that when DPSOs were incorporated into epoxy resin, they

Fig. 8 Tan δ of cured neat and modified epoxies as a function of temperature (Tang et al. 2014)
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Table 2 Glass transition
temperature of epoxy resin/
ETOP blends (Zheng
et al. 1995)

Content of ETOP in wt.% Tg(ETOP, �C) Tg(epoxy, �C)
100 13 –

90 15 149

70 15 141

50 15 137

30 15 153
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Fig. 9 DSC curves of cured DGEBA/ETOP blends (w/w): (a) 50/50 (b) 30/70 (c) 10/90 (Zheng
et al. 1995)

A: neat epoxy
B: DPSO100-1
C: DPSO100-3
D: DPSO100-5
E: DPSO100-7
F: DPSO50-3
G: DPSO200-3

G

F

E
D
C

B
A

Temperature (˚C)

H
ea

t F
lo

w
 E

nd
o 

U
p

60 80 100 120 140 160 180 200

Fig. 10 DSC curves of the cured epoxy resin/DPSO blends (Ma et al. 2010)
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could react with the curing agent and epoxy resin by their epoxide groups and Si-OH
and enter into the cross-link network, which could function as the cross-link sites in
some extent and lead to higher cross-linking density and consequently higher Tg. On
the one hand, with the increase of the DPSO content in epoxy resin, more epoxide
groups and Si-OH react at the curing process and increase the cross-linking density
and increase the Tgs; on the other hand, the flexibility and the aggregation of DPSO
would make the cross-linking density of the epoxy resin decrease, and consequently
the Tg of epoxy/DPSO blends decreases. These two competing effects lead to finally
Tgs of epoxy/DPSO blends.

Brief Summary
Glass transitions of epoxy resin and various rubber blends are reviewed. From the
research, the free volume of the blends is the main effect for the glass transition
temperature. When the rubber is added into the epoxy resin, it may act as a plasticizer
facilitating segmental movements and lowering of cross-linking density of the
networks which add additional free volume. Thus, the addition of the rubber lowered
the Tg of the epoxy and rubber network, and the Tg decreases as the content of rubber
increases. However, in some special conditions, the addition of some rubber into
epoxy resin could increase the value of Tg. Because the reaction between resin and
epoxidized silicon rubber could be form a copolymer. The epoxide groups of rubber
will extend into the matrices and take part in the cross-linking reaction of epoxy
matrices. The cross-linking density increases and thus the Tg increases. The two
influencing factors are competitive. One of them will play a decisive role for glass
transition property in epoxy/rubber blends.

Thermal Conductivity and Heat Capacity of Epoxy/Rubber Blends

Thermal conduction is the transfer of internal energy by microscopic diffusion and
collisions of particles or quasiparticles within a body or between contiguous bodies.
The microscopically diffusing and colliding objects include molecules, atoms,
electrons, and phonons. The heat flow Q from any point in a solid is related to the
temperature gradient dt/dx through the thermal conductivity κ as follows:

Q ¼ �κ dt=dxð Þ (1)

The transmission of heat is favored by the presence of ordered crystalline lattices
and covalently bonded atoms. Thus, most polymeric materials have low κ values
(Raymond and Charles 1984; Yang 2004).

Heat capacity is a measurable physical quantity equal to the ratio of the heat
added to (or removed from) an object to the resulting temperature change, and
specific heat capacity (Cp) is the heat capacity per unit mass of a material. Cp is
related to the motion of vibration and rotation which thermally excited within the
sample. Polymers typically have relatively (compared with metals) large specific
heats (Raymond and Charles 1984). The κ is related to Cp:
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κ ¼ dCpρ (2)

In the Eq. 2, d is the thermal diffusivity and ρ is the density of the material.
For blends of epoxy and rubbers, thermophysical properties such as thermal

conductivity and heat capacity are important when used as heat-dissipating materials
(e.g., encapsulants for electrical and electronic components) and heat-insulating
materials (e.g., the aircraft shell).

Thomas et al. (2010) studied the thermophysical properties, such as thermal
conductivity and diffusivity of epoxy resin blend systems with the incorporation of
two largely used liquid rubbers (CTBN/HTPB) (Bussi and Ishida 1994; Tripathi
and Srivastava 2009; Boudenne et al. 2006). The thermal conductivity was mea-
sured for both neat and modified epoxy blends with various volume contents of
CTBN and HTPB shown in Fig. 11 by a periodical method. It showed a small
increase of thermal conductivity as a function of the volume fraction of CTBN and
HTPB. For the epoxy/HTPB, the ratio between the thermal conductivity of the
HTPB rubber (κ = 0.22 Wm�1K�1) and pure matrix (κ = 0.147 Wm�1K�1) is
lower than 1.5. The increase in thermal conductivity of blends as a function of the
volume fraction of rubber can be attributed to the partial replacement of the matrix
resin by the more conductive (polar) liquid rubbers that favor the energy (heat)
dissipation mechanism. In the case of CTBN-modified epoxy blends, the thermal
conductivity values show significant increase from 25 vol.% of rubber inclusion
where the rubber phase has a tendency toward forming a continuous phase because
of the polar character of the liquid rubber, which enable to enhance the conductivity
nature.

As described in Eq. 2, the computation of Cp values requires the knowledge of
sample densities. For epoxy resin and rubber blends, the density of the blends
remained almost the same (Thomas et al. 2010). The specific heat values from
Eq. 2 and the specific heat measured using DSC for epoxy and CTBN (and
HTPB) blends had a good agreement at lower concentration of both liquid rubbers,
while a slight deviation is observed at higher concentration. Therefore, the two
methods can get the Cp of both the liquid rubber (CTBN and HTPB)-modified
epoxies (Figs. 12 and 13). The Cp of epoxy and CTBN (and HTPB) blends remained
almost the same as a function of the volume fraction of CTBN and HTPB.

For the CTBN- and HTPB-modified epoxy resin, the thermal conductivity prop-
erties are affected by the polar nature of rubber. The more conductive rubber and the
conductive rubber forming a continuous phase could enhance the thermal conduc-
tivity property of the blends. However, the Cp of CTBN- or HTPB-modified epoxy
resin is not only affected by the polar nature of rubber but also the density of the
formed blends.

Linear Thermal Expansion Behavior of Epoxy/Rubber Blends

The coefficient of linear thermal expansion (CTE) is a material property that is
indicative of the extent to which a material expands upon heating. For epoxy resin,

9 Thermal Properties of Epoxy/Rubber Blends 263



Fig. 11 Thermal conductivity of blends as a function of CTBN and HTPB volume fraction
(Thomas et al. 2010)

Fig. 12 Specific heat capacity of blends as a function of weight content of CTBN (Thomas
et al. 2010)
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epoxy shrinkage may lead to the generation of excess internal stress while cooling
during the processing cycle (Wang and Gillham 1993; Chen and Li 2001). This
internal stress reduces adhesive strength and may even cause cracks in the casting
material. The research to reduce this effect is needed for the application of epoxy
composites.

Thermal expansion behavior of strained and unstrained epoxy networks based on
diglycidyl ether of bisphenol A cured with diamino diphenyl sulfone and modified
with poly(acrylonitrile-butadiene-styrene) (ABS) were studied by Jyotishkumar
et al. (2011). In the thermal expansion study (Fig. 14), with an increase in sample
temperature, the change in dimension also increases above the Tg of the ABS; the
change in dimension increases quickly. TMA runs on strained samples show
“bumps” in the TMA scans, which can be explained by the release of excess internal
stress when approaching the glass transition during the TMA (heating) run. The
presence of internal stress affects the dimensional stability of the blends at high
temperatures (above the ABS Tg). The internal stress can be removed by two-step
curing.

Li et al. (1997) investigated thermal expansion behavior of blends of epoxy resin
with two kinds of polysiloxane with low molecular weight, ATPS
(aminopropyldimethyl-terminated polysiloxane) and PTPS (phenyl-terminated
polysiloxane). For the quenched blends of epoxy resin with polysiloxane rubber,
the linear dimension drop Δl decreases with the addition of polysiloxane (Table 3).
Especially, it decreases much more with the ATPS content. So this indicates that the
introduction of polysiloxane, particularly a reactive one such as ATPS, improves the

Fig. 13 Specific heat capacity versus weight content of HTPB (Thomas et al. 2010)

9 Thermal Properties of Epoxy/Rubber Blends 265



4,0

0 wt % ABS
3.6 wt % ABS
6.9 wt % ABS
10 wt % ABS
12.9 wt % ABS

3,5

3,0

2,5

2,0

1,5

1,0

0,5

0,0

b

a

3,0

2,5

2,0

1,5

1,0

0,5

0,0

Temperature (˚C)

C
ha

ng
e 

in
 d

im
en

si
on

 (
%

)
C

ha
ng

e 
in

 D
im

en
si

on
 (

%
)

0 50 100 150 200 250

0 50 100

Temperature (˚C)

150 200 250

1
2
3
4
5

0 wt % ABS
3.6 wt % ABS
6.9 wt % ABS
10 wt % ABS
12.9 wt % ABS

1
2
3
4
5

1

2

3

4

5

1

2

3

4

5

Fig. 14 TMA profiles for different cross-linked DGEBA/ABS blends; (a) cured and annealed in
one step; (b) cured and annealed in two steps (Reprinted with permission from (Jyotishkumar
et al. 2011). Copyright (2011) American Chemical Society)

Table 3 Thermal expansion behavior of quenched samples and strained samples (Li et al. 1997)

EP 100% EP/PTPS(90/10) EP/PTPS/ATPS(90/5/5) EP/ATPS(90/10)

Δl (μm)a

Quenched
17.6 10.5 8.8 3.0

Strained 5.8 5.0 4.5 3.4
aLinear dimension drop per millimeter height
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capability of chain motion and leads to less frozen-in free volume. Therefore, the
sample can be in a state closer to the equilibrium state. For the strained sample, the
linear dimension drop Δl with different polysiloxane modifiers is similar with that of
the quenched samples. From the research, the addition of polysiloxane rubber can
decrease the thermal expansion of the blends. The thermal expansion behaviors are
not only related to thermal and mechanical history but are also dependent on the
network of modified epoxy resin.

Thermal Stability

Thermal stability can be said as the thermal protection of polymeric materials which
lead to deterioration of properties. Thermal degradation of polymers typically begins
around 100 �C (Pandey et al. 2005), and the rate of degradation increases as the
temperature increases. Degradation generally shows a somewhat smooth downward
slope when weight retention is plotted as a function of temperature after inception of
degradation. The study of thermal stability of epoxy/rubber blends is an extremely
important area from the scientific and industrial point of view which ensures them to
be used in high-temperature applications.

Thermal Stability of Epoxy/Natural Rubber
Chuayjuljit et al. (2006) investigated the thermal stability of epoxy resin blended
with natural rubber (NR) and epoxidized natural rubbers (ENRs) contained epoxide
groups 25, 40, 50, 60, 70, and 80 mol%. The amounts of ENRs in the blends were
2, 5, 7, and 10 parts per hundred (phr) of epoxy resin. The onset of the decomposition
of the blended resins was measured by TGA under nitrogen atmosphere (Table 4).
The onset of the decomposition of the blended resins was unchanged compared with
that of epoxy resin.

Mathew et al. (2014) prepared an ENR with epoxy value 16.23 mg/g (mg of
KOH/g of rubber). Thermal stability of ENR and blends of ENRs with epoxy were
studied by TGA in an N2 atmosphere. The results showed that there were two stages
of degradation for ENR: the first stage was between 220 �C and 350 �C, and the
second stage was between 500 �C and 630 �C. The temperature of maximum
degradation (Tmax was taken as the maximum in the derivative thermogravimetry
(DTG) curve) of the first stage occurred at 420 �C, and that of the second stage was
578 �C. As the actual decomposition began at elevated temperatures, the weight loss
occurred at a faster rate. The main degradation step corresponded to the breaking
down of the polymer chains into volatile fragments. For the TGA of neat epoxy and
ENR/epoxy blends, a single-stage thermal decomposition was evident in the TGA.
The average weight loss of around 1–2% up to 250 �C was due to the release of
moisture. On the other hand, the weight loss before 300 �C was related to the
decomposition of the polymer. The anhydride-cured epoxy exhibited a Tmax around
419 �C and varied in the range of 416–419 �C in the case of the DGEBA/ENR blends
with around a 50% mass loss. Beyond the main degradation stage, all of the volatile
materials were driven off from the sample, and this resulted in the residual char. The
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residual percentage of the blends was not as good as that of the neat epoxy because
of the presence of the less thermally stable rubber phase.

Thermal Stability of Epoxy/Polybutadiene Rubber Blends
Zhang et al. (2010) investigated thermal stability of liquid amine-terminated polybu-
tadiene (ATPB, an amine value of 62) modified with different amounts of epoxy resin
(ATP-1: 17%, ATP-2 and ATP-3: 30%) based on DGEBA and varying hardners by
TGA in N2 atmosphere. Three-step degradation was observed in all of the thermogra-
vimetric curves of the three ATPB-based elastomers. The elastomers were stable up to
340 �C and remained almost intact in the first step. The quantity of gaseous compo-
nents, mainly water and trapped solvent, released in this step was relatively small. In
the first step, the weight loss was less than 3%. The decomposition of step two
corresponded to the amine-epoxy bond breaking, and step three was the polybutadiene
decomposition. Almost complete decomposition was observed at about 500 �C. For
the elastomers based on polybutadiene and epoxy resin, they exhibited a much better
thermal stability with a 5% weight loss at a temperature of around 350 �C (Table 5).
The derivative weight curves shown in Fig. 15 in TGA of the blends showed two main
peaks in the temperature ranges of 350–430 and 430–500 �C in all curves which
corresponded to the second- and third-stage decomposition of the elastomer in the
TGA curves. A bigger exothermic peak existed in ATP-2 and ATP-3 curve, which
validated that conclusion that the decomposition of the amine-epoxy bond occurred
between 350 �C and 430 �C, and step three was the polybutadiene decomposition.

Thermal Stability of Epoxy/Nitrile Rubber Blends
Thermal stability of liquid CTBN rubber-modified epoxy resin blends was carried
out by TGA. In the research of Tripathi and Srivastava (2009), the data on Tinitial,
peak derivative temperature (Tmax), Tfinal, the temperature at which the material
degraded 50% (T1/2) as well as char yield at 600 �C (which compared the relative
thermal stability of the cured blend samples) derived from different ratios of CTBN-
modified epoxy resin (EP 100% denoted as EP0100, EP 95% denoted as EP0105, EP
90% denoted as EP0110, and EP 85% denoted as EP0115) traces are given in Table 6.
The clear-cut single-step mass loss in TGA trace of unmodified and CTBN-modified
systems and the shoulders observed in derivative thermogravimetry (DTG) traces of

Table 4 Onset thermal
decomposition temperature
(Chuayjuljit et al. 2006)

Onset thermal decomposition temperature (�C)
0 phr 2 phr 5 phr 7 phr 10 phr

Epoxy resin 353.0

Epoxy/NR 353.0 355.0 353.6 354.4

Epoxy/ENR25 351.3 353.3 354.3 360.7

Epoxy/ENR40 353.9 351.4 352.9 351.5

Epoxy/ENR50 350.7 351.4 353.0 363.8

Epoxy/ENR60 353.6 352.8 355.4 353.3

Epoxy/ENR70 353.2 353.6 359.4 356.2

Epoxy/ENR80 352.2 353.8 355.3 355.4
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these blend samples indicated a single-step decomposition behavior (Fig. 16). With
the initial addition of 5 wt% CTBN in EP, the blend showed an abrupt increase in
Tinitial. The addition of increased rubber content, i.e., up to 15 wt% in unmodified
blends, showed the enhancement in the thermal stability of the blends. The increase
in thermal stability of the blend systems with increasing rubber content might be
attributed to the fact that the rubber started functioning as a thermal stabilizer with
increasing temperature and resulted in an increase in the thermal stability of
EP-CTBN blends (Tripathi and Srivastava 2009).

Also, in the study of Nigam et al. (2001), the addition of the liquid rubber with higher
thermal stability increased the thermal stability of blends compared to neat resin. The

Table 5 Weight-loss data of the ATPB-based elastomers (Zhang et al. 2010)

Specimen ATP-1 ATP-2 ATP-3

Temperature at 5% weight loss (�C) 348 351 356

Temperature at 10% weight loss (�C) 380 373 377

Temperature at 20% weight loss (�C) 407 395 398
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Fig. 15 TGA curves of the ATPB-based elastomers (Zhang et al. 2010)

Table 6 Data obtained from TGA traces of prepared blends (Tripathi and Srivastava 2009)

SL no.
Sample
code Tinitial (�C) Tmax (�C) Tfinal (�C) T1/2(�C)

Mass
loss (%)

Char
yield (%)

1. EP0100 290 370 420 400 80�2 19.8

2. EP0105 347 405 516 412 78�3 21.7

3. EP0110 350 406 535 418 74�6 25.4

4. EP0115 356 417 481 420 86�4 13.6
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thermal stability of epoxy resin can be enhanced by increasing rubber concentration in
the blends which also proved by Chen et al. (2011a) and Vijayan et al. (2013).

A study about the effect of NBR (Nitrile-Butadiene Rubber, in powdered form)
concentration on the thermal behavior of epoxy resin is conducted by Dehaghi
et al. (2013). The NBR is solved in an aromatic hydrocarbon solvent and is added
to epoxy resin. The epoxy/rubber blends containing various amounts of rubber
concentrations (0 phr, 5 phr, and 10 phr) were prepared. Under nitrogen atmosphere,
TGA and DTG curves of composites showed a decrease in initial decomposition
temperature of epoxy networks followed by incorporation of rubber into the resin
system (Fig. 17). The composites exhibited substantial decrease especially in initial
decomposition temperature and the maximum decomposition temperature, and only
a slight increase in the final decomposition temperature was recorded followed by
rubber incorporation to the system. Tfinal (the temperature at final mass loss) of
higher value is probably due to the decomposition of the physically cross-linking
moiety of elastomer particles with epoxy resin matrix (Table 7). The temperature at
which 50 wt% mass loss occurred (T1/2) for the samples containing 5 and 10 wt% of
rubber content was also lower than that of the corresponding unmodified epoxy
resin. It suggests that the presence of rubber could result in lower thermal stability
than neat epoxy material in spite of more toughening behavior observation.

Thermal Stability of Epoxy/Polyurethane Rubber Blends
Wang et al. (2011) studied thermal degradation properties of a linear PU based on
poly(tetramethylene glycol) (PTMG), PU 30%-PU/EP IPN, PU 50%-PU/EP IPN,
and EP by TGA (Fig. 18). It can be seen that the thermal stability of PU/EP IPN was

0
0

20

40

60

80

100

120

200 400

Temperature (˚C)

D
er

iv
. w

ei
gh

t (
%

 m
in

)

W
ei

gh
t (

%
)

600 800
–5

0

5

10

15

20

Fig. 16 TGA scan of blend sample, EP0110 (Tripathi and Srivastava 2009)
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Table 7 Thermal properties of modified and unmodified epoxy resins obtained from TGA and
DTG curves (Dehaghi et al. 2013)

Sample/phr Tinitial/�C T1/2/�C Tmax/�C Tfinal/�C
0 185 370 385 480

5 175 360 377 490

10 170 350 370 498

Fig. 18 TGA thermograms of pure PU based on PTMG, 30:70 PU/EP IPN, 50:50 PU/EP IPN
(R = 2), and EP (derived from Wang et al. 2011)
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much higher than that of pure PU, which can be ascribed to the good thermal stability
of epoxy resin and the formation of PU/EP IPNs (the polyurethane prepolymer
grafting into the -OH group of epoxy formed the graft IPN) (Raymond and Bui
1998; Chiou et al. 2006). However, the thermal stability of PU/EP composites is
lower than cross-linked pure EP.

Gui et al. (2014) investigated the thermal stability of a liquid crystalline
polyurethane-imide (PUI, synthesized from polyethyleneglycol, toluene diiso-
cyarate, and pyromellitic dianhydride)-modified EP. The result suggests that the
thermal decomposition temperature of PUI-/ER-cured samples with different con-
tent of PUI has no obvious decline compared to epoxy resin. It can be contributed to
imide bond in PUI, which is difficult to decompose at high temperature (Jiang
et al. 2001) because of good heat resistance of PUI although the addition of PUI in
epoxy leads to the decrease of cross-linking density of the composites.

Tang et al. (2014) used a hyperbranched polyurethane (HBPU) as modifier of EP
and studied their thermal stability. The DTG (Fig. 19) curves for all thermosets
investigated were single peak, indicating that a homogenous structure of the matrix
was formed without apparent differences in thermal stability. The peak observed in
DTG curves corresponds to the degradation of the thermosets, and it remains similar
for all the samples. The initial decomposition temperature decreased with increasing
the content of HBPU. However, the decrease was not significant because the
interpenetrating networks formed in EP/HBPU blends. The interpenetrating net-
works increased the cross-linking density which can make the thermal stability
higher than HBPU itself.

Thermal Stability of Epoxy and Silicon Rubber Blends
Ma et al. (2010) also investigated thermal stability increase of DGEBA epoxy resin
modified with 1 to 7 phr of the high dendritic polysiloxane (DPSO100) by TGA in
air and nitrogen atmosphere. The initial degradation temperature for 5% weight loss
(Td 5%), the temperature for 50% weight loss (Td 50%), and the residual weight
percent at 800 �C (R800) under nitrogen atmosphere increase with the increase of the
DPSO100 content in epoxy resin which is shown in Table 8. And in air, the values of
the Td 5% and Td 50% and R800 for the modified system are much higher than the
neat epoxy resin. These indicate that the thermal stability improves as siloxane
components are incorporated into the cured networks (Hou et al. 2000). This increas-
ing thermal stability may be due to the high thermal stability of the silicon compound
and the protecting effect of the silica layer formed during the decomposition process,
where silica greatly restrained the oxidation weight loss of the polymeric materials,
and resulted in high residual weight for the polymers at 800 �C (Ahmad et al. 2006).
Nevertheless, the decomposition behavior of cured samples in air (Figs. 20 and 21)
follows the two-step decomposition mechanism, which is different from that in N2,
and the Td 5% and Td 50% of epoxy resin do not increase exactly upon the addition of
increasing amounts of DPSO100, which may be due to the complex decomposition
behavior of cured samples under air atmosphere.

Moreover, Chen et al. (2011b) used a hydroxyl-terminated polydimethylsiloxane
(HTPDMS) blended with PU and EP. The thermal stability from TGA showed that
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Fig. 19 TGA and DTG curves of the neat epoxy, HBPU, and HBPU/epoxy thermosets with
different HBPU contents (Tang et al. 2014)

Table 8 Degradation behavior data of the cured epoxy resins containing DPSO at various ratios
(Ma et al. 2010)

Sample

Under nitrogen Under air

Td 5%/�C Td 50%/�C R800/% Td 5%/�C Td 50%/�C R800/%

Neat epoxy 389.06 429.86 18.308 341.95 447.10 0.012

DPSO100-1 390.45 431.50 19.048 393.93 440.19 0.245

DPSO100-3 391.65 434.62 20.751 378.18 448.52 1.086

DPSO100-5 395.50 438.42 22.758 380.39 462.10 1.719

DPSO100-7 395.45 447.90 23.736 355.61 485.48 1.908

Fig. 20 TGA curves of DPSO-modified epoxy resins in N2 (Ma et al. 2010)
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their thermal stability was further improved by the addition of HTPDMS into the
composites, and the higher the HTPDMS content, the larger the thermal stability
improvement. As the energy of the siloxane bond is significantly greater than those
of C-C and C-O bonds (Kumar and Narayanan 2002), the inorganic nature of –Si-O-
Si- structure in HTPDMS might prevent the composites from decomposition under
heating process. Thus, the thermal stability was improved.

Brief Summary
The thermal stability of epoxy/rubber blends is mainly depending on the thermal
stability of the rubber and the cross-linking density of the formed networks. The
good heat resistance of rubbers plays a decisive role of thermal stability in the epoxy/
rubber blends. And the cross-linking density formed between epoxy resin and rubber
also impacts the thermal stability in the epoxy/rubber blends.

Conclusions

Thermal properties of epoxy/rubber blends including glass transition, thermal con-
ductivity, heat capacity, thermal expansion, and thermal stability are systematically
reviewed.

Generally speaking, addition of a rubber component to the epoxy resin will result
in depression of Tg due to incomplete phase separation and incomplete curing
reaction. When the rubber is added into epoxy resin, it may act as a plasticizer
facilitating segmental movements and lowering of cross-linking density of the
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Fig. 21 TGA curves of DPSO-modified epoxy resins in air (Ma et al. 2010)
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networks. Addition of the rubber lowered the Tg of the epoxy and rubber network,
and Tg decreases as the content of rubber increases. However, in some special
conditions, addition of some rubber into epoxy resin could increase the value of
Tg, because the reaction between resins may elevate the cross-linking density.
Further, the rubber-modified epoxy resin showed one Tg or two Tg depending on
the compatibility between the specific rubber and epoxy resins.

For the CTBN- and HTPB-modified epoxy resin in this chapter, the thermal
conductivity properties are affected by the polar nature of rubber. More conductive
rubber and conductive rubber forming a continuous phase could enhance the thermal
conductivity property of the blends. However, the Cp of CTBN- or HTPB-modified
epoxy resin is not only affected by the polar nature of rubber but also the density of
the formed blends.

For the thermal expansion behaviors, they are not only related to thermal and
mechanical history but are also dependent on the network of modified epoxy resin.

The thermal stability of epoxy/rubber blends is mainly depending on the thermal
stability of the rubber and the cross-linking density of the formed networks. For most
of the rubbers, the good heat resistance of themselves plays a decisive role. The
higher-heat-resistant rubber leads to higher thermal stability of epoxy/rubber blends.
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