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ABSTRACT: A functionally graded adhesive (FGA) is a specific
class of functionally graded material whose properties can be locally
modulated, enabling a more uniform stress distribution along a
bonded joint. Motivated by the need to develop FGAs with well-
defined and stable gradients in properties, a new approach is
proposed involving the use of thermal/ionizing radiation dual-cure
adhesives. To generate adhesives with dual-cure characteristics, a
series of epoxy resin formulations containing a reactive liquid
rubber-based additive that is rich in unsaturation have been
developed. Networks are thermally cured and then subjected to y
irradiation, and their capacity to undergo secondary crosslinking
reactions is examined via chemical, thermal, and mechanical

Homogeneous adhesive
x— Ly

= 1 ) Graded adhesive
24
S
°
o
£
°
@
N
[ Homogeneous
E adhesive
R
Joint Joint Joint

center edge

R T

characterization. While the addition of large concentrations of liquid rubber additives can result in an initial reduction in properties
such as modulus and glass transition temperature, their addition can significantly boost radiation sensitivity, enabling the realization
of large, well-controlled variations in properties as a function of radiation dose. A facile method is then utilized to create materials
with gradients in hardness, confirming the potential of such formulations to generate FGAs. Additionally, the behavior of these
radiation sensitive resins is successfully described by a model proposed by Shibayama. This model provides a useful means to predict
the glass transition temperatures of dual-cure epoxy resins following radiation-induced crosslinking and provides additional insights
into molecular-level behavior of these networks. This effort highlights the promise of this generalized approach for the formation of
FGAs based on the careful design and processing of systems sensitive to both thermal and radiation curing.
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B INTRODUCTION

Functionally graded materials (FGMs) are advanced functional
materials whose structure and/or properties are locally
modulated in one or more dimensions.” FGMs exhibit
excellent performance in many fields of application and can
surpass those of homogeneous materials. As a result, FGMs are
not rare in nature. Bamboo is one example of a gradient
structure that has been employed as a construction material for
thousands of years.” The graded structure can effectively
reduce stress concentrations, producing a more uniform stress
distribution. FGMs have also been designed to reduce residual
stress levels caused by thermal expansion mismatch between
substrates and coatings.’

Polymer-based FGMs are of interest due to their
applications in numerous high-technology fields ranging from
aerospace to biology and electrical engineering.”> A variety of
formulations and methodologies to produce polymer-based
FGMs have been investigated.é_8 The success of FGMs leads
to the thought of using such materials in adhesive joints. One
major issue in conventional adhesive joints is the presence of
stress concentrations at the overlap edge of the joints, where
failure typically takes place.” One solution to generate more
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uniform stress distributions within the joint is by designing a
functionally graded structure along the bond line, thus
producing what are referred to as functionally graded adhesives
(FGAs)."? In general, the optimum structure of an FGA is
usually a combination of rigid material at the center of the joint
and ductile/soft material at the overlap edges to realize a more
uniform stress distribution. FGAs have received attention since
their potential to enhance joint strength was recognized
conceptually,"' ™'* but techniques to produce FGAs remain
rare.'”'> The specific “sandwich” structure of joints makes it
inconvenient if not impossible to apply techniques used for
generating FGMs in the context of FGA preparation.16 For
example, photocuring has been commonly used to prepare
polymer-based FGMs, where a gradient in the properties of a
UV-sensitive substrate can be modulated by local changes in
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Figure 1. (a) Schematic illustration of the generalized approach proposed for the preparation of FGAs using dual-cure adhesives: conventional cure
to stabilize the joint, followed by selective irradiation to induce further crosslinking in the solid state, thus generating the desired FGA structure and

(b) epoxy, anhydride, and liquid rubber additives used in this work.

the transmittance of a photomask that is placed between the
light source and the substrate during exposure.'” However, the
inability of light to penetrate typical adherend materials (e.g.,
metals and fiber-reinforced composites) has impeded the
application of photocured systems in the context of FGA
generation.

Approaches used to prepare FGAs can be divided into two
basic categories: graded composition and graded cure along
the joint. " The first approach involves either the manual
application of adhesives with different properties or the
inclusion of varying amounts of a second (soft or rigid)
phase in the adhesive, resulting in local variations in
composition and properties along the bond line.'”* This
approach effectively produces stable gradients along the joint
with a high degree of customization, but it is also a costly,
labor-intensive method that is impractical for large-scale
production, with relatively poor consistency and quality
control. The second approach involves modulating the extent
of cure of a single-component adhesive via localized external
stimuli (typically heating) applied to the adhesive joint. Carbas
et al. prepared FGAs by using localized heating along the bond
line, where heating coils situated at the edges combined with
cooling coils in the middle of a single lap joint resulted in
gradient formation.”’ Hu et al. recently reported a network
with a broad gradient in hardness through local variations in
postcuring temperature that may also enable the generation of
FGAs.”> Such methods efficiently produce gradients in
properties and have the potential to be automated, but one
significant drawback is the potential instability of the gradient
with time, especially when the joint is subjected to elevated
temperatures. Because of this, the service temperature and
long-term stability of FGAs fabricated by such methods may be
limited.”> As this discussion reveals, then, the primary
challenge in the application of FGAs is still their manufactur-
ing. Neither of the aforementioned approaches for FGA
production provides a convenient, readily scalable means to
generate a precisely controlled, consistent, and stable gradient
in properties within an adhesive joint.

To fulfill this goal, the work described here involves the use
of ionizing radiation as an effective means to fabricate
FGAs.'** Figure 1a illustrates the proposed strategy of FGA
formation through the use of a dual-cure adhesive. In this
scheme, the thermal/radiation dual-curable adhesive is applied
to the adherends and then thermally cured to fix the joint
geometry, all in the conventional manner. Further modulation
of the mechanical properties along the adhesive joint (Young’s
modulus in particular) is achieved by designing radiation
shielding and optimization of radiation exposure conditions in
order to generate gradients in radiation dose along the joint,
resulting in local variations in the level of additional radiation-
induced crosslinking that occurs.

Research into the formulation of dual-cure adhesives with
crosslink densities and Young’s moduli that may be
significantly altered as a function of radiation dose is a key
step in the implementation of the aforementioned scheme. In
polymers, high-energy irradiation typically results in a
competition between crosslinking and chain scission.”> While
epoxy resins are w1de1y used adhesives that display good
radiation resistance,”® degradation nevertheless predominates
over crosslinking when conventional epoxy resins are
irradiated.”’~*’ A strategy that may favor radiation-induced
crosslinking as the primary outcome is the introduction of
radiation-curable functionalities (such as C=C bonds).***' In
this work, nadic methyl anhydride (NMA), which contains
hindered internal C=C bonds, has been combined with the
diglycidyl ether of bisphenol A (DGEBA) to provide a basic
epoxy formulation from which to work (Figure 1b). To boost
the radiation sensitivity of this anhydride-cured epoxy still
further, a liquid rubber (carboxy-terminated butadiene
acrylonitrile liquid rubber, CTBN, which contains less-
hindered/more-reactive C=C bonds) is used as an additive
(Figure 1b). In particular, formulations containing varying
concentrations of additives have been studied for their ability
to undergo radiation-induced crosslinking and modulation of
properties (especially Young’s modulus) and to yield gradients
in such properties. Additionally, y irradiation-induced changes
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Table 1. Formulations of Baseline and CTBN-Modified DGEBA-NMA Epoxy Resins

Epoxy name DGEBA + NMA matrix (g) CTBN (g)
CTBNO 100 0
CTBN15 100 15
CTBN25 100 25
CTBNS0 100 50
CTBN75 100 75

CTBN content (wt %)

ne—c (mmol/cm?) C=0 to epoxy ratio

0.0 3.4 1.95:1
13.0 S.3 1.95:1
20.0 6.3 1.96:1
33.3 8.3 1.98:1
429 9.8 2.01:1

in crosslink density are correlated with glass transition
temperature by applying a theory proposed by Shibayama,
providing a deeper understanding of the behavior of these
materials.

B CHARACTERIZATION

Attenuated Total Reflection Fourier-Transform Infra-
red Spectroscopy. Attenuated total reflection Fourier-
transform infrared spectroscopy (ATR-FTIR) of epoxy resins
was carried out using a Bruker Tensor 27 instrument in ATR
mode with a ZnSe crystal. Background scans were performed
before each test. The spectra were measured by accumulating
32 scans at a resolution of 2 cm™'. The wavenumber range was
from 750 to 4000 cm™'. The spectra were treated using the
OriginPro 9.1 software package. All spectra were normalized to
the absorption peak assigned to skeletal vibrations (1507 + 2
cm™") within the aromatic rings present in these materials. The
baseline of each spectrum was manually created by anchoring
points (12 in total) to regions of the spectra where no
absorption bands were observed. The baseline was then
subtracted from the original spectrum to generate a baseline-
corrected spectrum.

13C Solid-State Nuclear Magnetic Resonance Spec-
troscopy. "*C solid-state nuclear magnetic resonance (ss-
NMR) spectroscopy was performed using a Bruker AVANCE
III HD spectrometer (600 MHz) at 303 K. Specimens were cut
into small pieces (approximately 0.5 X 0.5 X 0.2 mm) using a
box cutter and loaded into a 4 mm zirconium oxide rotor. The
rotor was then sealed with a Kel-F cap. The sealed rotor was
spun at a rate of 10 kHz after which 64 scans were collected.
Chemical shifts were externally referenced to tetramethylsilane.

"H Nuclear Magnetic Resonance Spectroscopy. 'H
NMR spectra were collected on a JEOL-ESC 400 (400 MHz)
spectrometer at 298 K over the course of 256 scans in total.
CDCl, was selected as the NMR solvent, with residual CHCl,
present in the solvent acting as the internal standard.

Thermogravimetric Analysis. Thermogravimetric anal-
ysis (TGA) was performed with a TA Instruments Discovery
TGA. Samples were placed in a platinum pan, equilibrated at
40 °C, and then heated at a rate of 10 °C/min to a maximum
temperature of 600 °C in air with a constant purge rate of 25
mL/min. The degradation temperature (Tg.,) was defined as
the 5% weight loss temperature in the weight % vs temperature
curve.

Differential Scanning Calorimetry. Differential scanning
calorimetry (DSC) was performed using TA Instruments
Discovery DSC. Samples were placed in standard aluminum
pans and heated to 120 °C at S °C/min, then cooled to —30
°C at 5 °C/min, and finally reheated to 220 °C at 5 °C/min,
all in a nitrogen atmosphere with a constant flow rate of 40
mL/min. The Tg was obtained from the second heating cycle
and was taken from the peak in the first derivative of the heat
flow vs temperature curve.

Dynamic Mechanical Analysis. Dynamic mechanical
analysis (DMA) was tested via Netzsch GABO EPLEXOR
500 N DMA equipped with a tensile setup. Samples were cut
to dimensions of 25 X 6 X 1.5 mm’. The measurements were
done in strain-controlled tension mode (0.5% static strain and
0.15% dynamic strain) from —50 to 250 °C at a frequency of 1
Hz. Storage modulus (E’), loss modulus (E”), and loss tangent
(tan 6 = E"/E') data were obtained at a heating rate of 3 °C/
min. The T, was defined as the temperature corresponding to
the peak in the E” vs temperature curve. Ty, 5 was defined as
the temperature corresponding to the peak in the tan 6 vs
temperature curve. Ty was defined as the temperature
corresponding to the peak in the first derivative of the E’ vs
temperature curve for CTBN-filled epoxy resins. In some cases,
multiple peaks/peak shoulders were observed. In such cases,
peak fitting of the first derivative of E’ vs temperature curves
was performed using the peak analyzer function of OriginPro
9.1 software package to obtain Tgp values for each thermal
transition.”” The details of peak fitting and the determination
of Ty4g of the rubbery (TdE/_mbbery) and rigid (TdE’-rigid) phases
are given in the Supporting Information.

The storage modulus in the rubbery plateau region is
proportional to crosslink density of the networks. Based on the
kinetic theory of rubber elasticity, the crosslink density (n.) of
epoxy networks was estimated from rubbery plateau storage
modulus using the following equation®***

El
no=——
3RT
where E’ is the storage modulus in the rubbery plateau region
(taken here as 50 K above Ty, 5), R is the gas constant, and T
is the absolute temperature in K.

Tensile Test. Tensile tests were performed using an Instron
5966 universal testing machine (10 kN load cell) with a
crosshead speed of S mm/min at 25 °C in accordance with
ASTM D638. Tensile specimens were prepared in accordance
with the ASTM D638 type-I test specimen specifications. The
tensile strain was measured via digital image correlation (DIC).
The tensile test bars were spray painted with white and then
black spray paint to generate speckle patterns and then
conditioned at 23 °C and 50% RH for 40 h before testing. A
Canon EOS 80D APS-C DSLR camera equipped with a
macrolens (Canon EF-S 60mm f/2.8 Macro USM) was used to
take images during the tensile test. The testing results were
analyzed via the Ncorr DIC MATLAB program. The tensile
toughness is calculated from the area under the stress—strain
curve. At least five specimens were tested for every unique
combination of epoxy formulation and y-ray dose.

Shore D Indentation Test. A Fowler type D Shore
durometer gauge was used to measure the hardness of
specimens. Specimens were characterized according to
ASTM D2240.
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Figure 2. Impact of CTBN addition on thermal and mechanical properties of DGEBA-NMA (CTBNO) epoxy resin. (a) First derivative E’ vs
temperature of each epoxy resin from DMA; (b) Young’s modulus, failure strain and failure stress as a function of CTBN content in the networks

from tensile testing; straight lines represent error-weighted linear fits.

B RESULTS
CTBN-Filled Epoxy Resins. CTBN is a liquid rubber with

high flexibility that increases the toughness of epoxy resins.”
In addition, the large number of unsaturated groups in CTBN
generated from the 1,2- and 1,4-addition of butadiene during
polymerization has the potential to be involved in radiation-
induced crosslinking reactions.>>**” With this in mind, the
baseline DGEBA-NMA epoxy formulation is combined with
different amounts of CTBN (with the DGEBA-to-NMA molar
ratio fixed at 1:1.95 for all formulations, and the epoxy group
to carbonyl ratio maintained at ~1:2 for each formulation;
additional information on the starting materials is provided in
the Supporting Information) and then thermally cured. The
details of these formulations are summarized in Table 1, and
their preparation is described in the Supporting Information.

The addition of CTBN to a rigid, high-T, thermosetting
material may cause a reduction in its thermal and mechanical
properties. Detailed thermal properties values and crosslink
densities of each formulation are summarized in Table SI.
Inclusion of CTBN is shown to decrease the thermal stability
(Tdeg), crosslink density (n.) and glass transition temperature
of the baseline DGEBA-NMA formulation (Figure 2a, Table
S1). The addition of liquid rubber slows crosslinking by
diluting the epoxy and anhydride groups involved in thermal
curing, and reduces the crosslink density of the cured epoxy
resin as well.***” The lower reactivity of the carboxylic acid
groups in CTBN as compared with the anhydride groups in
NMA may cause further reductions in T, beyond those
expected thanks to the incorporation of rubber segments that
increase network flexibility and chain mobility.

While all of the systems studied here were homogeneous
prior to thermal curing,*’ the addition of large amounts of
liquid rubber to the formulation may cause phase separation
during epoxy network formation.""** In this work, low
concentrations of CTBN were found to be miscible with the
epoxy matrix based on DMA results, as shown by the fact that
a single glass transition temperature beyond 0 °C (first
derivative E’ vs temperature curve from DMA) was observed
in the CTBNO, CTBN1S and CTBN2S formulations (Figures
2a and Sla—c). In these materials, the weak peak observed
below 0 °C is assigned to the /3 transition (T}) associated with
phenyl ring rotation in these networks.”> With the continued
addition of CTBN to the system, the lack of a clear glassy

plateau in the E’ vs temperature curves is observed, combined
with the broadening of the main relaxation in the E” vs
temperature curves derived from DMA testing of CTBNS50 and
CTBN?7S specimens (Figures 2a and Sld,e). This observation
can be explained by the fact that the distribution of chain
mobilities in the epoxy matrix becomes broader with the
inclusion of liquid rubber.*"** In particular, the formation of
strong peak below 0 °C that overlaps with the f transition peak
in the first derivative E’ vs temperature curves of the CTBNS50
and CTBN7S epoxy resins may be attributed to the glass
transition temperature of a rubber-rich phase (TdE'-rubbery)J
implying that some level of phase separation has occurred
thanks to the large amount of CTBN added to these
formulations (Figures 2a and S1d). These results are consistent
with literature reports that ~15 wt % of a rubber toughening
agent provides the best balance of properties in epoxy resins,
with further increases in rubber concentration favoring phase
separation.’”™* Nonetheless, while microscale phase separa-
tion occurs when higher amounts of liquid rubber are added,
consistent with prior reports on the topic, the appearance and
uniformity of these systems is maintained and their properties
render them acceptable for use.*’

Detailed tensile properties of the various thermally cured
epoxy resin formulations studied are given in Table S2. The
baseline resin (CTBNO) is rigid and relatively brittle in nature,
with a high Young’s modulus, low failure strain, and tensile
toughness. A systematic reduction in Young’s modulus
combined with parallel increases in failure strain upon
CTBN addition confirms the effect of liquid rubber addition
on the mechanical properties of these epoxy networks (Figure
2b). Liquid rubber dissolved in the epoxy matrix functions as a
flexibilizer, enhancing toughness (Table S2) while reducing
stiffness by decreasing both the crosslink density and
interactions between neighboring chains in the network.****
The reduction in failure stress (Table S2) observed in epoxy
resins upon CTBN addition is likewise consistent with the
aforementioned reductions in stiffness and interchain inter-
action strength associated with CTBN as well as related
decreases in crosslink density.

Irradiation Following Thermal Curing. Detailed irradi-
ation procedures are given in the Supporting Information. The
impact of y-irradiation on the thermal properties and crosslink
density of the epoxies has been evaluated via DMA, TGA, and
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Figure 3. Thermal and mechanical properties of each epoxy resin before and after y irradiation. (a) n, vs radiation dose for each epoxy resin
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the CTBN7S epoxy resin formulation; the representative Ty ,iq value is assigned to whichever transition (TdEf_,igidl or TdE’-rigid?.) is stronger and is

identified in red. Lines in (a,b) represent error-weighted linear fits.

DSC (Figures S1—S3), with detailed thermal properties as a
function of epoxy resin formulation and dose summarized in
Tables S3 and S4. Values of n_ as a function of dose are plotted
in Figure 3a. The consistent observation of linear increases in
n. with dose in all CTBN-containing epoxies confirms that the
crosslink density in these materials can be effectively
modulated by y irradiation. Additionally, a new peak/shoulder
(TdE/_rigid ,) is observed in the first derivative E’ vs temperature
curve, with the strength of the thermomechanical transition
increasing with radiation dose (Figures 3c and Slc—e). In the
context of this analysis, the strongest high-temperature
thermomechanical transition (TdE/_rigid 1 at lower doses,
Ty rigia 2 at the highest dose) is assigned to the epoxy-rich
domain of the multiphase network and is marked with red text
in Figure 3c.

Thermal properties of the epoxy-rich domain (TdE’-rigid) T,
T 5 and Tgl) as a function of radiation dose are plotted in
Figure S4. Consistent with the changes in n, parallel increases
in thermal properties with radiation dose have been observed
in CTBN containing epoxy resins. At the highest radiation
dose (1250 kGy), the greatest simultaneous increases in n. and
all thermal properties (TdEr,rigid, Ty Ty and Ty, s5) are
observed in CTBNSO (n. increases by ~1223%, Tap rigid
increases by ~91 °C, T, increases by ~42 °C, T, increases
by ~71 °C, and Ty, 5 increases by ~65 °C), confirming that
CTBN addition can significantly boost radiation sensitivity.

For comparison, in the case of the CTBN-free (CTBNO)
epoxy control, n. increases by ~32%, Tgp,q increases by ~2
°C, Ty, increases by ~7 °C, T, increases by ~1 °C, and Ty, 5
increases by ~3 °C at a dose of 1250 kGy. The fact that the
greatest relative increases in crosslink density and thermal
properties are not observed in the CTBN7S epoxy resin, in
spite of its higher CTBN content, indicates that further
addition of liquid rubber additives does not result in still
greater radiation sensitivity, likely due to exacerbation of phase
separation when such a large amount of CTBN is added. These
conclusions are further supported by considering the values of
An /nc_c vs radiation dose for the formulations studied here
(Table S3). These unitless values, which represent the
irradiation-induced increase in crosslink density normalized
to the total C=C bond content, provide a more objective
means of comparing the efficiency of radiation crosslinking
between different formulations, with larger values indicating
greater radiation sensitivity. As expected, the CTBNO system
shows the lowest values of any system studied, consistent with
the low sensitivity expected in the case of the highly hindered
C=C bonds present in NMA. The addition of CTBN initially
increases the efliciency of radiation crosslinking, with CTBN15
and CTBN2S showing similar levels of sensitivity at all doses.
Upon further increases in CTBN content, the CTBNSO
formulation shows an even higher level of radiation sensitivity
at the highest radiation dose in particular, while CTBN7S
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Figure 4. Changes in the structure of a CTBN-containing epoxy resin as a function of radiation dose. (a) '*C ss-NMR spectra of CTBNSO epoxy
resin vs dose and (b) I,/I e of CTBNSO epoxy resin vs dose; line represents a linear fit.

shows reduced radiation sensitivity at all doses vs CTBNSO0.
These results confirm that the addition of the more reactive
C=C bonds in CTBN favors radiation crosslinking but that
the well-known phenomenon of phase separation when high
levels of CTBN are added eventually limits this effect.

In addition to the Typ_igq Values, Tgp rubbery is increased with
radiation dose as well (250 and 500 kGy, Table S3), to the
point where, at 1250 kGy in both the CTBNS0 and CTBN75
epoxy resins (Figures 3c and S1d), it has increased so much
that only the f transition originally observed in the CTBN-free
networks appears to remain. The increase of Tgp . ryppery i
consistent with the radiation-induced crosslinking of the
rubbery phase, resulting in the formation of highly crosslinked
material with a similar glass transition to the neighboring
epoxy-rich phase following irradiation at 1250 kGy.

The tensile test results of the thermally cured epoxy
formulations studied here before and after y irradiation are
summarized in Table SS. Plots of Young’s modulus, failure
strain, and failure stress as a function of radiation dose are
shown in Figures 3b and SS5. In contrast to the neat epoxy,
prominent irradiation-induced variations in modulus have been
observed in epoxy resins containing CTBN. The good linear
fits of the plots indicate that the Young’s modulus of CTBN-
filled DGEBA-NMA epoxy resins can be effectively modulated
by y-ray dose (Figure 3b). The relative Young’s modulus
increment (AYoung’s modulus) achieved following irradiation
at 1250 kGy increases linearly with the CTBN content in the
formulation (Figure S6), with the greatest increase in modulus
(633%) observed in the CTBN7S epoxy resin (vs only 14% for
the CTBN-free epoxy resin). CTBN addition has the effect of
flexibilizing the epoxy matrix, and large concentrations favor
phase separation and the formation of rubbery domains within
the network. Radiation-induced crosslinking of the rubber
reverses this flexibilizing effect and leads to greater moduli
following the irradiation of thermally cured specimens. This
explanation is confirmed through the observation of reductions
in failure strain with dose in CTBN containing epoxy resins
(Figure SSa) as a result of radiation-induced crosslinking.
Additionally, increases in failure stress combined with excellent
linear fits vs radiation dose confirm once more that
crosslinking is the major outcome when CTBN-containing
epoxy resins are irradiated following thermal curing (Figure

SSb).

Having observed that crosslinking is favored over degrada-
tion in these materials, ATR-FTIR was carried out to study the
chemical changes in the studied epoxies as a result of
irradiation (Figure S7). The changes in the C—H bond
absorption bands are useful for assessing both crosslinking and
degradation in thermosetting resins. In particular, increases in
the strength of the band associated with the C—H asymmetric
stretching vibration could be explained by the generation of
new C—H bonds in the structure, consistent with crosslinking
reactions during y irradiation.””””* In this work, the
combination of a systematic decrease in the intensity of the
C=C—H absorption band (965 cm™', C—H bending vibration
in the olefin unit) and an increase in the intensity of the —C—
H absorption bands (2917 and 2850 cm™', C—H stretching
vibration in —CH,— units; 1456 cm™', bending vibration of
C—H) with increasing radiation dose supports the conclusion
that crosslinking involving C=C bonds is the major outcome
of the irradiation of these CTBN-filled epoxy resins (Figure
S7b—e). In comparison, no significant changes can be detected
in the CTBNO formulation before and after irradiation,
implying good stability but weak sensitivity of the baseline
resin to y-ray induced crosslinking (Figure S7a). The peak
shifts associated with the —C—H absorption bands of the
CTBNSO and CTBN7S epoxy resins (from 2913 and 2844
ecm™" at 0 kGy to 2917 and 2850 cm™' at 1250 kGy) are
posited to result from the formation of new alkyl species
induced by irradiation. In addition, the significant strengthen-
ing of the C—OH absorption band (3510 cm™’, symmetric
stretching of O—H in —OH groups) with radiation dose in the
CTBNSO and CTBN7S epoxy resin formulations may be
explained by the irradiation-induced consumption of residual
epoxy groups still present in these materials due to the
retarding effects of CTBN on thermal curing (Figure S7d,e).*

Although ATR-FTIR is a versatile analytical method that
requires minimal sample preparation, it is limited in terms of
quantitative analysis of structural changes in materials as the
surface roughness of solid samples can affect contact with the
ATR crystal and the penetration depth of the evanescent IR
wave into the bulk is extremely limited.*”*® As a result,
quantitative comparisons of peak intensities from sample to
sample can be challenging, and ATR-FTIR analysis may not
provide a representative indication of irradiation-induced
changes in structure. This is especially true when composition
variations occur over length scales larger than the penetration
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Figure S. Applying the Shibayama model to radiation postcured epoxy resins. (a) Typ.ga vs . of each epoxy resin; lines represent linear fits
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depth, as can be the case in phase-separated materials. To
develop a deeper understanding of the structural changes that
occur in CTBN-containing epoxy resins upon irradiation, *C
ss-NMR analysis has been carried out to study the structural
changes in CTBNS0 epoxy networks as a function of dose. The
(solution) *C NMR reference spectra of the individual
starting materials (DGEBA, NMA and CTBN) and peak
assignments for '*C ss-NMR measurements of CTBNSO0 for a
structure representative of the network are given in Figure S8.
The "*C ss-NMR spectra of CTBNSO at each dose are shown
in Figure 4a. Even though the *C NMR peaks assigned to the
benzene rings in DGEBA (peaks g, f, and e in Figure S8a)
partially overlap with the peaks assigned to the C=C bonds of
CTBN (peaks a, b, g, and f in Figure S8c) and NMA (peak b in
Figure S8b), the changes in shape and intensity of the peaks b
(114 ppm), c (129 ppm), and d (142 ppm) in Figure 4a are
attributed primarily to the consumption of C=C bonds in the
polybutadiene units of the CTBN, given the much higher
stability of benzene rings upon irradiation.”> With radiation
exposure, the observation of broadening of the initially sharp
peaks associated with saturated carbons (peak a, 32 ppm) can
be explained by the loss of mobility of the liquid rubber upon
radiation crosslinking (Figure 4a). To quantify new bond
formation and relate it to consumption of unsaturated species
in the network, integration ratios between peaks a and ¢ (I,/
I o) are calculated and plotted as a function of radiation dose
(Figure 4b). The observation of a linear increase in the value of
I,/ Iinsat further supports the conclusion that the structure of
the crosslinked polymer network is effectively and consistently
modulated by y irradiation through the reaction of C=C
bonds.

Applying Shibayama Theory. In 1961, Shibayama
proposed a theory that has been used to describe the behavior
of thermosetting resins by relating glass transition temperature
with crosslink density based on the reduction in free volume
resulting from crosslinking and suggested the following
equation that he then applied successfully to many
thermosetting resins "’

T, (°C) = Kjlog(K,n,) = Kjlog(K,) + K;log(n,)
Here, K; and log (K,) are constants. The constant K; reflects

the degree of restraint on local chain mobility imposed by the
addition of a new crosslink (higher K; values imply more

significant local reductions in chain mobility imposed by the
addition of new crosslinks). The constant log (K,) character-
izes the interactions and rigidity of the chains between the
crosslinks [higher log (K,) values indicate more significant
interaction between chains/higher chain rigidity].

The Shibayama model has been successfully applied to
evaluate the rigidity of new formed crosslinks in networks upon
thermal curing, reflecting the degree of restraint on local chain
mobility imposed by the addition of a new crosslink.'”*° An
examination of K; and log (K,) values for the systems
described here may therefore provide a deeper understanding
of the crosslinking behavior and chain structures of these dual-
cure epoxy resins when they are subjected to y irradiation.
With this in mind, the Shibayama model is applied to this work
by creating linear fits for plots of Typ ga Vs 1. at each dose
level (Figure Sa). Some scatter observed in the data of
CTBNSO and CTBN75 networks is due to the phase
separation and radiation-induced crosslinking/degradation in
both the rubbery and epoxy matrix phases increasing
uncertainties as far as the glass transition temperature of
these materials is concerned. The values of K; and log (K,)
obtained from linear fitting of the data for each epoxy resin
system are listed in Table S6. The low K values coupled with
high log (K,) values of the CTBNO epoxy resin imply that
radiation crosslinking produces limited reductions in local
chain mobility and that the chains between crosslinks in this
network are quite rigid. These results are consistent with
expectations based on the structure of the molecules making
up this network and in agreement with the limited increase in
Young’s modulus of the CTBNO epoxy resin following
irradiation. K; and log (K,) values are plotted as a function
of liquid rubber content (Figure Sb). While the application of
the Shibayama model to liquid rubber-filled epoxy is
complicated by the fact that some degree of phase separation
occurs during curing at higher CTBN contents (Figure 2a),
this model is nonetheless robust enough to reveal logical
trends in the fitting parameters. In particular, the addition of
CTBN increases K; but decreases log (K,), implying that the
crosslinking of C=C bonds in a less-rigid network structure
results in more local constraints on chain motion—again,
consistent with expectations given the inherently flexible
nature of the rubber segments prior to crosslinking. This
result explains the progressively larger radiation-induced
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increases in Young’s modulus as CTBN content is increased in
the DGEBA-NMA epoxy resin system and reconfirms the
capacity of CTBN to enhance radiation sensitivity in these
resin formulations. Likewise, the use of the Shibayama model
provides useful insights into the behavior of these materials
and the consequences of radiation-induced crosslinking, which
in turn help to inform the observed changes in Young’s
modulus as well.

Generation of FGMs. The proposed technique for FGA
production may be applied to create FGMs as well. To verify
the potential of these dual-cure epoxies to enable the
generation of FGAs, an FGM has been prepared via the
general methodology proposed in this work (Figure 1), as
illustrated more specifically in Figure 6a. A machined steel

Gamma rays
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Figure 6. Generation of FGMs via the proposed method: (a)
schematic illustration of the generation of FGMs via graded post cure
and an image of an FGM specimen created in this way; (b) plot of
Shore D hardness results for an FGM specimen as a function of
position [from the shielded to the unshielded end; (a)] of the tester;
line represents error-weighted linear fit.

(half value layer vs “’Co y-rays = 2.1 cm) with varied thickness
is selected as radiation shield to be placed between a radiation
source and a thermally cured CTBN75 epoxy resin specimen
and then postcured at an unshielded (maximum) dose of 500
kGy. Following irradiation with a graded dose profile, the
observation of a continuous change in the color of the
specimen from light yellow to brown is a direct indication of
the generation of a gradient in chemical structure (Figure 6a).
Figure 6b shows the Shore D hardness values of graded post
cured specimen as a function of position along the specimen
from the highly shielded end to the unshielded end. The linear
increase in hardness confirms the generation of an FGM and

the ability to program the stiffness of the material via the
proposed method.

B CONCLUSIONS

Herein, we proposed a general approach to the preparation of
FGAs via the formulation of thermal/ionizing radiation dual-
cured resins. To realize this approach in practice, epoxy resins
designed to exhibit crosslink densities and mechanical
properties that may be precisely tuned via irradiation following
thermal curing have been developed, and their structure—
property relationships have been clarified. An unsaturated
liquid anhydride (NMA) was selected as the hardener and
combined with a conventional epoxy monomer (DGEBA) to
generate a baseline formulation for this effort. The baseline
DGEBA-NMA epoxy displayed some inherent capacity for
modulation of Young’s modulus by y irradiation, but larger
radiation-induced variations in Young’s modulus were desired
for FGA formation. To address this issue, an unsaturated liquid
rubber (CTBN) was selected as a reactive additive and added
to the DGEBA-NMA formulation prior to network formation.
It was observed that CTBN addition boosted the radiation
sensitivity of the epoxy resin and that the crosslink density and
thermal and mechanical properties were all effectively and
significantly modulated by y irradiation in those systems
containing CTBN. As a direct comparison, . increases by
~1223%, Typ.ga increases by ~91 °C, and Young’s modulus
increases by 200% for the CTBNSO epoxy resin at 1250 kGy,
while n_ increases by ~32%, Typ 44 increases by ~3 °C, and
Young’s modulus increases by 14% for the baseline CTBNO
epoxy resin. *C ss-NMR was carried out to quantify the
consumption of unsaturation and the formation of radiation-
induced crosslinks. In addition, Shibayama theory was
successfully applied to these thermal/radiation dual-cured
networks. The application of this model revealed that CTBN
lowered chain rigidity [reducing the log (K,) value vs DGEBA-
NMA], while irradiation-induced crosslinking of unsaturations
in the CTBN imposed strong local restrictions on chain
motion (increasing the K; value vs DGEBA-NMA), providing
useful insights into the behavior of these systems and the
origins of the observed variations in Young’s modulus. Finally,
the irradiation of a CTBN-filled epoxy through an appropriate
geometry of (graded) radiation shielding enabled the
generation of a specimen with a clear gradient in both
appearance and hardness, confirming the potential of these
materials and the proposed method of locally modulating their
properties as a means of generating FGAs. Such work is already
in progress, with a subsequent report in preparation focused on
the mechanical aspects of FGA design and testing using these
materials as a basis.
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