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1 Highlights

2 The mechanical property and T, of the EP were improved by introducing h-BN

3 The low contents of h-BN were favorable to enhance the radiation resistance of EP
4 h-BN could weaken oxidative degradation of EP under y irradiation

5  h-BN endowed the EP with excellent neutron shielding by absorbing neutrons
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12 Abstract
13 Improving the radiation resistance of epoxy resin (EP) is pivotal for the reliability of equipment
14  and the safety of facilities in the nuclear industry. Hexagonal boron nitride (h-BN) is attractive in
15  the preparation of radiation-resistant materials due to its good radiation stability and neutron
16  shielding capability. In this work, h-BN/EP composites with enhanced radiation resistance were
17  fabricated by solution blending. The tensile strength and thermal properties of the composites after
18  y-ray and neutron irradiation were investigated. The results showed that the addition of h-BN
19  improved the mechanical property and the glassy transition temperature of the resin. The presence
20  of low-level h-BN was favorable to enhance the radiation resistance of EP. As for composites with
21 the 0.05% mass percentage of h-BN, the absorbed dose required to decrease relative tensile

22 strength by 50% was about 300 kGy, which was higher than that of neat EP. The intrinsic
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1 mechanism of radiation resistance was attributed to the oxygen barrier effect as investigated by

2  XPS and EPR. Then, benefiting from the absorbing neutrons capability of boron atoms, an

3  addition of 0.55% h-BN to the EP resin could reduce the neutron transmittance of the resin by

4 5.6%. This study demonstrates that the blending with h-BN can increase the radiation-resistant

5  property of EP resin, meanwhile augmenting the neutron shielding ability.

6  Keywords: epoxy resin, hexagonal boron nitride, y-ray irradiation, neutron shielding, stability

7 1. Introduction

8 Polymer materials are widely used in nuclear power plants and other nuclear facilities owing to

9 their low density, high strength and specific modulus. However, they will inevitably be affected by
10  ionizing radiation, such as y-ray, electron beam and neutron beam [1, 2]. The ionizing radiation
11 can cause atomic displacement and electronic excitation of materials, which severely worsen the
12 critical properties of structural material [3, 4]. Being high-performance thermosetting resin, epoxy
13  resin (EP) has been widely used as encapsulation materials for electronic devices, embedding
14  materials for low and- intermediate level radioactive waste and organic coatings for the
15  containment, thanks to its excellent electrical and mechanical property [5]. Yet the high-dose
16  irradiation generally degrades the properties of EP and even causes serious engineering accidents
17  [6]. Therefore, the development of radiation-resistant EP possesses crucial theoretical significance
18 and engineering value for enhancing the reliability of equipment and ensuring the safety of nuclear
19  facilities.
20 The radiation effect and radiation-damage mechanism of EP have been extensively studied in
21 the world over the past 50 years [7, 8]. It is confirmed that the incorporation of some special

22 inorganic or organic radiation-resistant substances into EP can markedly raise the radiation

3
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1 stability, such as lead, tungsten, and aromatic compounds [9, 10]. Unfortunately, the poor
2 compatibility between the filler and EP leads to the substantially decreased strength of the
3  composite with the increase of the additives. In addition, the radiation resistance of EP can be
4  improved by adding another polymer material with good compatibility with the EP and containing
5  radiation resistant groups, or by directly modifying the EP and introducing aromatic groups [11].
6  Although these techniques enhanced the radiation stability of materials, they caused somewhat
7  decrease of the mechanical properties of composites before irradiation. It is desirable to prepare
8  EP composites with excellent mechanical properties and radiation resistance.

9 Two-dimensional materials have been proved to be fascinating fillers for the construction of
10  functional composites with numerous applications [12]. As a structural analogue of graphite,
11 hexagonal boron nitride (h-BN) shows the excellent mechanical property, thermal stability, and
12 neutron shielding [13-15], which has been regarded as a promising candidate to fabricate EP
13  composites with integrated performance. Introduction of hydroxylated h-BN can enhance the
14  thermal stability, flame retardancy and smoke suppression of EP. The char yield and the
15  temperature at 50 wt% mass loss of composites increased, and the peak heat release rate, total heat
16  release, and release of smoke and toxic gases decreased [16]. The EP nanocomposites with tannic
17 acid-modified h-BN nanosheets showed the excellent anticorrosion effect on the metal substrates
18 and good anticorrosion stability after being immersed in 3.5 wt% NaCl aqueous solution for 120 h
19  [17]. To the best of our knowledge, most of the research focusing on the thermal and corrosion
20  properties of h-BN/EP. There are very few reports on its radiation protection performance. Saiyad
21 et al. dispersed h-BN uniformly into EP by gravity casting method, resulting in the neutron linear

22 absorption coefficient of h-BN/EP was 1.16 times as high as lead/EP [18]. The neutron shielding

4
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1 performance of h-BN/EP has been documented, yet no information is available on the radiation
2 stability of h-BN/EP exposure to y-rays.
3 In this study, di-glycidyl 4,5-epoxycyclohexane-1,2-dicarboxylate (TDE-85) with high
4 reactivity and excellent electrical insulation performance was selected as a monomer of EP.
5 h-BN/EP composites were prepared by solution blending. The tensile strength and thermal
6  stability confirmed the radiation resistance enhancement in the case of the addition of h-BN.
7  X-Ray photoelectron spectroscopic (XPS) and Electronic paramagnetic resonance (EPR) analysis
8  were employed to investigate the mechanism of enhanced radiation resistance. The small angle
9  neutron scattering (SANS) spectrometer was employed to investigate the neutron shielding
10  capability, further understanding the effect of h-BN.
11 2 Experimental section
12 2.1 Materials
13 The h-BN powder (~ 325 mesh, 99.5%) was obtained from Shanghai Alfa Aesar Co. Ltd.
14  TDE-85 was brought from Hubei Xinkang Pharmaceutical Chemical Co. Ltd. Methyl
15  hexahydrophthalic anhydride (MHHPA, 98%) was purchased from Shanghai Macklin
16  Biochemical Co. L.td. The molecular structure of TDE-85 and MHHPA was shown in Scheme S1.
17  The 2,4,6-tris (dimethylaminomethyl) phenol (DMP-30, 95%) was obtained from Shanghai
18  Aladdin Bio-Chem Technology Co. Ltd. High purity nitrogen (> 99.999%) was supplied by
19  Nanjing Shangyuan Industrial Gas Factory. All of the above materials were used directly without
20  further purification.
21 2.2 Composites preparation

22 The h-BN/EP composites were prepared via solution blending method as the synthesis route in

5
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1 Fig. 1. In a typical procedure, 22.09 g of TDE-85 was put into a 100 mL beaker and then degassed
2 at 60°C for 30 min in a vacuum oven. After adding 15 mL of MHHPA, 220 uL of DMP-30 and a
3 given amount of h-BN to the beaker successively, the mixed solution was stirred for 12 h and
4  degassed for 30 min again. Then, the mixture was poured into the tailored stainless steel molds.
5  The samples were solidified according to the predetermined heating program of 80, 130 and
6  180°C for 2 h, respectively, and finally cooled down to room temperature. The curing temperature
7 was determined by non-isothermal DSC measurements (Fig. S1 and Table S1). The final products
8  were termed as h-BN/EP-x, where the x (0.02%,0.05%, 0.15%, 0.25%, 0.55%) denoted the mass

9  percent of h-BN to EP.

TDE-85 MHHPA DMP-30 h-BN
£ JSa——
Degassin Degassin

Stirrer

CEP Curing
e
8o
N

11 Fig 1. Schematic diagram of the preparation processes of h-BN/EP composites.

10

12 2.3 Irradiation experiments

13 The h-BN/EP samples were placed into glass bottles. Some bottles were unsealed, while the
14  others were sealed after purging with nitrogen for 15 min to remove oxygen. The samples were
15  exposed to ®°Co y-ray radiation field (20 kCi, located in the University of Science and Technology

16  of China) with an absorbed dose rate of 65 Gy min ' at ambient temperature. The absorbed dose

6
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1 rate was calibrated by alanine/EPR standard dosimeter. Neutron radiation was carried out in the

2 China Fast Burst Reactor 1l (CFBR Il) at the Institute of Nuclear Physics and Chemistry, China

3 Academy of Engineering Physics, at a neutron fluence rate of ~10° cm 2 s* in steady power

4 mode.

5 2.4 Characterization

6 The tensile strength of the samples was determined at room temperature according to the

7  national standard method of China for plastic tensile properties (No. GB-T1040.3-2006). The

8  fracture stress test was implemented on an Instron electronic dynamic and static fatigue tester

9  (E3000K8953) with the tensile speed of 1 mm min *. Each sample was tested five times and the
10  average was used as the final result. The UV-vis diffuse reflectance spectra were collected on a
11 SOLID3700 spectrophotometer. The scanning electron microscope (SEM, SU8220, 5.0 kV) was
12 used to observe the fracture surface morphologies of the samples. The thermal stability was
13  assessed over a thermogravimetric analyzer (SDTQ600) under nitrogen atmosphere at a heating
14 rate of 10°C min". The glass transition temperature (Tg) was measured on a differential scanning
15  calorimeter (DSC Q2000) under nitrogen atmosphere. The sample was heated from 30 to 250°C at
16 a rate of 10°C min " and cycled three times. Attenuated total reflectance Fourier-transform
17  infrared spectra (ATR-FTIR) were obtained using a Bruker Tensor 27 spectrometer in the
18  wavenumber range from 4000 to 400 cm'. X-Ray photoelectron spectroscopic (XPS)
19  measurements were realized on a Thermo ESCALAB 250X1 with monochromatic Al Ka radiation
20  (hv = 1486.6 eV, 200 W). And the major C 1s peak at 284.8 eV was selected as the reference for
21 binding energy. Electronic paramagnetic resonance (EPR) test was carried out on a JEOL

22  JES-FA200 spectrometer with the frequency of 9.080 GHz and the magnetic field scanning range

7
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1 of 299.5 ~ 349.5 mT. The signal intensity was normalized with sample mass to compensate for the

2 mass-derived error. Neutron shielding characterization was carried out on SANS spectrometer

3  Suanni at the China Mianyang Research Reactor (CMRR) in Mianyang [19]. The neutron

4 wavelength was A = 0.53 nm with a spread of AMA = 10% and beam diameter of 8 mm. The

5  sample-to-detector distance was chosen as 10 m. The transmission was measured as the ratio of

6  the direct beam intensity with and without the sample.

7 3 Results and discussion

8 3.1 Mechanical and thermal properties of h-BN/EP composites

9 The photograph of neat EP and h-BN/EP (Fig. 2a) revealed that the transparency of strips
10  decreased as the h-BN content increased. The transmittance of the samples in the wavelength
11 range from 300 to 800 nm (Fig. S2) decreased with increasing h-BN content, confirming well the
12 same trend of coloration. This photograph indicated that h-BN had been successfully added to the
13  EP. The tensile properties of the neat EP and h-BN/EP composites were measured as shown in Fig.
14 2b. With increasing h-BN content, the tensile strength increased firstly and then decreased. The
15  maximal tensile strength was 71.1 MPa with the 0.05% of h-BN filler, which was higher than that
16  of neat EP. It has been reported that the loading h-BN could transfer stress and produce
17  micro-cracks in the composites, the micro-cracks absorbed energy and prevented the cracks from
18  developing into destructive cracks [20]. At high h-BN content, the filler agglomerates might be
19  regarded as the stress concentration points, evolving gradually into macroscopic stress crack,
20  which should be responsible for the decrease of tensile strength [21].
21 SEM images of the fracture surface of EP and h-BN/EP after tensile testing were presented in

22 Figs. 2c—e. The smooth and featureless surface of neat EP could be observed in Fig. 2c, which

8
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1 possessed many river-like stripes and provided weak locations at the plastic deformation under
2  external loads. The fracture surfaces of h-BN/EP-0.05% became rougher than the neat EP. The
3 main reason was that the fillers embedded in the epoxy matrix limited the mobility capacity of the
4 polymer molecule chain segments and induced the micro-cracks to absorb deformation energy
5  under an external force, resulting in fracture energy consumption and the enhanced tensile strength
6  of the composites [22]. However, h-BN/EP-0.55% represented lower surface roughness than
7  h-BN/EP-0.05%, which was connected with serious aggregation and poor dispersion of the
8  excessive fillers in the composites.

9 The incorporation of fillers into a polymer matrix can bring about changes in the thermal
10  characteristics of the resulting composites. One benchmark used to compare the thermal behavior
11 of composites is the T,. DSC measurements were carried out to analyze the effect of different
12 h-BN contents on the Tg. It can be seen from Fig. 2f that the T4 of neat EP was 111.7°C. After
13 adding h-BN, the T, displayed an increasing trend with filler concentration. The increment was
14  attributed to the interaction between the matrix and h-BN, which hindered the mobility of matrix

15  chains near the h-BN [23].
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Fig. 2. Optical photograph (a), tensile strength (b) of neat EP and h-BN/EP; SEM images of the fracture surface of
neat EP (c), h-BN/EP-0.05% (d) and h-BN/EP-0.55% (e); DSC curves (f) of neat EP and h-BN/EP.
3.2 The y~radiation stability of EP and h-BN/EP

The previous literature proved that radiation can cause polymers to crosslink or chain scission,
and their radiation stability can be evaluated by comparing the mechanical and thermal properties
before and after irradiation [24]. As shown in Fig. 3a, the color of EP changed from light yellow to
brown as the absorbed dose increased. The UV-vis absorption spectra of the irradiated EP (Fig. S3)
showed a progressive redshift as the absorbed dose increased, which was consistent with the
increase of color degree. Variation of strips color might be attributed to the formation of
conjugated unsaturated bonds. This chemical system produced color centers that absorbed at a
specific wavelength [25] The variation of the tensile strength of neat EP with absorbed irradiation
dose was shown in Fig. 3b. The tensile strength exhibited similar behavior regardless of the

irradiation atmosphere, raised first and then dropped with the increase of dose. In the case of low

10
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1  absorbed dose (< 282 kGy), there was little change in tensile strength of samples whatever the
2 atmospheres were air or nitrogen, demonstrating that the effect of oxygen was limited by the slow
3 oxygen diffusion and short diffusion depth at the surface. In particular, when absorbed dose was
4 188 kGy, the tensile strength was 79.87 MPa, that is, an increase of 15%. Moreover, it could be
5  seen that the strain softening occurred in low absorbed dose from the stress-strain curves in Figs.
6  3cand 3d. All results indicated that radiation-induced crosslinking played a dominant role in the
7  case of low absorbed dose. The free radicals generated from y-ray irradiation could crosslink the
8  uncured epoxy bond, resulting in the enhanced tensile strength. However, under the higher
9  absorbed dose, the mechanical property greatly deteriorated. When absorbed dose was up to 1880
10  kGy, the tensile strength of samples exposed to air and nitrogen was reduced by 70% and 58%,
11 respectively. Obviously, at a high absorbed dose, radiation-induced chain scission was the primary

12 process, and the process was inhibited in the anaerobic atmosphere.

11
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2 Fig. 3. Optical photograph (a), tensile strength (b), and stress-strain curves under air atmosphere (c) and nitrogen

3 atmosphere (d) of EP before and after irradiation.

4 The y-ray radiation resistance of h-BN/EP was studied over the diverse filler-content
5  composites. The radiation resistance of the samples was evaluated at 50% tensile strength from a
6 linear extrapolation between the two last points [26], where the relative tensile strength of samples

7 was calculated by the following equation:

tensile strength of samples after irradiation (1)
tensile strength of samples before irradiation

8 Relative tensile strength (%) =

9 From the relation of relative tensile strength with absorbed dose in Figs. 4a and 4b, the variation

10  tendency of tensile strength of h-BN/EP composites was similar with that of neat EP after y-ray

12
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1 irradiation. The strength of composites had been increased gradually until the absorbed dose
2  reached 282 kGy, then decreased significantly as the absorbed dose further increased. When the
3  tensile strength was reduced by 50%, the absorbed dose of h-BN/EP-0.05% was higher than other
4 samples, especially 300 kGy higher than that of neat EP. The h-BN/EP-0.05% gave much higher
5  radiation resistance than neat EP. However, h-BN/EP-0.55% presented poor performance because
6  the strength of composites was strongly affected by particle/matrix adhesion [27]. Thus, adding
7  low-content h-BN was conducive to improving the radiation resistance of EP. Besides, the tensile
8  strength of all irradiated samples decreased more slowly under nitrogen atmosphere compared
9  with that in ambient condition, suggesting that oxygen accelerates the radiation degradation of
10 h-BN/EP.
11 It is well-known that thermal stability of epoxy resins is related closely to their cross-linking
12 density. The resin with higher cross-linking density usually has better thermal stability [28].
13 Nevertheless, the radiation-induced decomposition could destruct the cross-linked structure and
14  even the skeleton of epoxy resin, resulting in the declined thermal property of the resins [29]. DSC
15 was further hired to measure the T of neat EP and h-BN/EP-0.05% after irradiation. From Fig. 4c,
16 under air atmosphere, the Ty of both EP and h-BN/EP-0.05% samples decreased by about 30°C
17  after y-ray irradiation with an absorbed dose of 1880 kGy, while it decreased only about 25°C
18  under nitrogen. This reflected the increase of chain mobility resulting from chain scissions. From
19  the TGA curves in Fig. 4d, the initial decomposition temperature of irradiated samples was lower
20  than that of non-irradiated samples. The results of DSC and TGA indicated that y-ray irradiation

21 lowered the thermal stability of all samples with or without 0.05% h-BN.

13
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2 Fig. 4. The tensile strength of neat EP and h-BN/EP-x (x = 0.05, 0.15, and 0.55%) composites before and after

3 irradiation: under air atmosphere (a) and nitrogen atmosphere (b). DSC curves (c) and TGA curves (d) of EP and

4 h-BN/EP-0.05% composites with 1880 kGy of absorbed dose.

5 3.3 y-Ray irradiation damage mechanism of h-BN/EP

6 In order to understand the change of interior chemical composition by y-ray irradiation, the

7  samples were cryogenically fractured in liquid nitrogen, and the chemical composition of the

8  fracture surface was measured by XPS. Fig. 5 showed the high-resolution C 1s XPS spectra for the

9 interior of samples before and after y-radiation of 1880 kGy. Obviously, the C 1s signal could be
10 deconvolved into three peaks located at 284.8, 286.4, and 288.9 eV, assignable to C-H/C-C, C-0O,

11 and C=0, respectively [30]. The oxidation degree (OD) of sample was defined as the sum of the

14
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As shown in Table 1, the OD of neat EP was raised to 41.94% and 42.07% after irradiation in air

and nitrogen respectively. The same increase tendency regardless of the atmosphere might

attribute to the effect of dissolved oxygen. Park et al. found that the dissolved oxygen which may

not be completely removed even under the continuous vacuum treatment may cause oxidation

reactions [31]. The C-H/C—C bonds were broken by v irradiation, which would undergo oxidation

reaction with dissolved oxygen and eventually resulted in oxidative degradation. Similar results

were also observed in h-BN/EP-0.05%, but the increase was less than neat EP. This indicated that

filling h-BN into EP was beneficial to hinder the oxidative degradation of EP under vy irradiation.
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1 Fig. 5. High-resolution C 1s XPS spectra for the interior of samples before and after irradiation: neat EP (a);

2 h-BN/EP-0.05% (b).

3
4 Table 1. The oxidation degree (OD) of the interior of samples before and after irradiation.
Samples Oxidation degree (%)
non-irradiated EP 35.20
1880 kGy EP (Ny) 41.94
1880 kGy EP (Air) 42.07
non-irradiated h-BN/EP 35.17
1880 kGy h-BN/EP (N,) 36.85
1880 kGy h-BN/EP.(Air) 38.75
5
6 Room-temperature EPR measurement was performed to detect the active radicals of EP

7  before and after y-ray irradiation. From Fig. 6a, the signal peaks were not detected for the

8  non-irradiated EP, while the asymmetric wide signal peaks were clearly observed after irradiation,

9  suggesting the generation of radiation-induced radicals. According to the previous reports, this

10  signal should be assigned to alkoxy or peroxy radicals [32, 33]. It could be seen that when the

11 sample was exposed to y-ray with the absorbed dose of 94 kGy, the signal of free radicals

12 appeared. These free radicals might be generated by the rupture of some weak bonds. The

13  intensity of free radicals’ signals went up with the absorbed dose because more bonds were

14 broken.

15 As for h-BN/EP composites, the radical concentration varied under different atmospheres

16
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1 (Fig. 6b and 6c¢). In the air, the radical amount of h-BN/EP was fewer than that of neat EP, while
2 was basically unchanged under nitrogen. As shown in Fig. 6b, a small content of h-BN (0.02%,
3 0.05%) could significantly inhibit radical production, resulting in the enhanced oxidative stability
4  of composite compared to neat epoxy. Combining with XPS spectra of the samples irradiated in air,
5  the area ratios for C-O and C=0 of h-BN/EP-0.05% were fewer than neat EP, thereby we could
6  speculate that a relatively small amount of h-BN (0.02%, 0.05%) had a better dispersibility and
7  prevents oxidation of EP [34]. Yet the radical concentration ascended evidently at the filling level
8  of 0.15% and 0.55%, which indicated that further increasing filling level was less effective. This

9  phenomenon could be explained that the addition of excessive h-BN might cause agglomeration.

. [

Air Air :
—~ —~ -
] =S 3
8 & / ‘ S
2 = non-irradiated 2 2
[} =94 kGy [} === neat EP ) = neat EP
c —— 188 kGy c | — h-BNEP-0.02% 2 | —nh-BNnEP-0.02%
- 282 kGy & = h-BN/EP-0.05% - == h-BN/EP-0.05%

== 940 kGy == h-BN/EP-0.15% === h-BN/EP-0.15%

= 1880 kGy === h-BN/EP-0.55% === h-BN/EP-0.55%

L L L . . . A .
315 320 325 330 335 315 320 325 330 335 315 320 325 330 335
10 Magnetic Field (mT) Magnetic Field (mT) Magnetic Field (mT)

11 Fig. 6. EPR curves (a) of neat EP at different absorbed doses. EPR curves of EP with different h-BN content after
12 irradiation at 1880 kGy in air (b) and in nitrogen (c).

13 3.4 The neutron radiation stability of EP and h-BN/EP

14 Neutrons and y rays are the main types of radiation in nuclear facilities, so the neutron radiation
15  stability and neutron shielding properties of EP and h-BN/EP must also have to be considered. The
16  photograph of samples showed that there was no obvious change in the samples before and after
17 neutron irradiation (Fig. 7a). This could be due to the fact that the neutron fluence is not high

18  enough to generate visible coloration in the experiments. As shown in Fig. 7b, the tensile strength

17
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1 of all the samples showed little change, indicating that the resin matrix was not sensitive to
2 neutron irradiation at the neutron fluence of 10 n cm™. In addition, as illustrated in Fig. S5, the
3 initial decomposition temperature of the samples did not change significantly, suggesting the fine
4  thermal property of h-BN/EP after neutron irradiation. In Fig. 7c, there is a clear trend of
5  decreasing the neutron transmittance with the increase of h-BN content. The neutron transmittance
6  of h-BN/EP-0.55% was 36.9%, which lowered than that of EP (42.5%), indicating the enhanced

7 neutron shielding performance. This should be attributed to the fact that the boron atoms in h-BN

8  absorb neutrons [35].
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10 Fig. 7. Optical photograph (a) and tensile strength (b) of EP and h-BN/EP-x (x = 0.05% and 0.55%) irradiated at
11 the neutron fluence of 10% n cm 2, neutron shielding property (c) of EP and h-BN/EP-x (x = 0.05% and 0.55%).
12 4 Conclusion

13 In this study, h-BN/EP composites were synthesized, and their radiation resistance towards
14  y-ray and neutron beam was evaluated. It has been shown that the addition of a small amount of
15  h-BN (0.05%) can enhance the mechanical property. After y-ray irradiation, the tensile strength of
16 composites increased first and then decreased with the increase of absorbed dose. Furthermore,
17  radiation degradation of composites was inhibited with the addition of h-BN. The absorbed dose

18  of h-BN/EP-0.05% was about 300 kGy higher than that of neat EP when the relative tensile

18
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1 strength is reduced by half. Combined with the results of XPS and EPR, h-BN could weaken
2 oxidative degradation of EP under y irradiation. The mobility of the EP molecule chains was
3  reduced after introducing h-BN, and more free radicals were trapped in the polymer chain,
4 restraining the further reaction. In the case of neutron irradiation, h-BN can improve neutron
5  shielding performance and absorb energy to reduce radiation damage. This work demonstrates that
6  h-BN is an advantageous candidate in improving the radiation resistance and neutron shielding of
7  the EP, also probably available to enhance the radiation resistance of other polymer materials.
8  Furthermore, based on this work, the influence of h-BN size and interface effect on epoxy resin
9  will be further studied.
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