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ABSTRACT: In this study, the glass transition, thermal expansion, dynamic mechanical properties, and water-uptake behaviors of die-

poxidized polycardanol (DEPC) cured by electron-beam radiation in the presence of cationic photoinitiators were investigated. How

the type and concentration of cationic photoinitiators and the electron-beam absorption dose influenced the properties of the cured

DEPC was also studied. Two types of cationic photoinitiators, triarylsulfonium hexafluorophosphate (simply referred to as phosphate

type or P-type) and triarylsulfonium hexafluoroantimonate (simply referred to as antimonate type or Sb-type), were used. Electron-

beam absorption doses of 200, 300, 400, and 600 kGy were applied to the uncured diepoxidized cardanol (DEC) samples, respectively.

It was revealed that the Sb-type photoinitiator was preferable to the electron-beam curing of DEC; this led to a lower photoinitiator

concentration and/or a lower electron-beam absorption dose compared to that in the phosphate-type photoinitiator. As a result, the

variations in the glass-transition temperature, coefficient of thermal expansion, storage modulus, and water uptake of the cured

DEPC were quite consistent with each other. We found that the optimal conditions for the enhanced properties of DEPC by

electron-beam curing were an Sb-type photoinitiator at 2 wt % and an electron-beam absorption dose of 600 kGy. VC 2015 Wiley Period-

icals, Inc. J. Appl. Polym. Sci. 2015, 132, 42570.
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INTRODUCTION

Recently, many research efforts have been devoted to the

replacement of petroleum-derived organic materials with envi-

ronmentally friendly polymer materials because of increasing

environmental awareness, social consciousness, and potential

industrial impact. A number of such materials have been

derived from naturally renewable resources, in particular from

plants.1–4

Cardanol, which can be obtained by the thermal treatment of

cashew nut shell liquid (CNSL), is a phenol derivative mainly

composed of the meta substitute of a C15 unsaturated hydro-

carbon chain with one to three double bonds.2,5 CNSL is a nat-

urally abundant, low-cost, and renewable material. Polycardanol

is viscous and thermally curable, and it has no volatile organic

compounds. Therefore, it has some potential as a thermosetting

resin for an environmentally friendly biocomposite matrix

and also as glossy formaldehyde-free coatings, finishes, and

adhesives.3,6–8 Diepoxidized cardanol (DEC) is a CNSL-based

cardanol derivative; it can be synthesized by enzymatic polymer-

ization routes, and it is also thermally curable to give transpar-

ent films with a high gloss surface and good hardness.2 The

chemical structure of the DEC is similar to that of cardanol. It

seems that the unsaturated double bonds in the chain of carda-

nol molecules are substituted with two epoxide groups in the

DEC molecule. One epoxide group is in the chain end, and the

other one is in the middle of the alkyl chain of the molecule, as

shown in Figure 1. It has been reported that an epoxide-

containing cardanol-based thin film can also be cured by the

manner used for epoxy curing. That is, it can be cured by ultra-

violet irradiation9 and thermal treatment.2

Thermally cured epoxy and epoxy-derived products exhibit, in

general, a high extent of curing and good mechanical and ther-

mal properties. However, the thermal curing process of epoxy

resins needs a longer processing time and a high processing cost

and curing temperature in many applications and a relatively

large amount of curing agents.10 Electron-beam curing can be

performed with high-energy electrons from an accelerator to

initiate the polymerization and crosslinking of a resin.11 There

are many advantages of electron-beam curing over conventional

thermal curing of epoxy or epoxy-related resins: short curing

time, ambient curing temperature, environmentally friendly, a
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dry and fast process, unlimited materials shelf life, material

design flexibility, irradiation uniformity, and labor safety.12–15

Also, unlike the thermal curing of epoxy, normally with a rela-

tively large amount of organic curing agent (e.g., amines), a

small amount of photoinitiator is used in an epoxy curing pro-

cess by an electron beam. Accordingly, epoxy curing by

electron-beam technology has been studied by a number of

research scientists and engineers for many years.11,16–18

It is known that the curing of epoxy resins by electron beams

can be successfully processed in the presence of cationic initia-

tors.19–22 The cationic radicals generated by electron-beam radi-

ation of the epoxy molecules may react with activated hydrogen

molecules in the epoxy groups. Through a series of chemical

reaction routes, three-dimensional network structure can finally

be formed in the cured epoxy. The mechanism of electron-beam

curing of epoxy resin is described in elsewhere.10,13 Crivello

et al.17,18 reported the electron-beam-induced cationic polymer-

ization of epoxy in the presence of onium salt photoinitiators.

Nishitsuji et al.10 reported a study of the electron-beam-curing

process of an epoxy system with the addition of a cationic ini-

tiator to investigate the optimal radiation process parameters.

Most recently, we reported thermogravimetric and Fourier

transform infrared spectroscopic results of the curing behavior

of polycardanol containing epoxy groups cured by electron-

beam technology.23

Consequently, the objective of this study was, for the first time,

to explore the thermal properties and water absorption resist-

ance of diepoxidized polycardanol (DEPC) cured by electron-

beam technology in the presence of cationic photoinitiators in

terms of the glass-transition temperature (Tg), thermal expan-

sion, dynamic mechanical properties, and water-uptake behav-

ior. We also discuss how the type and concentration of cationic

photoinitiators and the electron-beam absorption dose influ-

enced their properties. The ultimate aim of the study was to

provide optimal conditions for the electron-beam curing of

DEPC on the basis of our findings.

EXPERIMENTAL

Materials

The DEC resin used for electron-beam curing to prepare the

DEPC in this study, which was synthesized via enzymatic poly-

merization from CNSL, was supplied from the Korea Research

Institute of Chemical Technology (Daejeon, Korea). The chemi-

cal structure is shown in Figure 1. The color of the thermally

curable DEC in the liquid state is light brown before curing.

The molecular weight of DEC was 450 mol/g, and the viscosity

was 130–150 cp.

Two different types of photoinitiator onium salts were used for

the electron-beam curing of DEC. The first one was triarylsulfo-

nium hexafluorophosphate (simply referred to as phosphate

type or P-type photoinitiator), and the other was triarylsulfo-

nium hexafluoroantimonate (simply referred to as antimonate

type or Sb-type photoinitiator). Both were purchased from

Sigma Aldrich Co. The densities of the P-type and Sb-type pho-

toinitiators were 1.32 and 1.41 g/mL, respectively, at room tem-

perature. Their chemical structures are described in a previous

article.23

Electron-Beam Curing Process

The electron-beam curing process of DEPC was performed at

2.5 MeV and 8.1 mA at ambient temperature in air with an

electron-beam apparatus (ELV-8, EB Technology Co., Korea).

The process was carried out by the irradiation of the samples

placed on a conveying cart passing through the irradiation spot

in the channel with a constant conveying rate. The apparatus

for the electron-beam curing process was introduced in the pre-

vious article.23 The as-supplied DEC resin (ca. 15 mL) was

placed in aluminum dishes 92 mm in diameter on top of a con-

veying cart. The conveying speed was 10 m/min throughout the

irradiation process. The dose rate was 33.3 kGy/s (10 kGy/scan).

The electron-beam absorption doses used were 200, 300, 400,

and 600 kGy. We controlled each dose by counting the rotation

number of the conveying cart passing through the channel

equipped with the electron-beam irradiation facility in the mid-

dle of the channel. A dosimetry system by ISO/ASTM 51649

method24 and ISO/ASTM 51650 method25 with a cellulose tria-

cetate film was used. The uncertainty of the electron-beam

absorption dose to the samples was less than 60.5%. The total

length of the electron-beam emitting window was 1200 mm,

and a central zone of 800 mm was used for the irradiation. The

thickness of each sample was 2.5–3.0 mm with irradiation at a

dose rate ranging from 33.1 to 33.5 kGy/s. The samples were

uniformly irradiated through the thickness direction and the

surface direction within the uncertainty of the electron-beam

absorption dose applied. Table I summarizes the abbreviations

designated for each sample irradiated at different doses.

Characterization

To investigate the glass-transition behavior of the DEPC samples

irradiated at different electron-beam absorption doses, differen-

tial scanning calorimetry (DSC; 200 F3 Maia, Netzsch Co., Ger-

many) was performed from 240 to 1508C with purging

nitrogen gas to measure the heat flux change. The heating rate

was 108C/min. The sample weight used for each measurement

was about 10 mg.

Thermomechanical analysis (TMA; 2940, TA Instruments) was

carried out with purging nitrogen gas to examine the thermal

expansion behavior of the DEPC samples irradiated at different

absorption doses. A macroexpansion mode was used up to

2008C with a heating rate of 58C/min with purging nitrogen

gas. Each sample was cut with a low-speed diamond saw (DM-

4C, Kye Yang Electronics, Korea). The dimensions of each

rectangular-shaped specimen were 5 3 5 3 2 mm3.

Figure 1. Chemical structure of DEC.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4257042570 (2 of 8)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


Dynamic mechanical analysis (DMA; Q800, TA Instruments)

was carried out to explore the dynamic mechanical thermal

properties of the DEPC samples irradiated at different absorp-

tion doses. A tension mode was used. The frequency was 1 Hz,

the amplitude was 10 lm, and the heating rate was 28C/min.

The measuring temperature range was from 240 to 1208C.

Each sample was cut with a low-speed diamond saw (DM-4C,

Kye Yang Electronics, Korea). The dimensions of each

rectangular-shaped specimen were 35 3 5 3 2.5 mm3.

A water absorption test was carried out to examine the extent

of water uptake as a function of the immersion time of the

DEPC samples irradiated at different absorption doses. Each

specimen was placed in a 50-mL vial. The test was performed

with an analytical digital scale (model XT220A, Precisa, Switzer-

land). The weighing precision was 60.001 g at ambient temper-

ature. Five specimens were immersed in distilled water to

obtain the average value of the percentage water uptake of each

sample. Before weighing, each specimen was taken out from the

immersion bath, and excess water existing on the outer surfaces

of individual specimens was removed with soft tissues by

promptly dabbing the surfaces. The test was performed at ambi-

ent temperature for 5 weeks. The dimensions of each

rectangular-shaped specimen were 10 3 10 3 2.5 mm3. The

percentage water uptake was obtained from the weight change

of each specimen used according to the following equation:26,27

Water uptake %ð Þ5 Wt 2 Wið Þ=Wi 3 100

where Wt is the weight of the sample at time t of each test and

Wi is the initial weight of the sample before the test.

RESULTS AND DISCUSSION

Electron-Beam-Curing Effect on Tg

In this study, the electron-beam-curing process was performed

at 600 kGy or less. The reasons for that were based on our pre-

vious study, as follows. According to the variation of the degree

of curing as a function of the electron-beam absorption dose

for the case of 3 wt % Sb-type photoinitiator in our previous

study,23 the degree of curing of the DEPC at 800 kGy was

slightly higher than that at 600 kGy; this indicated that the cur-

ing reaction rate became decreased with increasing electron-

beam absorption dose higher than 600 kGy. It was also reported

that after the electron-beam curing at 800 kGy, the conversion

of cure reaction of the specimens with 2 wt % Sb-type was

slightly higher than that with 3 wt % Sb-type. It seemed that

the DEPC specimen obtained at 800 kGy was somewhat more

brittle than that at 600 kGy. The curing process with the elec-

tron beam of low energy was preferable unless the characteris-

tics of the cured DEPC product was meaningfully differentiated.

Hence, the electron-beam absorption doses of 600 kGy and less

than 600 kGy were used in this study.

Figure 2 shows the variations of Tg of the DEPC with P-type

and Sb-type photoinitiators with different concentrations, cured

with electron beam at different absorption doses. It was found

that Tg of the cured DEPC gradually but slightly increased with

increasing electron-beam absorption dose. This could be

explained by the fact that the molecular structure of the DEPC

became more crosslinked with the dose; this led to restricted

molecular motion. Figure 2 also indicates that use of the

antimonite-type photoinitiator resulted in a higher Tg than that

of the P-type one in the electron-beam curing of DEPC. The

higher concentration in the same photoinitiator resulted in a

higher Tg of the cured DEPC. That is, P3 600 kGy (22.98C)

and Sb2 600 kGy (20.98C) exhibited a higher Tg than P2 600

kGy (217.48C) and Sb1 600 kGy (14.18C) at the corresponding

absorption dose, respectively.

Only 2 and 3 wt % P-type photoinitiator and 1 and 2 wt % Sb-

type photoinitiator were used in this study on the basis of our

previous founding,23 as described later. According to the

appearance of the DEC samples with the P-type and Sb-type

photoinitiators cured at various electron-beam absorption

doses, unlikely with other cases, the sample with the 1 wt % P-

type photoinitiator remained in a liquid state even after the

electron-beam irradiation at 800 kGy. Therefore, the sample

with 1 wt % P-type was excluded to examine the properties of

interest in this study. The concentration of the P-type photoini-

tiator greater than 3 wt % was also excluded because it was

obvious that both the conversion of the curing reaction and the

degree of curing were much lower than those of the 1 wt % Sb-

type photoinitiator, as reported in the previous study.23 How-

ever, the incorporation of the Sb-type photoinitiator of 3 wt %

or higher into the DEC caused some brittleness and darkness of

the cured DEPC. In addition, the thermal stability of the cured

DEPC samples with 2 and 3 wt % Sb-type photoinitiators,

examined by thermogravimetric analysis (TGA) and derivative

thermogravimetry (DTG) curves, exhibited almost the same

behavior. So, 3 wt % Sb-type samples were excluded for thermal

analyses, such as DSC, TMA, and DMA in this study.

Figure 3 represents the variations of Tg as a function of the

electron-beam absorption dose according to the photoinitiator

used at different concentrations. As shown, the Tg change was

most profound with the type of photoinitiator, and it was also

significantly influenced by the photoinitiator concentration.

However, the electron-beam absorption dose effect on the Tg

change was not relatively significant with the exception of P3

200 kGy. The reason for the low Tg value in the case of the P3

200 kGy may be that 200-kGy irradiation was likely low to

completely crosslink the DPEC molecule in the presence of P3.

In other words, it seemed that 3 wt % P-type photoinitiator

Table I. Designations of the Electron-Beam-Cured DEPC Samples Used in

This Work

Photoinitiator
type

Concentration
(wt %)

Electron-beam
absorption dose (kGy)

P-type 1 P1 xxx kGy

2 P2 xxx kGy

3 P3 xxx kGy

Sb-type 1 Sb1 xxx kGy

2 Sb2 xxx kGy

3 Sb3 xxx kGy

a “xxx” indicates the numerical number of the electron-beam absorption
dose applied.
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may have been excessive for the electron-beam curing of DEPC

at 200 kGy. Epoxy curing by an electron beam could proceed

through the ring-opening reaction of epoxide groups by an

electron-beam-induced polymerization mechanism via initia-

tion, propagation, and then chain-transfer reactions in the pres-

ence of a cationic photoinitiator, as described elsewhere.10,13,17

On the basis of the mechanism, the activation of the photoini-

tiator used may not have proceeded consecutively under the

electron-beam irradiation conditions at such a low absorption

dose of P3 200 kGy. Hence, the well-developed three-dimen-

sional network structure may not be formed in the case of P3

200 kGy. It was expected that the molecular size of DEPC

formed with P3 200 kGy may have been smaller than that of P3

300 kGy and also smaller than that with P2 200 kGy. As a

result, the partially cured DEPC was obtained at 200 kGy, even

though a photoinitiator concentration of 3 wt % was used.

Consequently, the mobility of the partially cured DEPC with

less molecular size was less restricted; this resulted in a lower Tg

than in the P3 300 kGy and P2 200 kGy cases.

The result reveals that the Tg values (20.2–20.98C for Sb2 200

kGy to Sb2 600 kGy) of the DEC electron beam cured with the

Sb-type photoinitiator was about 408C higher than that (221.5

to 217.48C for P2 200 kGy to P2 600 kGy) with the P-type

photoinitiator at the same concentration. The use of Sb1 exhib-

ited a Tg (14.18C) about 308C higher than the use of P2

(217.48C) and about 168C higher than the use of P3 (22.98C)

at 600 kGy, where complete curing of the DEPC occurred by

the electron beam. According to Nishitsuji et al.,12 in the

electron-beam curing process of an epoxy resin, the nature of

the anion affects the effectiveness of the cationic initiator, and

this is inversely related to the nucleophilicity of the anion. The

nucleophilicity of SbF2
6 was higher than that of PF2

6 . The

nucleophilicity of the anion of the Sb-type photoinitiator used

in our study was higher than that of the P-type photoinitiator.

On the basis of the earlier report with epoxy by Park et al.,13 it

may be mentioned that with increasing concentration of the

cationic photoinitiator, the probability of the DEPC molecules

to encounter and react with the cationic photoinitiator

increased, and more cations could transfer to DEC molecules

and react with the neighboring cardanol molecules. This led to

the curing of DEPC and resulted in the increased Tg. In addi-

tion, with increasing electron-beam absorption dose, the proba-

bility of the cationic photoinitiator to participate in the curing

reaction of DEPC increased; this resulted in an increased degree

of curing, as reported in our earlier article.23 Consequently, we

Figure 3. Variations of Tg of the electron-beam-cured DEPC samples with

the Sb-type and P-type photoinitiators at different concentrations as a

function of the electron-beam absorption dose.

Figure 2. DSC curves of the electron-beam-cured DEPC samples with the Sb-type and P-type photoinitiators. Each Tg value is marked with arrows.
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concluded that at low concentrations (Sb1 and Sb2), the Sb-

type photoinitiator was more effective for having a Tg of the

cured DEPC higher than the P-type photoinitiator. We also

noted that Sb2 600 kGy would be optimal for electron-beam

curing of the DEPC studied here.

Electron-Beam Curing Effect on the Thermal

Expansion Behavior

Figure 4 displays the thermodimensional change of DEPC with

different types of photoinitiator and concentrations cured by

electron beams at different absorption doses as a function of

the temperature. It was obvious that the thermodimensional

change reflecting the coefficient of thermal expansion, which

could be determined from the slope of each TMA curve, was

more or less reduced with the electron-beam absorption dose in

the same type and concentration of the photoinitiator used.

This was attributed to the formation of an increased network

structure in the cured DEPC under the high electron-beam

absorption dose; this resulted in the restriction of thermal

expansion and the molecular mobility. We also found that the

thermodimensional change was lower in P3 than in P2 and

lower in Sb2 than in Sb1.

It was convincing that the Sb-type photoinitiator reduced the

thermal expansion of the cured DEC more than the P-type pho-

toinitiator. In addition, Sb2 was more efficient than Sb1 for the

thermodimensional stability of the cured DEPC. The Sb2 600

kGy sample exhibited the lowest dimensional change as a func-

tion of the measuring temperature. The coefficient of linear

thermal expansion (CLTE) of each sample was determined from

the slope of the TMA curve in the temperature range of 50–

1808C. The lowest CLTE value (1.80 3 10248C21) of the DEPC

sample cured by electron beam was obtained with Sb2 600 kGy.

The highest CLTE was 2.56 3 10248C21 with P3 200 kGy. The

highest value was consistent with the lowest Tg with P3 200

kGy, as previously described. The CLTE value (1.97 3 1024/8C)

of P3 600 kGy was greater than that of Sb2 600 kGy, and it was

rather similar to CLTE of Sb1 600 kGy or Sb2 400 kGy. As a

result, we concluded that the Sb-type photoinitiator was more

efficient than the phosphate-type one in decreasing the thermal

expansion and also increasing the thermodimensional stability

of DEPC cured by the electron beam. This result agreed with

the variation of Tg, as described previously. The result also

revealed that a lower photoinitiator concentration and/or a

lower electron-beam absorption dose could be used with the

Sb-type photoinitiator for the electron-beam curing of DEPC

compared to the case of the P-type photoinitiator. This result

also confirms that the electron-beam curing of DEPC with the

Sb-type photoinitiator played an effective role in processing the

well-cured DEPC product and also in forming the three-

dimensional network structure.

Electron-Beam Curing Effect on Dynamic

Mechanical Properties

Figure 5 shows the variations of the storage modulus and tan d
of the DEPC with different types of photoinitiator and concen-

trations cured by the electron beam at different absorption doses

as a function of the temperature. It was obvious that the storage

modulus of the DEPC cured with the Sb-type photoinitiator was

considerably higher than that cured with the P-type one. Also,

the tan d height of the DEPC with the Sb-type photoinitiator

was lower than that with the P-type one. The highest modulus

and the lowest tan d were obtained with the DEPC cured with

Sb2 600 kGy. On the contrary, the lowest modulus and highest

tan d were obtained with P2 200 kGy. The storage modulus was

increased in the order Sb2 600 kGy> Sb2 200 kGy> Sb1 600

kGy> Sb1 200 kGy>P2 600 kGy�P2 200 kGy. The tan d
decreased in the order Sb2 600 kGy< Sb2 200 kGy< Sb1 600

kGy< Sb1 200<P2 600 kGy<P2 200 kGy. This was explained

by the fact that the DEPC molecules cured with the antimonite-

type photoinitiator were more crosslinked and stiffer than those

with the phosphate-type photoinitiator, as described previously.

As shown in Figure 5(A), the storage modulus with Sb2 200 kGy

was higher than that with Sb1 600 kGy. This indicated that the

concentration of the photoinitiator played a higher contributing

role in highly enhancing the storage modulus of the cured

DEPC than the electron-beam absorption dose. Of course, the

modulus increased with increasing electron-beam absorption

dose up to 600 kGy at the same concentration of photoinitiator.

We found that an absorption dose higher than 600 kGy was not

used because it was rather detrimental to the properties and

resulted in some overcured DEPC.

Tg, which could be determined from the peak temperature of

the tan d curve, of the DEPC cured with the Sb-type

Figure 4. TMA thermograms showing thermodimensional changes in the

electron-beam-cured DEPC with the Sb-type and P-type photoinitiators at

different concentrations according to the electron-beam absorption dose.
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photoinitiator was higher than that with the P-type one. In the

case of the Sb-type, Tg determined by the DMA increased about

228C from 36 to 588C with various photoinitiator concentra-

tions and electron-beam absorption dose. In in comparison of

the Tg values in Figure 2 and Table II, the Tg obtained by the

DMA method (Table II) appeared at a higher temperature than

that with the DSC method (Figure 2). The difference in Tg

between the two thermal analyses occurred because the instru-

mental mechanisms associated with data acquisition were differ-

ent. The DMA method is, in general, more sensitive to large-

scale molecular motions, even though both methods were based

on the thermal events of the polymer molecules.28 The fre-

quency applied in DMA was normally much higher than that

analogically interpreted in the DSC measurement; this resulted

in a shift of the tan d peak to a higher temperature.29

Table II compares the storage modulus of the cured DEPC

examined at three different temperatures. The three tempera-

tures were 2408C, which was far less than Tg of each sample,

and 1008C, which was far above Tg. The reason for the choice

of these three temperatures follows. The storage modulus at

2408C, which was the initial temperature for the analysis, was

at the stage that no significant modulus drop took place for all

of the samples used. The storage modulus largely decreased in

the glass-transition region, so the modulus change at Tg was

meaningful. A temperature of 1008C was far away from Tg; this

indicated the plateau region of the behavior. Over the all of the

measuring temperature range, the storage moduli of the DEPC

sample with the Sb-type photoinitiator were greater than those

with the P-type one. The greatest storage modulus was obtained

from Sb2 600 kGy, as expected. The modulus of 8448 6 253

MPa at 2408C was considerably decreased to 396 6 11.9 MPa at

Tg and to 126 6 3.78 MPa at 1008C.

Electron-Beam Curing Effect on the Water Uptake

Figures 6 and 7 display the water-uptake result for the DEPC

samples containing the P-type and Sb-type photoinitiators cured

at different electron-beam absorption doses, respectively. The

testing was carried out for 5 weeks (840 h). With increasing

immersion time in distilled water, the percentage water uptake

gradually increased up to about 100–170 h; this depended on

the photoinitiator type, photoinitiator concentration, and

electron-beam absorption dose. After 170 h, the percentage

water uptake almost remained constant. Most of the water

absorption occurred within 7 to 9 days. The result indicates

that the water uptake of the DEPC samples cured with the Sb-

type photoinitiator (Figure 7) was less than that with the P-type

one (Figure 6). In the case of the P-type photoinitiator, the low-

est water uptake (ca. 0.172 6 0.006%) after 840 h of testing was

obtained with P3 600 kGy, whereas the highest value (ca.

0.207 6 0.008%) was with P2 200 kGy. In the case of the Sb-type

photoinitiator, the lowest water uptake (ca. 0.157 6 0.006%) after

840 h was obtained with Sb3 600 kGy, whereas the highest value

(ca. 0.184 6 0.007%) was with Sb1 200 kGy. With a close inspec-

tion (referred to the inserted figures) and a comparison of the

effects of the photoinitiator concentration and electron-beam

dose, we noticed that the water uptake of the cured DEPC

decreased with increasing photoinitiator concentration and

electron-beam absorption dose.

The equilibrium time of the water uptake became slightly longer

not only with increasing electron-beam absorption dose but also

with increasing concentration of the P-type photoinitiator from 2

to 3 wt %. This could be explained by the restriction of the water

diffusion in the DEPC specimens and by the fact that the water

diffusion was more restricted in the DEPC cured with increasing

absorption dose. As a result, the water uptake decreased, and the

equilibrium time increased. This phenomenon was more clearly

Figure 5. Variations of the storage modulus and tan d curves of the

electron-beam-cured DEPC with the Sb-type and P-type photoinitiators at

different concentrations as a function of the temperature according to

electron-beam radiation.

Table II. Effects of the Electron-Beam Absorption Dose on the Tg and

Storage Modulus Values of DEPC Obtained at Three Different Tempera-

tures (2408C, Tg, and 1008C)

Specimen
Tg

(8C)

Storage modulus (MPa)

2408C Tg 1008C

P2 200 kGy 13.1 2717 6 82 84 6 2.5 16 6 0.5

P2 600 kGy 13.3 3029 6 91 88 6 2.6 15 6 0.5

Sb1 200 kGy 35.6 6296 6 189 157 6 4.7 36 6 1.1

Sb1 600 kGy 40.6 4189 6 126 224 6 6.7 56 6 1.7

Sb2 200 kGy 49.7 6251 6 188 335 6 10.1 81 6 2.4

Sb2 600 kGy 57.6 8448 6 253 396 6 11.9 126 6 3.8
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found with the DEPC samples containing the Sb-type photoini-

tiator at different electron-beam absorption doses. With increas-

ing concentration of the Sb-type photoinitiator and the

absorption dose, water uptake occurred less, and the equilibration

time was shortened.

The reason for the lower water-uptake behavior in the DEPC

cured with the Sb-type photoinitiator than that in the P-type

photoinitiator was that the Sb-type photoinitiator contributed

more to the formation of a crosslinked three-dimensional net-

work structure than the P-type photoinitiator under the

Figure 6. Variations of the water-uptake percentage of the electron-beam-cured DEPC samples with the P-type photoinitiator at different photoinitiator

concentrations and electron-beam absorption doses.

Figure 7. Variations of the water-uptake percentage of the electron-beam-cured DEPC samples with the Sb-type photoinitiator at different photoinitiator

concentrations and electron-beam absorption doses.
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appropriate electron-beam curing conditions, as described pre-

viously in terms of the effect of the photoinitiator type, concen-

tration, and electron-beam absorption dose on Tg. The effect of

the photoinitiator type, concentration, and electron-beam

absorption dose on the water-uptake result agreed well with the

result not only on Tg but also on the thermal expansion behav-

ior and the dynamic mechanical properties of the cured DEPC

studied in this work.

CONCLUSIONS

The Sb-type photoinitiator was more desirable for having a Tg

of the cured DEPC higher than the phosphate-type photoinitia-

tor and also for lowering the concentration of photoinitiator to

be incorporated.

The Sb-type photoinitiator was more efficient than the

phosphate-type photoinitiator in decreasing the thermal expan-

sion and also increasing the thermodimensional stability of

DEPC cured by the electron beam.

The dynamic mechanical properties of DEPC cured with the

Sb-type photoinitiator were considerably higher than those

cured with the P-type one. The storage modulus was increased

in the order Sb2 600 kGy> Sb2 200 kGy> Sb1 600 kGy> Sb1

200>P2 600 kGy�P2 200 kGy. The concentration of the pho-

toinitiator played a more contributing role in enhancing the

storage modulus of the cured DEPC than the electron-beam

absorption dose.

The water uptake of the cured DEPC decreased with increasing

photoinitiator concentration and electron-beam absorption

dose.

The results on Tg variation, thermal expansion behavior,

dynamic mechanical properties, and water uptake of the cured

DEPC were quite consistent with each other throughout the

study. It implied that the Sb-type photoinitiator was more pref-

erable to the electron-beam curing of DEC, and this led to a

lower photoinitiator concentration and electron-beam absorp-

tion dose than in the phosphate-type photoinitiator case. It is

also recommended that the 2 wt % Sb-type photoinitiator and

an electron-beam absorption dose of 600 kGy used in this study

may be optimal for the electron-beam curing of DEPC for the

formation of a well-developed three-dimensional network

structure.
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