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Abstract: The thermo-mechanical properties and nanostructural features of epoxy aromatic
resins cationically cured by UV-visible or electron beam radiation have been studied by FT-
NIR spectroscopy, dynamic mechanical analysis (DMA), dielectric spectroscopy (DS), and
atomic force microscopy (AFM). The influence of formulation (nature and content of onium
salt) and of curing parameters (doses, thermal treatment) on the thermophysical have been
investigated. The presence of several relaxation domains observed by DMA and DS analysis
confirms the presence of heterogeneities in the cured materials. Network formation is
described by the percolation of glassy nanoclusters which are evidenced by AFM analyses.
AFM probing by quantitative nanomechanical measurements confirms the gradual build-up of

the local Young’s modulus in good agreement with the macroscopic value.

Keywords: cationic polymerization, aromatic epoxy monomers, glass transition, network
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1. Introduction

Radiation-induced crosslinking-polymerization of multiacrylates yields highly crosslinked,
heterogeneous networks (Di Lorenzo & Seiffert, 2015) because of a complex chain-growth
mechanism and chain kinetics (Bowman & Kloxin, 2008) that have been studied for several
decades (Dusek, 1971; Dusek et al., 1980). The recent development of experimental methods
for probing materials at the nanoscale has made it possible to study more deeply the structural
features of networks obtained by radiation-induced free radical processes. A general
agreement for the description of the resulting material consists of a juxtaposition of highly
crosslinked nanosized clusters interconnected by a continuous domain made of a weakly
crosslinked polymer phase gradually driven to the glassy state (Krzeminski, 2010a;
Krzeminski, 2010b).

The radiation-initiated cationic polymerization of epoxies and vinylethers continues to receive
considerable interest since the original discovery of the potentialities of onium salts as
initiators (Crivello et al., 1999). Onium salts with a low nucleophilicity counter anion can be
activated by thermal, photochemical and radiochemical activation. Efficient Bronsted or
Lewis acids are generated via different mechanisms and efficiently initiate the chain
polymerization of epoxy functions or of other cationically polymerizable monomers
(Coqueret, 2008; Ferry et al., 2016).

The assets of this chemistry continue to stimulate research on initiators systems and on
application-oriented projects (Yagci & Reetz, 1998; Sangermano, 2012; Przybytniak et al.,
2016), but the current knowledge on the relations between reactivity, microstructure and
properties is limited. In the frame of our current research on epoxy homopolymerization and
its potentialities in the field of high performance composite materials and in nanolithography,
we are currently investigating the thermal and microstructural aspects of the cationic
polymerization. This present article reports on heterogeneity issues related to the radiation-

initiated polymerization of model aromatic epoxies.

2. Experimental

2.1 Materials
Diglycidyl ether of bisphenol A, DGEBA (DER 330, Dow Chemical) and an epoxy novolac

EPN (DEN 431, Dow Chemical) were the base model epoxy resins used in this study. The



onium salt initiators for EB initiation were cumyltolyliodonium
tetrakis(pentafluorophenyl)borate (Rhodorsil P12074, Bluestar Silicone), named DAIS for
diaryliodonium salt, and triarylsulfonium hexafluorophosphate (TASP) as a 50 %-wt solution
in propylene carbonate (Sigma Aldrich). For visible light photo-activation an Iron(ll)
complex salt (n >-cyclopentadienyl) (n °-1-methyl-naphtalene)-iron(Il) hexafluorophosphate
(CplS for cyclopentadienyl iron salt) was synthesized in our lab (Defoort et al., 2006). For
UV-visible curing at 385 nm, 2-isopropyl thioxanthone, ITX (Aldrich) was used a
photosensitizer for DAIS. The desired amount of initiator was added to the resin and
cautiously dissolved by mechanical stirring under exclusion of visible light. The samples were

protected for moisture sorption at the different stages of their preparation.
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Scheme 1. Epoxy aromatic resins and cationic initiators used for the study.
2.2 Polymerization procedure
For preparing solid epoxy films, the liquid resins containing the required amount of initiator
were cast onto Si wafers with bar coaters (10-20 mm thickness) and cured by exposure to the

desired radiation source (150 keV EB lab accelerator (Advanced Electron Beams), 385 nm



LED array with an irradiance of 155 mW cm (Hamamatsu), or a 150 W- 65000 lux halogen
lamp (Philips)).

Bar samples of controlled dimensions (2 mm-thick and 5 mm-broad, 40 mm-long) -samples
were poured into silicon molds and EB-cured with a pulsed accelerator (10 MeV Circe Il
Linac, 20 kW, time-averaged dose rate of 15 kGy s™). The dose was adjusted by changing the
number of passes applied to the sample (25 kGy per pass for doses up to 100 kGy, followed
by 50 kGy per pass for higher doses).

2.3 Characterization of the cured samples

The monomer conversion (1) was determined by near infrared spectroscopy performed with a
Vertex 70 spectrometer (Bruker). The thermo-mechanical properties were determined with a
TA Instruments Q800 Dynamic Mechanical Analyzer. The analyses were carried out on cured
sample rods (17.5 mm-long, 10 mm-broad, 2 mm-thick) with a single cantilever clamp at 1
Hz, a 30 um amplitude and a 3 °C min™ ramp temperature. The temperature for the thermo-
mechanical transition o (T,) was determined from the position of maximum of the loss
modulus E” and used for estimating the glass transition temperature Ty Atomic force
microscope (AFM) was used to investigate the network macrostructure of UV-cured epoxy
resin on the DEN 431 resin containing 0.5 wt-% of DAIS and 0.2 wt-% of ITX as
photosensitizer. The EPN resin containing DAIS and ITX was diluted at in butyl acetate (30
% w/w). Two drops of this solution were cast on the Si wafer and the solvent was evaporated
in an oven at 90°C for 5 min. UV-initiated polymerization was conducted by exposing the
samples to a UV-LED (LC-L3 36x36W, Hamamatsu) at 385 nm wavelength with an
irradiance of 155 mW cm™. Depending on the desired level of epoxy conversion, some
samples were post-cured in an oven at 90°C for a controlled period of time.
Frequency-dependent dielectric measurements were performed from 10 to 10° Hz at various

constant temperatures between -80 and +200°C, in 10°C steps, using a Novocontro-1 Alpha-a



high resolution dielectric analyzer. The measurements were performed on unconditioned
(kept in ambient conditions for several days) 1 mm-thick EB-cured DGEBA samples.

For the AFM measurements, two different imaging approaches were used. The evolution of
the polymer network with the conversion values was studied by classical tapping imaging.
Topographical and phase images were recorded using a Dimension 3100 microscope from
BrukerNano. Silicon tips with nominal resonance frequency of 450 kHz and nominal spring
constant of 200 N.m-1 were used. The images were recorded in a soft tapping mode with a
setpoint amplitude setup to 70-80% and a scan rate of 0.5 Hz. The images were processed and
treated using WSxM (Horcas et al. , 2007) and ImageJ 1.40g softwares.

Then, to see the evolution of the indentation modulus with irradiation, quantitative
measurements were performed on a Multimode 8 AFM from BrukerNano using PeakForce
QNM mode. Standard procedures from BrukerNano were used to choose the proper tip
regarding the samples (Ohler, 2007). The deflection sensitivity was determined using a clear
sapphire sample and is an average of 3 different measurements at the beginning and
recalculated several times during the measurements. The spring constants of the cantilever
were estimated using the thermal tuning and the Sader methods. The radius of each tip was
determined before each set of measurements by using a proper calibration sample. For all
samples, all the experiments were performed at room temperature and a controlled relative
humidity of 40 %.

3. Results and Discussion

The objective of this work being a detailed and multiscale approach of network structure in
radiation-cured epoxy networks, a good control of elaboration conditions is necessary. Our
previous investigations were essentially based on DGEBA as a model compound. We have
extended this approach to an epoxy novolac EPN, a commercial grade referred to as a semi-

solid resin having the structural features and properties gathered in Table 1.



Table 1. Comparison of the structural features and properties of epoxy resins used in this study.

Molecular Average Epoxy content T, Viscosity
Epoxy resin weight functionality (mmol g1 (uncured) (mPa.s)
(g mol™)
DGEBA 340 2 5.6 -20°C 8500 (25°C)
EPN 453 2.8 5.7 18°C 1400 (52°C)

3.1. Reactivity and control of network properties

The preparation of well-defined samples requires a good control over curing Kinetics and
mastering the final conversion. Several composition and treatment factors exert a critical
influence on the initiation and on the development of the polymerization process (Degrand et

al. 2003).

Thin epoxy films (10 — 100 um-thick) as well as plates (1-5 mm-thick) based on DGEBA or
EPN were efficiently cured by exposition to EB radiation of convenient energy, 150 keV and
10 MeV, respectively. The high efficiency of DAIS allows for satisfactory curing levels at a
concentration low as 0,125 wt-% in thick samples. Polymerization exothermicity as well as
the conversion of the incoming radiation into heat are of prime importance (Ranoux et al.,
2012).

The kinetic profile measured by FTIR during the stepwise application of 150 keV EB

treatments to a 10 mme-thick film of EPN including 0.5 wt-% of DAIS is shown on Figure 1.
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Fig. 1. Conversion profile measured by FTIR spectroscopy of a 10 um-thick film of EPN sample with 0.5 wt-%
of DAIS initiator submitted to increasing EB radiation doses (room temperature, 150 keV, 10 kGy per pass for
doses up to 100 kGy, followed by 25 kGy per pass for higher doses).

The conditions of this experiment with a fractionated exposure to the electron beam minimize
the thermal effects with a fast dissipation of heat in the substrate (Defoort et al., 2001). This
limits the development of the cross-linking polymerization that converts the epoxy resin into a
glassy network. As soon as the glass transition temperature of the network under formation
approaches the effective temperature of the sample, molecular diffusion and segmental
motions are restricted. In the example of Figure 1, the fractional conversion of epoxy
functions () does not exceed 0.18 despite the extremely high dose applied to the sample.

A similar situation is observed when a thin DGEBA film including 0.5 wt-% of DAIS is
submitted to a single dose of 45 kGy. The conversion measured just after irradiation is about
0.1, but the polymerization further proceeds in the sample kept at room temperature with
exclusion of moisture (Figure 2, curve a). The cationic polymerization proceeds to a much
higher conversion level & = 0.5 after several days. When the formulation includes 2 wt-% of
sulfonium salt TASP and is exposed to 385 nm LED, the higher amount of initiator and
thermal effects allow the conversion to reach higher levels (P = 0.42 and P = 0.57 at the end

of the 1 J cm? and 5 J cm™ exposures, respectively. Post-irradiation polymerization at room



temperature continues for about 1 to 2 h, and the conversion finally reaching a plateau value

close to 0.6.
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Fig. 2. Post-irradiation conversion profiles measured by FTIR spectroscopy for 10 um-thick films of DGEBA
kept at room temperature: (a) with 0,5 wt-% DAIS initiator after 45 kGy irradiation (150 kV), (b) 2 wt-% of
TASP initiator after a 5 J cm™ exposure to 385 nm LED, (c) 2 wt-% of TASP initiator after a 1 J cm™ exposure
to 385 nm LED.

When the resin is irradiated in the form of plates of thickness typically beteween 0.5 to 5 mm,
strong thermal effects occur during polymerization with peak temperatures as high 200-
220°C, depending on the efficiency of heat dissipation, on dose rate and dose increments
(Ranoux et al., 2012). The experiments conducted with EPN containing 0.5 wt-% of DAIS in
2 mm-thick molds were designed for obtaining fully cured samples, either by a single EB

irradiation or by a combination with a post-treatment.

The data gathered in Table 2 indicate that a 20 kGy irradiation is not sufficient to fully cure
the samples, essentially because of too small rise in temperature during the irradiation which
results in early vitrification of the network. Post-polymerization for 1 h at 200°C allows for
completing the polymerization together with an increase in Ty as measured from the position
of the loss modulus E”. Irradiation at 30 and 50 kGy yield samples with higher conversions (1

= 0.96) that can be further improved by the post-irradiation treatment.



Table 2. Influence of EB dose and of post-treatment on the epoxy conversion and on the glass transition

temperature (1% DMA run) of 2 um-thick EPN-based bar samples (0.5 wt-% DAIS).

Treatment 20 kGy 30 kGy 50 kGy
(Dose, post-treatment) ; 1h @200°C i} 1 h @200°C ) 1 h @200°C
Epoxy conversion () 0.71 ca. 0.99 0.96 0.99 0.96 0.99
T, (°C) 44 177 175 178 177 182

Based on a single pair of descriptors (r, Tg), the cured samples the samples seem to have very
close thermophysical characteristics. However, the presence of microheterogeneities and of
long-lived cationic centers requires a deeper investigation.

3.2. Heterogeneity revealed by DMA and DS relaxation spectra
DMA measurements

Dynamic mechanical analysis is commonly used to investigate the morphology of polymers
and composites. When used in favorable conditions, the technique is sensitive to low energy
transitions which are not readily observed by differential scanning calorimetry. This holds

particularly true for networks prepared by chain polymerization.

We have analyzed the influence of DAIS concentration on the thermomechanical relaxations
in EB-cured DGEBA materials cured in the form of 1-mm thick plates by treatment with a
dose of 2 x 50 kGy. The samples treated in such conditions exhibit a high level of epoxy
conversion (0.92 > x > 0.98). On the left side of the main relaxation Tan & peak observed in
the spectra shown in Figure 3 a) at temperatures between 170 and 200°C, a shoulder reveals a
secondary transition that is commonly assigned to side group motions or local crankshaft or in
amorphous homogeneous polymer systems. The strong dependence on the initiator
concentration suggests a different interpretation based on the existence of domains with
higher mobility where the degree of cross-linking or the presence of free monomer swelling a
soft network where some polymer segments relax a temperature much lower than the main
chains. Such an interpretation was supported by calorimetric analyses performed radiation-
cured diacrylate networks which allowed for description of the morphology by a two-

component system (Krzeminski et al. 2010a). The pseudo-living behavior of the cationic




polymerization does not allow for such measurements. Indeed, the thermal ramp applied to
the sample induces a resumption of the polymerization process which affects the sample

structure and modifies its properties.

0,25

0,30 4
005 ————————— — 20 kGy run1
—— 20 kGy run2
30 kGy runt
—— 30 kGy run2
50 kGy run1
—— 50 kGy run2 |

DAIS (t-%)
025 4% 0,201 1strun

0,20 4

0,15 20 kGy \
N,/ /0Ky

Tans
Tan a

,/’ A
[ 50 kGy
0104 g0z!

0,05 4 0 25 50 75 100 7

0,05
0,00 4

-0,05 T T T T 0,00 T T T T
0 50 100 150 200 250 0 100 200 300

Temperature (°C) Temperature (°C)

a) b)

Fig. 3. Influence of DAIS concentration, and of thermal post-treatment on the thermomechanical relaxation in
EB-cured (10 MeV) epoxy-based networks measured by DMA at 1 Hz: a) 1 mm-thick DGEBA including 0.125
- 4 wt-% of DAIS initiator after 2 x 50 kGy irradiation without post-treatment (1% DMA ramp), b) 2 mm-thick
EPN including 0.5 wt-% of DAIS initiator after 20, 30 or 50 kGy irradiation (1% and 2" DMA ramps).

A similar behavior was observed with the EB or UV-vis cured DEN samples. We have
selected here some results showing the influence of radiation dose (20, 30 and 50 kGy)
applied to DEN mixtures including 0.5 wt-% of DAIS (Figure 3 b). The secondary relaxation
shoulder observed at temperatures between 50 and 150°C decreases in intensity and its
components seem to be shifted to higher temperature when the dose increases from 20 to 50
kGy. This supports the occurrence of chemical events associated with the evolution of the
secondary transition and substantiates the interpretation given in the previous paragraph.
Moreover, the spectra recorded during the second heating ramp show a decrease of the sub-Tg

relaxation.
Dielectric spectroscopy

The dielectric permittivity and dielectric loss spectra of a 1 mm-thick EB-cured DGEBA
plates were recorded as a function of temperature. The plots of the dielectric loss are
reproduced in Figure 4 for frequencies ranging from 10™ to 10" Hz. In the low temperature
range (below room temperature), the p-relaxation, i.e. the secondary relaxation of polymer
segments, is observed as a small shoulder. In the temperature range from 50 to 150°C, the

permittivity (not shown) and the dielectric loss both increase, especially at low frequencies,
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and reach a maximum at around 120°C (g"= 40 at 0.1 Hz). Here the process cannot be
ascribed to the glass transition of the material as the thermodynamic T4, measured by DSC, is
between 150 and 180°C, implying that the dielectric loss maximum is beyond this
temperature for the investigated frequency range. A concomitant increase of permittivity and
loss at low frequency is encountered when ionic species are involved in the conduction
mechanism. As electrodes are generally blocking for ionic species, ionic conduction gives rise
to charges accumulation adjacent to the electrodes under sufficiently low frequency. A more
complete analysis of the loss process in in terms of ion transport is proposed elsewhere
(Vissouvanadin et al., 2016).

In the dielectric tan & plot of Figure 4 b), the presence of two relaxation processes, labeled p
and p*, is clearly observed. Both relaxation processes appear related to the motion of charges
for the reasons stated above. It is tempting here to associate the lower temperature one (p) to
the lower temperature mechanical relaxation process of Figure 3. Though the dielectric loss
peak may be due to ionic transport, the triggering mechanism for ion motion could be the
onset of chain segment motion of high mobility. The dielectric response would be a complex
process involving residual ion density, the heterogeneity of the microstructure and the degree

of curing of the matrix.

10 .
| 0.1Hz
107 - 1Hz )
: o 10Hz 102
102l 10%Hz ]
f = 10°Hz }
. . W
- 10l 10°Hz ]
w 3 e i © 0
: 10%Hz . £ 100
: . =
10° FEah +
: .
.
10, GRdg mmet gl .
R ves oy ; 1022
0% : . : : . | -
a) 0 50 0 50 10 150 20 D) 50 100 150 200
T(°C) T (°C)

Fig. 4. Dielectric spectrograms (dielectric loss €” (a) and tan 6 (b)) revealing the dielectric relaxation at low
frequency in 1 mm-thick EB-cured DGEBA samples containing 1 wt-% DAIS (100 kGy, post-curing 90 min at
180°C).

In order to evidence at the proper dimension scale, the effects interpreted in terms of
microheterogeneity, we have managed to use near field techniques offering the possibility to
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gain quantitative information on networks formed from the same single precursors (DGEBA
or EPN).
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3.3 AFM imaging and measurements

A first series of 5 films based on DGEBA monomer mixed with a suitable initiator was
prepared for imaging their surface with the methodology used previously (Krzeminski,
2010b). The polymerization was either induced by EB irradiation with compositions
including DAIS or under UV-visible light with compositions including CplS in order to
achieve various level of conversion. The typical roughness of the films surface was typically
below 0.35 nm over a probed area of 300 x 300 nm?. The phase contrast images reproduced in
Figure 5 a) reveal significant variations of the interactions of the tip interacting in the tapping
mode, as a function of local viscoelastic interactions and of adhesion forces. The whiter zones
correspond to the hard domains which are not correlated to the sample topology with a very
smooth surface. By applying appropriate image treatments, with reasonable threshold values,
the pictures of Figure 5 b) are obtained with black domains corresponding to the rigid clusters
contrasting well from the softer background. The pseudo-living character of cationic
polymerization of DGEBA as well as the tackiness of the surface at low levels of conversion
() did not allow to analyze with a satisfactory level of confidence samples with © < 0.4.
However, over the conversion range covered by the 5 samples, the global coverage of black

zones in the pictures increases, as expected, with conversion.
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Fig. 5. Phase images as obtained by tapping mode AFM for radiation-cured DGEBA networks (300 x 300 nm?
area) with conversions ranging from == 0.4 to = = 0.95, as recorded (a), after image processing and thresholding

(b).
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The dimensions of the clusters were measured in terms of Feret’s diameter, the larger
dimension observed for a dark island in the plane of the image, and in terms of area. The
quantification affords interesting information supporting the scenario proposed previously for
the free radical cross-linking polymerization of aromatic diacrylates (Krzeminski, 2010b).
The initiation proceeds locally and forms small gel domain which grow (i) in number, as the
number of initiation sites increase with the radiation dose, and (ii) in size until vitrification
limits the development and the internal cross-liking with the nanoclusters. Once the
percolation threshold is reached, the clusters can merge by polymerization in the soft domains
at their interface. The evolution of the Feret’s diameter distributions shown in Figure 6 a)
indicates that initial clusters (= = 0.4) have a typical cross-section of 5-10 nm which is
gradually shifted to higher values with an increasing dispersity. The distribution of the area
values for the clusters varies accordingly (Figure 6 b), with a dramatic loss of circularity.
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Fig. 6. Histograms representing the conversion dependence of geometrical parameters of rigid clusters probed by
tapping mode AFM in radiation-cured DGEBA samples: a) population of clusters as a function of the Feret’s

diameter (FD), and cluster area (A).

The plot of Figure 7 show the continuous increase of the mean Feret’s diameter as the

network consolidation takes place in the interstitial domains. At high conversion (n = 0.95),

14



the monolithic material still exhibits local variations of cross-linking density, in agreement

with the macroscopic observations obtained from DMA and DS.
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Fig. 7. Evolution of the average Feret’s diameter of rigid clusters probed by tapping mode AFM in radiation-

cured DGEBA sample with various degrees of conversion.

With the advent of new probing AFM techniques with- measurement of the peak normal force
allowing for quantitative characterization of mechanical properties at small dimensions,
including modulus, adhesion, dissipation, and deformation, while simultaneously imaging
sample topography, we have extended our investigation to the epoxy novolac (EPN) which is
a soft by solid material in the uncured state at room temperature, thus reducing the influence
of adhesion forces for the low degrees of conversion. A series of 5 samples was prepared as
described in Table 3, with a fractional conversion = ranging from 0.17 to 0.79.

Table 3. Curing conditions and final conversion for the 10 um-thick EPN-based films prepared for AFM
characterization in QNM mode (0.5 wt-% DAIS, 0.2 wt-% ITX)

Sample 1 2 3 4 5
Duration of LED irradiation at 385 nm (s) 75 100 25 50 500
Duration of post-curing at 90°C (min) - - 3 10 10
Epoxy conversion (r) 0.17 0.25 0.53 0.67 0.79

15



Topographic imaging of the cured EPN films confirmed the smoothness but with a significant
and continuous enhancement of their roughness with increasing conversion. The plots of
Figure 8 show the conversion-dependence of topography and of deformation parameters
averaged out of nine images per sample type (triplicated measurements made on three distant
spots per sample). The values displayed in figure 8 were averaged out of nine (300 x 300
nm?) images per sample type (triplicated measurements made on on three distant spots per
sample). The deformation under the tip decreases as the cross-link density increases, the value
for Young’s modulus increasing concomitantly. It is noteworthy that the 2mm-tick EPN
samples prepared with the same conversion level (0.7 < © < 0.9) by EB-curing exhibit a
glassy Young’s modulus of about 2800-3000 MPa, a value very similar to the one obtained by

nanomechanical measurements.
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Fig. 8. Quantitative nanomechanical characteristics probed by AFM on 10 pum thick UV-cured EPN films
containing DAIS (0.5 wt-%) and ITX (0.2 wt-%) after irradiation and optional post-treatment at 90°C.

These results encourage us to further examine the influence of initiator’s concentration and of
the nature of the counter anion on the evolution of networks microstructure and on their
nanomechanical properties. A better knowledge and understanding of the build-up of the
networks and late of the consolidation of the resulting monolithic materials would be useful in
several potential applications of the epoxy chemistry, such as performance composites and
nanolithography. On-going studies are investigating at lower scales the impact of the

nanoheterogeneities evidenced in tapping mode on the local changes in mechanical properties.
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Conclusions

Various initiators suitable for the radiation-induced cationic polymerization were used for
curing two model resins based on bis-phenol A and on a novolac. The influence of initiator
nature and concentration as well as of treatment parameters were determined for elaborating
films or plates with well-controlled conversion level and Ty Relaxation measurements
performed by DMA and DS have confirmed the occurrence of sub-Tg relaxations which are
very sensitive to content in initiator and to processing conditions (dose and post-irradiation

heating).

Based on AFM imaging, the polymerization scenario involving nucleation, growth and
aggregation of nanoclusters that we proposed previously for diacrylates is confirmed, yet with

the specificities of cationic mechanisms of initiation and propagation.

Further investigations are underway to determine the effect of various parameters on the
network microstructure considering more specifically the influence of the initiator nature and

of its concentration on the build-up of local mechanical properties.
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