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Phase morphology and mechanical properties of polyetherimide modified epoxy resins: 

a comparative study 

Hong Maa, M. Ali Aravanda, b* and Brian G. Falzona, b* 

a Advanced Composites Research Group (ACRG), School of Mechanical and Aerospace Engineering, 
Queen’s University Belfast, UK, BT9 5AH 

b Northern Ireland Advanced Composite and Engineering (NIACE) Centre, Airport Road, Belfast, UK, 
BT3 9DZ  

Abstract  

This paper presents a detailed study of the relationship between phase morphology and fracture 

toughness of two types of thermoplastic modified epoxy resins, a tetrafunctional and a bifunctional 

type. The reaction-induced phase separation of the thermoplastic (TP) during curing leads to distinct 

morphologies, depending on the modifier content and the functionality of the matrix. This, in turn, 

impacts the fracture toughness of modified epoxy resins. A transition from a particulate to a co-

continuous morphology is observed at sufficiently high TP content (20 wt%) in both epoxy systems. 

Thermoplastic phases exhibit a significant level of plastic deformation during crack propagation 

followed by tearing or debonding, depending on the composition. This, in addition to the formation of 

shear bands in the matrix, is the most dominant energy dissipation mechanism. Higher viscosity and 

cross-link density of the tetrafunctional epoxy result in the formation of uniformly distributed 

submicron-sized thermoplastic particles, where the limited diffusion growth of thermoplastic phase, 

following the onset of phase separation, is further restricted.  

Key words: Phase morphology, fracture toughness, reaction-induced phase separation, crack bridging, 

shear banding  
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1. Introduction 

Epoxy resin is one of the most widely used matrix materials in fibre reinforced polymer (FRP) 

composites. This is predominantly due to its relatively high stiffness, superior compatibility and 

adhesion, and chemical resistance. Epoxy resins with higher functionalities such as tetraglycidyl 

diamino diphenyl methane (TGDDM) also exhibit high temperature performance [1–3]. However, the 

intrinsic brittleness of cured epoxy resins, arising from the high degree of cross-linking during curing, 

often leads to low resistance against crack formation and propagation. This is reflected in the 

commonly reported modest values of the in-plane and out-of-plane matrix-dominated properties of the 

resulting FRP composites, especially interlaminar fracture toughness, transverse strength, and 

interlaminar shear strength of a laminate [4,5]. Various approaches have been proposed to mitigate 

this brittleness. The inclusion/formation of microscale heterogeneities is widely reported as one of the 

most effective approaches. Matrix heterogeneities, or tougheners, in the form of micro- or nano- 

“inclusions” can induce various energy dissipation mechanisms thereby limiting the onset and 

propagation of cracks. “Inclusions” encompass wide range of materials from rigid to soft organic or 

inorganic materials in different sizes and shapes. They may be added to the resin either as pre-formed 

particles or form/precipitate during curing in an irreversible thermodynamic process often referred to 

as reaction-induced phase separation (RIPS). The latter, which is applied to polymeric modifiers, has 

been shown to be more effective in enhancing the fracture toughness of epoxies in comparison with 

systems where pre-formed particles were used [6]. In this case, polymer modifiers are initially 

dissolved in the epoxy resin forming a homogeneous solution. Modifier particles then phase-separate 

following the start of the curing reaction till the gelation of epoxy resin. Thermodynamic 

characteristics of the RIPS process, including the underlying mechanisms and phase morphology, 

have been widely studied [7–9]. 

Rubber tougheners, including reactive liquid monomers and pre-formed core-shell rubbers (CSR), are 

known to be able to provide the highest increase in fracture toughness of epoxy resins [9–11]. 

However, rubber tougheners can significantly compromise the mechanical properties and glass 

transition temperature (Tg) of epoxy resins. In one case, for instance, addition of a CSR toughener 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

3 

with 22 vol.% resulted in a more than 25% loss in tensile strength of a diglycidylether of bisphenol A 

(DGEBA) epoxy resin [10]. Ratna [12] reported a 20% drop in the Tg of DGEBA epoxy upon the 

addition of 20 parts by weight (pbw) of epoxy rubber toughener. Moreover, in comparison with the 

bifunctional epoxy resins, such as DGEBA, rubber toughening of multifunctional epoxy resins such as 

TGDDM and triglycidyl-p-aminophenol (TGPAP), can be less effective. This could be explained by 

the fact that major energy dissipation mechanisms in rubber modified epoxy systems are shear 

banding of epoxy matrix and cavitation of rubber particles along the crack propagation path, both of 

which would greatly depend upon the ductility of the epoxy matrix [13,14]. Engineering 

thermoplastics on the other hand, have attracted considerable attention in view of their effectiveness 

in increasing the fracture toughness of epoxy resins, with no or limited effects on other mechanical 

properties and high temperature performance of the epoxy resins [14–16].  

In thermoplastic (TP) modified epoxy blends, RIPS can result in different types of morphologies 

including particle/matrix, co-continuous and phase-inverted, depending on variables such as 

composition of the blend [17,18], molecular weight of thermoplastic [17,19], curing profile [20–22] 

and existence of other additives (such as graphene oxide [23] and SiO2 [24,25]). This has been shown 

to have significant impact on the fracture toughness of the resulting blends [17,18,26]. Increasing the 

weight fraction of the TP modifier could turn a particle/matrix morphology into a co-continuous type 

or even a phase-inverted system. In some cases, it would even be possible to achieve various 

morphologies without changing the composition and just through modification of the curing 

conditions. Cho et al. [27] produced a phase-separated system with a co-continuous morphology at a 

relatively low modifier content by lowering the curing temperature and extending the curing time. In 

this case, a particulate morphology was realised at higher curing temperatures at similar modifier 

content. Our preliminary investigations revealed that besides the widely studied effects of the 

processing conditions on phase separation, the functionality of the resin also plays a major role in the 

phase separation process and hence the morphological characteristics of the resulting multiphase 

system. This would, in turn, have serious implications on the properties of the toughened resin 

including fracture behaviour. Despite of the importance of this matter, especially in consideration of 
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their potential consequences on the properties of the resulting FRP composites, the literature available 

on the subject is quite scarce. Hodgkin et al. [28], after reviewing results obtained by other researchers, 

came to the conclusion that the thermoplastic toughening of epoxy resins with a higher number of 

functional groups would be more effective. Nevertheless, the reviewed studies employed different 

curing profiles, which may also affect the fracture toughness of modified epoxy systems. 

A lack of sufficient information on the role of the matrix underscores the necessity of a systematic 

study on phase separation and morphological characteristics of TP modified epoxies with different 

epoxide content and their relationship with the resulting fracture behaviour. From an application 

perspective, epoxy resins with a higher number of functional groups, and hence higher cross-link 

density, exhibit superior mechanical and thermal properties following curing with a hardener [7,29]. 

The higher epoxide content of these resins often results in further limitations in ductility, making the 

TP tougheners a better choice since, as mentioned earlier, unlike rubber modifiers, the dominant 

toughening mechanism with engineering TPs would be less dependent on the matrix ductility.  

In the present work, an engineering thermoplastic, polyetherimide (PEI), is used to modify two types 

of epoxy resins, namely diglycidylether of bisphenol A (DGEBA) and tetraglycidyl diamino diphenyl 

methane (TGDDM). DGEBA is a commonly-used epoxy resin in FRP composites and adhesives. 

TGDDM is a tetrafunctional epoxy used in applications requiring higher temperature performance and 

mechanical properties. The phase morphology and mechanical properties of the modified resin 

systems were analysed with a focus on the evolution of the phase morphology of modified epoxy 

blends and the underlying mechanisms. Mode-I fracture toughness of the cured systems was then 

measured and the fracture surfaces were examined to gain further insight into the energy dissipation 

mechanisms. 

2. Materials and method 

2.1. Materials 

The two epoxy monomers used in this study are a diglycidyl ether of bis-phenol A (DGEBA) with an 

epoxy equivalent weight (EEW) of 170 g/mol (D.E.R. 332, Sigma-Aldrich), and a tetraglycidyl-4,4'-
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diaminodifenylmethaan (TGDDM) with an EEW of to 105.5 g/mol (Araldite MY 72 CH, Huntsman). 

Both epoxy systems were cured using a high temperature curative, 4,4’-methylenebis-(3-chloro 2,6-

diethylaniline) (MCDEA) with molecular weight of 379.38 g/mol from Lonzacure. The thermoplastic 

material used in this study is polyetherimide supplied by Sigma-Aldrich. PEI has a glass transition 

temperature (Tg) of 212oC and a density of 1.27 g/cm3 at 25oC with molecular weight of 592.61 g/mol. 

Dichloromethane (DCM) from Sigma-Aldrich, was used to dissolve PEI when needed. 

2.2 Sample preparation 

For the fabrication of PEI-modified TGDDM, the required quantity of PEI was dissolved in DCM 

followed by mixing with epoxy monomer. The obtained solution was transferred to a silicone oil bath 

preheated to 180oC and stirred for 2-3 hours to evaporate the solvent. Any remaining traces of solvent 

were removed by degassing under vacuum, before the addition of MCDEA hardener. After further 

degassing, the mixture was then poured into a preheated mould cavity and cured for 2 hours at 200oC. 

This was followed by a 2-hour long post-curing step at 220oC to ensure complete vitrification. The 

resulting samples of TP modified epoxy system had 0, 5, 10, 15 and 20 wt% PEI, denoted hereafter as 

TGP0, TGP5, TGP10, TGP15, and TGP20. A Similar procedure was followed to prepare TP modified 

bifunctional epoxy (DGEBA) systems, indicated in the text as DP0, DP5, DP10, DP15 and DP20 for 

the above-mentioned PEI compositions.  

2.3 Characterisation method 

The effect of TP modification on cure behaviour of both epoxy systems was investigated using 

isothermal differential scanning calorimetry (DSC, DSC-6, Perkin Elmer) of the resin mixtures at the 

curing temperature (200oC). The samples were then cooled down rapidly before conducting the 

second (non-isothermal) DSC measurement, sweeping temperatures up to 400oC at a heating rate of 

10oC/min to obtain the residual heat, based on a dynamic scan. 

The degree of conversion as a function of time, α(t), is then calculated using the following 

relationship: 
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 α(t)=∆Ht/(∆Hiso+∆Hresidual) (1) 

where ∆Ht is the heat under the isothermal curve at time t, ∆Hiso and ∆Hresidual are the heat generation 

measured by the isothermal and dynamic scans, respectively.  

The conversion rate, λ, can be obtained by differentiating the degree of conversion α(t) with respect to 

time, t: 

 λ=
dα(t)

dt
 (2) 

The moduli of the resin systems were measured by dynamic mechanical analysis (DMA, Tritec 2000, 

Triton Technology Ltd) in bending mode, using a dual-cantilever fixture. Specimens with a final 

dimension of 45 mm × 8 mm × 4 mm were machined from the cured sheets. DMA tests were carried 

out at a frequency of 1 Hz and a constant heating rate of 3°C/min, sweeping temperatures between 30 

to 300°C under a displacement amplitude of 0.1%. The cross-link density, defined as moles of 

elastically effective network chains per unit volume, was calculated based on an approximation of the 

kinetic theory of rubber elasticity [30,31]: 

 ve=
E'

3gRT
 (3) 

Where E' is the storage modulus of the blend obtained from DMA at temperature T ; T  is the 

temperature in Kelvin well above Tg; Storage modulus of the modified epoxy resin at 543K (270°C), 

553K (280°C) and 563K (290°C) were selected to obtain the cross-link density; R is the universal gas 

constant; g is the so called front factor, related to the functionality of the system. Here values of 1 and 

0.7 were chosen for DGEBA and TGDDM systems, respectively [32,33].  

A TA Instrument AR2000 rheometer with a 25 mm parallel-plate setup was utilised to obtain the 

viscosity of the modified epoxy resins as a function of temperature. Rheological measurements were 

carried out in the oscillatory mode with a frequency of 1 Hz, and strain value of 1% for all 

experiments. The gap between the two plates was in the range of 800 to 1000 µm. The temperature 

was increased from room temperature to 200°C at a heating rate of 3°C/min. 
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Surface topology of the cryo-fractured surfaces was investigated using atomic force microscopy 

(AFM, Cypher ES system, Asylum Research) in tapping mode at a scan rate of 1 Hz. The AFM data 

was processed using the Gwyddion software. After importing the original AFM data, the greyscale 

AFM images were generated and the size distribution and volume fraction of the thermoplastic phase 

were obtained using the tool provided by the software. A field emission scanning electron microscope 

(SEM, JSM-6500F, JEOL) was also used for further investigation of the fracture surfaces of the 

blends. All fracture surfaces were sputter-coated with gold, prior to the analysis, to prevent the build-

up of electrical charge. 

2.3 Mode-I fracture toughness test 

Single edge notched bending (SENB) specimens were prepared according to ASTM D5045 to 

determine the plane strain critical stress intensity factor, KIC, as well as the critical strain energy 

release rate, GIC . Specimens were cut from the bulk material based on the requirements of the 

standard. A V-notch with an approximate depth of 1.8 mm was machined at the bottom centre of the 

specimens where a sharp pre-crack was created using a drop-weight setup equipped with a sharp blade. 

The total length of the cracks, including the V-notch, was in agreement with the requirements of the 

standard where 0.45 < 
a

w
 < 0.55 (‘a’ is the crack length and ‘w’ is the specimen width). An Instron 

universal testing machine with a load cell of 100 N with a three-point bending setup was used to 

perform the tests at a constant displacement rate of 1 mm/min. The critical stress intensity factor was 

calculated based on the following relationship: 

 KIC=
P

bw
1
2

f(α) (4) 

where P is the peak load, b and w are the thickness and width of the specimens respectively, and f(α) 

is a geometric constant. The energy release rate was calculated using the relationship between GIC, 

	KIC, the tensile modulus, E, and the Poisson’s ratio, v: 

 GIC=
KIC

2

E
(1-v2) (5) 
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Tensile testing of the modified epoxy resins was carried out at a crosshead speed of 3 mm/min. 

Digital image correlation (DIC) was then used to obtain the strain maps during tensile tests for 

accurate measurement of tensile modulus, E, and the Poisson’s ratio, v. 

3. Results and discussion 

3.1 Phase morphology of the thermoplastic modified epoxy systems 

Fig. 1 compares the AFM micrographs of the thermoplastic modified epoxy systems at different TP 

contents. Both unmodified bifunctional and tetrafunctional epoxy resins (DP0 and TGP0, Fig. 1a and 

1b) exhibit rather similar featureless fracture surfaces. Phase-separated PEI particles are visible in 

both cases at 5 wt% TP (DP5 and TGP5). This particulate morphology is maintained up to a TP 

content of 15 wt%.  

The bright spots indicated by the arrows in Fig. 1 are the PEI particles being uniformly dispersed in 

the continuous epoxy-rich domains. These particles however have distinctly different sizes even at 

similar compositions when the two types of epoxy systems are compared. The TP particles phase-

separated in the tetrafunctional epoxy system (TGP5, TGP10 and TGP15) are submicron sized 

whereas in the case of the bifunctional epoxy (DP5, DP10 and DP15), the PEI particles are noticeably 

larger (≥1 µm). Increasing the content of the thermoplastic for each type of epoxy system results in a 

subsequent increase in the particle size in both type of systems. The average particle size ranges from 

26.8±5.89 nm at 5 wt% PEI in the tetrafunctional epoxy (TGP5) up to 101±13.3 nm in TGP15. In the 

case of bifunctional epoxy system, this ranges from an average of 1.00±0.29 µm in DP5 to 1.24±0.29 

µm in DP15, as shown in Table 1. In order to identify whether the thermoplastic was fully phase-

separated after the curing reaction, the volume fraction of the thermoplastic in the matrix, calculated 

from the initial weight content, was compared with the one measured directly from the AFM images 

as listed in Table 1. It can be clearly seen that the thermoplastic particles are fully phase-separated 

from the matrix in both systems as the measured fraction is quite close to the calculated value.  

 

Table 1 Volume fraction and sizes of thermoplastic particles in modified epoxy. 
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TGP5 TGP10 TGP15 DP5 DP10 DP15 

Cotent in wt% 5 10 15 5 10 15 
Calculated 
content in vol% 

4.7 9.4 14.1 4.7 9.4 14.1 

Measured content 
in vol% 

4.8 9.3 14.0 4.6 9.7 14.5 

Average particle 
size  

26.8±5.89 nm 70.3±13.2 nm 101±13.3 nm 1.00±0.29 µm 1.14±0.21 µm 1.24±0.29 µm 

 

 

Figure. 1 AFM images of the fracture surfaces of the modified TP/epoxy blends with varying PEI content:(a) TGP0, (b) 

DP0, (c) TGP5, (d) DP5, (e) TGP10, (f) DP10, (g) TGP15 and (h) DP15. 

 

The excessively rough fracture surface of the specimens with a PEI content of 20 wt% made it 

impossible to perform AFM analysis, so further investigations were carried out using electron 

microscopy. As seen in the micrographs of Figure 2, the 20 wt% TP modified systems (TGP20 and 

DP20) are remarkably different from each other both in terms of microstructure and particle size. A 

co-continuous morphology with inter-connected thermoplastic-rich phases is readily observed in both 

cases, however with an obvious difference in the relative size of the domains (Fig. 2a and 2d). The 

TP-rich phases in DP20 system, magnified in Fig. 2b, are, in fact, regions with large epoxy particles 
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dispersed in a thin-walled network of thermoplastic phase. This is an indication of a secondary phase 

separation or, more precisely, a local phase inversion during the curing reaction. This phenomenon 

had also been observed in a previous study where a different type of thermoplastic modifier was used 

[14]. In the case of PEI/TGDDM epoxy blends, both PEI-rich and epoxy-rich domains, as pointed in 

Fig. 2(d), have noticeably smaller sizes compared to those of the modified DGEBA. A rather similar 

secondary phase separation scenario is observed in these blends, as shown in the magnified section in 

Fig. 2(e) where submicron PEI particles could be identified in the rather smaller epoxy-rich islands as 

marked by the red dashed lines.  

 

 

Figure 2. SEM micrographs of the TP/epoxy blends containing 20 wt% of PEI: (a) DP20, (b) PEI-rich zone of DP20, (c) 

epoxy-rich zone of DP20, (d) TGP20 and (e) enlarged PEI-rich phases of TGP20. 

 

3.2 Understanding the difference in morphologies 

It has been established that variables such as thermoplastic content and molecular weight of 

thermoplastic and curing profile may affect the phase morphology of the TP modified epoxy systems. 

However, what we noticed here is that even with similar TP content, under similar curing conditions, 

the resin system could alter the resulting phase morphology, as indicated by Fig. 1 and 2. Reaction-

induced phase separation is controlled by both thermodynamic and kinetic factors. Miscibility of the 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

11 

modifier with the resin system is a thermodynamic parameter predominantly affecting the onset of 

phase separation. Conversion rate and rheological characteristics of the blend, on the other hand, are 

amongst the most important kinetic factors controlling the phase separation process. Conversion rate 

can control the termination of the process being usually associated with the gelation point [17,34], and 

viscosity controls the phase separation rate as well as particle growth through diffusion or coalescence 

[21].  

The above-mentioned parameters are therefore investigated to further clarify the underlying causes for 

the difference in the morphology of the two systems. Miscibility of polymers depends on the 

proximity of their solubility parameters. The higher the miscibility of the thermoplastic and the epoxy 

matrix, the longer it will take for the phase separation to start [35]. Solubility parameters of PEI, 

DGEBA epoxy and TGDDM epoxy resins are 17.4 MPa1/2, 21.26 MPa1/2 and 21.84 MPa1/2, 

respectively [35,36]. The quite similar values between DGEBA and TGDDM would suggest that there 

are no obvious differences about the occurrence of phase separation process in both systems.  

Fig. 3 shows the degree of conversion as well as conversion rate of modified DGEBA and TGDDM 

systems obtained from DSC scans. Resin system based on the bifunctional epoxy show a higher 

degree of conversion during the curing cycle in comparison to the ones based on TGDDM epoxy (Fig. 

3a). This is better observed by comparing the resulting conversion rates shown in Fig. 3b where the 

difference in conversion rate manifests itself in a higher reaction rate before degree of conversion 

reaches 0.55 (well above gelation) and hence a shorter time for phase separation in DGEBA epoxy. 

This however cannot explain the smaller particle size in the modified tetrafunctional epoxy as the 

thermoplastic phase has a longer time for separation in TGDDM epoxy than in DGEBA epoxy.  
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Figure 3. Degree of conversion (a) and conversion rate (b) of PEI modified DGEBA and TGDDM.  

Fig. 4 compares the viscosity variations of the two modified epoxy blends as a function of 

temperature. All systems show a noticeable drop in viscosity up to a temperature range between 150-

180oC above which a relatively stable viscosity is reached just before the start of the curing reaction. 

As expected, viscosities of the systems based on the tetrafunctional epoxy resin remain higher than 

the modified bifunctional epoxy systems over the measured temperature range. The difference is 

minimised at the stable region (180-200oC) until the onset of curing reaction where the viscosity 

ramps up rapidly (not shown in the Fig. 4). Investigations using hot-stage microscopy revealed that 

thermoplastic phase separation starts at the very early stages of curing at a relatively high rate. The 

phase separation rate drops drastically, in a relatively short period of time, since the mobility and 

hence the growth of the phase-separated particles become increasingly limited due to the viscosity 

built-up. Similar trends have also been observed by other researchers [17,37,38]. This suggests that a 

significant part of particle formation happens at the very early stages of the reaction where the 

difference between the viscosities of the two systems will still be considerable (Fig. 4b). Higher 

viscosity impedes diffusion of the high molecular weight thermoplastic chains, which is necessary for 

the growth of the phase separated particles. In the meantime, the significantly denser cross-link in 

tetrafunctional epoxy is believed to be another reason for different phase morphologies observed 

following the termination of curing process since a greater number of cross-links could also suppress 

the diffusion of thermoplastic.  
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Figure 4. (a) Viscosity of modified epoxy resins as a function of temperature and (b) detailed variation of viscosity of 

modified epoxy resins at 180-200°C (enlarged dashed rectangle in (a)). 

 

The noticeably higher heat generated during the curing reaction of the systems based on 

tetrafunctional epoxy, shown in Figure 5a, is an indication of a higher level of cross-linking. The latter 

can be directly calculated using equation 3, as discussed earlier. The results are compared in Figure 5b 

where again, the difference is clearly visible. In summary, the formation of submicron-sized TP 

particles in blends based on tetrafunctional epoxy is directly attributed to the higher viscosity as well 

as higher cross-link density of the resin system, leading to the distinct morphologies shown in Fig. 1 

and 2. 

 

 

Figure 5. (a) Heat generated during the curing reaction of the PEI/epoxy blends and (b) cross-link density of the blends. 
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Figure 6 represents a schematic of typical phase separation processes in both epoxy systems leading to 

a particulate morphology (corresponding to a PEI content between 5 and 15 wt%). Initially, the epoxy 

monomers, hardener molecules and thermoplastic chains form a homogeneous solution. Phase 

separation starts following the curing reaction. Phase-separated TP particles then grow through 

diffusion and coalescence [21]. As discussed earlier, particle growth through diffusion will be more 

limited in the tetrafunctional epoxy system due to the combined effects of a higher viscosity and 

cross-link density (Fig. 4 and 5). Additionally, the viscosity of epoxy resin also increases significantly 

and rapidly upon the curing reaction, further limiting the growth of thermoplastic particles. This 

results in the formation of significantly much smaller sized particles in the modified TGDDM epoxy 

systems.  

 

 

Figure 6. Illustration of phase morphology evolution of particulate structure of PEI modified epoxy resins: (a) PEI modified 

TGDDM and (b) PEI modified DGEBA. 

 

3.3 Mode-I fracture toughness of PEI modified epoxy systems 
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Figure 7 compares the mode-I fracture toughness of the cured PEI modified epoxy blends in terms of 

stress intensity factor, KIC (Fig.7a) and the resulting critical strain energy release rate (also known as 

fracture energy), GIC (Table 2). A monotonic increase in the KIC and GIC of both modified epoxy 

systems with thermoplastic content is readily observed with a noticeable jump for the modified epoxy 

with 20 wt% PEI (DP20 and TGP20). This is consistent with the transition in the morphology from a 

particulate to co-continuous as discussed in the previous section and shown in Fig. 2.  

The increase in the GIC of the blends, based on bifunctional epoxy, is more significant than the 

tetrafunctional counterparts at similar thermoplastic content, as better observed in Fig. 7b where the 

differences between the fracture energies of the modified and unmodified systems, ∆GIC, in different 

blends are compared. Fractography of the fracture surfaces helps us to gain a better understanding of 

the underlying reasons for the observed differences.  

 

 

Figure 7. (a) Critical stress intensity factor, KIC and (b) increase in fracture energy, ∆GIC, of modified epoxy blends at 

different PEI contents. 

 

Table 2 Mode-I fracture toughness of PEI modified epoxy systems. 

Epoxy system  
 

KIC (MPa·m1/2) KIC/KIC,u
1 GIC (KJ·m-2) GIC/GIC,u

2 
∆GIC (KJ·m-2) 

TGDDM  

TGP0 0.52±0.06 - 0.06±0.02 - 0 

TGP5 0.59±0.05 1.14 0.09±0.01 1.50 0.03 

TGP10 0.65±0.05 1.25 0.11±0.02 1.83 0.05 
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TGP15 0.86±0.05 1.65 0.18±0.02 3.00 0.12 

TGP20 1.11±0.03 2.14 0.33±0.01 5.50 0.27 

DGEBA  

DP0 0.51±0.01 - 0.10±0.01 - 0 

DP5 0.60±0.02 1.18 0.12±0.01 1.20 0.02 

DP10 0.70±0.02 1.37 0.17±0.02 1.70 0.07 

DP15 0.94±0.04 1.84 0.28±0.02 2.80 0.18 

DP20 1.39±0.03 2.73 0.65±0.03 6.50 0.55 
1
KIC,u is the critical stress intensity factor of unmodified epoxy. 

2GIC,u is the critical strain energy release rate of unmodified epoxy.  
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Figure 8. Fracture surfaces of modified epoxy blends at different PEI contents: (a) TGP0, (b) DP0, (c) TGP5, (d) DP5, (e) 

TGP10, (f) DP10, (g) TGP15, (h) DP15, (i) TGP20 and (l) DP20. 

SEM micrographs of the fracture surfaces of the post-failure SENB specimens are shown in Fig. 8. 

Both unmodified epoxy resins demonstrate a rather featureless fracture surface (Fig 8a and 9b), being 

a typical characteristic of brittle fracture. Fracture surfaces of the modified epoxy systems exhibit 

distinguishing features arising from the deformed thermoplastic phases (shown by white arrows), 

together with cavitation voids (identified by yellow arrows). The extent of these features varies 

significantly from one system to another. For instance, limited numbers of particle cavitation voids 

are visible in systems containing 15 wt% PEI (DP15 and TGP15). This confirms that in these systems, 

the bridging of thermoplastic is one of the most dominant energy dissipation mechanisms in the event 

of crack. 

Mirroring faces of the fracture surfaces for each toughened blend were identified as shown in Fig. 9. 

The numbers on the left and right micrographs of each pair correspond to similar locations on both 

sides of the fracture surface. This was carried out only for the bifunctional epoxy systems where 

matching the faces was more feasible than the ones based on the tetrafunctional epoxy with 

significantly smaller TP phases. Cavitation voids in blends containing 5 wt% PEI can be matched to 

deformed TP particles on the opposite face indicating that debonding after initial plastic deformation 

(stretching) of the TP phase (Fig. 9a and b) has occurred. As for the blends containing 10 wt% PEI 

(DP10) a new feature starts to appear which is characterised by particle fracture following plastic 

deformation, although in most cases, crack propagation leaves a clean cavitation hole on either side, 

similar to the DP5 blends. Some examples are indicated in Fig. 9c and d using yellow circles. This 

feature is observed more frequently in DP15 and DP20 where most particles (continuous TP phases in 

DP20) fracture following plastic deformation. Similar behaviour could be observed in the blends 

based on tetrafunctional epoxy resin as shown in Fig. 8 where cavitation voids and stretched TP 

particles are indicated by yellow and white arrows respectively.  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

19 

 

Figure 9. The fracture morphology of modified epoxy resins at the same position: (a) and (b) DP5, (c) and (d) DP10 and (e) 

and (f) DP15. 

 

The interaction of TP particles with a propagating crack is illustrated schematically in Fig. 10 where 

both scenarios leading to either TP debonding or rupture are depicted. The top row shows the 

prevailing fracture mechanism in blends at a lower TP content (≤10 wt%) where PEI particles deform 

and then debond from the epoxy matrix. The bottom part demonstrates plastic deformation and 

subsequent rupture of the PEI particles in blends at higher PEI concentration (≥15 wt%). 
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Figure 10. The fracture behaviour of thermoplastic particles in modified epoxy resins with different TP concentrations: (a) 

de-bonding from the matrix, (b) rupture of TP particles. 

 

It has been well established that particle cavitation and plastic deformation could significantly reduce 

stress triaxiality of the advancing crack in the matrix under plane strain conditions [39]. The resulting 

non-homogeneous stress state enhances the likelihood of shear yielding in the brittle matrix resulting 

in localised regions of plastic deformation in the epoxy matrix known as shear bands, typically 

starting at one particle and ending at another [14,40]. Shear bands are more noticeable in the blends 

containing a higher content of PEI (TGP15 and DP15). The rather wrinkled texture of the fracture 

surfaces observed in Fig. 8 and 9 is indicative of shear bands. This is most probably due to a higher 

degree of plastic deformation and yielding of the thermoplastic particles in these blends causing 

further non-uniformity in the stress distribution ahead of the crack tip, and hence an increased shear. 

Moreover, shear band formation is known to be more prevalent in the presence of a higher volume 

fraction of dispersed particles where a stress-field overlap between the neighbouring particles exists. 

Consequently, it can be concluded that the bridging of thermoplastic and the shear banding of the 

matrix are the two major energy dissipating mechanisms that contribute to the measured fracture 

toughness enhancement.  

In comparison with the tetrafunctional epoxy (TGDDM), the TP particles in bifunctional epoxy 

blends show a higher degree of plastic deformation following crack propagation (Fig. 8d, f and h) 

which could well be an indication of a higher degree of energy dissipation in crack propagation. 

Moreover, as shear banding is related to the ductility of the matrix, TP modified blends based on the 
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more ductile bifunctional (DGEBA) epoxy would have a higher chance of shear banding during crack 

propagation than the ones based on the tetrafunctional epoxy at similar TP content (Table 1). This 

could explain the higher fracture toughness enhancement in DGEBA blends. The other observation is 

a much more pronounced TP deformation in epoxy blends with a co-continuous thermoplastic phase 

(20 wt% TP content), as shown in Fig. 8i and l, leading to a higher level of increase in fracture 

toughness for TGP20 and DP20 blends. 

 

4. Concluding remarks 

Phase morphology and fracture behaviour of PEI modified epoxy blends based on two different types 

of epoxy systems, namely bifunctional (DGEBA) and tetrafunctional (TGDDM) were investigated 

and the following conclusion is drawn: 

(1) A particle-matrix morphology was dominant morphology in the blends with a PEI content up to 

15 wt% above which a multiphase structure consisting of mainly co-continuous phases was 

observed, following reaction-induced phase separation (RIPS). 

(2) TP particle size was considerably smaller in the PEI modified epoxy blends based on the 

tetrafunctional epoxy (TGDDM). Higher viscosity and cross-link density of these resins were 

considered to be the main factors restricting the mobility of the polymer molecules, and hence 

diffusion growth of the particles during the course of the phase separation process. This 

eventually led to different degrees of improvement in fracture toughness.  

(3) Increasing the PEI content in the modified blends, resulted in an increase in the value of the 

fracture toughness. A sharper increase was noticed at the highest PEI content (20 wt%) in both 

systems where the existence of a co-continuous morphology was established. 

(4) Different fracture behaviour, and hence energy dissipation mechanisms, was observed following 

a fractography study of the fracture surfaces. Plastic deformation (stretching) of the phase-

separated particles, followed by complete debonding, was the main feature observed in blends at 

lower TP content (≤10 wt%). Particle deboning was found to be replaced, nearly completely, 
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with particle rupture following plastic deformation at the PEI content of 15 wt% and above in 

both epoxy systems. Plastic deformation and debonding or tearing (crack bridging) together with 

shear banding were found to be the prevailing energy dissipation mechanisms leading to the 

measured enhancements in fracture toughness of the modified blends.  
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Highlights 

� Phase morphology of thermoplastic modified different epoxy resins was investigated. 

� Functionality of epoxy had great impact on phase morphology of modified epoxy. 

� Modified epoxy with different functionality presented different fracture toughness.  

� Energy dissipation mechanisms of different modified epoxy resin were clarified.  


