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SUMMARY

I. Project Title

A Study on the Improvement of Radiation Resistance for Polymer Materials

II. Objective and Importance of the Project

The objective of this project is to reduce the radiation-induced degradation and to

lengthen the span of life of the polymer materials used in the radiation environment

by means of DLC thin film deposition on the polymer surface.

III. Scope and Contents of Project

DLC (Diamond-like carbon) thin film-deposited polycarbonate specimens were

irradiated by high level gamma-ray and made observation of their irradiation effects.

In order to do that, diamond-like carbon thin films were deposited on polycarbonate

specimens by plasma-enhanced chemical vapor deposition, and then those specimens

were irradiated in the high level irradiation facility in KAERI at the same dose rate

of 106 rad. Relative concentration of free radicals generated during irradiation of the

DLC-deposited and undeposited specimens was determined by the analysis of

EPR(electron paramagnetic resonance) spectrum at the elapsed time of 4 hours and 2

months after irradiation of those specimens.

IV. Results and Proposal for Applications

As a result of the analysis, it was found that the radical concentration in the

DLC-undeposited specimen at the elapsed time of 2 months reduced rapidly in 4 %

compared with that at the elapsed time of 4 hours, whereas the concentration in the

DLC-deposited specimens decreased slowly in the vicinity of 60 %. Consequently,

DLC thin film-deposited polycarbonate specimens resulted in the increase of

radiation-oxidation resistance. Therefore, chemically inert DLC thin film deposited on

the surface of polymer materials can be used in a radiation environment such as

nuclear power plants and industrial facilities dealing with radioactive substances or

employing irradiation for various purposes in order to reduce the radiation-induced

degradation rate.
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Nitrogen(47xl03 Gy/h), O : Irradiation in Air(13 Gy/h).20'

R

R O ,

R*

RO2
RH

RO2H + R»

ROjH ->• RO* + -OH

RO* ^5 ROH + R*

•OH ^ H j O + R *

RO2H, RO2*, R*

2RO2 RO,R + O,

Initiation

Propagation

Chain Branching

Processes leading to
Scission and Cross-Linking

Termination

CIO)

(H)

(12)

(13)

(14)

(15)

(16)

(17)

fe CH3CH2-

- 20 -



mobility) ^ ^-%-S. (reactivity) «fl

<&£.?} & # ^ ^ 4 ^ 314^: ^-g-^f-SXradical reaction pathways)* 3

^sj- sJ-^iKperoxidic species) :?r

^l^-(ketone), ?>^-€^>(carboxylic acid), ^:#7l^>«i-i-^ (alcohol

functionalities)^ :̂-cr •S-sl̂ Tfl̂ nAl ^Sf-^S^-toxidized structures)-l-#

^ 1 * ^fe ^ ^ CO2, CO, H2O ^

dn-branching steps)6)!^1 sj-^Sl-^-Sl ^^fl (breakdown)

^l(12)^f ;£0] ^-^-Aj^^-cf^](repetitive

propagation steps)* 7 ^ ^-^f l^^S z]- efl xq Qg.]*.tf ^ A J ^ ^ 0^^

l, °1 7 1 ^ ^ - ^ (mechanistic feature)^: Mr%^ ^-^7] (inert atmosphere) #3M1 al«fl

-JE3|-^ (thermally induced process)^1^),

(sensitizers)7f

triplet states)* ^fe- 4^71 ^^^ll (polycyclic aromatics)^)-
4lfe ^-A>g).(photooxidation)24) o ^ . £

: ^ 5a4. °1
fe ^l^:^^(confined

- 21 -



(2) •ir'5"11 <J£|- JLJ^ (heterogeneous oxidation effects)

i r ^ H # 5 ^ «ov4^SA>l: ^ A] 3.1% ^^^ -^ (oxygen diffusion)"^

#3](rate-limiting stepH ^]««flfe <S*114 «H\ i4 - W U*Hi ft^l ¥<?] #5}

HUJ-5.711

^ 2:71 ^ - ^ ^ d t l - 4 *N5]7) ^SH

, 103 Gy(105 rad)

$Jfe ^-f, 2:71

tA}AJ£A}f ^-fe A]S,

7fl 51JL 717H1A-1

(oxygen-permeation rate) ^

rate) GC-Oz)̂  ^ ^ * t 4 . JE* ^^-^ol

4 # ^ ^ ^ S ^Af£ ¥ 711 ̂

d 31711 « ^ ^ S . 7lrflt ^ SI14.

4- ^ 5a4.
3.71 fe AlS.^^1, ^ ^ t f l 7 ] ^ A>^^^ ( ^ ^ o . , ZL^JI ^£6)1

surface)^ A] «>

S^Kanaerobic conditions HI A] S)

- 22 -



(oxidatively degraded surface layer)£

strength)^

materials) <>1H

ej 3.x* (crack) i r tHl-717}-

SU

oxidationlike degradation behaviors)0!

3J-) ZJ-ZJ-iJ

Gy/h (104~106 rad/h)^

mm T ^ *]5.7} 102~104

^-^j3L^-(elastomers)

(3) Hov^)-^i-n-£ # 5 ^ 5 ) - ^^«oVlS (methods for studying radiation-induced

oxidative degradation)

^ • § - € 4 .

71

ng experiments)

A>-g-s|ol ^ 6 , ^ , O ] E ^ %£ Q^Xffi (tensile test)

€ 4 . ESR(electron spin resonance) ^ UV(ultraviolet)*

^"(carbon-centered radicals)^ 3z

# ^ IR(infrared)^ « e ) ^ AJ.^.^. ^ l^ fec f l ^-e) -fr-g-^.2® ^ ^ s } ^ fif 1,725 cm'1

?1 ?>Jiid^(carbonyl bands)7}- 4 ^ ^ E ^ ] 7 ] nj|€-

(chemiluminescence)^r #5^:£€-(oxidation kinetics)^
30* chromatography) J£fe ^ ^ ^ ( m a s s spectroscopy)2f &•&

- 23 -



7 1 *H

CO

^5.413 (profiles)£ (microhardness measurements)^ ^sfl^i ^ ^

#^(cross-sectional surface)^ 7fS.^]^fe ^]^S]

s.S>l, ^tfl ^ ^(relative

hardness) £fe -(modulus)

^-^^^(given property)^

(density gradient column),

biscosity),26'37' -§-̂ 1 ̂ *(solvent extraction)^

$ife •%• °A ̂ ^(solution

fraction),38' m i ^ S

J 4 4

^(lusters)* £3L, «lA>£(reflectivity) *Mfe

(4)

A] 3711 ^ ^ # ^^r ^ SI4. ^ ^

Si ̂ -(dose-rate effects)

- 24 -



0.20

E
e
c*o
to

GL

o

0 15

0 10

0.05 —

Edge Center

Position on sample
Edge
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(a) (b) ( c )

Fig.2-1-1-3. Polished Cross-sections of Cross-linked Polyethylene Cable Insulation

Material, Illustrating Heterogeneous Oxidation at High Dose Rate in

Air. (a) Unirradiated Material, (b) 8.9xlO3 Gy/h to 1.2xlO6 Gy in Air,

(c) LlxlO4 Gy/h to l.lxlO6 Gy under Vacuum.
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F i g .2-1-1-4. (a) Ultimate Tensile Elongation of PVC Cable Jacketing r -Irradiated

at 6 0 r at Various Dose Rates.43 O- 9.4xlO3 GyA, #:3.6xlO3 Gy/h, A :

7.1xlO2 Gy/h, A: 1.7X102 Gy/h, D 3.5X101 GyA. (b) Relative Tensile

Strength of Nylon Wires with a Diameter of 0.4 mm as a Function of

y -Irradiation in Air with Different Dose Rates.43
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O l.O 2.O

Antioxidant concentration, phr

Fig.2-1-1-5. G Values for Oxygen Consumption as a Function of the Antioxidant

Concentration for an Ethylene-Propylene Copolymer Containing Three

Different Additives.515 O- N,N'-Diphenyl-p-Phenylenediarnine, 3 :

Nickel Dibutyl Dithiocarbamate, # : Tetrakis-[Methylene-3(3.5-di-t-

Butyl-4-Hydroxyphenyl)Propionate] Methane (Lrganox 1010).
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Fig.2-1-1-6. Oxygen Absorption Rates in Samples of Poly(Ethylene Oxide) (PEO)

Containing Different Amounts of the Stabilizer 2.6-di-t-Butyl-p-Cresol

(in mmolAg PEO as Noted on the Curves). Samples were irradiated

contineously at 440 Gy/h.52)
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^-(postirradiation oxidation)^
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800

250 500
Hours at 60 eC

750 1000

Fig.2-1-1-7. Postirradiation Oxidation of Polypropylene Film after r -irradiation

to 2xlO4 Gy at 1.4xlO4 Gy/h46) • : No Additives, A: ^-(3.5-di-t-

Butyl-4-Hydroxyphenyl)Propionate, O : 1.2,2.6,6-Pentamethyl-4-

Stearoylpiperidine, + : 2,2.6,6-Tetramethyl-4-Nitrosopiperidine.

(carbonyl bands)
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2](polymeric host)^ "^^(compatibility £fe solubility),

"5§3H(long-term retention) ^ 7]E|- cj-s.

tic compounds)-^

(energy scavengers)7f

-id ^ H ^ # 7fl̂ d-fi: ^ * . s 71 tfl ̂  ^

71 si AV-g-sl̂ l ^ ^ 4 . #HH^^hf l 1 pph^ 4^71

^l(propylfluoroanthene) S-^-#(inclusion)^r 50 %

S)-^-l:(aromatic energy-scavenger compounds

^efl ^^- ^ £ $14. $m*l-£ ^ ^ ^

71 5fli=l̂ :ol ^l^-^l tfltt ^-^l^ifl^-S- ^ (branching-chain-reaction character) "

a71

deactivator))^

(hydrocarbons)fe ^ £ * r ^>^(singlet molecular oxygen)

(sensitizers)SA) ^^-& ^ Slfe^l, ° 1 ^ ^^r ^ B J ^

^-^^6)1 Sl̂ flAl Al^s)^- cf^ ^ i ^ x l l ^-^^-(siglet-oxygen-mediated

photooxidation)7]- ^

-ij (17)̂ 1 ^-tfl^o] sfltil^-eflcl^- ^^w>-g-(termination reactions)

£l (molding conditions ) # ^ ^
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Kpolymerization mixture)^

(crystallinity)-i: i&'Q £.£.*] ^-7\>

(mobilzers)^}- ^-jl.7]5i S]-^- 7\c

A (mobilizing additives)^] %7\

ESR

* ^ (special treatment)^

tive species)^- ^ ^

PH3 71 a||S. # 3 H m € Sfe PVC

5) SH

(8) ^-^

SI4.

^-(radiation resistance of specific polymers)

7-11 S

^^(geometry), AJ^-^AJ(formulation) ^-

fe 31 Ai a] >

fe 5~50 Gy/h(500~5,000 rad/h)

ti]
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11
I
« 0.5 -

0)

10.000

Fig.2-1-1-8. Changes in Relative Tensile Strength of a Polypropylene Materials

as a Function of Irradiation. A: 0.3mm Sample Thickness, Irradiated

at 5xlO6 Gy/h under Vacuum, B: 0.3mm Sample Thickness, Irradiated

at 5xlO6 Gy/h under Vacuum, Followed by Heating 1 Hour at 80 °C,

C: 0.3mm Sample Thickness, Irradiated in Air at 104 Gy/h, D: 1.0mm

Sample Thickness, Irradiated in Air at 106 Gy/h and Left Standing

Two Months before Testing, E: 1.0mm Sample Thickness, Irradiated

in Air at 4 Gy/h, F: 0.4mm Diameter Wire, Irradiated in Air at 4 Gy/h.

To Convert N/mm2 to psi, Multiply by 145.

6]]

fe A

fe 0.4 1.5
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£2-1-1-2.

Polymer Type

Phenol-Formaldehyde

(55% asbestos fiber,

9% sawdust)
Phenol-Formaldehyde

(47% sawdust)
Polyester

(15% glassfiber,

56% inorganic filler)

Polystyrene

Chlorosulfonated Polyethylene

Polystyrene-Butadiene Blend

PoIy(Etylene-co-Vinylacetate)

PoIy(Ethlene Terephthalate)

Ethylene-Propylene Rubber

Polychloroprene

Silicon Rubber

Poly (Vinyl Chloride),

Plasticized

Low Density Polyethylene

Poly(Ethylene-co-

Tetrafluoroethylene)

Natural Rubber

Polyamide, Aliphatic

High Density Polyethylene

Polypropylene

Polytetrafluoiroethylene

Dose, Gy

Required at 50-50 Gy^

in Air

3 x 10"

2 x 10"

2 x 10"

5 x 10"

5 x 10"

4 x 10"

4 x 10"

3 x 10"

3 x 10"

3 x 10"

2 x 10"

10"

10"

8 x 10"

7 x 10"

2 x 104

1.5 x 10"

7 x Iff5

10*

Required at Very High Dose

Rate and/or Inert Atmosphere

5 x 10'

6 x 10"

5 x 10'

2 x 10'

8 x 10"

2 x 10"

2 x 10"

3 x 10"

7 x 10"

5 x 10"

3 x 10"

2 x 10"

9 x 10"

6 x 10"

1.5 x 10"

4 x 10"

3 x 10"

10"

4 x 104
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SI4. ^ ^ ^ ( s i l i c o n e rubber)^}- £•&

£: 40*11 T

S2-1-1-2S] <^3) *HB. ^<sil^ ^-tflig-Xl.^^^-^ (relative radiation

resistance)

3.7] %}°]%

-^(oxygen-permeation constants characteristic)

4fe ?

(elastomers) ^

.7\] # ^ 1

Bl«fl a]

aromatic ring content)^ «?>^5[- <$*M 3.7\]

^7]

~104 Gy/h Sfe 5,000~106 rad/h)3.

PVC ^ 4 ^ ^ ^ 1 « xVs.4 ^-o] 5-50 Gy/h(500

5,000 rad/h)3 ^ ^ ^ 5 . ^Afslfe

4
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5 Gy/h(500 rad/h)

j - S I F & J : ^ 371 (natureH

(formulation),

2-1-1-25]

(9) ^r^A)^ «^A]-Ai-£)5j. A] ̂  (accelerated radiation-degradation tests)

«-8-^- ^r Sife ^fl^:^ ^1-S.̂ - ^S^Bfl, A]s.W(sample geometry),

S^^^r(environmental variables)^ tf)$- # £ ^ - ^ A ? ] ^ 7^ <§^ nfl^oj]) s.

S^§>^Ai ^ 7 1 ^ #^XflS^ fWi*i<8- ^ 1 ^ ^ £.%• ^ ^ ^ 2n^-A]^(laboratory

aging test)-!: €-2-5. ^ 4 . ^ ^ ^ l t § ^

^(formulations)

(containment buildings)^^

5U4.
^ 7 l ^

stress-rate conditions) « H H ^ ^ € 4 . -̂SiM- ^ ^ A ] ^ A]

35 ^

-diffusion effects)

SKoxidative degradation)*

f. oj ^ ^ ^ 7}^tb ^ ^-^r Q^-k, AV^<y-^^7]-(elevated oxygen

pressures)62) ^ & £ ^ l a #

degradation rates)*

^S(morphological structure)^
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JL4«- '-STIS. ^«WI £4.

44^(failure point)# -̂rfcA)7l7l ^ § M ^-^sjfe ^^^r(dose rate)

371 fe

(profiling techniques)^ S.&2.3. ^-

^ 5514.

(thermally induced peroxide decomposition) 4 # £ , S)-^-^ s)5)-7l ^(chemical

degradation mechanism)^ '*)&&4r}&^(time-dependent step)< l̂ 3*flX]

4 ̂ 3 ^ , i s ^ 20°c

-;££: ^^(equal dose-equal damage)^
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kinetics)AS.^-^ ^ ^ ( e m p i r i c a l equations)^,

1 . ^ ) 0_25 Gy/h(25

PVC AS 2.

predictions)£:

^(Arrhenius equation)^

4 . DLC

A>-§- 3,2$ ^

S.Aisenberg l̂- RChabot71)7V

DLC (diamond-like carbon) £ f e a-CH(amorphous

hydrogenated hard carbon) W(fi lmH

light) ^ ^ A j ( i n f r a

a-CH^l t«^: ^ A J ^ ̂ ] - = ^ ] ^ * J ^ ^ ^ ^ ^ 4 . a-CH e ^ i

RF(radio frequency) ^ dc(direct current) # e ^ p f <^7l(plasma excitation)

a - C : H «i-^^- 4 0 ) 0 ] ^

tical and
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mechanical properties)-^- 3£^rfe- $.°] IM^I1}. # , TEM(transmission electron microscopy) 3)-

^*} ^(neutron diffraction)^ ol-g-ft £ ^ - § : ^Nfl 0 ] ^ ^ H a-C:H(amorphous

hydrogenated hard carbon) e f e ? H U ^ J Z , t r } - ^ o ] 5 ^ ^ - i-C(hard insulating

carbon), a-CH(amorphous hydrogenated hard carbon), DLC(diamond-like carbon), hard carbon •§-

conductivity), €• #7l^%Kresistivity),

-S-§<tribological appUcation) ^l^^l ^H?l^(electronic packaging),

Efl̂ Kpassivation), "iiH^l(thermal heat sink)^^ Si^ ^ W ^flS^ ^-^^- ^ T J tb^f.

7] ^«|m^(electa)magnetic spectrum)^

optics)^- ^

• I :

A

S^(antdreflection coatings)-

21- 3 f e 4 . cl^-ol xV^<i ^ *\£\#2\ ^ ^ 7}^\ a-C

HKinfrared) ^ UVlultraviolet)^-^^: ^ ^ JiS: i a ^ s L ^ - ^ r t t

^ Hi|- a-CH°1l

DLC
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S2-1-1-3. , DLC(Diamond-like Carbon) 9?

~~~~~~ ____^^ Allotropes

Properties ~———__̂

Crystal Structure

Density

Chemical Stabil i ty

Hardness
(Vidcers, Kg/mm2)

Thermal Conductivity

Optical Properties
-Refractive Index

-Transparency

-Optical Gap(eV)

Electrical Properties
-Resistivity( X?cm)

-Dielectric Constant

-Dielectric Strength (n/cm)

Diamond

cubic

3.567

3.51

inert, inorganic

acids

7,000-10,000

20 at 201)

2.42

UV-VIS-IR

5.5

>1016

5.7

>1012

DLC

amorphous with small

crystal regions mixed

with sp2 and sp3 bonds

1.8-2.0

inert, inorganic

solvent, acids

900-3,000

-

1.8-2.2

VIS-IR

2.0-3.0

1010~1013

4-9

106~1010

Graphite

hexagonal

a=2.47

c=6.79

2.26

inert, inorganic

acids

-

K || 30-40

K x l - 2

2.15( ||c)

1.80(Xc)

opaque

0.40( ||c)

0.20( i-c)

2.601 lie)

3.28( J-c)
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-1-1-4 ri ^DLC(Diamond-like Carbon) -g-g-72)

Applications

Decorative Coatings

Tribology:
• Wear Resistant Coatings for Cutting

Tools

• Impact Resistant Coatings for High
Density Computer Disk

Optics:
• Protective Coatings for IR Optics

• Antireflection Coatings for Ge

• Protective Layer for Solar Cells
Used in Space

• X-Ray Windows

Electronic and Optoelectronic:
• Protective Layer for Electronic

Devices

• Heat Sinks for High Power Devices

• Printed Circuit Board

• Laser, UV Sensor, etc.

• Transistors, High Power Devices,
IMPATT Devices, etc.

Property Requirement

• Hard, Transparent in Visible Range
of the Spectrum

• Hard, Corrosion Resistant, Wear

Resistant, and Chemically Inert
• Very Thin Films(-IOOA) with High

Hardness, Corrosion Resistant, and

Chemical Inertness

• Hard, Corrosion Resistant and

Chemically Inert, Transparent in IR
region of the EMS Spectrum

• Same as above, and Refractive

Index of -2.0
• Low Radiation Damage, Transparent

in Visible Range of the Spectrum
• Self-Standing Films with High

Transmission and Low Damage
Threshold for X-Rays, Smooth

Surface Topography

• Hard, Chemically Inert, and
Corrosion Resistant, Insulating High

Breakdown Voltage
• Same as above, and Very High

Thermal Conductivity
• Same as above, and Very High

Thermal Conductivity

• Same as above, Stringent
Requirement on Optical Band Gap,

Defects States, Surface Topography,

etc.
• Same as above together with

Stringent Requirement on
Resistivity, Dielectric Constant,

Coefficient of Thermal Expansion,
Mobility, Carrier Concentration, etc.

Available Coating Type

• Diamond-like(i-C), Small Grain
Polycrystalline Diamond Films or

i-C/Diamond Composite Coatings

• Same as above

• Same as above

• Same as above

• i~C Coatings

• i-C, Poly Diamond or Composite
i-C/Diamond

• Fine Graind Polycrystalline Diamond
Film

• i-C, Poly Diamond or Composite of

i-C/Diamond

• Poly Diamond

• Poly Diamond

• Large Grain Polycrystalline/Single-

crystal Diamond, Doped Diamond

• Single-crystal Diamond, Preferably
Epitaxial Diamond, and Doped

Diamond Films

- 44 -



2.

7}.

A 3-7}

7}A

Properties

Impact Resistance

Transparency
Tensile Strength
Heat Resistance

Remarks
• 250 times more impact resistant than safety glass

• 30 times stronger than any other transparent plastic
• thickness up to 1/2" have the transparency of glass
• 6,000 psi at 250°C (1/8" thickness)
• recommended operating temperature •' 190° F

DLC

(1) DLC ^ ^ } -

#5]?fa-vilo]^ A]^O)] DLC aj-^Kdiamond-Kke carbon thin film) ^ £

2-1-2-1^4 ^ ^ - ^3JM£]Ji1§(capacitive type) &Q^v}s\-^7)Jititz\-(p

chemical vapor deposition: PECVD) ^ ^ ^ ^ A } ^ - S ] - ^ 4 . O] A ] ^

(vacuum chamber), oL^^-^-^7]/w11^-n-T-:)S.(radio frequency generator/matching unit),

# ^ S ( v a c u u m pump)^^-S- ^ s M , ^>^-7l^l(reactant gas)

(gas cylinder)S^-E] -B-^£^7](mass flow controller)*

sensor/controUer)
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N2 CH4 C02 Gas Cylinder

Manometer

Reactor Vacuum
Pump

Vent

L)

DC Voltmeter

RF Matching
Unit

RF Power Meter

RF Generator

Fig.2-1-2-1. Schematic Description of PECVD System for DLC Thin Film Deposition.

^^(Alpha Step)#

lfe 3 mm 25 mm x 100 mm

DLC

47H

S2-1-2-2. DLC

O
A | ^ ^ <y-^, mTorr

v\o)o]^ ^^-, V

71̂ 1 2 ^ , (%)

^ ^ ] ? > , min

S i

300

350

CH4 (100)

30

s2
300

400

CH4 (100)

30

(25 mm x 100 mm)
S3

300

450

CH4 (100)

30

s4
300

500

CH4 (100)

30
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(2)

DLC

fe 1,173/1,332

DLC

Ci)

106 rad

(1)

fe EPR i ^ S

Intensity

A ^ , DLC

Bruker InstrumentsAf^ EPR(Electron Paramagnetic Resonance)

. EPR ^-^-8- A I ^ ^ .

DLC ^Sj-/^>Ai^Ai- A ] ^ , DLC , ^ DLC

-1-2-2~

3900 400

Fig.2-1-2-2. EPR Spectrum of Pure Polycarbonate (Lexan) Specimen.
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Intensity

400 .

300 .

200 .

100 _

0 _

-100 _

-200 .

-300 _

•400 _

-600 .

-center field : 3,500 G
-sweep width : 1,000 G
-sweep time :41.94s

3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 400

Fig.2-1-2-3. EPR Spectrum of So Specimen in the Elapsed Time of 2 Hours

after Irradiation.

-10 _

-center
-sweep
-sweep

field :
width
time :

3,500 G
: 1
41

,000 G
94 s

3000 3100 3200 3300
I • ' ' ' I ' ' '• ' I ' ' ' ' I ' ' ' ' I ' ' ' • I

3400 3500 3600 3700 3800 3900 400

Fig.2-1-2-4. EPR Spectrum of So Specimen in the Elapsed Time of 2 Months

after Irradiation.
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Intensity
600 _J

400

200

0 .

-200 _

-400

-600 .

-center field : 3,500 G
-sweep width : 1,000 G
-sweep time : 41.94 s

3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 400

Fig.2-1-2-5. EPR Spectrum of Si Specimen in the Elapsed Time of 4 Hours

after Irradiation.

Intensity

300 _

200

100 _

0

-100

-200

-300 _

•center field : 3,500 G
-sweep width : 1,000 G
-sweep time :41.94s

3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 400

Fig.2-1-2-6. EPR Spectrum of Si Specimen in the Elapsed Time of 2 Months

after Irradiation.
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Intensity

600 _

400 _

200 _

0 _

-200 .

•400 _

-600 .

-800 .

3000 3100
r—T—j—i-

3200

-center field : 3,500 G
-sweep width : 1,000 G
-sweep time :41.94 s

3300 3400 3500
[G]

3600 3700 3800 3900 400

Fig.2-1-2-7. EPR Spectrum of S2 Specimen in the Elapsed Time of 4 Hours

after Irradiation.

Intensity

300 _

200 .

100 _

0 _

-100

-200 .

•300

3000

-center field: 3,500 G
-sweep width: 1,000 G
-sweep time : 41.94 s

3100 3200 3300 3400 3500 3600 3700 3800 3900 400

Fig.2-1-2-8. EPR Spectrum of Si Specimen in the Elapsed Time of 2 Months

after Irradiation.
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Intensity

600

400 _

200 _

0 _

-200 _

-400 _

•€00

-SO0 _

-center field : 3,500 G
-sweep width : 1,000 G
-sweep time : 41.94 s

3000 3100 3200 3300 3400 3500

[G]
3600 3700 3800 3900 400

Fig.2-1-2-9. EPR Spectrum of S3 Specimen in the Elapsed Time of 4 Hours

after Irradiation.

Intensity

400 .

300

200 _

100

0 .

-100

-200 _

-300 .

-400 _

-center field : 3,500 G
-sweep width : 1,000 G
-sweep time : 41.94 s

3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 400

Fig.2-1-2-10. EPR Spectrum of Si Specimen in the Elapsed Time of 2 Months

after Irradiation.
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1.25 .

1.00 .

0.75 _

0.50 _

0.25 _

0.00 . „_

-0.25 .

-0.50 _

-0.75 .

-1.00 .

-1.25 __^

3000

-center field : 3,500 G
-sweep width : 1,000 G
-sweep time : 41.9 s

3100 3200 3300 3400 3500 3600 3700 3800 3900 400

Fig.2-1-2-11. EPR Spectrum of S4 Specimen in the Elapsed Time of 4 Hours

after Irradiation.

[*10A 3]

1.00 J

0.75 .

0.50 .

0.25 .

0.00 .

-0.25 .

-0.50

•0.75 .

-1.00 _

-1.25

-center field : 3,500 G
-sweep width : 1,000 G
-sweep time : 41.9 s

3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 400

Fig.2-1-2-12. EPR Spectrum of S4 Specimen in the Elapsed Time of 2 Months

after Irradiation.
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(2)

EPR &q A]^i|. P } ^ ] S DLC ̂ | - / # * H i 2 * r 5J DLC

A ^ A S - ^ ^ ^ ^ - i - ^ eWM LECO(S^: TC-136)*}SJ NITROGEN/OXYGEN

DETERMINATOR# 4-§-«H # ^

(3) Sg£-4J

DLC ^ / W ^ A } , DLC

AS.^-&| 6 mm x 6 mm 3.7]3, *t^°] FISONS Instruments4^ XPS

Photoelectron Spectrometer)* *|~§-£M A

XPS ^ 4 S

-ray

1400 1200 1000 800 600 400 200
B i n d i n g E n e r g y [ e V ]

Fig.2-1-2-13. XPS Spectrum of Irradiated Polycarbonate Specimen(So).

20000

1 5000

10000

5000

0

-

\ D L C - u n d e p o s i t e d S i d e

• A , .

" , . . . .

VL. . . .

1400 1200 1000 S00 600 400

B i n d i n g E n e r g y [ e V ]

Fig.2-1-2-14. XPS Spectrum of DLC-undeposited Side on Polycarbonate
Specimen (S2).
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18000

Binding Energy [eV]

Fig.2-1-2-15. XPS Spectrum of DLC-deposited Side on Polycarbonate

Specimen^).

18000

16000 \-

14000

12000 -
o
% 10000

co
0)
Q.

3
O

O

8000

6000

4000 -

2000 -

0 -

1 4 0 0

\ Pure Lexan

\ - ^

. 1

1200 1000 800 600

Binding Energy [eV]
400 200

Fig.2-1-2-16. XPS Spectrum of of Pure Polycarbonate(Lexan) Specimen.
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20000 -

1400 1200 1000 600 600 400

Binding Energy [eV]

200

Fig.2-1-2-17. XPS Spectrum of DLC-deposited Side on Polycarbonate

Specimen^).

DLC-deposited and irradiated Lexan

1400 1200 1000 800 600

Binding Energy [eV]

4 0 0 2 0 0

Fig.2-1-2-18. XPS Spectrum of DLC-deposited and -irradiated
Polycarbonate^).
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1.

DLC ^

EPR ^ E

zj-

E p R ^ E B ] ^E-£ 7j

ZL^2-1-2-3

£2-2-1-14 ££•

2-1-2-12^1

£2-2-1. DLC

^ £

24^4^1^
2A}^27M

DLC ^ - ^ T ^ I

So
2.53
0.11

4.4 %

0.1164 g
-

Si

4.21
2.49

59.2 %

0.1340 g

3J40A

s2
6.40
3.76

58.8 %
0.0932 g

3.650A

S3

7.30
4.24

58.1 %

0.0665 g

5.420A

s4
7.33
6.39

87.2 %

0.0854 g

5.740A

-0.05
0.02

-
-

-

^t(normalisation value) 1.19xlO54

^«1 DLC ^ ^ - #

100#

S 0

c
o
D

z
x.

A
ll

©
a:

6 -

-

4 -

•

2 -

0 -

m . • - • • " " "

. —

B l a s V o I t a g t ^ ^ 3"

1

- - • •

— • — S A| * 2 ^ !

DLC oig a
DLC oig n

•

^ ^

2 .5 3

a
2 At * t M J! )
2£ At # 2 1 0 )

0 . 1 1

3 4 0 3 6 0 3 8 0 4 0 0 4 2 0 4 4 0
B i a s V o l t a g e ( V )

4 6 0 4 8 0 5 0 0

Fig.2-2-1-1. Radical Changes of the DLC-deposited Specimens after 7 -irradiation.
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a)

4.4 % , DLC 60 %

-2-l-23|-

<

• ? * • "

: Radical

Fig.2-2-1-2. A Model for Radical-Oxygen Reaction and Antioxidation

of DLC Thin Films.

DLC

DLC

^4^^1:^1-71 ̂ -(radiation-oxidation mechanisms)^

R ^> R-

o,
R- -4 RO,

R O ,
T>TT

ROjH RO- + -OH
RH

RO- —> ROH + R-

H2O + R-•OH

RO2H, RO2- , R-

2RO2- -> RO2R

DLC

Initiation

Propagation

Chain Branching

Processes leading to
Scission and Cross-Unking

Termination
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stabilizers)

, DLC , S2, S3

DLC

2.

DLC

Si, S2, S3 ^ S4

i ^ A]

2:71

c-1

NITROGEN/OXYGEN DETERMINATORS.

^^^l^ l fe ^ 2%

0^01^42. SH4.

•& ^ s a ^ .

30

25 -

O 20

15 -

10
350

«_- ——-

— • — DLC-Deposited and Irradiated Polycarbonate | |
— • — irradiated Pure Polycarbonate I

1 . 1 , 1 . 1

400 450
Bias Voltage, V

500

Fig.2-2-2-1. Oxygen Contents of DLC-Deposited and Undeposited Polycarbonate

Specimens at the Elapsed Time of 4 Months after Irradiation.
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DLC

DLC

450V DLC ^ ^

3.71

o

40 -

35 -

SB 30 -

I 25 -

20 -

15 —

10 -

5 —

0

- Pur« M airlx O nly
-Irradiated M auix Only
-DLC-Und«posltad Sid* afl«r Irradlatlo
- OLC-D«poslt«d Sld# afttr Irradiation

400 450

Bias Voltage, V

Fig.2-2-2-2. Oxygen Contents of DLC-Deposited Side, Undeposited Side
and Pure Specimen before and after Irradiation.

DLC ^ ^ 4 ^ S2(bias voltage : 400VM

XPS ^ ^ J S ^ # n ^ 2 - 2 -
d

o
]

p
u

o
o

o
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