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ABSTRACT

The damage mechanism and exposure tolerance of epoxy resins to fast electrons
remain unclear. We quantitatively investigated the effects of electron irradiation on a
common epoxy resin by dose-dependent electron energy loss spectroscopy (EELS). The
results show that sp* states of nitrogen, oxygen, and their adjacent carbon atoms were
converted to sp? states, forming imine (C=N) and carbonyl (C=0) as the total electron
dose increased. The sp® to sp* conversion mechanism was proposed. The epoxy resin was

very sensitive to fast electrons and the original electronic states were maintained up to a
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total dose of ~10° € nm™2 at a low temperature of 103 K. Dose-dependent electron
diffraction (ED) revealed that the intra- and intermolecular geometries changed below

and around the total dose of ~10° ¢” nm™2.

I. INTRODUCTION

Epoxy resins are widely used in the current industry for materials such as adhesives,
coating ingredients, and encapsulants owing to their characteristics such as excellent
thermal and mechanical properties, chemical resistance, and moldability.! They are
applied not only in our daily environment but also in the space environment where
durability to cosmic rays is required.> Epoxy resins are generally made through chemical
reactions of epoxy compounds (or base resins) with curing agents (or hardeners).’
Although their chemical reactions and polymerized network structures are important to
understand because they affect the physical properties of epoxy resins, they are not fully
understood and are the subject of intense research.®* From a functional viewpoint, in
addition to their macroscopic physical properties, it is also important to understand the
microscopic properties of epoxy resins, such as chemical bonding states at

heterointerfaces in adhesion.’ In space, it is also important to understand the resistance of
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epoxy resins to cosmic rays (protons, helium nuclei, electrons, etc., with near-light speed)
and the damage mechanisms.>

Electron microscopy, a powerful microscopic characterization method, has recently
enabled the analysis of polymetric materials sensitive to electron beams, owing to
advances in measurement techniques and detector performance.> 7 We expect that
measuring the chemical bonding states of epoxy resins at the atomic to nanometer scale
in specific areas, such as heterointerfaces in adhesion, by electron energy loss
spectroscopy (EELS) in electron microscopes will open the way to gaining a new
scientific understanding of epoxy resins. However, the resistance of epoxy resin to fast
electrons of 30-300 keV (i.e., common energies used in electron microscopy) and the
mechanism of how and which part of the epoxy resin is damaged remain unclear, although
there have been some previous studies.®!!

In this study, we use 300 keV electrons (~78 % of the speed of light) in an electron
microscope and quantitatively investigate the effects of electron irradiation on a cured
epoxy resin by EELS with a high detective quantum efficiency (DQE) camera. From the
results for carbon, nitrogen, and oxygen K edges and the 1-35 eV region in EELS, we

identify the essential nature of the damage and propose a mechanism of its formation in

the epoxy resin. Durability, i.e., the maximum total electron dose that maintains the



54  electronic states, for the epoxy resin is also elucidated. By electron diffraction (ED), we

55  also found that molecular geometry changes occur before electronic state changes at the

56 initial stage of irradiation.

57

58 II. EXPERIMENTAL METHOD

59 We used N.N,N,N'-tetraglycidyl-4,4'-methylenedianiline (TGMDA) (Tokyo

60  Chemical Industry Co.) as a base resin and 2-ethyl-4-methylimidazole (2E4MZ) (Shikoku

61  Chemicals Co.) as a curing agent, and mixed them in a molar ratio of 22.5:4.5 [Fig. 1(a)].
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The mixture was applied to surface-treated aluminum and heated at 180°C for 1 h in the
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atmosphere to obtain an epoxy resin. The possible chemical reactions of TGMDA with

64  2EAMZ are shown in Fig. 1(b). 2E4MZ acts as a ring-opening initiator on the oxirane of

[
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TGMDA to form an alkoxide, which reacts with an oxirane of another TGMDA monomer
66  to open the ring. Repeated ring-opening and chain growth through reactions between the
67  alkoxide and oxirane of TGMDA initiate polymerization.’ The detachment of the 2E4MZ
68 moiety and rebonding by heating ultimately result in a cured epoxy resin having a
69  backbone structure composed of benzenoid and side-chain parts, as shown in Fig. 1(b).

70 A microtome (Leica EM UC7 Ultramicrotome, Leica Microsystems GmbH) was used

71  to prepare thin cross-sectional specimens of the cured epoxy resin coated on aluminum



72 for EELS. We used a monochromated electron microscope (Themis Z, Thermo Fisher
73 Scientific, Inc.) with a spectrometer (Quantum 970, Gatan Inc.) and a high DQE
74  complementary metal-oxide-semiconductor (CMOS)-based direct electron detection
75  camera (K2 IS, Gatan Inc.) for electron dose-dependent EELS. All the data presented in
76  this paper were obtained using 300 keV electrons. The specimen was set on a cooling
77  holder (Elsa, Gatan Inc.). The specimen temperatures with and without liquid nitrogen in
78  the microscope were 103 K and 303 K, respectively. For electron dose-dependent EELS,

79  we used a parallel electron beam with a diameter of 216 nm, electron flux j (x10* ¢ nm ™2

co
e}

s 1) values of 0.84 and 3.19, energy dispersions of 0.025 eV/ch (in Sec. III-A and III-D)
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and 0.1 eV/ch (in Sec. III-C), and convergence and collection semi-angles of ~0 mrad and
62 6 mrad. Prior to the dose-dependent EELS, we determined the measurement positions and
&3  stored their coordinates with a very small j. Then, after blanking the electron beam, we
3 set j to either 0.84 or 3.19 by adjusting a condenser lens to a premeasured value. Moving
8> to the measurement position, we started the repeated acquisition of a single EELS
86  spectrum with each exposure time At. After starting the repetitive EELS, the specimen
87  was exposed to the electron beam at time to. Denoting the start time of the i-th EELS as #
88  and the number of acquisitions of a single spectrum as ny, we define the total electron dose

89  Deforthei-thEELS as De= j(t; + ngAt/2 — t,). At and ns were 0.2 s and 2-8 for a high



90 loss region (i.e., 280 eV-580 eV in Sec. III-A-III-C), and 4.9 ms and 10 for a low loss
91 region (i.e., less than 35 eV in Sec. III-D). In Sec. III-D, we collected 4x10* EELS spectra
92  from unirradiated positions in a I pmx1 um area with A7=4.9 ms using a beam scan mode
93  to obtain a single spectrum with a high signal-to-noise ratio by integrating those spectra.
94  The flux j was estimated to be ~0.01. Both the convergence and collection semiangles
95  were set to 16 mrad. The thickness of the measurement areas was calculated to be 80-90

96  nm, using the standard log-ratio method.'? In Sec. III-E, we also describe dose-dependent

97  ED at 103 K using 300 keV electrons, an electron flux of 8.07 e~ nm 2s! (g =8.07x107%),
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a selected area of 4.45 um diameter, an exposure time Af of 1.2768 s for single ED and

O
O

another CMOS-based camera (One View, Gatan Inc.) mounted on the microscope.
160 Denoting the start time of the i-th ED as #i and the exposure time of the single ED as Az,
1G1  we can write the total electron dose De for the i-th ED as De = j(t; + At/2 — t;), similar
162 to the case of EELS.

103

104  III. RESULTS AND DISCUSSION

105 A. Dose-dependent EELS for carbon K edge at 303 K and 103 K

106 Figure 2 shows the dose dependence of the carbon K edge at 303 K and 103 K, where

107  the electron flux j (x10* e” nm™2 s7!) was set to 0.84 for the dose D. (x10* e” nm 2 s™!) of



108  0.16-13.6 and to 3.19 for D. of 21.0-953. The combination of spectra obtained with two

109  different j in Fig. 2 is appropriate because the flux dependence of the electron beam

110  damage in the epoxy resin was small and the dose is an important parameter in describing

111 the degree of damage. In Figs. 2(a) and 2(b), the series of spectra obtained with the same

112 j have the same y-axis scale. There are clear differences in the carbon K edge profiles

113 between 303 K and 103 K, as shown in Fig. 2. Because carbon is the main element in the

114 epoxy resin, the damage mechanism and postdamage structure are significantly different

115  between 303 K and 103 K. When D.=0.16, the carbon K edge has a sharp peak at 285.3

116 eV (peak A), characterized by 1s—>7* excitations at both 303 K and 103 K. The position

117  of peak A shifts ~0.5 eV from 285.3 eV at D.=0.16 to ~284.8 eV at D. =953 for both

1i8  temperatures. For 303 K in Fig. 2(a), an additional intensity at ~286.7 eV (labeled B) is

119  observed at D. >21, making peak A appear to broaden toward the higher energy loss side

120 with increasing D.. For 103 K in Fig. 2(b), two additional peaks appear at 287.4-287.6

121 eV (labeled C) when D.>1.5 and at 286.6—286.7 eV (labeled B) when D.>21, where peak

122 B is more clearly observed than at 303 K. Peaks B and C also shift ~0.1 eV to the lower

123 energy loss side in the range 1.5<D. <953, and ~0.2 eV in the range 21<D. <953

124 respectively, as De increases in Fig. 2(b). In the energy loss region of 288-293 eV, a

125  steplike profile is observed only when D.=0.16 at 103 K [Fig. 2(b)], and the variations in
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the EELS profile for 0.83<D. <953 at 103 K are similar to those for 0.16<D. <953 at 303
K. Peaks B and C, i.e., the presence of two energetically localized unoccupied states for
103 K, suggest that the carbon atoms in the epoxy resin reconstruct two stable chemical
bonds under electron irradiation, while they reconstruct chemical bonds in a disordered
manner at 303 K. It is known that the primary damage process, i.e., inelastic scattering
with molecular excitation, ionization, and collective molecular excitation, is dominant at
low temperatures and causes molecular vibrations and the breaking of bonds such as C-
H and C-C."* As the specimen temperature increases, secondary processes, i.e., the
thermal diffusion of bond-broken atoms such as H atoms, the cross-linking of molecular
chains, and the evaporation of atoms and molecules, affect the polymer structure.'* The
difference in the carbon K edge variation in Fig. 2 is attributed to the greater and lesser
effects of the secondary processes at 303 K and 103 K, respectively. In the following, we
focus on the irradiation effects at 103 K, because the carbon K edge for D.=0.16 has fine
structures that probably reflect the original electronic structure, and there is

approximately only one primary damage process to be considered.

B. Carbon K edge at low total dose



143 Figure 3 shows the same EELS spectrum for D. =0.16 as in Fig. 2(b) with the

14,15 and their linear

144 reference EELS spectra of aniline and diethyl ether in the vapor phase
145  combination for comparison. The carbon K edge of the cured epoxy resin reflects the
146 linear combination of the EELS for the benzenoid part and the EELS for the side-chain
147  part, as shown in Fig. 1(b). To ensure that the spectrum for D.=0.16 in Fig. 2(b) reflects
148  the original state, we roughly assume that the carbon K edges of the benzenoid and side-

149 chain parts are those for aniline and diethyl ether, respectively, and compare the carbon

150 K edge for the epoxy resin obtained with D.=0.16 at 103 K and a linear combination of

—_
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—

the carbon K edges for aniline and diethyl ether. The spectrum for aniline shows four n*
152 peaks at 285.2 eV, 286.7 eV, 289.0 eV, and 290.5 eV as a result of the dominant
153  excitations of 1s (Cvz-H) =2 7* (e2u), 18 (Co: -Ng,3) - ¥ (e2u), 1s (Coz-H) =2 7* (b2g), and
154 1s (Cw ‘Nsp3) - 1* (b2g) and two broad o* peaks at 294.5 eV and 302 eV, respectively,
155  in Fig. 3."% 1617 The subscripts ‘bz’ and ‘sp*’ denote the atom in the benzenoid ring and
156 electronic state, respectively. The carbon K edge for the benzenoid part in the epoxy resin
157  is considered to be similar to that for aniline with a minor difference due to the presence
158  of Cb-CHaz. The spectrum for diethyl ether shows peaks as a result of excitations from 1s
159  to Rydberg 3s, 3p states, and two 6* states.'> The carbon K edge for the side-chain part

160  in the epoxy resin is considered to be similar to that for diethyl ether with partial



161  modifications. The spectrum for the linear combination of aniline and diethyl ether was
162  obtained by normalizing their intensities in the range between 282 eV and 310 eV and
163 combining the normalized spectra in a 1:1 ratio. The experimental spectrum for D.=0.16
164  has peaks at 287 eV (labeled o), 289-291 eV (labeled ), 293.5 eV (labeled y), and 301
165 eV (labeled d) in addition to peak A. The profile for D.=0.16 is similar to the linear
166  combination profile, although the intensities of peaks A and a are relatively lower than
167  those of the combination spectrum. Peak A is assigned to the Is (Cvo.-H) = 7* (e2u)
168  excitations in the benzenoid part; the excitation energy for 1s (Co.-CH2) = m* (e2u) is
169  expected to be similar to 1s (Cbvz-H) = 7* (e2u) as in the case of aniline.!* !® The peak a
170 can be attributed to the excitations of 1s (Co: ‘Nsp3) - 1* (e2u) in the benzenoid part and
171  1s = Rydberg 3s in the side-chain part. The peak B is mainly contributed by the
172 excitations of 1s (Cvz -H) = n* (b2g) and 1s (Co. -Ng,3) - 1* (b2g) in the benzenoid part
173 and Is & Rydberg 3p in the side-chain part. The peaks y and J are related to the excitation
174 to the lower and higher 6* states in both the benzenoid and side-chain parts. According
175  to the above considerations from Fig. 3, we find that the spectrum for D.=0.16 at 103 K
176  mainly reflects the chemical bonding state for the original epoxy resin before irradiation.
177  Inother words, the original structure, i.e., the chemical bonding network of carbon atoms,

178  is maintained up to the dose of ~10°> e nm 2 when the carbon K edge is probed.

= 3 10
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C. Carbon K edge variation with nitrogen and oxygen K edges

To interpret the origin of peaks B and C that appear in the carbon K edge during

irradiation [Fig. 2(b)], we investigated the correlations between the carbon, nitrogen, and

oxygen K edges. Figure 4 shows the dose dependence of the carbon, nitrogen, and oxygen

K edges obtained simultaneously from the same specimen area with j = 0.83 at 103 K.

Figures 4(a) and 4(b) show exactly the same data, and the spectral colors in Fig. 4(b)

correspond to those in Fig. 4(a). Figure 4(c) shows plots of the intensity for peaks B, C,

D, E, and F in Figs. 4(a) and 4(c) as a function of D, using energy ranges of 0.7 eV for

B and C, 3.5 eV for D, and 2.2 eV for E and F to obtain the integrated intensity.

For the carbon K edge, peaks B (at 286.6 eV) and C (at 287.4 eV) appear with

increasing electron dose De, as shown in Fig. 2(b). Peak C begins to increase in intensity

with De, reaches a maximum at D.~10, and then decreases in the range 14<D.<60 in Fig.

4(c). Peak B monotonically increases with De up to D.~60 in Fig. 4(c). Peak A shifts ~0.3

eV to the lower energy loss side and broadens as D. increases from 0.5 to 60.8 without a

critical decrease in intensity, as seen in Fig. 2(b). Peaks B and C can be attributed to the

excitation of two ©* states newly formed under electron irradiation.

11
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For the nitrogen K edge, the intensity in the range of 404—410 eV is dominant at De
=0.5. This intensity is attributed to the nitrogen 1s = o* excitation in the original
benzenoid part, demonstrating that nitrogen atoms have sp* states, as shown in Fig. 1(b).
Then, the intensity between 397 and 400 eV with a maximum at 399.2 eV (peak D)
increases rapidly up to D. =34 followed by little change for 34 < D. < 60 in Fig. 4(c).
Peak D and its shoulder intensities on the lower energy loss side are attributed to the
excitation from 1s to the newly formed n* states (i.e., two or more ©* states with close
energy levels) under irradiation until D. reaches 34. The result suggests that chemical
bonds of imine (C=N) are formed, and peak B in the carbon K edge and peak D in the
nitrogen K edge originate from the excitations to 7* states in their sp* bonds.!*2°

For the oxygen K edge at D. =0.5, there is a broadened intensity (labeled G) in the
region 536-544. This intensity is attributed to the oxygen 1s = o* excitation in the
original side-chain part, demonstrating that its oxygen atoms have sp® states, as shown in
Fig. 1(b). The intensity of G decreases up to De ~20 and does not change in the range
20<D.<60, as shown in Fig. 4(b). The intensity of peak F at 534.2 eV increases up to De
~20 and decreases in the range 20< D.< 60, as shown in Fig. 4(c). The intensity variation

of peak F in the oxygen K edge is similar to that of peak C in the carbon K edge. Because

peaks C and F are attributed to carbon 1s = 7n* and oxygen 1s = m* excitations,

12



214 respectively, their correlation in intensity variation suggests that carbonyl (C=0) bonds
215  are formed during irradiation.!®-2!-22 This implies that sp*-to-sp* conversion has occurred
216  for oxygen atoms and their bonding carbon atoms. The intensity of peak E at 531.3 eV,
217  whichis 3 eV lower in energy than peak F, increases up to D. ~60 in Fig. 4(c). The origin
218  of minor peak E is not assigned in this paper.

219 The formation of new chemical bonds such as C=0 and C=N is acceptable in terms
220  of bond breakage and subsequent hydrogen atom loss under electron irradiation. Figure
221  4(b) shows that there is no critical mass loss for carbon and nitrogen atoms. For oxygen
222 atoms, mass loss may occur only up to D.~10 (i.e., no loss for D.>10). Among the
223  constituents, hydrogen atoms are most likely to cause mass loss. Because C-H bonds
224 break more frequently in aliphatic chains than in aromatic compounds,'? it is likely that
225  C-H bonds in the side-chain part will break preferentially compared with Cv.-H in the
226  benzenoid part for the epoxy resin. The sputtering hydrogen atoms from C-H bonds in

227  the side-chain part can trigger the formation of new bonds such as C=0 and C=N.

229  D. Dose-dependent EELS in the range of 1-35 eV
230 Figure 5 shows the variation of the EELS spectrum in the range of 1-35 eV for the

231  epoxy resin during irradiation at 103 K. Because of the large cross section of inelastic

= 3 13



232 scattering in the low-loss region, we used a shorter exposure time (A7=0.049) with j=0.84
233 to obtain the spectra at early stages of damage in the range of D. < 6.8. The spectra for
234 16.3 < De < 399 were obtained using Ar=0.39 and j=3.2 to observe the final profile of
235  damaged states. At the initial stage, D.=0.02, there is a characteristic profile in the range
236  of 3—10 eV in addition to the plasmon energy at 22.0 eV in Fig. 5. As D. increases, the
237  intensities at around 4.8 eV and 6.3 eV gradually disappear and alternative broad intensity
238  maxima appear at around 5.2 eV, while the plasmon energy gradually shifts from 22.0 eV
239  at D.=5.0to 23.1 eV at De=399. The variation of the EELS profile in the range of 3.0-7.5
240 eV suggests that the primary inelastic scattering changes from n—>7* single electron
241  transitions for D.<S5 to m-plasmon excitation for D.>30. The intensities at ~5.2 eV and
242 23.1eV at D.=399 can be attributed to n and n+c plasmons whose energies are similar to
243 those in amorphous carbon.”® A more accurate spectrum with a higher signal-to-noise
244 ratio was obtained at the initial stage by scanning the electron beam (i.e., shifting the
245  beam to fresh areas on the epoxy resin), acquiring low-dose EELS at 103 K, and
246  integrating each spectrum, as shown in Fig. 6(a). There are four peaks A, B, C, and D for
247  the epoxy resin in the range of 3.4-9.2 eV in Fig. 6(a). The local maxima for peaks A, B,
248  C, and D are located at 3.9, 4.7, 6.0, and 6.6 eV, respectively, and the onset of intensity

249  Ais 3.5 eV. From the results of the Kramers—Kronig (K-K) analysis using the EELS

TR 14



250  spectrum with the higher signal-to-noise ratio [Fig. 6(a)], we elucidated the real and
251  imaginary parts, i.e., €1 and &2 of the dielectric function as shown in Fig. 6(b), and the
252 optical absorption profile shown in Fig. 6(c). The four peaks A-D in optical absorption
253 in Fig. 6(c) correspond to peaks A-D in EELS [Fig. 6(a)]. Figure 6(c) also shows
254  reference optical absorption spectra of 4,4-methylenedianiline (MDA),?* aniline,?
255  polyethylene glycol (PEG),? and diethyl ether.?” The benzenoid and side-chain parts for
256  the epoxy resin have similar structures to MDA and PEG, respectively. The characteristic
257  peaks a, B, v, and 9 for aniline are contributed by electron excitations from =« to four

258  degeneracy-resolved n* states,? 28

with additional charge transfer transitions also being
259  important components of the B and y peaks.?® Chemical shifts of these intensities occur
260  depending on the type and number of functional groups in the benzenoid ring, and the
261  shift for a and P is larger than that for y and 8.2 Peaks o and B for MDA are located at
262  4.17 eV and 5.06 eV, which are lower than those for aniline.?* For diethyl ether, the first
263 peak (, at 6.35 eV originates from the excitation to the 3s Rydberg state. The peak C also
264  shifts to the lower energy loss side as the ether compounds become more complex?’. For
265 PEG, the intensity ( is located at 5.82 eV.2® We consider that peaks A, B, and D are

266  classified as a, B, and y+0, respectively, and originate from the benzenoid part of the

267  epoxy resin, while peak C is classified as ( and originates from the side-chain part. In any

= 3 15



268  case, we have successfully obtained molecular electronic transitions of the original epoxy
269  resin by low-dose EELS at 103 K.

270

271  E.Dose-dependent ED at initial stage of irradiation

272 From the above-described EELS experimental results, we concluded that chemical
273 bonding states (C-C, C-O, C-N) and molecular electronic states (n, t*) are stable up to
274 De~0.1. To investigate the effects of the initial electron irradiation around De=0.1, we
275  conducted dose-dependent ED with j =8.07x10~* at 103 K. Figures 7(a) and 7(b) show
276  ED patterns with De=0.0005 (i.e., first acquisition) and De=1.211 (i.e., after irradiation
277  for 1500 s), where the scale bars indicate the magnitude of the scattering vector, q.
278  Although three halo rings labeled hl, h2, and h3 are visible in both Figs. 7(a) and 7(b),
279  the intensity distribution for hl broadens with increasing De. By radially rotating the ED
230  patterns, we obtained the radially averaged ED profile with different De. values between
281  0.0005 and 1.211, as in the logarithmic plots in Fig. 8(a). Figures 8(b)—8(d) show the
282  profiles for hl, h2, and h3 after subtracting power-law fit functions from the radially
283  averaged ED profile. The first fit ranges were 2.77-5.54 nm ™!, 19.7-22.4 nm™', and 36.8—
284  39.6 nm ! for hl, h2, and h3, respectively, and the second fit range was 76.1-94.6 nm!

285  for all halo rings. Figure 8(a) shows that the peak for hl decreases and broadens with

= 3 16



286  increasing D., with small shifts of the peak center from 12.9 nm™! (i.e., 7=0.599 nm) for
287  D.=0.0005 to 13.3 nm ! (i.e., ¥=0.581 nm) for De=1.211, where r is the corresponding
288  real-space distance. More specifically, r (~2.459m/q ) is either the interatomic,
289  intramolecular, or intermolecular distance calculated by assigning the peaks in Figs. 8(b)—
290  8(d) to the first maximum in the Debye scattering formula.'!3° The peak centers for h2
291 and h3 are 29.9 nm™! (i.e., = 0.258 nm) and 52.4 nm ™' (i.e., r= 0.147 nm), respectively,
292 for all D. values in Figs. 8(b) and 8(c). Figure 8(e) shows plots of normalized intensity
293  for hl, h2, and h3 as a function of De, where intensities defined with integrated ranges of
294  8.31-17.5 nm™', 25.0-34.3 nm !, and 44.0-60.7 nm ! are normalized by intensities for
285  De=0.0005. It is found that h2 has a high rate of intensity decrease, while h3 has a low
296  rate of intensity decrease.

297 The third halo ring (h3) with r=0.147 nm is attributed to the dominant interatomic
298  distance (i.e., chemical bond length). The bond lengths constituting the original cured
299 epoxy resin are expected to be approximately 0.138 nm (Coz-Coz), 0.142 nm (Coz -N ),
300 0.147 nm (C,,3-N 3), 0.143 nm (C,3-Oy3), 0.108 nm (Cvz -H), 0.109 nm (C,3-H), and
301  0.97 nm (O-H).*' Thus, 7=0.147 nm for h3 reflects the bond lengths of C-C, C-N, and C-
302  O. During sp3—t0—sp2 conversion, which becomes dominant for De220 (Fig. 4), bond

303  lengths can be reduced from 0.147 nm (Csp3—Nsp3) to 0.128 nm (Csp2=Nsp2) and from

T o 17
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0.143 nm (C3-O,3) to 0.121 nm (C_»=0,2). Because there is no clear peak shift or
profile change for h3 in Fig. 8(d), the sp> state is dominant in nitrogen and oxygen atoms
at least up to De ~1.2, which is consistent with the EELS results in Fig. 4: the formation
of C=0, C=N starts in the range 0.5<D.<7.2. The second halo ring (h2) with = 0.258 nm
is attributed to the dominant intramolecular distance, i.e., the second nearest neighbor
distance between carbon, nitrogen, and oxygen atoms. The large decrease in intensity for
h2 in Fig. 8(e) suggests that some bond angles, probably in the side-chain part, have
changed considerably. The first halo ring (h1) with r~0.60 nm is attributed to dominant
intermolecular distances characterized by benzenoid and side-chain parts in the cured
epoxy resin. The decrease in peak intensity for h1 suggests that the molecular geometry
of the side-chain or benzenoid parts is partially changed by deformation or rotation. The
broadening of the peak for hl suggests that the intermolecular distances have been
randomized. We propose that these changes for h2 and hl1, which occur simultaneously,
are triggered by C-H scission,'* which can be followed by Coulomb interaction between
fast electrons and radicals at low temperatures. The results of dose-dependent ED indicate
that changes in molecular geometry dominate at intramolecular and intermolecular length

scales (i.e., ~0.26 nm and ~0.60 nm).
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F. Damage mechanism

Figure 9 illustrates a possible damage mechanism of the cured epoxy resin by the fast
electrons at low temperatures derived from the above experimental results, in terms of
molecular structure (upper figure) and m-electron distribution (lower figure). Before
electron irradiation, nitrogen and oxygen atoms form sp* states for their chemical bonding,
and the m-electron exists only on the benzenoid ring. At the initial stage of irradiation (De
<0.1), C-H scissions and subsequent Coulomb interactions between radicals and fast
electrons can change the intramolecular geometry, such as the bond angles in the side-
chain part, and also the intermolecular geometry (geometry between two benzenoid parts,
between two side-chain parts, and between benzenoid and side-chain parts). In the range
0.5<D¢<10, nitrogen and oxygen atoms change from sp’ to sp? states, and the sp? state of
carbon also increases, implying the formation of C=0 and C=N bonds in the epoxy resin,
as illustrated in Fig. 9. Sputtering hydrogen atoms of -OH and its adjacent -CH can form
the C=0 bond, while breaking a C-N bond and a sputtering hydrogen atom of -CH
adjacent to nitrogen atom can form the C=N bond. The mechanism in Fig. 9 implies that
n-electrons, initially present only at the benzenoid ring, also become present in the side-
chain part, resulting in an increase in m-electron density throughout the epoxy resin.

Furthermore, as a result of the sputtering hydrogen atom of -CH2 between two benzenoid
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340 rings (Fig. 1), the benzenoid rings can be connected and the m-electrons can become
341  spatially continuous. The increase in m-electron density with De is consistent with the
342  result in Fig. 5, where a predominant excitation changes from n—=>7* transitions (i.e.,
343  single-electron excitation) to m-plasmon excitation (i.e., collective oscillation of the
344  charge distribution spread in real space by excited n-electrons) in the range of 3.0-7.5 eV
345  with increasing De. At the final stage of damage (Dex100), the profiles for 1s =c* in the
346  carbon K edge in the range of 290-305 eV in Fig. 5 are analogous to those of amorphous
347  carbon,* and the m-plasmon is relatively intense in Fig. 5. This suggests that the fully
348  damaged epoxy resin (Dex100) has a disordered structure mainly consisting of carbon
349 atoms with small numbers of nitrogen and oxygen atoms.”* Although the disordered
350  structure can partially have graphitic structures as a result of the joining of the benzenoid
351  rings, the presence of carbon and oxygen atoms prevents the fully damaged epoxy resin
352 from having a complete graphite-like honeycomb structure.?-3

353

354 IV. CONCLUSION

355 The damage mechanism and exposure tolerance of epoxy resin (i.e., TGMDA as the

356  base resin) to fast electrons were quantitatively investigated by dose-dependent EELS and

357  ED. It was found that the sp® states of nitrogen, oxygen, and their adjacent carbon atoms

= 3 20



358  changed to sp? states, forming C=N and C=0, as the total electron dose increased at 103
359 K. The sputtering hydrogen atoms and the breaking of C-H bonds by the fast electrons
360  can cause the sp>-to-sp* conversion. It was proposed that the fully damaged epoxy resin
361  has a disordered structure with partially graphitized structures. The epoxy resin was very
362  sensitive to fast electrons, and the original electronic states were maintained at 103 K up
363  to atotal dose of ~10° e nm 2. Below this dose limit, we were able to measure electronic
364  states in the ultraviolet region by EELS with the high DQE camera. Intra- and
365 intermolecular geometry changes below and around the total dose of ~10° e nm 2 were
366  also observed by ED. The results obtained in this study provide important information for
357  the electron microscopic analysis of various epoxy resins and other polymeric materials.
368  The results are also important from the viewpoint of durability and mechanisms of the
369  degradation of epoxy resins by fast charged particles in special environments such as
370  space.
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512 FIG. 1. (a) Monomers of TGMDA and 2E4MZ as base resin and curing agent,
513 respectively. (b) Possible curing reaction sequence. Polymerization by alternative ring-
514  opening and chain-growth processes followed by thermal detachment of 2E4MZ yields
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FIG. 9. Damage mechanism of the epoxy resin by fast electrons from the viewpoint of
molecular structure (upper figure) and n-electron distribution (lower figure). The sp*-to-
sp? conversion for nitrogen, oxygen, and their adjacent carbon atoms follows the C-H
scission and changes in intra- and intermolecular geometries (upper figure). The initially

isolated m-electrons become dense (lower figure), allowing m-plasmon excitation.
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