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Hierarchical-toughening

ABSTRACT: Toughness of epoxies is commonly improved by adding
thermoplastic phases, which is achieved through dissolution and phase
separation at the microscale. However, little is known about the
synergistic effects of toughening phases on multiple scales. Therefore,
here, we study the toughening of epoxies with layered poly(ether imide)
(PEI) structures at the meso- to macroscale combined with gradient
morphologies at the microscale originating from reaction-induced phase
separation. Characteristic features of the gradient morphology were
controlled by the curing temperature (120—200 °C), while the layered
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macro structure originates from facile scaffold manufacturing techniques PRx % toughness
with varying poly(ether imide) layer thicknesses (50—120 pm). The e R fo©
fracture toughness of the modified epoxy system is investigated as a S N EEEEEEXELE

function of varying cure temperature (120—200 °C) and PEI film
thickness (50—120 pm). Interestingly, the result shows that the fracture toughness of modified epoxy was mainly controlled by the
macroscopic feature, being the final PEI layer thickness, ie., film thickness remaining after partial dissolution and curing.
Remarkably, as the PEI layer thickness exceeds the plastic zone around the crack tip, around 62 pm, the fracture toughness of the
dual scale morphology exceeds the property of bulk PEI in addition to a 3 times increase in the property of pure epoxy. On the other
hand, when the final PEI thickness was smaller than 62 ym, the fracture toughness of the modified epoxy was lower than pure PEI
but still higher than pure epoxy (1.5—2 times) and “bulk toughened” system with the same volume percentage, which indicates the
governing mechanism relating to microscale interphase morphology. Interestingly, decreasing the gradient microscale interphase
morphology can be used to trigger an alternative failure mode with a higher crack tortuosity. By combining facile scaffold assemblies
with reaction-induced phase separation, dual-scale morphologies can be tailored over a wide range, leading to intricate control of
fracture mechanisms with a hybrid material exceeding the toughness of the tougher phase.

KEYWORDS: epoxy, poly(ether imide) (PEI), interphase formation, morphology, reaction-induced phase separation, fracture toughness,
hierarchical toughening

1. INTRODUCTION through thermoplastics, which makes them unsuitable for
liquid composite molding processes.’

In contrast to bulk modification, several other approaches
and effects to toughen a brittle material have been observed on
the macro-, the micro-, and/or the nanoscale.”* Combining
these effects results in hierarchically toughened structures. The
first and most relevant approach for toughening on a macro

Epoxy-based composites are subjected to high static and
dynamic loadings in engineering applications, which require
higher resistance to fracture. In contrast, epoxies with high
cross-linking densities are inherently brittle and typically have a
low fracture toughness. However, different approaches are

known to increase their fracture toughness.”” Numerous scale is the introduction of ductile interlayers into a brittle
methods have been used to incorporate a second phase into material, which leads to toughening through the inhomoge-
the epoxy matrix, such as rubber, inorganic nanoparticles, or neity effect.”'” The material inhomogeneity effect is based on
thermoplastics, referred to as bulk resin modification.” These spatial variations in material properties significantly influencing

tougheners usually form specific morphologies during the

curing phase of epoxy, resulting in an improved fracture Received: July 11, 2023
toughness of the system. Unfortunately, for some tougheners, Revised:  October 13, 2023
the addition of the second phase into the epoxy system also Accepted: October 13, 2023
reduces overall modulus and limits the end-use temperature of Published: November 2, 2023
the system.” Moreover, the viscosity of the resin system may

also increase significantly by bulk resin modification, primarily
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Figure 1. Batch manufacturing leading to 10 samples: (a) PEI film (blue) cut into “ladder—and—spacer” form of the same thickness (yellow); the
red rectangle shows one sample for a single edge notched bend test; (b) stacking of the scaffold: ladder with two spacers alternating one PEI layer
of same respective thickness to obtain 33 vol % PEI content and 67 vol % epoxy; and (c) cross-section of the infused scaffold (orange: infused

epoxy).

the crack driving force, i.e, a material inhomogeneity can
hinder or promote crack propagation. The ductile interlayers
act as crack arresters, so that the fracture toughness of the base
material strongly increases. If the ductile interlayers are thin
enough, the loss in strength is almost negligible.11 For instance,
Sistaninia et al. focused on designing new fracture resistance
material by utilization of the material based on the yield stress
inhomogeneity effect."” They used ductile interlayers (low-
strength steel) to toughen the high-strength steel matrix and
reported a criterion of optimum architectural parameters, i.e.,
optimum interlayer spacing. The multilayer specimen’s fracture
toughness was at a similar value to the sample having a single
interlayer in the case of interlayer spacing larger than the
process zone around the crack tip. Likewise, Zechner and
Kolednik used aluminum sheets as multilayers with a polymer
adhesive.” Structures in different configurations (i.e., crack
dividers and crack arresters) are tested. The results showed
that the crack arrester configuration exhibits a tremendously
improved crack growth resistance (73.7 kJ/m?®) and fracture
initiation toughness compared to the single sheet configuration
(33.6 kJ/m?), which was attributed to the so-called “material
inhomogeneity effect”.” Several other studies introducing soft
interlayers into brittle material showed increased fracture
toughness due to the inhomogeneity effect."”'> All of these
studies highlighted the importance of material inhomogeneity
at specific scales in improving the fracture toughness of brittle
material. This concept is also adopted in this current study to
toughen an epoxy system (brittle material) by using multilayers
of poly(ether imide) (PEI, ductile material), leading to the
material inhomogeneity effect (i.e., differences in yield stress).

Another potential toughening effect occurs at one scale
lower, at the microscale. Several researchers have reported the
microtoughening of epoxy using a thermoplastic (PEI).'*”"
For instance, Harismendy et al,, reported the formation of a
particulate morphology by adding 10 wt % PEI into the epoxy
which resulted in a 2-fold increase in fracture toughness due to
crack path deflection mechanism.'® Likewise, as reported in
our previous study,”’ in the case of using a thermoplastic film
as the ductile interlayer, liquid reactive thermoset monomers
diffuse into the glassy thermoplastic and partially swell or
dissolve it, which results in the diffusion of TP polymeric
chains into the epoxy resin. The mutual diffusion of the
components creates a concentration gradient in the interfacial
region.”’ The proceeding cure reaction between the como-
nomers induces a phase separation leading to a gradient
morphology in the interfacial zone.”> The gradient interphase

shows different morphologies throughout its thickness depend-
ing on the concentration of epoxy and PEIL This granular
morphology can impart toughening effects similar to those of
micro- and nanosized dispersed particles, as found in bulk
toughening of thermosetting systems. These “inclusions” can
induce various energy dissipation mechanisms, thereby limiting
the onset and propagation of cracks by different toughening
mechanisms, i.e., crack deflection, crack pinning, or debonding
of particles.””** The cure profile stron%ly affects the thickness
of the interphase and its morphology.”

The aim of this study is to understand the effect of micro-
and macrotoughening approaches on the fracture toughness of
an epoxy system by using thermoplastic PEI multilayers.
Thereby, the following research questions are addressed: (i)
what are the respective effects of macrotoughening (i.e.,
submillimeter range) and microtoughening (i.e., micron size
range) on the fracture toughness of epoxy? (ii) Is there any
synergetic effect between these two toughening mechanisms?
From the morphological point of view, it is not known whether
a larger scale heterogeneity in the submillimeter range, by
having thermoplastic multilayers, would possibly be more
effective. Therefore, the first research question is addressed by
toughening the epoxy resin using multilayers of PEI with
varying thicknesses (50—120 ym) to tune the macrotoughen-
ing phenomenon. The second research question is investigated
by developing diffusion-controlled interphase gradients
(micron-sized morphology) between the aforementioned
multilayers at the epoxy/PEI interface as a function of different
cure temperatures (120—200 °C) and determining the
resultant fracture toughness of the system. We, therefore,
present a method to create dual-scale morphologies by (a)
assembling multilayer scaffolds of thermoplastic tougheners
with architected porosity (giving rise to the morphology in the
submillimeter range) and (b) creating diffusion-controlled
interphases (micron-sized morphology) along with the
reaction-induced phase separation after infiltration with an
epoxy system. This allowed us to discriminate the effect of the
thickness of the thermoplastic layer, cure temperature,
interphase thickness, and morphological features on the
fracture toughness of the resultant hybrid material.

2. EXPERIMENTAL SECTION

2.1. Materials. Thin films of PEI (ULTEM 1000, molecular
weight = 55,000 g/mol, n &~ 90, T, = 217 °C), with different
thicknesses (50, 60, 90, and 120 Iumi provided by SABIC, Saudi
Arabia, were used as the tough phase. The thermoset resin was

https://doi.org/10.1021/acsami.3c10096
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prepared as a blend of M-(2,3-epoxypropoxy)-N,N-bis(2,3-
epoxypropyl)aniline (TGMAP, Araldite MY 0610 CH), and
bisphenol-F epoxy resin monomer (DGEBF, Araldite PY 306 CH).
3,3'-sulfonyldianiline (DDS, Aradur 9719-1) was used as a curing
agent for epoxy. Huntsman, Switzerland, supplied all these chemicals.

2.2. Methodology. 2.2.1. Resin Preparation. Epoxy resin was
prepared by mixing TGMAP and DGBEF at 78.50 and 21.50 wt %,
respectively. The specific amount of curing agent (28.75 g) was then
incorporated into 50 g of epoxy resin. The prepared mixture was
stirred with a speedmixer at 1200 rpm for 4 min. The epoxy resin was
degassed by using vacuum for 5 min to remove the entrapped air
bubbles.

2.2.2. Scaffold Preparation. PEI scaffolds were prepared by
stacking the PEI films periodically in a 1:2 ratio of equal thickness as
“PEI layer”, “spacer”, “spacer”, “PEI layer”, “spacer”, “spacer”, “PEI
layer”, “spacer”, “spacer”, and so on (Figure 1) to obtain scaffolds with
33 vol % of PEI, respectively, with a porosity of 66% to be infiltrated
by the epoxy system. After stacking, an aluminum mold was clamped
and placed in an oven preheated at 220 °C for 40 min. This heating
causes the thermoplastic layers to get softened and attached with each
other, so that epoxy can easily flow to the monolithic polymer border.
For the infiltration step, the epoxy system was placed on a heating
plate and heated up to 100 °C for 2 min. It was important to heat the
fresh resin upon infiltration to facilitate the resin flow and avoid air
bubbles inside the resin. The epoxy system was then infused into the
PEI scaffold with the help of a syringe. Infiltration occurred
dominantly through capillary action. Once the infiltration step was
completed, samples were placed in a preheated oven at a selected
temperature to cure. The dimensions of the scaffolds were as follows:
length = 120 mm, width = 26.4 mm, and thickness = 6 mm. Each
scaffold gives nine samples which were used for further analysis.

2.2.3. Cure Cycle. In this study, the PEI-toughened epoxy samples
were cured using a two-dwell cure cycle approach already reported in
the literature.”® The time and temperature during the curing stage
(first cycle of two-dwell cure cycles, see Table 1) were varied to study

Table 1. Cure Temperatures and Times Used for the
Sample Preparation

cure post cure
temperature, °C time, min temperature, °C time, min
120 95 200 40
140 75 180 30
160 75 180 20
180 45
200 45

their influence on the fracture toughness of the PEI-toughened epoxy
system. Moreover, the temperature and time of the postcure step, also
referred to as second dwell cure cycle, were selected to ultimately
achieve a full cure of the epoxy/PEI system. These were all based on
the cure kinetics model of the epoxy system.”® The details of the cure
cycle are presented in Table 1. Our previous research®® showed that
the interphase thickness varies as a function of cure temperature
ranging from 120 to 200 °C. Therefore, five different (first dwell) cure
temperatures of 120, 140, 160, 180, and 200 °C were selected to
attain at least 70% degree of cure at the first dwell. The postcure time
and temperature were selected to attain full cure of the sample.

2.2.4. Fracture Toughness. The fracture toughness of the
specimens was determined by single-edge notched bending (SENB)
testing according to the ASTM D5045-99 standard.*® The dimensions
of the SENB sample were as follows: length = 26.4 mm, width = 6
mm, and thickness = 3 mm.

As shown in Figure 1, each ladder scaffold was cut by a rotary
cutter (machining) into 10 SENB samples. The desired thickness of
each sample was ensured by manual polishing after cure. The sample
was notched (ay) with the help of a saw blade of 0.12 mm thickness.
Then, the notch was filled with diamond paste (DP-paste, Struers); a

razor blade was inserted in the notch, and a natural crack (Aa) was
obtained by sliding the razor blade (see Figure 2).

The total length of the notch and natural crack (a, + Aa) was +1.7
mm. All of the tests were conducted on a Zwick/Roell tensile test
machine with a 1 kN load cell and a 10 mm/min testing speed. The
device was set up according to the ASTM standard D5045-99.%° The
resulting load—displacement curves were then translated to K. and
G, values. The plastic zone around the crack tip in our system was
estimated to be 62 um by the Irwin model’” under the plane strain
condition (see the Supporting Information). Therefore, linear elastic
fracture mechanics (LEFM) was applied to the system because the
radius of the plastic zone was smaller compared to the crack and
ligament length (r, < g4, b).>’

In our study, the PEI layer thickness and cure temperature were
varied. See Table 2 for an overview of the values of the parameters
studied. To compare and understand the fracture toughness of the
PEI-toughened epoxy scaffolds, we also produced and tested pure
epoxy and pure PEI samples of the same dimensions with SENB.

2.2.5. Microscopic Analysis. The interphase and morphology of
the cured PEI toughened epoxy samples were studied by using field
emission scanning electron microscopy (SEM) (JEOL JSM-7500F,
Germany) and confocal laser scanning microscopy (CLSM) (Keyence
3D, VK-X1000). For morphological analysis, samples were embedded
in a fast-cure epoxy resin, followed by grinding and polishing. N-
Methyl-2-pyrrolidone (NMP) was used to etch the polished samples
following the procedure explained elsewhere.”* The etched samples
were coated with gold using a sputter coater and then analyzed using
SEM. For fractography analysis, the cross-section of fractured samples
obtained after SENB testing was also coated with gold and analyzed
using SEM.

3. RESULTS

3.1. Interphase Formation. The interphase formation
between epoxy and PEI at different cure temperatures was
analyzed by using CLSM and SEM. An example of the
multilayer sample consisting of a PEI layer of 90 pm cured at
160 °C (1st dwell temperature) is shown in Figure 3. The
CLSM image of the sample (Figure 3a) indicates the presence
of parallel PEI layers evenly distributed in the brittle epoxy. At
the same time, Figure 3b presents a zoomed-in SEM image of
two consecutive PEI layers, along with two interphase regions,
having a thickness of about 61 ym each. A distinct morphology
gradient is observed in Figure 3c between a clear interface of
pure epoxy (left) and pure PEI (right). This gradient
morphology demonstrated the existence of epoxy-rich droplets
in a PEI matrix (i.e., phase-inverted morphology) near the pure
epoxy interface.”” The size of these epoxy droplets was
observed to decrease gradually toward the pure PEI region due
to the increase in PEI content. Similar results were also
obtained for the samples cured at 140, 180, and 200 °C.

Most of the samples showed a distinct gradient morphology.
However, two cure conditions showed different behaviors: (1)
samples cured at 120 °C and (2) samples cured at 200 °C with
a low PEI layer thickness. For the first case, no visible gradient
morphology was observed for samples cured at 120 °C at the
given resolution for all of the studied PEI layer thicknesses. For
example, the SEM image of a sample with 60 ym PEI film
cured at 120 °C is shown in Figure 4a. The interphase
formation was observed to be significantly different, ie., the
absence of gradient morphology and a smaller interphase
thickness (6.3 y#m). In contrast, for the latter case for samples
cured at 200 °C, the epoxy system with the lowest PEI layer
thickness (S0 um) showed a complete dissolution of the PEI
layer, i.e., the absence of a pure PEI region (Figure 4b).

Figure 5 shows the interphase thickness as a function of cure
temperature and the PEI layer thickness. Overall, higher PEI

https://doi.org/10.1021/acsami.3c10096
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Figure 2. (a) Schematics of the notched sample along with a natural crack. Inset shows the notching in the real sample. (b) Schematics of different
regions in the multilayered sample; PEI = poly(ether imide) (blue) EP = epoxy (yellow), IF1 = interface 1, and IF2 = interface 2.

Table 2. Overview of the Values of Different Parameters Used for the Experiments

PEI Cure
Thickness Temperature Sa;nDpIe 1;2'1”2‘”;{
(um) [&e) >
120 5P12
140 5P14 U
50 160 5P16 40
180 5P18
200 5P20
120 6P12
140 6P14 U
60 160 6P16 33
180 6P18
200 6P20
120 9P12
140 9P14 U
90 160 9P16 22
180 9P18
200 9P20
120 12P12
140 12P14 U
120 160 12P16 17
180 12P18
200 12P20

Figure 3. (a) CLSM and (b,c) SEM images of a PEI/epoxy system with 90 ym PEI layer cured at 160 °C.

film thicknesses seem to result in decreased interphase
dimensions with the increase in temperature. In contrast,
smaller PEI film thicknesses yield competing trends in
interphase thickness with cure temperatures, resulting in a
maximum between 160 and 180 °C. In the case of 90 and 120
pum PEI layers, the maximum interphase thickness was
observed at a cure temperature of 140 °C and decreased

53077

with higher cure temperatures. Similarly, the maximum
interphase thickness was obtained at a cure temperature of
160 °C for the 60 ym PEI layer; however, there was no
noticeable change in interphase thickness after further
increasing the temperature to 200 °C.

On the other hand, the maximum interphase thickness for a
50 pm PEI layer seems to be found at 200 °C, which, however,

https://doi.org/10.1021/acsami.3c10096
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Figure 4. (a) SEM micrograph showing no visible gradient
morphology in the interphase of a PEI/epoxy system with a 60 pm
PEI layer cured at 120 °C. (b) CLSM image of a PEI/epoxy system
with S0 pum PEI layer cured at 200 °C showing the complete
dissolution of the PEI layers.

was linked to the complete dissolution of the monolithic PEI
layer and difficulty in analyzing the thickness of a single
interphase, which would be half of the measured value. Hence,
in the case of the 50 ym PEI layer, the maximum interphase
thickness was evident at a cure temperature of 180 °C. This
behavior shows that the critical cure temperature required for
achieving maximum interphase thickness shifted toward a
higher value as a function of decreasing PEI thickness.
Furthermore, this graph indicates that the higher the PEI
layer thickness, the higher the interphase thickness at any cure
temperature. For instance, the interphase thickness is 72 pm
for sample 12P14 with a PEI layer thickness of 120 ym, while
for the same cure conditions, with a PEI layer thickness of 50
um (sample 5P14), it is 33.4 ym.

3.2. Morphological Analysis. The morphology gradient
consists of epoxy-rich droplets in a continuous PEI-rich phase.
The epoxy droplet size and frequency, calculated from blob
detection with OpenCV,20 are plotted as a function of position
along the interphase for samples cured at different temper-
atures (Figure 6). At 120 °C cure temperature (Figure 6a), a
narrow droplet size distribution was observed due to the
absence of gradient morphology, as already discussed. It is
evident from Figure 6a,b that the epoxy droplet size decreased
by moving toward the pure PEI phase (i.e., from left to right)
for all cure temperatures. Furthermore, the droplet size and
frequency of smaller droplets near the epoxy interface

increased as a function of cure temperature (Figure 6b),
indicating different diffusion and phase separation kinetics.
The epoxy droplet size and frequency are also plotted as a
function of position along the interphase for samples with a 90
um PEI layer and 120 pm PEI layer, cured at 120 °C (Figure
S4).

3.3. Fracture Toughness. For SENB of multilayer
systems, the precrack tip location in the tough PEI or brittle
EP phase influences fracture behavior significantly. In Figure 7,
two load—displacement curves are shown for sample 6P14,
where in one sample, the crack tip is located in the epoxy layer,
and in the other sample, it is located in the PEI layer. The
sample having a crack tip in the epoxy layer shows a sharp
decrease in load around a displacement value of 1 mm. At the
same time, in the other case, the curve displays a relatively
gradual decrease in load as a function of displacement, i.e., a
larger area under the curve. The fracture energy in the case of a
crack tip in the PEI layer is slightly higher than that in the
other case. In further analysis, the load—displacement curves,
which showed the presence of a crack tip in the epoxy layer,
were mainly considered for all of the samples.

The results show a difference in the load—displacement
curves for different cure temperatures. The load—displacement
curves of the 6P12 and 6P18 layer architectures are compared
in Figures 8a,b and S3. It is witnessed that in the case of 6P12,
crack initiation happened in the epoxy phase (step 1A) as the
crack tip was in the epoxy phase, which caused an increase in
the load until step 1B. After that, a sharp decrease in load is
found as the crack passes through interface 1 (i.e., IF1, shown
in Figure 2b), and it continues to decrease until the crack tip
has crossed IF2 (interface 2, see Figure 2b). This point is
termed a crack arrest location and is highlighted by a red circle
in Figure 8a (steps 1B and step 1C). In region 1C, a similar
behavior is seen in step 1B at the start, where the crack starts to
propagate again in the epoxy phase until the total fracture of
the specimen. In the case of 6P18, a small area under the load—
displacement curve was noticed due to the absence of crack
arrest (Figure 8b). Crack initiation happened in the epoxy
phase (step 2A), and the load increased until step 2B, and
then, instead of a crack arrest, the crack penetrated through all
interlayers.
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Figure 9 shows the microscopic images after the SENB
experiment of samples cured at different cure temperatures. It
is evident that several energy absorption phenomena, i.e,, crack
deflection and delamination, are observed in the samples. It
can be seen that, at first, the crack runs straight in crack
opening mode (mode I) (Figure 9a—d), tearing layer after
layer of the multilayer sample until it reaches the point where
the crack is deflected toward the right (yellow arrow in Figure
9a—c). Mode II fracture (shearing mode) starts taking place,
causing the delamination of PEI layers (white arrows in Figure
9a,b). Hence, this behavior shows that mode I and mode II
fractures are present at lower temperatures (lower interphase
thickness), while mode I is dominant at a higher temperature
(higher interphase thickness). In some samples, the crack
continues to propagate to the point where it is deflected again
(Figure 9b). It was qualitatively observed that samples display
less crack deflection with the increase in the cure temperature.
The crack passes through the whole sample at the highest cure
temperature without any deflection, delamination, or crack
arrest (Figure 9d). We further evaluated the crack tortuosity
(7), defined as the ratio of the length of the actual crack to the
projected length. In the case of the lowest cure temperature,
the value of crack tortuosity was 2.01, which decreased with
the increase in temperature (Figure 9a—d).
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The effect of cure temperature and PEI film thickness on the
fracture toughness and critical energy release rate of samples is
shown in Figures 10a and S1 (see the Supporting
Information). The solid line in Figure 10a represents the K.
value calculated according to the rule of mixtures'®

Ky = d’epoxy'KIc,epoxy + d)pEI'KIc,PEI (1)
where @y, = 2/3 and ¢hpg; = 1/3 represent the volume
fractions of epoxy and PEI, respectively. The rule of mixture
represents the bulk resin modification, and therefore, eq 1 has
been considered to compare our multilayer toughening
approach with hypothetical bulk resin modification.

Both fracture toughness (K.) and energy release rate (Gj.)
displayed a decreasing trend with the increase in cure
temperature. The increase in the plane strain fracture
toughness, K, and energy release rate, Gy, compared to
pure PEI, particularly at the lower cure temperatures (120—
140 °C), strongly suggests the synergistic benefit of multilayer
architecture and morphologies present at the interphase.

The value of K. and G, increases with the increase in PEI
layer thickness until 90 pm at a particular cure temperature,
except for 120 °C. Figure 10b represents the thickness of the
remaining PEI layer after curing (or after interphase
formation) as a function of the cure temperature and initial
PEI layer thickness. At low cure temperature (120 °C), the
remaining PEI layer thickness was >60 ym (except for SO ym
initial PEI layer), which means the undissolved PEI thickness
equal to or greater than the plastic zone size (rp = 62 um). At
140 °C, the remaining PEI layer thickness was similar to the
plastic zone size in the case of the 90 and 120 um initial PEI
layer, while the remaining PEI layer thickness for the 50 and 60
um initial PEI layer was less than the plastic zone. At higher
cure temperatures, the remaining PEI layer thickness was well
below the plastic zone size for all of the initial PEI thicknesses.

4. DISCUSSION

The enhancement in fracture toughness of epoxy toughened
with PEI multilayers is observed on two levels, ie, (1)
macroscale and (2) microscale.

4.1. Macrotoughening. The macro-scale toughening of
epoxy comes from introducing tough and ductile PEI layers
into the epoxy, which creates the inhomogeneity effect (i.e.,
mismatch in yield stress). Several studies''~'*** found an
increase in strain energy when a crack grows from a brittle to a
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Yellow arrows represent deflection, and white arrows show
delamination. 7 is the crack tortuosity, which is calculated by Image]
analysis.

ductile material, called the antishielding effect. On the other
hand, the strain energy is diminished when a crack grows from
the ductile to the brittle phase. This so-called shielding effect
can stop the crack from growing entirely, leading to crack
arrest at the interface.

It is reported that the maximum inhomogeneity effect is
achieved when the thickness of the interlayer (f.44cq) is equal
to the plastic zone size.'*” At a low cure temperature (Figure
8a), multiple crack arrest positions were observed in the
sample because the thickness of the remaining PEI layer was
higher than the size of the plastic zone (Figure 10b). Kolednik

et al. reported a loss of inhomogeneity effect due to the plastic
deformation of the interlayer at a lower thickness of the soft
lalyer.12 Also, in the current study, crack arrest was not achieved
at higher cure temperatures (Figure 8b). This behavior was
linked to the fact that the remaining PEI layer thickness was
lower than the plastic zone size (Figure 10b), eventually
resulting in the loss of the inhomogeneity effect and lower
values of K. and G, (Figures 10a and S1). Therefore, this
result shows that the remaining PEI thickness (affected by both
initial PEI thickness and cure temperature) plays a dominant
role in defining the macrotoughening phenomenon, where the
critical value was found to be in the range of the plastic zone of
the PEI, about ~60 um.

4.2. Microtoughening. As already discussed, liquid
reactive thermoset monomers diffuse into the glassy thermo-
plastic and partially dissolve it. This mutual diffusion of the
components creates a gradient morphology in the interfacial
region (Figure S2). There are three regions of interest in this
morphology: (1) PEI inclusions in the epoxy-rich phase, (2)
the interphase region (with or without the gradient
morphology depending upon the cure temperature), and (3)
the PEI-rich phase with epoxy inclusions. The epoxy inclusions
in the PEI-rich phase were not discussed in the following
sections due to their negligible effect on the fracture behavior
of samples. Therefore, the microscale toughening of epoxy was
explained based on two remaining regions: (i) gradient
morphology in the interphase region and (ii) PEI inclusions
in pure epoxy.

4.2.1. Interphase Region. The competition between the
rate of phase separation and the curing rate governs the change
in interphase thickness as a function of cure temperature
(Figure S). For instance, an increase in the interphase
thickness until the cure temperatures of 140—160 °C can be
attributed to the dominance of the phase separation
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phenomenon over the curing phenomenon. On the contrary,
the curing reaction controlled the interphase thickness at
higher cure temperatures (>160 °C), which resulted in smaller
interphase thickness.”’

Moreover, the interphase morphology was analyzed using
SEM at different cure temperatures. The results showed the
absence of a gradient morphology (i.e., only big particles) at a
cure temperature of 120 °C (Figure 6a), suggesting only case
II diffusion. On the other hand, a distinct gradient morphology
was observed at a cure temperature of 180 °C (Figure 6b),
which can be linked to the combination of case I and case II
diffusion.”® A similar gradient morphology was also reported in
the literature for epoxy/PSU and epoxy/PEI systems.”*’ SEM
analysis also revealed the formation of a higher number of
smaller droplets at higher cure temperatures (Figure 6b),
which can be associated with the hindered mobility of
polymeric chains and reduced growth of particles after the
phase separation phenomenon.”” The first interesting obser-
vation was that the epoxy system modified with the lowest PEI
layer thickness (S0 um) and cured at 200 °C showed a
complete dissolution of the PEI layer (Figure 4b). In this case,
the K. value is similar to the value reported in the literature for
bulk modification of the trifunctional epoxy resin using PEI in
the range of 30 to 35 vol %.’' Moreover, this K. value is
similar to the value calculated by the ideal mixture rule (see
Figure 10a), which shows that the discussed macrotoughening
phenomena are insignificant in this case.

The size of the epoxy particles in the gradient interphase
governs their connectivity with the thermoplastic phase. Figure
11a shows that big particles (>3 ym) formed near the epoxy
layer are fully surrounded by pure PEI, hence showing more
connectivity to the thermoplastic phase. The gap around the
epoxy particles (circles with dotted lines) represents the pure
PEI phase which was washed away during polishing with NMP.
In contrast, small epoxy particles, <3 ym (present near the PEI
layer), show no connectivity with the thermoplastic phase
(Figure 11b).

As shown in Figure 6a, at a low cure temperature, the
interphase region only consists of bigger particles, which result
in enhanced connectivity with the thermoplastic phase and
may result in a stronger interface. On the contrary, at higher
cure temperatures, less connectivity was observed due to the

Figure 11. SEM micrograph showing a region within the interphase of
a PEI/epoxy system obtained at 160 °C: (a) epoxy particles near the
pure epoxy layer and (b) epoxy particles near the pure PEI region.
Dotted circles show the presence of a gap around epoxy droplets,
which was a pure PEI region washed away during NMP treatment.

higher frequency of smaller particles than bigger particles
(Figure 6b), which can lead to a weaker interface. The strong
interface between big epoxy particles and PEI formed at lower
cure temperatures showed enhanced crack growth resistance
due to the different energy—dissipating mechanisms, such as
crack deflection and delamination.”” A crack generally
propagates in the direction of the least resistance. Therefore,
at lower temperatures, the crack prefers to propagate around
the interface instead of propagating through the interface due
to the weak adhesion (Figure 9a,b), which results in a larger
distance covered by the crack (i.e., higher crack tortuosity).
The interface becomes weaker with further increase of the
temperature, and these energy dissipation mechanisms become
less prominent (Figure 9c). At the highest cure temperature
(Figure 9d), the crack easily propagates through the interface
due to small epoxy particles in an interphase region, which
eventually provides the least resistance toward crack growth.

Also, fractography of the fracture surfaces helps us better
understand the underlying reasons for the observed differences
at the microscale. The gradient interphase shows different
morphologies throughout its thickness, depending on the
concentration of epoxy and PEL. SEM micrograph of the
multilayer fracture surface of sample 9P16 is shown in Figure
12. It shows that a gradient phase inverted morphology of
epoxy particles is present in the interphase region.

Observing the fracture surface, the interphase region in the
vicinity of the epoxy layer demonstrates plastic deformation of
the ductile PEI phase and subsequent fracture of the big epoxy
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Figure 12. SEM micrograph of the PEI/epoxy system with 90 ym PEI
layer cured at 160 °C. The yellow circle represents the critical defect
size of epoxy particles estimated by Griffith’s theory (see the
Supporting Information).

particles. On the other hand, debonding of smaller epoxy
particles is evident near the pure PEI layer because the size of
the epoxy particles was smaller than the critical defect size (~3
um) calculated by Griffith’s theory.” At low cure temperatures
(for instance, 120 °C), the interphase typically shows the
presence of only bigger particles (see Figure 4a), which means
the fracture of epoxy particles is the primary fracture
mechanism since their size was larger than the critical defect
size (~3 pm).

4.2.2. PEl Inclusions in Pure Epoxy. Figure 13a shows the
pure thermoplastic (PEI) fracture surface. Figure 13b shows

Figure 13. (a) SEM micrograph of pure PEI, (b) SEM micrograph of
pure epoxy, and (c) SEM micrograph of the epoxy-rich phase with
PEI inclusions having a 60 ym PEI film cured at (c) 140 °C and (d)
180 °C. Purple arrows show debonding of particles, dark green arrows
show the fracture of particles, red arrows show shear banding, orange
arrows show crack bridging, light green arrows show crack deflection,
light pink arrows show cavitation, and yellow arrows show crack
pinning.

the untoughened epoxy resin samples, demonstrating a
relatively flat and featureless fracture surface, ie., a typical
characteristic of brittle fracture.'®** The fracture surfaces of
the epoxy-rich phase with PEI inclusions show different
toughening mechanisms at different cure temperatures. The
epoxy-rich phase shows a ductile deformation (3D pattern) in
the case of low cure temperature (Figure 13c). Moreover, most
of the PEI particles in the epoxy phase are debonded
(identified by the purple arrows in Figure 13c), while some
are fractured (dark green arrows in Figure 13c). Stress
triaxiality is strongly reduced during crack propagation due
to the particle debonding and fracture under plane strain
conditions. As a result, nonhomogeneous stress states cause

localized regions of plastic deformation in the epoxy matrix
known as shear bands.**** The wrinkled texture of the fracture
surfaces indicates shear bands (red arrows in Figure 13c,d)
leading to ductile behavior.

On the contrary, the fracture surface at the higher cure
temperature shows a more river-like pattern with fractured PEI
particles due to plastic deformation (Figure 13d). A limited
number of particle cavitations are visible at high cure
temperatures, which confirms that in these samples, the
bridging of PEI particles (orange arrows in Figure 13d) is one
of the most dominant energy dissipation mechanisms in the
event of a crack. Other fracture mechanisms, including crack
deflection (light green arrows in Figure 13d), cavitation (light
pink arrows in Figure 13c,d), and crack pinning (yellow arrows
in Figure 13c,d), are also evident. In the case of crack
deflection, the crack is diverted by the PEI particle, increasing
the crack surface area. Crack pinning is indicated by the
presence of characteristic tails (yellow circles in Figure 13d).

4.3. Effectiveness of Micro vs Macro Toughening. To
identify the main controlling parameter (cure temperature or
PEI film thickness) for modifying the fracture toughness of
epoxy, plane strain fracture toughness, Kj, is plotted as a
function of the final PEI thickness after curing (see Figure 14).
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Figure 14. Fracture toughness (Kj.) and tortuosity as a function of
the final PEI thickness obtained after curing. The vertical dashed line
represents the size of the plastic zone (rP = 62 um) of PEI; the
horizontal blue and orange lines represent the fracture toughness of
pure PEI and pure epoxy, respectively. The solid black line represents
the linear fitting. The green dash line represents the theoretical values
from the rule of mixtures.

This graph shows that the fracture toughness is mainly
controlled by the final PEI thickness, ie., higher fracture
toughness at higher final PEI film thickness. However, this final
PEI film thickness can either be varied by changing the initial
PEI film thickness or by the cure temperature. The higher
plane strain fracture toughness, Ki, and energy release rate,
Gy, compared to pure PEI, particularly at the higher final PEI
film thickness (larger than 62 um), strongly suggests the
dominance of the macrotoughening phenomenon coming from
multilayer architecture (Figure 14). This dominance mainly
comes from the effective inhomogeneity effect due to the
critical remaining PEI layer thickness.

On the other hand, when the final PEI thickness is smaller
than 62 pm, the fracture toughness of modified epoxy is lower
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than pure PEI but still higher than pure epoxy and “bulk
toughened” systems with the same volume percentage, which
shows that the governing mechanism, in this case, is
microtoughening. This mechanism mainly comes from the
presence of bigger epoxy particles in gradient morphology,
which plays a significant role during fracture (i.e., fracture of
particles) and gives higher crack resistance. Moreover, with a
decrease in the final PEI thickness, the spacing between the
two PEI layers increases, eventually resulting in lower fracture
toughness. Likewise, Kolednik et al. and several other studies
found that the lower the spacing between two interlayers, the
more the fracture toughness for the given thickness.'”'>*
Furthermore, by decreasing the final PEI film thickness, the
mechanical properties of PEI-toughened epoxy approach the
theoretical values of K. and G, (Figure 14) obtained from the
rule of mixtures (eq 1). In literature,'® the maximum K; value
of epoxy, achieved so far, by using PEI as a bulk modifier is 3.1
MPa m'/?, while in this study, the maximum reported fracture
toughness value is 4.54 MPa m'/? (47% higher).

Figure 1S presents a summary of mechanical properties (K;.)
as a function of processing parameters (cure temperature),
morphology (interphase thickness), and architectural config-
uration (thickness of the PEI film). This graph shows that a
lower interphase thickness results in better fracture toughness
of the epoxy system (Figure 15) because at a higher interphase
thickness, the frequency of smaller particles dominates the
bigger particles and gives poor crack resistance. This is also
seen from the tortuosity values, where higher values indicate
higher fracture toughness. This study shows that the final PEI
film thickness (controlled by cure temperature and initial PEI
film thickness) significantly affects the mechanical properties of

epoxy.

5. CONCLUSIONS

Epoxies with high cross-linking densities are brittle and
typically have a low fracture toughness. Numerous approaches
have been studied to increase epoxy’s fracture toughness, such

as the inclusion of a secondary phase within the epoxy resin
through bulk resin modification. In contrast to bulk
modification, hierarchically toughened structures were also
used to toughen the epoxy resin. This study comprises an
understanding of the effect of macro- and microtoughening on
the fracture toughness of an epoxy system by using
thermoplastic PEI multilayers. The fracture toughness of the
modified epoxy system was investigated as a function of
varying cure temperature (120—200 °C) and PEI film
thickness (50—120 um). PEI scaffolds were prepared by
stacking the PEI films periodically in a 1:2 ratio of equal
thickness, which resulted in scaffolds with 33 vol % of PEI and
66 vol % of epoxy. This study cured the PEI-toughened epoxy
samples using a two-dwell cure cycle.

The result shows that the fracture toughness was mainly
controlled by the final PEI thickness, i.e., higher fracture
toughness (4.53 MPa m'/?) at higher final PEI film thickness
(95 pm). However, changing the initial PEI film thickness or
cure temperature can control this final PEI film thickness.
Compared to pure PEI, the higher fracture toughness of
toughened epoxy, particularly at the higher final PEI film
thickness (larger than 62 um), strongly suggested the
occurrence of both macro- and microtoughening. However,
the dominant mechanism is macrotoughening coming from the
multilayer architecture. This dominance mainly comes from
the effective inhomogeneity effect due to the critical final PEI
layer thickness. On the other hand, the fracture toughness of
modified epoxy was lower than pure PEI but still higher than
pure epoxy and bulk-modified with a similar volume fraction
when the final PEI thickness was smaller than 62 um, which
showed that the only governing mechanism was micro-
toughening. This mechanism mainly comes from bigger
epoxy particles in gradient morphology, which plays a
significant role during fracture (ie., fracture of particles) and
gives higher crack resistance. This results show that for high-
temperature processing, the initial PEI film thickness has to be
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selected such that the remaining film thickness allows us to
obtain the synergy between micro- and macrotoughening.
Moreover, with the decrease in the final PEI thickness, the
spacing between the two PEI layers increases, eventually
resulting in lower fracture toughness. However, in the current
study, the influence of interlayer spacing cannot be investigated
because of the fixed EP/PEI volume ratio. Therefore, in the
future, to effectively understand the influence of interlayer
spacing on the fracture toughness of epoxy, further research
needs to be performed without fixing the volumetric ratio
between epoxy and PEI Furthermore, by decreasing the final
PEI film thickness, the mechanical properties of PEI-
toughened epoxy approach the theoretical values of Kj. and
Gj. obtained from the mixture rule. This study provides an
understanding of the hierarchical toughening of epoxy using a
multilayer system which can further be explored in the field of
fiber-reinforced composites for aerospace applications.
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