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ABSTRACT: Epoxies are inherently brittle materials and to
overcome this brittleness, a second microphase (i.e., thermo-
plastic) is typically added. This modification of epoxy resin using
thermoplastics results in reaction-induced phase separating
morphologies in the micrometer range. In this study, the influence
of the curing history, beyond phase separation, on the interphase
formation and final morphology of PEI and the high T, epoxy
system is investigated. Several cure cycles were examined, each
with a first dwell temperature ranging from 120 to 180 °C for a
given time up to the onset of phase separation (OPS) or up to the
80% degree of cure (80% DOC) and then with a second dwell at
200 °C for 20 min to complete the cure cycle. Hot-stage
microscopy experiments were carried out at several first dwell
temperatures before final conversion at the second dwell. The morphologies and resulting droplet size distribution at the interphase,
after the final cure, were analyzed through scanning electron microscopy. Results showed that the diffusion distance was significantly
higher in the case of OPS as compared to the 80% DOC case, particularly at lower first dwell temperatures. This behavior was
attributed to the fact that, in the case of OPS, polymeric chains were still in a mobile state and diffused further during the second
dwell curing stage, while at 80% DOC, polymeric chains were completely bound but still diffuse due to non-stoichiometric curing.
This restricted mobility of polymeric chains after phase separation (80% DOC) resulted in a larger number of smaller droplets as
compared to the OPS case.

[l Metrics & More | @ Supporting Information

Two-dwell cure cycle
1%t dwell Temperature = 120-180°C
15t dwell time = OPS and 80% DOC
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1. INTRODUCTION

Thermosetting epoxy systems are commonly used as a matrix
component of carbon fiber-reinforced polymers (CFRPs) due
to their high mechanical properties and ease of processing.'
However, epoxies display inherently brittle behavior with poor
crack resistance and low fracture toughness at room temper-
ature.”® To overcome these drawbacks, strategies have been
developed to successfully enhance the fracture toughness of
epoxies.” A strategy to toughen the epoxy resins is the
addition of a second microphase (i.e., thermoplastic, rubber,
nanofiller, block copolymer, etc.) into the epoxy system,’””
some of which result in morphologies through reaction-
induced phase separation.'’ Poly(ether imide) (PEI) has been
reported as a potential modifier for epoxy resins particularly for
aerospace applications due to the high glass transition
temperature (217 °C), good miscibility due to its amorphous
state, and compatibility with epoxy systems, enhanced rigidity,
and strength at higher temperatures.

To toughen the brittle epoxy, the thermoplastic microphase
is incorporated into the epoxy system followed by the curing
reaction. Curing, or the cross-linking reaction, of epoxy is
frequently done by performing either one or two dwell cycles
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(Figure S1, see the Supporting Information). The two-dwell
cycle approach is preferably used because it facilitates the
processing of epoxy and allows the evacuation of voids before
final curing.'” During curing of epoxy-amine systems, three
main reactions take place: (i) the epoxy group reacts with a
primary amine to produce a secondary amine, (ii) the
secondary amine further reacts with an epoxy group to create
a tertiary amine, and (iii) at higher temperatures, unreacted
epoxy groups also react with reacted epoxy to make an ether
bridge. > "

During the curing process, liquid reactive thermoset
monomers (TS) diffuse into the glassy thermoplastic (TP)
and partially swell or dissolve it, which results in the diffusion
of thermoplastic polymeric chains (TP) into the resin (TS).
This interdiffusion process tends to slow down and eventually

Received: August 3, 2021
Accepted: November 7, 2021

https://doi.org/10.1021/acsapm.1c00956
ACS Appl. Polym. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ujala+Farooq"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="So%CC%88nke+Heuer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julie+Teuwen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Clemens+Dransfeld"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsapm.1c00956&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00956?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00956?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00956?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00956?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c00956/suppl_file/ap1c00956_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00956?fig=abs1&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsapm.1c00956?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org/acsapm?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Applied Polymer Materials

pubs.acs.org/acsapm

stops after reaching the gel point due to the constrained
mobility of the thermoset.' The mutual diffusion of the
components (TS and TP) into each other creates a
concentration gradient in the interfacial region. At the onset,
this phenomenon can be described as solvents diffusing into
glassy polymers.'” The interfacial region, surrounded by the
pure phases (epoxy and PEI), can be further identified in three
different regions in the thermoplastic-epoxy diffusion zone,
according to the amount of decreasing polymer concentration,
ie, (i) infiltration layer, (ii) swollen gel layer, and (iii) liquid
layer. The liquid layer is a diluted polymer solution with
relatively free motions of entire polymer chains. The gel layer
is a swollen polymer in a rubber-like state. In the infiltration
layer, Fickian diffusion of the solvent molecules is observed.
The epoxy penetration front between the gel layer and the
infiltration layer is sharp and advances at a constant rate. This
is usually referred to as case II diffusion.'” The proceeding
reaction between the thermosetting co-monomers eventually
results in a reaction-induced phase separation, leading to a
gradient morphology in the interfacial zone,'” where epoxy-
rich droplets can be observed, reducing in size toward the pure
thermoplastic (see Figure S2). The final morphology of the
thermoset/high-T, thermoplastic interphase results from the
competition between the rate of phase separation and the
simultaneous cross-linl<ing.18’19 In addition to this, the final
morphology that formed between a thermoset and a
thermoplastic is controlled by the molecular structure of the
thermoplastic (i.e, degree of functionality and end-group
chemistry), thermoplastic content, molecular weight of the
thermoplastic, dwell temperature, solubility parameters of the
components, dwell time, stoichiometric ratio of curing agent to
epoxies, curing agent chemistry and functionality, presence and
type of accelerator, and molecular structure of epoxy resins.”’

The phase behavior is primarily controlled by the Cahn—
Hilliard free energy with solution limited dynamics, which
evolves during curing. Two mechanisms govern the phase
separation in epoxy resin toughened with thermoplastic,
known as (i) nucleation and growth (N&G) and (ii) spinodal
decomposition (SD). The nucleation and growth mechanism
begins with the creation of nuclei, which develops with
reaction time to form spherical-like micro- or macro-separated
domains of a thermoplastic-rich phase in a thermosetting resin.
However, in the case of spinodal decomposition, the micro- or
macro-separated domains of the thermoplastic-rich phase are
highly interconnected.”" These resultant morphologies can be
finely tuned by varying the thermoplastic concentration in the
blend and/or by changing the cure conditions.”> Also, a
different phase behavior has been observed between epoxy
monomers and different glassy polymers, i.e,, PES having an
upper critical solution temperature (UCST)** and PEI having
a lower critical solution temperature (LCST)."!

In the literature, the effect of curing parameters (i.e., dwell
temperature and conversion, cure cycle, etc.) for one
(isothermal) dwell cure cycle has been experimentally
investigated on the interphase formation, final morphology,
and fracture toughness of epoxy and thermoplastic systems.
For instance, Harismendy et al*” reported the effect of
different dwell temperatures (140, 160, and 180 °C) on the
morphological behavior of the epoxy/PEI system. Higher
fracture toughness was observed for the samples having bigger
droplets of epoxy (ie., fhase inversion) that formed at higher
dwell temperatures.zz’2 Likewise, an increase in droplet size
with the increasing dwell temperature has been observed in the

literature for an epoxy system toughened with PEL*® On the
other hand, Bian et al?® described the effect of cure
temperature and thermoplastic content on the interphase
thickness and the resultant fracture toughness of the modified
epoxy system. The experimental outcome showed a higher
fracture toughness for samples cured at higher temperatures,
which was attributed to a higher interphase thickness. In
addition to dwell temperature, dwell conversion of epoxy resin
(before adding thermoplastic phase) has also been reported to
significantly influence the morphology spectrum of the epoxy/
PEI system.”” Previously, our research group investigated the
effect of dwell temperatures on the diffusion process for a high
T, epoxy system with PEI, which showed an increase in
diffusion length and interphase dimension between the
thermoset and PEI with an increasing dwell temperature.'®

Previously, it was assumed that the diffusion process stops
with the occurrence of the phase separation for the single dwell
cure cycle.'”'%*%*” Recently, Voleppe et al.” reported that the
penetration front of the thermoset seemed to continue beyond
phase separation for the epoxy and polyethersulfone (LCST)-
based system using one dwell cure cycle. However, the
influence of the curing history beyond phase separation, using
two dwell cure cycles with varying dwell times/degrees of cure,
on the interphase dimension and final morphology for
poly(ether imide) having a contrasting phase behavior
(UCST), is not well understood.

The research work presented in this paper aims to
understand the interphase formation to later attain the desired
droplet size and interphase morphology for improved material
toughness. This aim is achieved by analyzing the influence of
dwell time by considering two main cases for each selected first
dwell temperature (120—180 °C): (i) waiting until the onset
of phase separation (OPS) before increasing the temperature
to 200 °C (second dwell) and (ii) waiting until 80% degree of
cure (80% DOC) before the second dwell. To that end, time-
lapse hot-stage microscopy experiments were carried out at
several first dwell temperatures in a range of 120—180 °C,
leading to the onset of phase separation or 80% degree of cure
before the final conversion at the second dwell. The interphase
formation and relevant interphase dimensions were studied
through these microscopy experiments, and observations were
subsequently related to the degree of cure through the use of a
cure kinetics model. The morphologies present at the
interphase were analyzed through scanning electron micros-
copy on etched samples.

2. MATERIALS AND METHODS

2.1. Materials. Poly(ether imide) (PEI) (Ultem 1000, molecular
weight = 55,000 g/mol, n =~ 90, T, = 217 °C) was used as the
thermoplastic in the form of thin films (60 ym) provided by SABIC,
Saudi Arabia. A blend of M-(2,3-epoxypropoxy)-N,N-bis(2,3-
epoxypropyl)aniline (TGMAP, Araldite MY 0610 CH) and bi-
sphenol-F epoxy resin monomer (DGEBF, Araldite PY 306 CH) was
used as the thermoset resin. 3,3’-Sulfonyldianiline (DDS, Aradur
9719-1) was used as a curing agent for epoxy. These chemicals were
supplied by Huntsman, Switzerland. The epoxy system is character-
istic for aerospace composites prepregs with a cure temperature of
180 °C.

2.2. Cure Cycle. In this study, the effect of first dwell time and
temperature of two-dwell cure cycles is investigated to study their
influence on the interphase formation and morphology. Therefore,
the final curing step also referred to as the second dwell time and
temperature (f,. and T, respectively) was kept constant for the
epoxy/PEI system, while the first dwell time and temperature (ts,
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Figure 1. (a) Representative two-dwell cure cycle used for experiments with variable first dwell time and temperature. (b) Degree of cure and onset
of phase separation at different cure temperatures for the epoxy/PEI system for a one-dwell cure cycle; circles represent the degree of cure at OPS,

while squares represent 80% DOC.

and Ty, respectively) was varied in the study (Figure la). The
selection of first and second dwell temperatures and times was based
on the cure kinetics model of the epoxy system,'® as shown in Figure
1b. It is evident that complete cure (degree of cure = 1) can be
achieved at 180 °C or higher (Figure 1b). Therefore, a second dwell
temperature of 200 °C along with a second dwell time of 20 min was
used. Two different first dwell times (f4,e) corresponding to (i) the
onset of phase separation (OPS shown by circles in Figure 1b) and
(ii) 80% degree of cure (80% DOC, shown by squares in Figure 1b)
were selected for each investigated first dwell temperature. In our
previous research, it was also shown that the interphase thickness
varies as a function of cure temperature ranging from 120 to 180 °C
(one dwell cure cycles).16 Therefore, in this study, four different first
dwell cure temperatures of 120, 140, 160, and 180 °C were selected
(Table S1). All the samples were prepared and analyzed in triplicate.

2.3. Hot-Stage Experiments. Hot-stage microscopic analysis was
performed to observe the epoxy/PEI interphase formation under
different conditions. Figure 2 shows the schematics of the

@10 mm
2-3mm

t-f:‘: fso
Glass cover

Epo .
PEI Film “xy !
. e

Glass slab
I

Figure 2. Schematic representation of the sample used for hot-stage
microscopic analysis.

experimental setup used for hot-stage analysis. A PEI film with a
thickness of 60 ym, having a 2—3 mm-wide central slit, was carefully
sandwiched between two cover glasses. The PEI sandwich structure
was placed on a temperature-controlled microscope stage THMS600
(Linkam Scientific, UK). The selected cure cycle was programmed in
the Linkam software. The reactive liquid epoxy, at room temperature,
was then injected into the slit region of the PEI film. The resin drop
spontaneously attained the specimen temperature by having contact
with the hot stage and filled the gap by capillary forces. Once the resin
had contact with the hot stage, the selected cure cycle described in

Section 2.2 was started. An optical microscope (Keyence VHX-2000)
was used to make a 30 s interval time-lapse, allowing us to observe
visual changes in the region of the epoxy/PEI interface.

2.4. Optical Interphase Analysis. Field emission scanning
electron microscopy (JEOL JSM-7500F, Germany) and confocal laser
scanning microscopy (Keyence 3D, VK-X1000) were used to study
the interphase and morphology of cured samples. For CLSM, samples
for analysis were embedded in a fast-cure epoxy resin and
subsequently ground and polished. Polished samples were etched
with N-methyl-2-pyrrolidone (NMP) following the procedure
explained elsewhere'® for qualitative observation of the interphase
morphologies using the 20X objective of the CLSM. For SEM
analysis, the etched samples were further coated with gold using a
sputter coater.

2.5. Image Analysis. A time-resolved analysis was done on the
images obtained during the hot-stage experiments. It is important to
note that all the images, for a selected dwell time, were captured at the
same position but at different time intervals (after every 30 s) during
the curing process. To further quantify the movements of the epoxy
front and PEI front, the Image] software®' was used. The increment in
diffusion lengths of epoxy and PEI fronts was measured by the
difference between the position of the fronts at complete phase
separation and the position of fronts at the beginning of second dwell.

To further analyze the interphase region and morphology, SEM
microscopy was performed (Figure 3a). The micrographs were further

Figure 3. (a) SEM image of sample at 180 °C. (b) Segmented image
from Image]. (c) Blob detection open CV.

examined to obtain the droplets’ size and their distribution. A multi-
stage thresholding and marker-based watershed image segmentation
procedure was used to extract the droplets from the SEM images
using Weka,> a machine learning segmentation tool in Image]
(Figure 3b). The Python packages (Scikit-Image, SciPy, Numpy, and
matplotlib) and blob detection with OpenCV>* were used to calculate
the droplet size across the interphase region (Figure 3c).

3. RESULTS

3.1. Interphase Formation. 3.1.1. Hot Stage. Figure 4
shows the micrographs of a sample cured at 180 °C for two
different first dwell times observed at different times in the
two-dwell stage cycle. Figure 4a shows the existence of (i) a
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Figure 4. Optical micrographs of the sample at a 180 °C first dwell temperature. (a) Second dwell started just after the onset of phase separation
(b, ¢) showing change in position of EP and PEI front through a pointer, (d) onset of phase separation, (e) second dwell started after 80% of
degree of cure, and (f) complete phase separation after the second dwell. (OPS: onset of phase separation, DOC: degree of cure, the 0 mark on the
horizontal axis indicates the initial interface between PEI and EP, and the upper scale bar is in millimeters).

penetration front of epoxy in the PEI film, (ie., infiltration
layer),"® (i) a darker region behind this epoxy front, which
usually consisted of swollen thermoplastic resulting from the
dissolution action of the epoxy monomers (i.e., gel layer),"
and (iii) a clear interface between the gel layer and epoxy (PEI
front), which indicated the onset of phase separation.

Figure 4a—c presents the incremental evolution of the
interphase region from the start of the second dwell (i.e., 200
°C) at the time of onset of phase separation (OPS case) during
the first dwell. It is evident that both fronts (epoxy and PEI)
progressed significantly overtime during the second dwell, even
beyond the onset of phase separation. Figure 4d represents the
onset of phase separation, while the second dwell started after
achieving 80% degree of cure (80% DOC case) (Figure 4e—f):
the progression of the diffusion front was small compared to
the other case. To further quantify this movement, the distance
traveled by the fronts during the second dwell is plotted as a
function of the first dwell temperature for both cases in Figure
S. The results showed that the diffusion distance was
significantly higher in the case of OPS as compared to the
80% DOC case, particularly at lower first dwell temperatures.

3.1.2. Interphase Analysis. The interphase formation
between epoxy and PEI at different first dwell temperatures
was analyzed by using SEM. The interphase regions of samples
cured at 140 °C (first dwell temperature) for two different first
dwell times (OPS and 80% DOC) are shown in Figure S3a,b,
respectively. At this temperature, a distinct gradient morphol-
ogy was clearly observed for both cases (OPS and 80% DOC).
The SEM micrographs revealed the formation of a larger
interphase region (71 pm) for the OPS case (Figure S3a) as
compared to the 80% DOC case (56 um) (Figure S3b).
Similar results were also obtained for the samples pre-cured at
160 and 180 °C temperatures.

Figure 6 shows the interphase thickness as a function of first
dwell temperature for both OPS and 80% DOC cases. It can be
seen that the interphase thickness increased with the first dwell
temperature for both cases, until 160 °C after which it slightly

Pure PEI Interphase Pure Epoxy
200 B
m PElFront @ OPS
0O EPFront@ OPS
® PEI Front @ 80% DOC
—_ © EPFront @ 80% DOC
9 180 O FO+H e HiH
S
[
S
=
ol
g 160 —HH o -4 e -
Q.
£
[
-
= 1404 W1 O 4 2 2 HH
[
3
©
- 120 o od 1 e .
T T T T 1
-15 -10 -5 0 5 10 15

Distance (um)

Figure S. Increment in diffusion lengths of EP and PEI fronts as a
function of temperature after onset of phase separation. Bars represent
standard deviation.

decreased for a first dwell temperature of 180 °C. To better
understand the effect of both first dwell cure temperature and
time on the interphase formation, the relative difference in
interphase thickness between the two cases (OPS and 80%
DOC) is plotted as a function of first dwell temperature
(Figure 7), with 80% DOC as a reference. The results
displayed that the relative difference in interphase thickness
was significantly higher at lower first dwell cure temperatures
(e, <140 °C).

3.2. Morphological Analysis. The SEM images of a
sample cured at 120 °C (1st dwell temperature) for the OPS
case and 80% DOC case are presented in Figure S4a,b,
respectively. The interphase formation was observed to be
significantly different at a first dwell temperature of 120 °C,
particularly for 80% DOC, as compared to higher first dwell
temperatures. For instance, at a 120 °C first dwell temperature,
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Figure 6. Final interphase thickness versus first dwell cure
temperature at different first dwell times. (OPS: onset of phase
separation, DOC: degree of cure).
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Figure 7. Relative difference in final interphase thickness between
OPS and 80% DOC first dwell times as a function of first dwell
temperature.

the formation of a gradient morphology was visible in the case
of OPS (Figure S4a), while for 80% DOC (Figure S4b), no
clear gradient morphology was evident at a much smaller
interphase thickness. The SEM image of a sample cured at a
140 °C first dwell temperature until OPS, and then a second
dwell at 200 °C is shown in Figure 8. The micrograph displays
an epoxy/PEI biphasic region separated by a distinct interface
of pure epoxy (left) and pure PEI (right). In the vicinity of the
pure epoxy interface, the epoxy/PEI biphasic morphology was
described by epoxy-rich droplets dispersed in a PEI matrix, i.e.,
phase-inverted morphology.'® This phase inversion is
attributed to the viscoelastic phase separation phenomenon,

as already observed for different epoxy/thermoplastic blends.**
The size of these epoxy droplets was observed to decrease
gradually toward the pure PEI region due to the increase in
PEI content. A similar gradient morphology was observed for
the samples cured at higher dwell temperatures (160 and 180
°C).

3.3. Droplet Size Distribution. The epoxy droplet size
and frequency, calculated from blob detection, are plotted as a
function of position along the interphase for samples cured at
different first dwell temperatures until OPS or 80% DOC (see
Figure 9). It is evident from the graphs that the epoxy droplet
size decreased by moving toward the pure PEI phase (i.e., from
left to right) for all first dwell temperatures. Furthermore, the
droplet size in the vicinity of the epoxy interface increased as a
function of the first dwell cure temperature until 160 °C.
Moreover, the frequency of smaller droplets was higher in the
case of 80% DOC as compared to the OPS (see for instance
Figure 9e,f). This behavior was also verified by the presence of
the optically dense darker region in the CLSM image of a
sample cured at a 140 °C first dwell temperature (80% DOC),
as compared to the sample cured at a 140 °C first dwell
temperature (OPS) (Figure 10). At a 120 °C first dwell
temperature with 80% DOC (Figure 9b), a narrow droplet size
distribution with an absence of smaller sizes was observed due
to the absence of gradient morphology, as already discussed in
Section 3.2 (see Figure S4b).

4. DISCUSSION

To understand the interphase formation in the EP/PEI system
as a function of first dwell temperature and time, the degree of
cure at the gel point (ag) was estimated for the considered
epoxy system using the Flory—Stockmayer relation, given as’®

1
a. =
8
\/"(fw,e - 1)(fw,u - 1) (1)
where, f,, and f,, are epoxy and amine average

functionalities, respectively, while r represents the molar ratio
of reacting functional groups and given as follows:
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Figure 8. SEM micrograph showing phase-inverted morphology (epoxy-rich particles densely dispersed in a continuous PEI-rich matrix) of a PEI—
epoxy interphase obtained at a 140 °C first dwell cure temperature (EP: epoxy).
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EP. /.

Figure 10. CLSM images showing interphase of a PEI/epoxy system obtained at 140 °C first dwell temperature; (a) second dwell at onset of phase

separation and (b) second dwell at 80% degree of cure (EP: epoxy).

The functionalities of the epoxy monomers f,, , (DGEBF and
TGMAP) were taken to be 2 and 3, respectively, while the
functionality of DDS f,, , was 4.° N, (0.03,0.14) and N, (0.1)
represent the number of moles of epoxy monomers (DGEBF
and TGMAP) and amines (DDS), respectively. The estimated
value of degree of cure at the gel point (ag) was 0.43 for the
considered epoxy system, which is in accordance with the
literature value reported for a similar blend.*® The degree of
cure (estimated from the cure kinetics model, Figure 1b) as a
function of first dwell temperature is plotted in Figure SS for
both OPS and 80% DOC cases. It is evident that for all OPS
cases, the degree of cure was always lower than the one
corresponding to the gel point (ag), while the degree of cure
was significantly higher than q, for the 80% DOC case.

The outcome of hot-stage experiments, presented in Figure
4, showed higher diffusion distances in the OPS case as
compared to the 80% DOC case, which may be attributed to
the fact that the gel point was not attained in the OPS case, as
shown in Figure SS, resulting in a higher diffusivity. This
means that the epoxy polymeric chains/oligomers were still in
a mobile state and can dissolve/diffuse further during the
second dwell curing stage.26 While at 80% DOC, the degree of
cure was higher than the one corresponding to a, which
theoretically means that the polymeric chains should be
completely bound due to infinite molecular weight. However, a
considerable diffusion distance was still observed at 80% DOC
(Figure 5). This may be attributed to the demixing respectively
non-stoichiometric curing, caused by the different diffusion
speeds of three constituents of the epoxy system (TGMAP,
DGEBF, and DDS). This effect became more pronounced for
higher diffusion lengths (i, larger interphase) and higher
temperatures. This means that at the diffusion front, the
reaction rates derived from the bulk reaction kinetic model are
optimistic. The slower reaction between epoxy monomers
takes place, which eventually results in longer mobility and
diffusion times even after achieving the nominal gel point. It is
also interesting to note that the diffusion distance increased
significantly by decreasing the first dwell temperature,
particularly for the OPS case, which may be associated with
the larger temperature difference between first dwell and
second dwell conditions. This facilitated the diffusion/
dissolution of polymeric chains.

Apart from analyzing the movement of diffusion fronts after
the onset of phase separation using hot-stage microscopy, the
SEM analysis provided a useful understanding of the
morphology and total interphase thickness as a function of
first dwell temperature and time. An increase in interphase

thickness with increasing first dwell temperature (Figure 6) can
be explained by the competition between the rate of phase
separation and curing rate. If the phase separation proceeds
much faster than the curing rate, then the interphase thickness
is primarily controlled by the rate of phase separation rather
than the cure rate (i.e., first dwell temperatures < 160 °C). On
the other hand, if the cure rate is faster than the phase
separation, then the interphase thickness is controlled by the
reaction rate (i.e., first dwell temperatures >160 °C)."* A
similar trend of increase in interphase thickness as a function of
increasing first dwell temperature until 117 °C followed by a
decrease in interphase thickness was observed for DGEBA
epoxy toughened with polysiloxanes.”” These authors
attributed this increase/decrease in interphase thickness to
the chemical reaction, coalescence, and interdiffusion of
DGEBA and polysiloxanes. The thermoplastic (i.e., poly-
sulfone) diffusion in the epoxy phase was also found to
increase with the increase in the first dwell temperature, which
was linked to the enhanced mobility of polymeric chains at
higher temperatures.”® Moreover, the relative difference in
interphase thickness between OPS and 80% DOC (Figure 7)
was quite significant particularly at lower first dwell temper-
atures, which again verifies the higher diffusion/dissolution of
polymeric chains by starting second dwell at OPS for lower
first dwell temperatures, as already discussed above. These
results indicated that, apart from the first dwell temperature,
the first dwell time (i.e., OPS and 80% DOC) influences the
interphase thickness, particularly at lower first dwell temper-
atures.

In addition to interphase thickness, SEM analysis revealed a
clear difference in interphase morphology as a function of first
dwell temperature and time. The absence of a gradient
morphology at a first dwell temperature of 120 °C (Figure S4)
suggested the nonexistence of a concentration gradient, which
supports the occurrence of case II diffusion for shorter lengths.
While at higher first dwell temperatures, a clear concentration
and morphology gradient became apparent (Figure 8), which
may be attributed to the presence of a mixed mode between
case I and case II diffusion. The formation of a similar gradient
morphology was also observed in the literature for epoxy/PEI
and PSU systems.'®

In the end, the droplet size distribution in the interphase
region was analyzed as a function of first dwell temperature
and time. The size of bigger droplets in the vicinity of pure
epoxy was observed to be significantly affected by the increase
in the first dwell temperature until 160 °C (Figure 9), which
may be attributed to the higher mobility of polymeric chains
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before the onset of phase separation, favoring a longer growth
phase after nucleation, as also observed in the literature.”®
However, the size of these bigger droplets was found to be
independent of the first dwell time, as the onset of phase
separation was achieved under similar conditions. Apart from
bigger droplets, the frequency of smaller droplets was observed
to be higher in the case of 80% DOC as compared to the OPS
case, which may be linked to the restricted mobility of
polymeric chains after phase separation, which eventually
prevented the growth of particles and resulted in smaller
droplets.”* This hypothesis was further verified by the absence
of these smaller droplets at 120 °C for the 80% DOC case.

5. CONCLUSIONS

The thermoplastic microphase is typically incorporated into
the high T, epoxy system to toughen the brittle epoxy by
creating specific morphologies at the interphase. These
morphologies and interphase dimensions can be fine-tuned
by playing with the curing conditions of the modified epoxy
system. Therefore, the main objective of the present study was
to achieve the desired droplet size and interphase morphology
for improved material toughness, which was attained by
analyzing the influence of the dwell time and dwell
temperature in the first dwell cycle. Hot-stage microscopy
experiments were carried out at several first dwell temperatures
in a range of 120—80 °C before final conversion at the second
dwell. The morphologies and droplet size distribution at the
interphase, after final cure, were further analyzed through
scanning electron microscopy.

Hot-stage microscopy experiments revealed that both epoxy
and PEI diffusion fronts continued to progress, even after
achieving the onset of phase separation. However, the diffusion
distance was significantly higher in the case of OPS as
compared to the 80% DOC case, particularly at lower first
dwell temperatures. SEM analysis showed that the interphase
thickness was strongly influenced by both dwell temperature
and dwell time. Furthermore, the size of bigger droplets near
the pure epoxy region was primarily controlled by the dwell
temperature, with almost no influence of dwell time. On the
other hand, the frequency of smaller droplets was governed by
dwell time. It is interesting to note that higher interphase
thickness was obtained for the OPS case, while a larger number
of smaller particles were observed for 80% DOC. Therefore,
the influence of both these parameters (interphase thickness
and droplets size) on the toughness enhancement of epoxy will
be investigated in the future, along with the applications in the
aerospace sector for producing fiber-reinforced epoxy
composites. Moreover, in the case of 80% DOC, it will be
interesting to analyze the sequential diffusion of monomer
using the FTIR technique in order to explain the movement of
epoxy and PEI diffusion fronts.

This work highlights the importance of the curing process
beyond phase separation, using two-dwell cure cycles, to
control the interphase dimension and final morphology for the
poly(ether imide)/epoxy system.
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