
Journal Pre-proof

Novel co-bonded thermoplastic elastomer-epoxy/glass hybrid composites: The effect
of cure temperature on the interphase morphology

Gusthavo Ribeiro Salomão, Hubert Gojzewski, Ozan Erartsin, Ismet Baran

PII: S0142-9418(22)00257-4

DOI: https://doi.org/10.1016/j.polymertesting.2022.107736

Reference: POTE 107736

To appear in: Polymer Testing

Received Date: 30 May 2022

Revised Date: 12 July 2022

Accepted Date: 5 August 2022

Please cite this article as: G. Ribeiro Salomão, H. Gojzewski, O. Erartsin, I. Baran, Novel
co-bonded thermoplastic elastomer-epoxy/glass hybrid composites: The effect of cure
temperature on the interphase morphology, Polymer Testing (2022), doi: https://doi.org/10.1016/
j.polymertesting.2022.107736.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2022 Published by Elsevier Ltd.

https://doi.org/10.1016/j.polymertesting.2022.107736
https://doi.org/10.1016/j.polymertesting.2022.107736
https://doi.org/10.1016/j.polymertesting.2022.107736


Novel co-bonded thermoplastic elastomer-epoxy/glass hybrid composites: 

the effect of cure temperature on the interphase morphology 

Gusthavo Ribeiro Salomãoa, Hubert Gojzewskib, Ozan Erartsina, Ismet Barana,* 

a Production Technology Group, Faculty of Engineering Technology, University of Twente, P.O. Box 217, 

Drienerlolaan 5, 7522 NB Enschede, The Netherlands 

b Sustainable Polymer Chemistry, Department of Molecules & Materials, Faculty of Science and Technology, 

University of Twente, 7522 NB Enschede, The Netherlands 

* Corresponding author: Ismet Baran; E-mail address: i.baran@utwente.nl; Phone: +31534896971 

Abstract 

High adhesion strength in hybrid composites is a decisive factor for their widespread use in lightweight 

structures. The bond strength of co-bonded thermoplastic-thermoset composites is largely influenced by the 

interphase thickness and morphology, which are controlled by the cure and diffusion kinetics. Hence, this 

study aims to characterize the interphase of a hybrid composite comprised of thermoplastic elastomer (TPE) 

co-bonded to glass fiber reinforced epoxy (epoxy/glass) by correlating the cure temperature with the 

interphase thickness and morphology. The interphase thickness is analyzed with light microscopy, while the 

morphology is studied with scanning electron microscopy (SEM) and atomic force microscopy (AFM) 

employing the PeakForce quantitative nanomechanical mapping mode (PF-QNM). The relationship between 

interphase thickness and cure temperature is investigated by assessing the diffusion and cure kinetics with a 

rheometer. It was observed that phase separation took place at the interphase, while the interphase 

thickness and morphology depended on cure temperature. 
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1 Introduction 

The sustainability goals established by the several energy transition policies across the world have increased 

the demand for advances in renewable energy and transportation technology to reduce emissions. In this 

sense, owing to the high strength- and stiffness-to-weight ratio offered by fiber-reinforced composites, the 

development of such materials has been attracting growing investments to enable the manufacturing of 

lighter aeronautical and automotive structures, hence improving fuel economy, and reducing CO2 emissions 

[1–3]. Besides, to leverage the advantages offered by composites, joining techniques have enabled the 

fabrication of large composite structures with tailored properties from thermoplastic (TP) and thermoset 

(TS) composites, resulting in the so-called hybrid composites. However, the joining of TP-TS hybrid 

composites remains a challenge in producing strong, reliable, and cost-effective composite structures due to 

the lack of knowledge of the bonding mechanisms in the joint [4]. 

To manufacture a TP-TS hybrid composite, co-bonding (with or without adhesives) and secondary bonding 

can be used. Compared to mechanical fastening [5], these bonding methods offer better stress distribution 

and structure lightening [6]. Co-bonding with adhesives is based on the application of an adhesive between 

an uncured TS part and a cured TP part, while in co-bonding without adhesives, or direct co-bonding, the 

uncured TS and cured TP parts are placed in direct contact. Secondary bonding, on the other hand, is based 

on applying an adhesive between two cured parts. Considering the joining process, secondary bonding 

incurs an additional manufacturing step compared to co-bonding since the TS composite part and the 

adhesive are cured in different manufacturing steps. Furthermore, the use of an adhesive introduces an 

additional adhesion mechanism to the system, which increases its complexity and often requires surface 

treatment [6], making direct co-bonding a promising technique for the cost-effective production of TP-TS 

hybrid composite structures. Indeed, direct co-bonding has been attracting attention not only in the 

manufacturing of TP-TS hybrid composites [7,8] but also in TS-TS composite welding [9–11] since a TP film 

can be co-bonded to a TS part as a boundary layer to make welding of TS parts possible. 
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Although the bonding mechanisms involved in direct co-bonding are not fully understood, it is known that 

the bond strength is mainly controlled by the interdiffusion of molecular chains and reaction-induced phase 

separation (RIPS) process, which create an interpenetrating polymer network (IPN) at the bonding interface 

of the joint, resulting in an interphase that can be characterized by a morphological gradient [7,9,12,13]. 

1.1 Interphase formation 

The interdiffusion starts when a soluble pair of reactive TS resin and solid TP is placed in contact at a set 

temperature. The initial solubility, characterized by the thermodynamic affinity of the material pairs, is the 

driving force for the dissolution of TP chains by the TS components and subsequent mutual diffusion [4]. As 

curing progresses, the molecular weight of the TS resin increases, reducing its viscosity and therefore the 

ability to diffuse, ultimately leading to a shift in the binodal and spinodal curves [14]. Eventually, the binodal 

curve or the critical point crosses the cure temperature and triggers a RIPS, which can form a morphological 

gradient in the interdiffusion zone [12]. The phase separation process, however, does not necessarily occur. 

Some TP-TS blends can remain as a single-phase mixture after the TS resin cures [15]. Phase separation will 

thus depend not only on temperature, molecular weight, and concentration, but most importantly on the 

miscibility and compatibility between the constituents of the TP-TS system. 

The RIPS process, taking place in presence of the composition gradient, can result in the formation of a 

morphological gradient. The resulting morphology depends on the mechanisms of phase separation, driven 

by the thermodynamics, and on the diffusion and cure kinetics of the system [12]. According to Sonnenfeld 

et al. [13], in regions of high TS content, the phase separation process occurs via nucleation and growth and 

results in the so-called sea-island morphology, characterized by TP-rich spherical domains dispersed into a 

TS-rich continuous phase. In regions of low TS content, a nodular structure made of dispersed TS-rich 

nodules in a TP matrix is formed by nucleation and growth. In regions of intermediate concentrations, if it is 

located at the critical point in the phase diagram, a co-continuous morphology, characterized by two 

continuous phases in a three-dimensional space, can be formed by spinodal decomposition. Though, it is 

Jo
urn

al 
Pre-

pro
of



important to mention that at the critical point a co-continuous phase does not necessarily form since its 

formation also depends on the viscosity of the TS at phase separation [12]. 

As previously mentioned, several studies from the literature reported that the resulting bond strength of the 

TP-TS interface is influenced by the combination between interdiffusion and RIPS, which creates an IPN at 

the interdiffusion zone [12,16,17]. Therefore, by changing the cure and diffusion kinetics of the system (via 

modifications in the cure cycle), it becomes possible to finely tune the resulting morphology of the 

interphase, hence enabling the optimization of the mechanical properties of TP-TS hybrid composites, such 

as the fracture toughness [17,18]. In this sense, Zanjani et al. [4] studied the effect of processing parameters 

on the interphase thickness and morphology of TP-TS systems. It was found out that the interphase 

thickness is mainly controlled by a competition between diffusion and cure kinetics, where fast diffusion and 

slow curing promote a thicker interphase. Besides, a softer physical state of the TP was associated with an 

increase in diffusion rate since the physical state influences the molecular mobility and thus the rate of 

penetration of TS species into the TP structure. Hence, they characterized the interphases of various TP-TS 

systems by evaluating the viscosity of the TS resin and the physical state of the TP as indices of diffusion 

kinetics, and the gelation time as an index of cure kinetics and diffusion termination time. 

Regarding research on the influence of the interphase in polymer nanocomposites (PN), Zare et al. [19] 

developed a model for predicting the viscosity of polymer carbon nanotube nanocomposites (PCNT) 

considering the interphase thickness surrounding the nanoparticles. It was found out that the interphase 

thickness plays a major role in the viscosity of PN, where a high concentration of carbon nanotubes (CNT) 

and thick interphase increased the viscosity. Other studies showed through models and experimental data 

that the interphase thickness plays a major role on the electrical conductivity of PN. It was revealed that a 

thicker interphase increases the electrical conductivity, which was linked to the increase in the networking 

of interphase regions around nanoparticles, promoting the formation of a percolated structure in the 

nanocomposite before the percolating threshold of the nanoparticles [20–23].  
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The interphase was reported to positively affect the mechanical properties of PN. Zare et al. [24] developed 

a model based on the Takayanagi model to predict the tensile strength of PCNT, which considered the 

interphase between the polymer matrix and the nanoparticles, and evaluated it with experimental data. It 

was observed that thicker interphase and stronger interfacial interaction/adhesion promoted the greatest 

effects on improving the tensile strength of PCNT, even at low nanofiller fractions, due to the interphase 

lowering the percolation threshold of the nanoparticles. Similarly, Zare et al. [25] highlighted the importance 

of nanoparticle size and interfacial adhesion on the interphase strength, and hence the yield strength of PN. 

Related findings were observed for polymer/clay nanocomposites (PCN) in a study performed by Zare et al. 

[26], where a model for predicting the Young’s modulus of PCN was developed based on a micromechanics 

model. It was demonstrated with the model that higher interphase volume fraction and interfacial 

interaction/adhesion, hence a thick and strong interphase, increase the Young’s modulus of PCN. 

Additionally, Zare [27] evaluated the incomplete interfacial adhesion in PCN samples using a model and 

experimental data and reported that a strong interphase promotes an increase in the Young’s modulus of 

PCN. For nanocomposites containing spherical nanoparticles, it was revealed through the use of a model 

that thicker and stiffer interphases increased the final Young’s modulus of samples [28]. Overall, the 

developed models conformed well to the experimental results. However, the importance of the interphase 

role on the tensile modulus of nanocomposites was highlighted when the interphase was neglected in the 

developed models, which resulted in underpredicted results. The same effect was demonstrated by Zare et 

al. [29] for ternary PN containing two nanofillers. 

Several works investigated the connection between the interphase and network of nanoparticles in PN. 

Some researchers developed models for predicting the tensile modulus [30–32] and strength [33] of PCNT 

above the percolation threshold, assuming the dispersion and networking of nanoparticles. It was found out 

that the radius of the CNT and the interphase thickness controlled the tensile modulus and strength of 

PCNT, where thin and long CNT, in addition to a thick interphase, enhanced the volume fraction of 

interphase and resulted in increased modulus and strength. It was finally observed that thin nanoparticles 
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promoted better interfacial interaction/adhesion between the polymer and nanoparticles, consequently 

thickening the interphase region. Similarly, in a study focused on modeling the tensile modulus of PCN, the 

best modulus was achieved by the thinnest clay layers and the thickest interphase between polymer and 

clay [34]. Furthermore, it was observed that the tensile modulus improved as the concentration and 

modulus of the interphase increased. In another study, Zare et al. [35] reported that a thick interphase can 

shift the percolation threshold to a low filler concentration and expand the networks to increase the storage 

modulus in PCNT. As a result, the storage modulus of PCNT was observed to be directly controlled by the 

interphase modulus and thickness. 

Finally, it is important to mention that, while the characteristic length scale of the interphase between two 

incompatible and amorphous TPs is bound by the radius of gyration of the macromolecules (in the range of 

2 to 50 nm) [36], in TP-TS systems, where the TS resin can start as a low-viscosity mixture of a two-

component system, e.g. epoxy and diamine, long-range diffusional currents can occur, leading to larger 

length scales in the order of microns [37,38]. Such diffusional currents are driven by the high mobility of the 

TS precursors, the thermodynamic driving force, and the cure kinetics of the system [37]. 

1.2 Diffusion kinetics 

The resulting concentration profile in the interdiffusion zone was reported to be controlled by the type of 

diffusion, which can be categorized into Fickian and non-Fickian diffusion [7,13]. The former results in a 

smooth concentration profile since it represents a diffusion without molecular relaxation [13]. The latter, on 

the other hand, presents a visible penetration front that configures a sharp concentration profile, and can be 

categorized as case II diffusion (sharpest concentration profile, dominated by molecular relaxation) or 

anomalous diffusion (between Fickian and non-Fickian diffusion) [4,13]. Hence, considering the 

morphological gradient formed in the interdiffusion zone is concentration-dependent, it is important to 

identify the type of diffusion from the concentration profile to further understand the morphology trends 

and optimize the interphase of a TP-TS system. 
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Considering two-component epoxy resins, it was found out through experimental observations and 

modeling that the epoxide and amine molecules diffuse at different rates and are subject to slightly different 

mechanisms [39–41]. In one of the studies, Villegas et al. reported that the penetration front showed two 

distinct boundaries [41]. These two boundaries could have likely been caused by potentially different 

diffusion rates of the different monomers of the epoxy system. In another work, Rajagopalan et al. observed 

that the diffusion of epoxide molecules depends on the degree of curing, swelling, and temperature, while 

the diffusion of amine molecules depends on both the degree of curing and temperature, but not on 

swelling [40]. Finally, Immordino et al. claimed that in polysulfone-epoxy systems the amine is the main 

responsible for the dissolution of the TP. Therefore, this swelling behavior promoted by the amine creates 

more free volume and facilitates the diffusion of epoxy chains [42]. 

As mentioned above, research was carried out to investigate the effect of processing conditions on the 

interphase thickness and morphology of several TP-TS systems. However, to the authors’ knowledge, there 

are no studies elaborating on the effects of cure temperature on the interphase thickness and morphology 

of co-bonded TPE-epoxy/glass hybrid composites. This novel material combination can be used in a wide 

range of engineering applications requiring a tough, impact-resistant coating (such as a TPE) on the surface 

of a main body with high strength and stiffness (such as glass/epoxy structures). Furthermore, in this work, 

we were able to obtain the mechanical properties (Young's modulus) of the interphase through AFM 

employing the PF-QNM, which paves the way for predicting the mechanical behavior of co-bonded hybrid 

composites. Besides, we also elaborated on the effect of fibers on the interphase thickness of hybrid 

composites by analyzing neat polymer and composite samples cured using the same cure cycles. 

Hence, in this study, the interphase of a TPE-epoxy/glass hybrid composite is characterized by correlating 

the processing conditions with the interphase properties. The correlation procedure involves manufacturing 

neat polymer (TPE-epoxy) and composite (TPE-epoxy/glass) samples and then analyzing their interphase 

thickness via light microscopy and their interphase morphology via SEM and AFM. The neat polymer 

samples are studied to eliminate the effect of fibers and to investigate the trend in interphase thickness over 
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a large temperature window ranging from 9 to 60°C. The observed trends in interphase thickness and 

morphology are linked to the chemo-rheological and physical properties of the materials, which are 

experimentally studied with a rheometer and a differential scanning calorimeter, respectively. 

2 Materials and methods 

2.1 Materials 

The polymers used in this work were a TPE, an infusion epoxy and its amine-based curing agent, and an 

embedding epoxy and its amine-based curing agent. The TPE was a block copolymer with a glass transition 

temperature below the temperatures used in this work and was supplied as a 0.7 mm thick extruded sheet. 

2.2 Co-bonding 

To investigate the influence of processing parameters and the effect of fibers on the interphase thickness 

and morphology, neat polymer and composite samples were manufactured for interphase analysis.  

2.2.1 Neat polymer samples 

The neat polymer samples were manufactured by embedding 20 mm by 20 mm pieces of the TPE in 

embedding cups (25 mm in diameter) using the infusion epoxy. To explore the effect of cure temperature on 

the interphase thickness and morphology, isothermal temperatures of 9°C, 22°C, 30°C, 40°C, 50°C, and 60°C 

were chosen for curing the neat polymer samples, while all samples were post-cured at 80°C for 8h to 

ensure full conversion of the epoxy system. Three samples were manufactured for each temperature.  

Cure cycles at temperatures above 22°C were carried out in a preheated oven (Plus II Incubator, 

Gallenkamp). Samples cured at 9°C and 22°C were cured in a fridge and a fume hood, respectively. The 

temperatures of the fridge and fume hood were measured with a K-type thermocouple connected to a 

datalogger (K204, Voltcraft). Table 1 lists the neat polymer samples used in this work. To identify the 

samples, the following code is used: prefixes “N” and “comp” mean neat polymer sample and composite 

sample, respectively, while numbers represent the cure temperature. 
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Table 1: Names attributed to neat polymer samples based on cure temperature. 

Name N_9 N_22 N_30 N_40 N_50 N_60 

Cure temperature 9°C 22°C 30°C 40°C 50°C 60°C 

 

2.2.2 Composite samples 

The hybrid composite laminates were manufactured by infusing dry glass fabric laid on the TPE with the 

infusion epoxy system via vacuum-assisted resin transfer molding. Three laminates were manufactured at 

different isothermal temperatures, namely 22°C, 40°C, and 50°C, and post-cured at 80°C for 8h to ensure full 

conversion of the epoxy system. The resulting TPE-epoxy/glass laminates were then cut into 20 mm by 20 

mm samples for embedding, which were 4 mm thick. 

The sample preparation process for interphase analysis of composite samples involved embedding the 

samples in embedding epoxy and then curing at room temperature, followed by polishing of the cross-

section. To illustrate, Figure 1 reveals pictures and schematics of the neat polymer and composite samples, 

while Table 2 lists the hybrid composite laminates used in the experiments of this work. The suffix 

“lowvacuum” means the laminate was infused at a gauge pressure of -0.6 bar, while the other laminates 

were infused at a gauge pressure of -0.9 bar. 

 

Figure 1: Pictures and schematics of the neat polymer and composites samples. 
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Table 2: Names attributed to composite samples based on cure temperature and pressure. 

Name comp_22 comp_40 comp_50 comp_50_lowvacuum 

Cure temperature 22°C 40°C 50°C 50°C 

 

The layup scheme of the laminates is shown in Figure 2. In this layup, the mold’s perimeter was first covered 

with gum tape and a polyimide film. Then, a 300 mm by 200 mm piece of TPE was placed on the mold. Next, 

8 layers of biaxial glass fiber fabrics were stacked on top of the TPE sheet. The following steps involved 

adding the peel ply, flow mesh, breathing fabrics, inlet/outlet hoses, and vacuum bag. 

 

Figure 2: Layup scheme showing the section view of the complete layup. 

The infusion process followed in the manufacturing process of all laminates is illustrated in Figure 3. The 

inlet hose, representing the feed line, was used to connect the inlet of the sealed mold to the resin recipient 

containing the degassed reactive resin. Similarly, the outlet hose, which represents the vacuum line, 

connected the outlet of the mold to the inlet of the vacuum pump. A pressure gauge was attached to the 

vacuum line with a three-way barbed fitting. Then, two clamps were attached to the feed and vacuum lines 

for controlling the pressure and resin flow. 
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Figure 3: Schematic representation of the infusion setup. 

In the infusion process, the feed line was first fully clamped while the vacuum line was left unclamped. The 

vacuum pump was then turned on, vacuuming the mold. When the pressure gauge indicated -0.9 bar, the 

feed line was unclamped until resin started to flow. All layups were infused at a gauge pressure of -0.9 bar, 

but right after the infusion of the layup related to comp_50_lowvacuum, specifically, the gauge pressure 

was changed to -0.6 bar. Then, the infused layup was moved to the preheated oven at the set pressure. 

During the infusion process, a preheated mold was used to maintain the desired cure temperature during 

the steps of infusion and curing. 

2.3 Interphase characterization 

To characterize the interphase of the TPE-epoxy/glass system, the chemo-rheological behavior of the 

reactive resin, the physical properties of the TPE, and the interphase thickness and morphology of the neat 

polymer and composite samples were investigated with the use of several techniques. 

2.3.1 Chemo-rheology of the epoxy-amine system 

To assess the viscosity and gelation time of the epoxy resin according to temperature, a rheometer (MCR-

501, Anton Paar Physica) was used in parallel plate mode. Rotating and stationary plates measuring 25 mm 

and 50 mm in diameter, respectively, were used. 

The viscosity of the unreacted epoxy resin was assessed with steady shear viscosity tests, while the viscosity 

of the epoxy-amine system was gathered from [43]. The gelation time of the reactive resin was estimated 

with oscillatory shear tests performed at isothermal temperatures. The gel point was considered as the time 
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at which storage and loss moduli cross each other, which is commonly used as an approximation of the 

interdiffusion termination time [4]. Besides, prior to each experiment, the rheometer oven was kept at the 

set temperature for 30 minutes. Table 3 and Table 4 summarize the settings used in the rheometer. 

Table 3: Rheometer settings used for assessing the steady shear viscosity from 22 to 60°C. 

Material Gap [mm] Shear rate [1/s] Temperature ramp [°C/min] 

Epoxy 0.3 1 1.5, 6, 12 

 

Table 4: Rheometer settings used for assessing the gelation time at various isothermal temperatures. 

Material Gap [mm] Strain [%] Frequency [Hz] Isothermal temperatures [°C] 

Epoxy-amine 0.2 5 1 22, 30, 40, 50, 60 

 

2.3.2 Differential scanning calorimetry of the thermoplastic elastomer 

To investigate the changes in the physical state of the TPE along the cure temperatures considered in this 

work, a differential scanning calorimeter (DSC 250, TA instruments) was used in the heat flux mode to 

measure the heat flow from the sample during a temperature ramp of 10 K/min from -60 to 100°C. The 

sample was a 5 mg piece of the TPE used in this work, which was placed in the sample pan. The reference 

pan was kept empty. 

2.3.3 Light microscopy 

To visualize the interphase thickness, all embedded samples were polished in a polishing machine (Tegramin 

30, Struers) and then analyzed in a digital microscope (VHX-7000 equipped with VH-Z100UR lens, Keyence). 

In composite samples, the presence of fibers close to the interphase was observed to affect its thickness 

locally. More specifically, due to the localized features of the glass fiber ply in composite samples, fiber- and 

matrix-rich regions were created, leading to an interphase with variable thickness. In such case, local 
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measurements are not representative. Thus, a method for calculating the average interphase thickness of 

each composite sample was used. The method involved calculating the total area of a 10 mm long section of 

the interphase and then dividing the area by its length to arrive at the average thickness of the section. To 

calculate the mean interphase thickness of each composite configuration, the method was performed in 

three samples of the same configuration. Besides, the 10 mm sections contained every feature of the glass 

fabric, such as the stitching, inter-tow gaps, and fiber bundles, hence being representative of the composite. 

2.3.4 Scanning electron microscopy 

To investigate the interphase morphology of the embedded samples, SEM was used. The sample 

preparation process involved gold coating the polished surfaces of samples N_22, N_50, and 

comp_50_lowvacuum in a coater (JFC-1300, JEOL), which applied an approximately 100 nm thick layer. 

2.3.5 Atomic force microscopy 

The nanomechanical properties of the interphase of neat polymer and composite samples were measured 

by AFM (Multimode AFM with the JV vertical engage scanner, both controlled by NanoScope V controller; 

Bruker, USA). Each sample was mapped using the PF-QNM in 6 zones, which are approximately represented 

in Figure 4. This mode captures, among others, surface topography (height) and surface stiffness (Young’s 

modulus maps) data. These data were chosen as the most relevant for the discussion. The zones were 

created to study the regions encompassing the pure epoxy phase, interphase, and pure TPE phase. 

The cantilevers used in the experiments (RTESPA-300, Bruker) were selected based on the expected moduli 

of the rigid part of the interphase. Used cantilevers were of a nominal spring constant of 40 N/m and a 

nominal tip radius of 8 nm. The AFM optical sensitivity (deflection sensitivity) was “reverse” calculated using 

thermal tune method based on the cantilever spring constant nominal values [44]. In the AFM software 

(NanoScope, version 9.7, Bruker) the scanning parameters (scan rate, feedback loop, applied load, etc.) were 

set to “off” in order to apply dedicated constant value, allowing the data comparison. 262.144 (512 x 512) 

force-distance curves per image/map were collected following a sine-wave sample-tip trajectory with a 
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frequency of 1-2 kHz and utilizing a peak-force amplitude value of 10-50 nm. The raster-scanning (while 

vibrating) was made slow to allow the AFM system to track the surface at the best (less than 7.5 µm/s). 

 

Figure 4: Micrographs containing the approximate locations of the AFM zones (highlighted in red) in samples 

N_22 (left), N_50 (middle), and comp_50_lowvacuum (right). All AFM zones are 20 µm by 20 µm. 

The Young’s modulus was determined by fitting the slope of the extended part of force-distance curves, 

employing the Derjaguin, Muller, and Toporov (DMT) model of contact mechanics [45], with the following 

equation: 

E = (FL − Fadh)
3(1 − ν2)

4
R−

1
2(z − d)−

3
2 

where: FL – the applied maximum force (load), Fadh – the adhesion force, ν – the Poisson’s ratio, R – the 

AFM tip radius, z – the position of the AFM scanner; d – the cantilever deflection. 

The Poisson’s ratio value was set to 0.42 in the AFM software, as representing all material phases, and a 

nominal tip radius was used to perform the calculation of estimated Young’s modulus values. Other values 

(FL, Fadh, z − d) needed to perform the calculation of the Young’s modulus based on the DMT theory were 

extracted from force-distance curves. 

Measurements were performed in air, at a controlled temperature (21°C), and relative humidity (~45 %). 
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3 Results and discussion 

3.1 Cure and diffusion kinetics 

The steady shear viscosity graph of unreacted epoxy and epoxy-amine in Figure 5a shows that the viscosities 

of both decrease logarithmically when temperature linearly increases. Furthermore, it can be seen from the 

same graph that the addition of amine lowers the viscosity of the epoxy resin. Besides, the presence of 

amine reduces the rate of reduction in viscosity compared to unreacted epoxy. 

Regarding the temperature ramps shown in Figure 5a, it is observed that they exert no significant influence 

on the development of the unreacted epoxy’s viscosity. The waviness seen in the results must be attributed 

to the rotation of the rheometer head and not to the sample since the same effect is seen in the graph for 

different temperature ramps, and therefore different samples. Although the waviness is visible for 6°C/min 

and 12°C/min ramps, it is not visible for the 1.5°C/min ramp because it had the lowest sampling rate. 

Nonetheless, the effect of the waviness on the trendline is assumed to be negligible due to the sinusoidal 

shape that balances out the positive and negative errors relative to the trendline. 

Now, if the vertical axis of Figure 5a is changed from logarithmic to a linear scale, the results from the 

gelation time assessment can be plotted on the same graph window but on a secondary vertical axis, as 

shown in Figure 5b. This adaptation facilitates the study of diffusion versus cure kinetics since they are 

strongly linked to viscosity and gelation time, respectively, and are among the most influential factors in the 

interdiffusion process, as reported in Section 1.1. 

To analyze the graph in Figure 5b, it must be recalled that the tendency to produce a thicker interphase is 

increased by having slow cure kinetics and fast diffusion kinetics, that is, long gelation time and low 

viscosity. If this analogy is used to analyze the graph, samples cured at 40°C would result in the largest 

interdiffusion depth if the viscosity of unreacted epoxy is compared to the gelation time. If instead the 

difference between gelation time and the viscosity of the epoxy-amine system is considered, then lower 

temperatures would result in a thicker interphase. However, focusing only on viscosity and gelation time to 
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estimate which cure temperature would lead to the thickest interphase is not sufficient since the 

interdiffusion process also depends on the physical state of the TPE, as mentioned in Section 1.1. 

 

Figure 5: Steady shear viscosity versus temperature (a) and steady shear viscosity and gelation time versus 

temperature (b). The blue and orange trendlines represent the development of the viscosity of pure epoxy 

and epoxy-amine [43], respectively. The yellow trendline represents the development of the gelation time. 

The DSC scan of the TPE is shown in Figure 6. Considering the block copolymer structure of the TPE, the 

zoomed-in region representing the cure temperatures used in this work indicates that between 40°C and 

60°C there could be partial melting of crystallites due to the increase in the endothermic heat flow rate 

towards the endothermic peak observed at approximately 67°C [46], meaning that higher molecular 

mobility of the TPE chains could be expected at these temperatures [4]. 
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Figure 6: DSC scan in heat flux mode of the TPE (left) and zoomed-in view of the scan (right). The heat flow is 

normalized with respect to the mass of the TPE sample. 

3.2 Interphase thickness via light microscopy 

The optical micrographs of the interphase of neat polymer samples are shown in Figure 7. Samples cured at 

9°C, 22°C, and 30°C showed an interphase with two distinct regions: a thick region, visually darker than the 

pure TPE phase, adjacent to the pure epoxy phase and a thin region, visually lighter than the pure TPE 

phase, adjacent to the pure TPE phase. The latter could be associated with the penetration front since this 

region penetrated the deepest into the TPE. Considering the samples cured at 40°C, 50°C, and 60°C, apart 

from the aforementioned regions, a third region was identified in between the pure epoxy phase and the 

thick region of the interphase, represented by a thin transition zone. 
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Figure 7: Compilation of micrographs showing the interphase of all neat polymer samples. Black annotation: 

thick region of the interphase. Green annotation: penetration front. Blue annotation: transition zone. 

Figure 8a shows the average interphase thickness of neat polymer samples in a bar chart. It is observed that 

the interphase thickness linearly increased from 9 to 50°C. Considering the trends depicted in Figure 5b, the 

long gelation time but high epoxy viscosity expected at 9°C led to the thinnest interphase. In samples cured 

at 22°C, 30°C, and 40°C, the faster rate of reduction in viscosity compared to gelation time led to a trend of 

increasing interphase thickness. Comparatively, from 40 to 50°C, the viscosity’s reduction rate was lower, 

but the possible partial melt of crystallites, as indicated in Figure 6, could have led to higher molecular 

mobility in the TPE, facilitating the diffusion of epoxy chains into the TPE structure. Finally, from 50 to 60°C 

the decrease in interphase thickness could be linked to the small change in viscosity compared to the 

gelation time, leaving a small window of time for diffusion, even though it is likely that there was more 

melting of crystallites in the TPE at 60°C. 

A different perspective on the trends in interphase thickness is shown in Figure 8b. In this chart, the average 

thickness of each region of the interphase of neat polymer samples is represented in a stacked bar style. The 
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chart indicates that swelling continuously increased with temperature and presented slight increments from 

9 to 40°C due to the observed reduction in resin viscosity, while from 40 to 60°C swelling considerably 

increased, which is likely a consequence of the structural changes in the TPE. Besides, it can be observed 

from Figure 8b that the transition zone only appeared at higher temperatures and tended to thicken as the 

temperature increased. Also, the penetration front was the thickest at 9°C and the thinnest at 50°C. Lastly, it 

is seen that the thickness of the thick region of the interphase continuously increased up to 50°C. 

 

Figure 8: Interphase thickness versus cure temperature for neat polymer samples (a) and stacked thickness 

of the interphase regions and swelling behavior versus cure temperature for neat polymer samples (b). 

Figure 9 shows the local variations in interphase thickness in composite samples according to cure 

temperature. In all samples, the interphase thickness in matrix-rich regions was the highest, which is 

probably due to the lower number of fibers in these regions to obstruct the diffusion of epoxy and amine 

precursors. Indeed, regarding the effect of fibers on the interdiffusion process, it was reported that the 

presence of fibers when co-curing a TS-TS composite reduced the interphase thickness [47]. This effect was 

claimed to be associated with the geometrical constraints imposed by the fibers on the diffusion process. 

This, however, needs to be investigated in the case of co-bonded TP-TS systems. 
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The possible obstruction of the mobility of such precursors by the presence of fibers is likely the reason that 

led to a thinner interphase in fiber-rich regions. As shown in Figure 9, only samples cured at 40°C and 50°C 

showed a transition zone. Besides, it can be observed that the transition zone is visible in matrix-rich regions 

but not near fiber-rich regions. This could also be linked to the influence of fibers on the diffusion process. 

 

Figure 9: Local interphase thickness at fiber- and matrix-rich regions of the composite samples. The area in 

red illustrates part of the region considered for calculating the mean interphase thickness. Blue annotation: 

transition zone. Black annotation: thick region of the interphase. 

Figure 10 shows a bar chart comprising the interphase thickness of all samples considered in this work. The 

chart shows that the average interphase thickness of composite samples is considerably lower than neat 

polymer samples. According to the observations made in this section, the decrease in thickness is believed 

to be greatly influenced by fiber-rich regions in composite samples. 
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Furthermore, sample comp_50_lowvacuum showed the thickest interphase among composite samples. This 

is expected to be related to the different vacuum pressure that was employed during the infusion process 

that originated the sample. The lower vacuum pressure could have led to a reduction in fiber volume 

fraction in fiber-rich regions and, consequently, increased the sample’s average interphase thickness. 

 

Figure 10: Interphase thickness versus cure temperature of all samples analyzed with light microscopy. 

3.3 Interphase morphology via scanning electron microscopy 

Figure 11 shows two SEM images of sample N_22. The micrograph in Figure 11a depicts the boundary 

between the interphase and the pure epoxy phase. In the interphase region, a nodular morphology is seen, 

with nodule size averaging 0.1 μm. Additionally, considering Figure 11b, which represents a location on the 

right side of the region shown in Figure 11a, it is observed that the nodules decrease in size in the direction 

away from the pure epoxy phase and towards the pure TPE phase, configuring a gradient nodular 

microstructure. 
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Figure 11: SEM images showing the boundary between the interphase and pure epoxy phase (a) and the 

region of nodular microstructure (b) of sample N_22. Compared to Figure 7, the sample is rotated by 90°. 

On the other hand, the interphase morphology of sample N_50, shown in Figure 12, presented a few 

differences compared to N_22. Regions 1 and 2 in Figure 12 show a sea-island morphology composed of TPE 

islands, which decrease in concentration and size towards the pure epoxy phase, dispersed in a sea of epoxy.  

This morphology is commonly associated with the dissolution of the TP by the solvent-like TS monomers at 

the early stages of the curing process [13]. Regions 2 and 3 show that the transition zone is as a co-

continuous morphology since this is a pattern that is typically reported in the literature for co-continuous 

morphology [12]. It appears in this pattern because both phases are continuous only in a three-dimensional 

space, and here a two-dimensional section of the structure is shown. Regions 3 and 4 show a gradient 

nodular microstructure in the interphase, similar to the one observed in sample N_22 but featuring larger 

nodules of around 1 μm in diameter, which decrease in size towards the pure TPE phase. Regions 5 and 6 

show features that resemble wave ripples, hereafter called wave marks, at the boundary between the 

interphase and pure TPE phase, that is, where the penetration front is expected to be. While region 5 shows 

nodules decreasing in size and becoming almost invisible near the wave marks, region 6 shows with a higher 

magnification level that nodules are still present but only in the first one or two wave marks. 
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Figure 12: SEM image of the interphase of sample N_50. The red numbers, boxes, and arrows in the top 

image indicate the approximate locations of micrographs 1 to 6. Compared to Figure 7, the sample is rotated 

by 90°. 
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SEM images of the interphase of samples N_50 and comp_50_lowvacuum are shown in Figure 13. A thinner 

co-continuous morphology can be observed in sample comp_50_lowvacuum, which could be related to the 

presence of fibers nearby, as explained in Section 3.2. Both samples show nodular morphologies with 

nodules of similar sizes, as well as wave marks showing similar orientation. The white marks which are seen 

on the surface of sample comp_50_lowvacuum are silica particles from the suspension fluid used in the 

polishing process. Both samples were polished the same way, but sample N_50 was sonicated afterwards. 

 

Figure 13: SEM images showing the interphase morphology of samples comp_50_lowvacuum (a) and N_50 

(b). The morphology bound by the blue dashed lines is co-continuous. 

3.4 Interphase mechanical properties via atomic force microscopy 

The height images and Young’s modulus maps captured by AFM on sample N_22 are shown in Figure 14. 

Zone 1 shows a region of rather constant elasticity (Young’s modulus around 3 GPa), which is the pure epoxy 

phase. Zone 2 shows the boundary between the pure epoxy phase and the interphase, which is represented 

by a transition from sea-island (left) to nodular morphology (right). The Young’s modulus map and the 

section modulus profile of this zone indicate that the former morphology is characterized by TPE-rich 

inclusions of Young’s modulus of around 1 GPa dispersed in epoxy, while the latter is composed of epoxy-

rich nodules surrounded by a TPE-rich internodular region. Zone 3 shows that the nodular microstructure is 

a gradient morphology, as nodules of approximately 0.1 µm decrease in size towards the pure TPE phase. 

Furthermore, it is observed through the section modulus profiles of zones 4, 5, and 6 that the epoxy 
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concentration in the nodules and internodular region continuously decreases since both the peaks (Young’s 

modulus of epoxy-rich nodules) and valleys (Young’s modulus of TPE-rich internodular region) gradually 

decrease towards the pure TPE phase, as well as the amplitude between peaks and valleys. Hence, it is 

believed that the concentration profile was influenced by both the reduction in nodule size and the changes 

in the concentration of TPE and epoxy in the nodules and surrounding phase. Besides, even though nodule 

size is seen to continuously decrease, nodules are still visible at the boundary between the interphase and 

the pure TPE phase, thus indicating that the penetration front, in this case, could be described as a nodular 

morphology. Some imaging features related to the sample preparation, or to the AFM surface tracking at 

relatively large scan sizes, are also visible, but could not be avoided and have no influence on the data 

interpretation, i.e., scratches due to the polishing process (lines in height images), local surface 

contamination (random bright spots in height images), or cantilever-/sample reflected laser light 

interference (wavy map). 
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Figure 14: Height images, Young’s modulus maps, and modulus horizontal sections of all zones indicated for 

sample N_22. 
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The results from the AFM study on sample N_50 are shown in Figure 15. As with N_22, zone 1 of sample 

N_50 shows the pure epoxy phase, while zone 2 shows a similar sea-island morphology but with larger TPE-

rich particles. On the other hand, zone 3 shows the presence of a co-continuous transition zone with TPE- 

and epoxy-rich continuous phases, situated between the sea-island morphology and the gradient nodular 

microstructure, which is in agreement with the SEM images shown in Figure 12. Compared to N_22, the 

appearance of the co-continuous morphology in sample N_50 is likely associated with the higher cure 

temperature, which led to a combination of resin concentration and local temperature in the phase diagram 

to trigger spinodal decomposition. Regarding the nodular morphology, although nodule size linearly 

decreased from zones 3 to 6 in both neat polymer samples, considerably larger nodules are observed in 

sample N_50, reaching diameters of 1 to 2 µm in zone 3. Furthermore, it is observed that in sample N_50 

the concentration of TPE and epoxy in epoxy-rich nodules and in the TPE-rich internodular region remained 

almost unchanged since the section modulus profile of zones 3 to 6 showed the same peaks and valleys and, 

therefore, the same amplitude. Hence, it is believed that the concentration gradient in sample N_50 was 

mostly controlled by the reduction in nodule size, rather than the combination between this factor and the 

changes in the concentration of TPE and epoxy in the nodules and surrounding phase, as in sample N_22. 
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Figure 15: Height images, Young’s modulus maps, and modulus horizontal sections of all zones indicated for 

sample N_50. 
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Considering the AFM study performed in composite samples, Figure 16 shows the height images and 

Young’s modulus maps of sample comp_50_lowvacuum. Regarding each zone specifically, zone 1 shows a 

sea-island morphology. The Young’s modulus profile of this region indicates that the islands are TPE-rich 

since the profile shows a drop from around 3 GPa to values below 500 MPa at the location of the islands. 

Zone 2 shows the co-continuous transition zone between the pure epoxy phase (left) and the nodular 

morphology (right), which is in agreement with the SEM image shown in Figure 13a. The Young’s modulus 

profile of this zone indicates that the co-continuous morphology has epoxy- and TPE-rich phases, similar to 

sample N_50. Zone 4 shows the region of the nodular morphology that is close to the boundary with the 

penetration front. In this zone, wave marks similar to the ones shown in Figure 13 are observed in the height 

image but are not visible in the Young’s modulus map. This supports the idea that the wave marks were not 

originated from the interphase formation process, but rather from the mechanical load of the polishing 

process, hence indicating that such features are not part of the interphase morphology. Furthermore, this 

zone shows a slight decrease in Young’s modulus compared to zone 3, which indicates that the 

concentration of epoxy decreased from zone 3 to zone 4. 
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Figure 16: Height images, Young’s modulus maps, and modulus horizontal sections of all zones indicated for 

sample comp_50_lowvacuum. 
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In zones 5 and 6, the Young’s modulus maps reveal much of a phase contrast, such as hard particles in a soft 

matrix, whereas the height images show a rather flat surface. These contrasting features may represent the 

hard and soft segments of the block copolymer structure of the TPE. Indeed, in the literature, AFM 

measurements on different block copolymer TPEs evidenced the presence of hard and soft domains as a 

contrasting hard phase surrounded by a soft background [48]. 

Most importantly, what sets zones 5 and 6 apart is the fact that while nodules are not visible in zone 5, the 

average Young’s modulus in this region is still higher than in zone 6. This is because from zone 4 to zone 5 

the concentration of epoxy decreased. At some point between these two zones, the concentration of epoxy 

and the local temperature could reach the single-phase region of the TPE-epoxy phase diagram, not 

triggering RIPS in zone 5. Hence, zone 5 could be part of the penetration front and is characterized by a 

single-phase mixture of TPE, in a relatively high concentration, and epoxy, in a lower concentration. In the 

end, this resulted in a slight increase in the average Young’s modulus of zone 5 compared to zone 6. 

Overall, to characterize the type of diffusion and compare the system studied in this work with others in the 

literature, the Young’s modulus profile of the entire interphase thickness of each sample could be captured 

and compared in a single graph window against a normalized interphase thickness. This way, the changes in 

Young’s modulus along the interdiffusion depth can be correlated with the concentration gradient, which 

can be complemented by spectroscopy studies. 

4 Conclusions 

In this work, the interphase of a co-bonded TPE-epoxy/glass hybrid composite was characterized. To 

eliminate the effect of fibers on interdiffusion and to study the trend in interphase thickness over a larger 

temperature range, the interphase between the TPE and the neat epoxy was also investigated. The trends in 

interphase thickness were correlated with the processing conditions by investigating the changes in cure 

kinetics, diffusion kinetics, and in the physical state of the TPE. Both neat polymer and composite samples 

cured at 50°C developed the thickest interphase due to a combination of high diffusion kinetics, low cure 
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kinetics, and a softer physical state of the TPE. Furthermore, the local fiber volume fraction in composite 

samples was seen to affect the interphase thickness and morphology, making the co-continuous 

morphology disappear in the regions of higher fiber volume fraction of samples comp_40, comp_50, and 

comp_50_lowvacuum, and reducing the interphase thickness in these regions. Such effects were linked to 

fibers obstructing the diffusion of TS chains. Furthermore, it was verified that the interphase thickness can 

be influenced by the infusion process since samples comp_50 and comp_50_lowvacuum were both cured at 

50°C but the latter had a thicker interphase. It is believed that the lower vacuum pressure employed in the 

infusion of comp_50_lowvacuum could have decreased the fiber volume fraction in fiber-rich regions and 

consequently increased the average interphase thickness compared to sample comp_50. 

The interphase morphology was also correlated with the processing conditions. The morphologies revealed 

in the AFM images were in agreement with the images produced by SEM. It was further observed with AFM 

that while in sample N_22 the concentration gradient was mostly controlled by a combination between the 

reduction in nodule size and the changes in the concentration of TPE and epoxy in the nodules and 

surrounding phase, in sample N_50 the concentration gradient was mostly controlled by the reduction in 

nodule size only. In sample comp_50_lowvacuum, a single-phase morphology was found in the penetration 

front, which was likely originated in the curing process, during which the local TS concentration and 

temperature corresponded to the single-phase region of the phase diagram of the TPE-epoxy system. 

Conversely, neat polymer samples, presented a penetration front likely comprised of a nodular morphology. 
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[48] M. Nébouy, A. de Almeida, S. Brottet, G.P. Baeza, Process-oriented structure tuning of PBT/PTHF 

thermoplastic elastomers, Macromolecules. 51 (2018) 6291–6302. 

  

Figure captions 

Figure 1: Pictures and schematics of the neat polymer and composites samples. 

Figure 2: Layup scheme showing the section view of the complete layup. 

Figure 3: Schematic representation of the infusion setup. 

Figure 4: Micrographs containing the approximate locations of the AFM zones (highlighted in red) in samples 

N_22 (left), N_50 (middle), and comp_50_lowvacuum (right). All AFM zones are 20 µm by 20 µm. 

Figure 5: Steady shear viscosity versus temperature (a) and steady shear viscosity and gelation time versus 

temperature (b). The blue and orange trendlines represent the development of the viscosity of pure epoxy 

and epoxy-amine [43], respectively. The yellow trendline represents the development of the gelation time. 

Figure 6: DSC scan in heat flux mode of the TPE (left) and zoomed-in view of the scan (right). The heat flow is 

normalized with respect to the mass of the TPE sample. 

Figure 7: Compilation of micrographs showing the interphase of all neat polymer samples. Black annotation: 

thick region of the interphase. Green annotation: penetration front. Blue annotation: transition zone. 

Figure 8: Interphase thickness versus cure temperature for neat polymer samples (a) and stacked thickness 

of the interphase regions and swelling behavior versus cure temperature for neat polymer samples (b). 
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Figure 9: Local interphase thickness at fiber- and matrix-rich regions of the composite samples. The area in 

red illustrates part of the region considered for calculating the mean interphase thickness. Blue annotation: 

transition zone. Black annotation: thick region of the interphase. 

Figure 10: Interphase thickness versus cure temperature of all samples analyzed with light microscopy. 

Figure 11: SEM images showing the boundary between the interphase and pure epoxy phase (a) and the 

region of nodular microstructure (b) of sample N_22. Compared to Figure 7, the sample is rotated by 90°. 

Figure 12: SEM image of the interphase of sample N_50. The red numbers, boxes, and arrows in the top 

image indicate the approximate locations of micrographs 1 to 6. Compared to Figure 7, the sample is rotated 

by 90°. 

Figure 13: SEM images showing the interphase morphology of samples comp_50_lowvacuum (a) and N_50 

(b). The morphology bound by the blue dashed lines is co-continuous. 

Figure 14: Height images, Young’s modulus maps, and modulus horizontal sections of all zones indicated for 

sample N_22. 

Figure 15: Height images, Young’s modulus maps, and modulus horizontal sections of all zones indicated for 

sample N_50. 

Figure 16: Height images, Young’s modulus maps, and modulus horizontal sections of all zones indicated for 

sample comp_50_lowvacuum. 
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Table captions 

Table 1: Names attributed to neat polymer samples based on cure temperature. 

Table 2: Names attributed to composite samples based on cure temperature and pressure. 

Table 3: Rheometer settings used for assessing the steady shear viscosity from 22 to 60°C. 

Table 4: Rheometer settings used for assessing the gelation time at various isothermal temperatures. 
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• Phase separation took place in the interphase. 

• A co-continuous morphology developed at higher cure temperatures. 

• Higher fiber volume fraction decreased the interphase thickness. 

• A co-continuous morphology did not develop in areas of higher fiber volume fraction. 
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