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PVD® & o] &3l F3

Analysis of corrosion resistance and formation of TiN thin films by

physical vapor deposition methods

Lee, Subeen

Department of Marine Equipment Engineering

Graduate School of Korea Maritime & Ocean University

Abstract

Recently, the lifetime extension of nuclear power plant is rearing
so it is necessary to have facility safety management and economical

management.

However, when bolts in nuclear power plant are replaced and
turbine overhauls for nuclear power plant are disassembled, there are
lot of problems due to an occurrence of stuck bolt in clamping part.
In order to solve these problems, first, hybrid vacuum chamber was
designed and manufactured which can deposit Arc ion plating and
Sputtering. So with the method of Arc ion plating and Sputtering, we
used the machine to deposit TiN on A913 B7 bolt.

The compositions and characteristics of the bolt which are XRD and

SEM and the mechanical properties of tensile strength, yield strength

- VIII -



and elongation were analyzed and through corrosion rate test, neutral
salt spray test, block test and irradiation exposure test, it was tested
how long the bolt can endure various conditions in nuclear power
plant. In the result of observation of SEM and XRD, the continual and
even coating layer was clearly seen. In the test of corrosion
characteristics of a boric acid solution, TiN coating bolt showed the

least corrosion rate and had the least external transition.

Characteristics of the base material were not changed due to the
coating deposition. The coating deposition does not interfere with the
base material characteristics. Through the neutral salt spray test, the

TiN bolt was able to endure in brine for 200 hours.

Through Irradiation exposure test, the specimen’s test result was
confirmed that the mechanical properties are preserved comparing to
radiation gamma irradiation before. When this TiN coating bolt are
used to a nuclear power plant, lifetime can be extended compared to
conventional bolt, but it needs to be checked what kind of properties

are required additionally.

KEY WORDS: PVD, Plasma, Arc ion plating, Sputtering, TiN
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<Table 1.1> Total energy demand prospect status of nuclear power
plants (unit : million Toe)

Average
annual
Item 2011 2025 2030 2035 , _
increasing
rate (%)
Coal 83.6 100.2 107.7 112.4 194
(30.3) (28.3) (29.1) (29.7) '
oil 105.1 111.0 107.1 101.5 AOL5
(38.1) (31.3) (29.0) (26.9) '
Natural 46.3 64.8 69.8 73.3 193
gas (16.8) (18.3) (18.9) (19.4) '
Water 1.7 1.7 1.9 2.0 0.70
power (0.6) (0.5) (0.5) (0.5) '
Nuclear 32.3 59.6 65.3 70.0 598
power (11.7) (16.8) (17.7) (18.5) '
New
regenerat 6.6 16.8 18.0 18.8 444
ion (2.4) 4.7 4.9 (5.0) '
energy
275.7 354.1 369.9 377.9
Total 1.32
(100.0) (100.0) (100.0) (100.0)




<Table 1.2> Status of nuclear power plants

Reactor / . Capacity | Commercial
Classification Location Reactor type MWe) operation
#1 587 * 78. 4.29
#2 650 ’ 83, 7.25
#4 | Gijang, Busan 950 * 86. 4.29
R R 1,000 11. 2.28
Kori | #2 1,000 12, 7.20
#1 679 ’ 83, 4.22
#2 700 °97.7. 1

Wol PWR
OO M43 Yangnam, 700 | " 98 7. 1
#4 Gyeongju 700 ’ 99.10. 1
Shin- | #1 1,000 12, 7.31
Wolsong | #2 PWE 1,000 15, 7.24
#1 950 ’ 86. 8.25
#2 950 > 87. 6.10
) #3 | Yeonggwang, 1,000 > 95, 3.31
Hanbit =1 Jeollanamdo S\ 1000 | * 9. L 1
#5 1,000 02, 5.21
#6 1,000 ’ 02.12.24
#1 950 ’ 88. 9.10
#2 e 950 ’ 89, 9.30
#3 chin, 1,000 ’ 98. 8.11
Hanul 7] Oveongsangh | PR 1000 | * 991231
#5 1,000 > 04. 7.29
#6 1,000 > 05, 4.22

Total - - 20,716 -
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FAA 7% Table 213 o] =LA A2y process)d 45214

(wet process)® U 5 Aot

<{Table 2.1> Classification of surface treatment

Classification
of surface

treatment

Dry process

Physical vapour

deposition

Vacuum
evaporation

Sputtering

Ion plating

Jon beam
implantation
Atmosphere
Thermal spray
Vacuum
Chemical Thermal CVD
vapour Plasma CVD
deposition Photo CVD

Wet process

Electro deposit

Cathodic extraction

Anodic oxidation

Electroless
deposit

Reduction

Chemical reaction




2.1.3 a3 %7)Z3Z(Physical vapour deposition)F3

rdt
N gl_]

3
o PVDH & &FrH, Ewtoly 157 (high melting point) M52 =
o] 7bsstal, AF Fol 553 HlaH dAE ol 23 st ¥HEA7|H,
3t He, A3 geh, d3ldFrE, 9344 5o drtrd, ed 9
71k 7154 0] v s A9E =58 5 ATH6ITIS].

oo Borr

o)F 7h W 2ol el ABFAAY wE AzPHol tus
M, o WO wute] WEeIA ] HHAE W b B BAES A
At

D Zgolut 714 FHE saEe] Bdo] o|gHuA FHuAT

@ SELAA 718712 A} E2AEHE o] FH.

olN

15 YA 1B FoA e ek

©
o

@ 713 ollA 150 AddElel wEtA Aui A EHAY FeH

AA7E F712 Ho 4= A9 FHE 34HES ZSZHevaporation)o] 2
stal, IAZF viE F717F Hol £EEHE S $shgt s, o]Zlo] Hhwt
o] H& 7|& FxTh

BN
>
(ox
(@]

=)

o
o)

=

=
=
>
lo
Q_I‘
£
o|\
b
ofj
o
o
ox,
i,
rlr
PR
o
v

ble 2.29} o] /¥

¥ Ta
o shetA ]l HEds 2] B wgo R BRaW Fig 213 2ol



<Table 2.2> Chemical classification of the deposition process

Basic

Method

Formation from the medium

Electroplating

lon plating
Chemical reduction
Vapor phase
Plasma reaction

Formation from the substrate

Gaseous anodization
Thermal
Plasma reduction

Vacuum deposition

Physical vapor deposition

Chemical vapor deposition

Thermal growth

Polymerization

Evaporation Sputtering
high vacuum high vacuum
inert gas inert gas

reactive reactive
lon plating Bias sputtering

Plasma assisted
thermal growth

<Fig. 2.1> Vacuum deposition technology

Plasma induced
polymerization
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T3 EFEh2nr Yelle AAY dxef ol dRV}
EAEH A "ok A o] Ezuie EE AAFOEE FAHY HA
| EAste] Wioll EAste A7)l wet At olFs Fo=
AZ17F Soke A=A ZIAVE Hr1% ok o] Edk=nt W dAE} o
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FAAAN A HAAfe} o] o] A FHrecombination)dtal  E4Hdiffusion)st
=
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(electrostatic interaction)ol] &a] AE WAA =43 =2 A 2o 3k A
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e Bs uf FH 7 B T8 o]2EE EAEtY ol ojko=
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A ol LBBAY BANE YA 7] AA FEHANE Bao)
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npxjato g ARERo| ¢J+=t], ARE(activated reactive evaporation)® &
R. F. Bunshah [17]o] 7§43t W20 g2 A2 =0, 7f2~3F #AX, &
A3} B zAZ(auxiliary electrode), A1# ErC(holden)® FA AT Wz
o cooling®l& Cu crucibleo] Axpdlol o3 FEHEAS FdA7)1, 7~
5 FAE A FEEHE 7PEE B RxHdS0 8 o]3)stal \F
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TH18119].

2.4 2~9H® A
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<Fig. 2.4> Process of formation for sputtering
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2.5 TINY =84, 7|48 44

Ti 2 Ti ol AE8ASEN AHEE7] A2 A2 1948 o] %9
ojL} o] &&2 P AstH del A Aol Ae § - A
As ZFa Jeus 543 &80 HFH QTH25]

<Table 2.3> Physical property of Ti
_ The coefficient of linear "
Atomic number 22 , 8.8%10
expansion

Atomic weight 47.90

Specific 4507 Heat conductivity (W/Mk) 15
gravity(g/ci) '
Melting point 1,688C Resistivity (Q + cm) 55

Al ZHolA T3 ERIESH, 7|AZA HAA EHL
HZ =7} == Aot =S Il ZAw7F 337 2gHAdYAAR
A KoN

7FA %7} 600C 7FA) &Etrte et s AkEly

_,d
i
rr
e
o

TINS 25 8719 dA7F g AaxE
(face centered cubic)E o] FH Ti¢}t Ast=E NS FHATdIH o F5-

HgE5 E4 AF<S o7 3o 2 A& @3 AL S 7HIT26]127].
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<Fig. 2.5> Crystal structure of TiN

TiNS Tiek No| zAHld o} @ b sdES I 1
Hlo| w2} A= g 2 Az 7t 24 @8k TiN shehEoll A=
A (vacance)o] EAsH] N/Tie] H7F 0.5 ~ 1 Abolo] e 7}
| N/ITie] w7} S7Hd+E B=ve S715HH TNy € o, #3194
7FZ1t}. <Table 2.4>= bulk’FEl ] TiNe &4, 71AH AEd& Y
Zloln, <Fig 2.6>& Ti-No #4%WE 1¥<S JYetdiicth o]Ao=
TINS £2 83, 455 714 d9stdeo g ol $58s & + A

TH2811291(301(311.

BN
ox

&‘\1
rlo

)

)

= o

fn)

kr

o
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<Table 2.4> Physical and mechanical properties of TiN

Structure NaCl(BI) fcc
Molecular weight (g/mel) 61.91
Density (g/c) 5.44
Lattice parameter(A) 4.24
Melting point(‘C) 2930

Hardness (kg/mn) 1800 ~ 2100

Young’ s modules (kg/cn) 2.6 x 10°

Thermal expansion coefficient (1/C) | 8.0~9.35 x 10°
Heat of formation at 298K  (keal/mol) -80.4
Specific heat (cal/g + C) 0.24
Electrical resistivity (ohm -+ cm) 25

Colour yellow

Atomic Percent Tin

[} 10 20 30 40 50 60 70 80 90 100
1200 T ana 15a v L T : T + T T b :

1084 87 3

1000 4
900
800
700

600

Temperature °C

5004
100 £
3004 : E
231.9661°C
2004 44 189°C___60. 188°C -SF
A
’
”— (Sn)—=—
100 T e T T T T T T
10 20 30 40 50 60 70 80 %0 100
Cu Weight Percent Tin Sn

<Fig. 2.6> Phase diagram of Ti-N
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31 243d5x g5 H9

311 NEH AF =3

AAE LA 20 HYAT T2 AA AeEHE EEE A 23 o
A717F w3tk 9F HY F AR e %

45.7 keflei 21 0= o] HH o]F A|Ast7] #Iste] of 1357] 9
2 AZo] Hof H. 2E B2 F E(stud bolt)e} F

E(dowel bolhE AR&3tATH ~HE= A7t N3

e e ol ok
1m L

e
tlo td

w2 K

f
luf
o
S~
- 3
(N
i
EN
_|>L
e
e
fi

1 ]i(dlameter) HolA HA Zdol=
3175 m=Z Ho} Zol& 9 = 3}t E] ¢l Z%O](length) ZHo A
do]= 158.75 mm, H) Zol&= 927.10 mmZE YEFYT}

dA HYl = pRo FAL =Zr|en 2794C, Z7198 65.5 kef/ci
FEA o] HH ol& AZAsr] st oF 95719 EEZ A ZHo| H
o] glom XE ZHo|A HA Zoj= 2223 mmE HY ZolE= 107.95 mm

2 otk o] ZHoA HA Zol: 14605 mm, Hu ZolE
1,809.75 mmE EFRETE
4% Ade Al B2 Aol o 22 AF] &% AFEA

<= Azt
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312 NEH A

IYE 93 A ASME CODE 2010 °SA193 GrB7’ o] we} size
22.23 nm < 160 mm= A|ZS sk E=I A AF] VAAH Ade
AR 2 AEEES UERA SA3700) wet =E Al Uik AR E,
FEAL, A&, B F5 HZE st I A3 gho] ARUS e =

=A12] Al sl B7HE Al

=]
PN

AAE EHA EElO AMEE = 3|® EE(heating bol) = 71& ASTM
A193-B7 == B169] A&E& AHEste] 7heded 7H-& Fol 3| (heater)
E AYE F M st EES ARTFS F2ET £ 9} A e =
Eoltt. I REEE At BNl K Aol 187], 1St EHIFE Aol
18717} AHgEH, 7tE2EE 2E9 4o wet ekt 3 H(heater)

Eo] AH 7HEliAE 2527}
oF 500Co|H BEQS a7 AFEFS wEss 2oz ZAEIT ASTM
A193-B7¢ BEEE uAd BERT 29 ~ 371C 9 2%dA F= ALgHH.

3k Aol o HFHL
Aol o] wEA TR

A
2 Jdez =g/ doh o] & ¥o= =de H
A3 3 vpEE o] FAHA HH, o] npAHos HIH FE2S =
E AAe Adgoz AAH= AdgHd Hs| & & AET 5 U
Ao =3, AAHEE st o] FRAR] SEo] TAHA don, MF
ol e A =, Wa=2 k=7 wobxAl Ao HAlE 2Ex A
SEA7INME BARE A otol HI] wEol o3 §ER] EE

2 ARESH] ARt Asst deEdY. wEbs Al ASTM Al93-B7<
2 A3t tKTable 3.1>[15].
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<Table 3.1> Chemical requirements (composition, percent)

Type Ferrite steels
Grade B7, BTM Bl6
. , Chromium-Molybdenum
Description Chromium-Molybdenum )
-Vanadium
Product
o Product
variation, .y
Range Range variation, over
over or
or under
under
Carbon 0.37~0.49 0.02 0.36~0.47 0.02
Manganese | 0.65~1.10 0.04 0.45~0.70 0.03
Phosphorus,
0.035 0.005 over 0.035 0.005 over
max
Sulfur, max 0.040 0.005 over 0.040 0.005 over
. 0.015~0.3
Silicon . 0.02 0.15~0.35 0.02
Chromium | 0.75~1.20 0.05 0.80~1.15 0.05
Molybdenu
m 0.15~0.25 0.02 0.50~0.65 0.03
Vanadium 0.25~0.35 0.03
Aluminum,
0.015
max %
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<Table 3.2> Mechanical requirements - inch products

o Yield
Minimum )
, . Strenth | Elongati .
, .| Temperin | Tensile , i Reduction
Diameter,i Min., on in Hardness,
Grade g Strength of Area.,
n. i i 0.2% 4D, . Max.
Temperat | Min., ksi ) Min., %
i offset, | Min., %
ure °F .
ksi
" 321 HB
2% and
1100 125 105 16 50 or
B7 under
35 HRC
Chromi W 321 HB
over 2
um-mol 0 4 1100 115 95 16 50 or
0
ybdenu 35 HRC
m 321 HB
over 4
1100 100 75 18 50 or
to 7
35 HRC
B™ 235 HB
4 and
[Note 1150 100 80 18 50 or
under
(D] 99 HRB
Chromi ) 935 BHN
- over
um-mol o7 1150 100 75 18 50 or
0
ybdenu 99 HRB
m
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3.2 A4 A=

321 Z® F3AH AL

s A= J@E% FASoFgo 2 Ao s outgassingo] w
3l 38 wgkgo] A2 SUS-304L Ad-e desiity. Jamet WFE=
oto] dAF= AH T AR FoE Z AHA] ok HFo] ot
= "ZZBellows)Z 94 HEE A SAT.

r 1

1500 mm x 1500 mmmZ W] 7|2 YF 30%2] WA EIA 7} Y
Hoj I A 25 xdo] JhestH, I A2E Ao W 2l
iRt A8 Al Az AF EFo] T =S =8 AW Ll
2E= 4S5 &g AlA(Cleaning)S k7] #lste] ¢ g7z &

A= AAE vt

4 o o X
&
m[o

3.22 3" FRH A4

SUS 304L A} A& W2} do] =11 outgassinge] 5 x 107 torr/secci 4
T8 dol, T MHE l”ﬁﬂoﬂ Adsitial Adste] A A=
AAsIET Od EES ZEHES &) A =Z7]E O 1,500 X 1,500 h
2 A7 st 9 - S St &, ¢ A4 309 olFERS A
Y Ao=m dAste] AW YFoA e AR A s #dAS =l
A st e, 1,400 me] EolE 7HAe &0t Bals AW #, 99
ARt oF 75% & ZRHAHES A4St 1,000 nmg 2ol EE A

€2 M A sar, TR 449 Eet=r

e FtE s
of HE% YL T 5 YA HA Atk =@ 2P FYEE Fol
7] 98 A skl REE A Aaig sel RS sy
28 A 94 Lol HE &3 ¥ vhe] 4L UEd £ 9y uE
of AW WRel Ho) 300C 71 L=/ #UsA LT 4 YA W
30% WA TAANE AL, ok B L Fehzv} B3 3N A
of Wrts eele Mxste] BIZ AW AU LHOEHH BB &
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A AASHET FYEE 48 HAsy] dAstel AR 249 fUE

(]
Artsie] =E A YRE HAY 4 JES AA Stk

- - l— -
g T
s D
Rt )
G

y. ﬂ'f—

<Fig. 3.1> Hybrid coating chamber
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.........

<Fig. 3.2> Side view of hybrid coating chamber

<Fig. 3.3> Drawing of rotary pump and booster pump
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A W= B ouy) sholme] ML thgel A Fatel Aw A7l
WA AR A% ANF B 2 17

S = 2.303 V/Tlg(P1/P2)
S ¥ FHxol &7F(1 /min)
V. 8719 &3(1)

T : 2 JAF=o]| =L37|74A9] 875 AlZHminute)

E
X}Xﬂ ) 7] 5 ¥ o] %-]I\Q—EE- A E %E% oj-gst 1 F
1

Bo| moizl 7AE g2 mE Ao oA 7|%S st W
lin

Hzo y

B7} fore line valveolth. &4 GALlA AEd 133 FZe 2 &4
HEE 2Y4s B AERAVIE Bl EAFS=Z4 AW Ui 1A
BAES FFste] AW RZ o]FA7= AR AsdArt. &7

g WA AAs] DAFENS] FY A LRHE AR
A e el Atk 18000 | jsece] AAGHE

o
=
o 84 W= 2718 Aol ARvte] A RAF B9VIE FHY
| s S)
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<Fig. 3.4> The actual connection state of the rotary pump and
booster pump

3.2.4 FEFLH

A ALz HY AA, By 5 dU0] A= XY VAFZAES
AAst=d AAEEY 1L . 31%ke) ojgk Fg =(creep), 2~E(stuck) @4
o HAS HAs & F e 7IE Aol asit. olet e FAHES
jdstaiz Bl Fefl 2HE Aret 22 e AlzHe] i Ha
ot o] AlxdlogE FEAQ ZA] iAo tE AV s A= 4
FET S, AdEHE EEY B4
=8 94 AnAt b5 2 Hg S ER S Qe SR U
o] I g3t

A5AA L] AEE FE AZA HYE AL GA dolvk 1A &
EEZNO AHAS gHsty] oyt =3 ATl st mH A9
bk Y 2 oA n2 JY wjEel FRIAIREY F7HE 7EA ¢
A 2 AAAH)] E4E 7HA A B o3 EAS At W
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oz gre vre mETo N  EANS A AFsnA Atk 1e
Tgre® QIR 1A WAL BEe WA ol Warolth of mH
o] EAE M2 3 1A= 2 1gHY g e IHFoR 13
Al ZAIE sidsta gt o] e JfEL 7EA] AR EAL
FABHEA EHe AT viE 4t Aol vk Sl TR A
o] ol ArHor A9 FFE THH HAERAE A do=
e THH A Bud 1AFEY gFe ve 9 HE A= =AW
Az AA o) AAdels TS HAA ¢ Z

] = Al Z&sian. &£z
EAE2) FHol FdsE JelFA =Y 2Tt
2(working gas)® WolFA &= Ar 7127} +o]ex —o]leo g B I
4& AANA Ak Ar+ o]&e EIRZ R JM&EHA Hal o] Jl&E o]
ol Bl Ed& WA H9

He WRolty. aglal ofFole EHol"d e S 2 WA AdHelA HRF

g Z7M7A A9 ot dgom goleo g Wl tld S5l o
& U HEz g3l E) APEL FeA Brk olmE
&5 W] FRH o2 Weo) Hol AxA WEo) YA At

1A oleFuolge AFERNT FF AUAE AL He @
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3.3 E4UH

331 SEM, XRD &#

el AR doprry] 93] SEM (scanning electron microscope)2t
XRD (X-ray diffraction) & °]&3ste Z®EH EES W 54 9 4AA T

25 B8, I® FAE SAHsAH.

3.3.2 YA HXE

333 7|A#A A HZE
spor Z3o] wel mA Aol 714
BAE) 98] AARE, FEAE, AL

s

’

EPRI-1000975, ‘Boric acid corrosion guidebook’ o] Wj&-& uwiz} A3
AYPstATh o] FHANA THE 124cio] 427 A

A FARESE A8 FAEEE SAS SAT FAEZES 9
3} . Non-coating® EE 5

BES Bas RHEY HAE T NS AASGT

f
>~

2,
o
d

N
>
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3.34.1 B4t5 HAEA Fry
Test Ref. : B

Test Type : Immersion - Aerated and deaerated boric acid

<Table 3.3> Test environment

Concentration, ppm Oxygen Test temperature | Corrosion rate
Boron | Boric acid T mm/year
3,000 17,100 deaerate 310 0.005
1,000 5,700 deaerate 200 0.007
2,000 11,400 | oxygenated 40 0.168

H Ao} AL A Bl AEMoscow power institute test) 7]&<l
EPRI-1000975, “Boric acid corrosion guidebook, revision 1 “2 HI® S &
A& ~7]7] Hastelloy-C AutoclaveE ©]&3}e] 32 FF<oll Boric acid®]
FTEE ZAG,700 P St AlF SHE AxHY. AlE 22 200T

o =

oA 7Aoo 2 wWEFstd 100A3HE<E xPsom T 671 AlEH
(Non-coating , Ni - coating, Ti - coating, Ni/Ti - coating, Ni/TiN -
coating, Ni/TiN/Ag - coating) .2 BHI2EE A3} t}.

AR ERe e 2,
L A 240001 g 0|49 AUsg =4) 2 muz =3
2. 32+ ZF<roll boric acide] F=% 5700 M o= =4

3. Autoclave?te] €8S Y2 % H2 gasE 300 cc/ming HE2 &7
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4. Autoclavegte] o] A2tHE A|HS A
5. AutoclaveE 7}1€3te 200C & A

6. N T5 F A" A

7. 229 AlF 3 00001 g o AUER FA =H
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®29] 7IAZ E4LS &7 A8 AA A3 gAY AT dAY
£ quenching : 830C ¢l 4] 90+, tempering : 530C o] A 120%& zI3Y 3+
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Raw material b 2
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<Fig. 4.1> Bolt manufacturing process

n DIL

_36_



900+
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550+ 530 °C - 120 min
c}_{ Tempering
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g
2
5
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0 20 40 60 80 100 120 140 160 180
Time (Min.)

<Fig. 4.2> The graph of 1% Q-T temperature

<Table 4.1> Mechanical properties of the 1% heat treatment

conditions
Test item Unit Result value | Target value
Tensile strength N/ nf 900 950
Yield strength N/ nf 838 870
Elongation % 12 21
Hardness HRC 27 35
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<Fig. 4.3> The graph of 2" Q-T temperature

<Table 4.2> Mechanical properties of the 2" heat treatment

conditions
Test item Unit Result value | Target value
Tensile strength N/t 930 950
Yield strength N/t 792 870
Elongation % 22 21
Hardness HRC 25 35
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olo] wat 3z A olA= quenching €55 860C 7hA A5A1A 90
£, tempering2 316ColA 120837t P35t 71415 EAHLS A&E3)
<Fig. 4.4><Table 4.3>. 71 A3} quenchinge=+ IAZE L FJE7}
FeAI7ld Agd Ae & 7 AU AT A4l
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g BAHol MA HYTh AUEE 242 Aol BAL A Soldt
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<Fig. 4.4> The graph of 3 Q-T temperature

<Table 4.3> Mechanical properties of the 3™ heat treatment

conditions
Test item Unit Result value | Target value
Tensile strength N/ nt 1584 950
Yield strength N/ nd 1342 870
Elongation % 11 21
Hardness HRC 47 35
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<Fig. 4.5> The graph of 4™ Q-T temperature

<Table 4.4> Mechanical properties of the 4™ heat treatment

conditions
Test item Unit Result value | Target value
Tensile strength N/t 1378 950
Yield strength N/ nf 1117 870
Elongation % 15 21
Hardness HRC 41 35
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<Fig. 4.6> The graph of 5™ Q-T temperature

<Table 4.5> Mechanical properties of the 5" heat treatment

conditions
Test item Unit Result value | Target value
Tensile strength N/ nd 1290 950
Yield strength N/ nd 1052 870
Elongation % 22 21
Hardness HRC 40 35
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1412 N¥He HEPR B4

ASME A193 BT EES Aztsted, TN 23 2 w4 shstg g w4l
of BYtKFig. 4.7>. 3= 4+ 4 KS D 1652:2007 2 2 7Feo] ~3t3
YAAA WEEZ 2AYHo) weh Fig 483 2ol Austel mAlo) o

o\ -
& s Eﬂ.éE.—E_— 3 A3}= Table 4.13 Table 4.20] VERAATH A
Bo| 3RS A F3FE ASME CODE gh(range) ¢Holl
o-]71-° E}J = AU TKTable 4.3>.

il

<Fig. 4.8> After testing B7 bolt A and B
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{Table 4.6> Test report / sample name

(bolt, A193-B7, A)

: metal specimens

Test items | Unit | Samples division | Results Test method
C % - 0.41 KS D 1652 : 2007
Si % - 0.23 KS D 1652 : 2007
Mn % - 0,87 KS D 1652 : 2007
P % - 0.017 KS D 1652 : 2007
S % - 0.014 KS D 1652 : 2007
Cr % - 0.98 KS D 1652 : 2007
Mo % - 0.15 KS D 1652 : 2007

{Table 4.7> Test report / sample name

(bolt, A193-B7, B)

: metal specimens

Test items | Unit | Samples division | Results Test method
C % - 0.40 KS D 1652 : 2007
Si % - 0.23 KS D 1652 : 2007
Mn % - 0.87 KS D 1652 : 2007
P % - 0.016 KS D 1652 : 2007
S % - 0.014 KS D 1652 : 2007
Cr % = 0.98 KS D 1652 : 2007
Mo % S 0.15 KS D 1652 : 2007

<Table 4.8> Chemical requirements acceptance testing metal

specimens A&B

. ASME CODE Specimen | Specime | Acceptance
Test items Value A n B or refusal
C 0.37-0.49 0.41 0.40 acceptance
Si 0.040 0.23 0.23 acceptance
Mn 0.65-1.10 0.87 0.87 acceptance
P (0.005 over) 0.017 0.016 acceptance
0.035 ' '
(0.005 over)

S 0.040 0.014 0.014 acceptance
Cr 0.75-1.20 0.98 0.98 acceptance
Mo 0.15-0.25 0.15 0.15 acceptance
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o] mAof wtut& F2str] M, 1.2 KW, 28 ki o] F8A43F 22 TA
7|2 15w AEE AAT F, deb&d oAl ES R F7F AES AN
3tE A, =% 99.97%2 =~7] 140 mm (width) x 1,280 mm (height), X 60
mm (thick) ¢ Ele}ls 23 E ERZ(Ti sputter target), = 99.7%2] 76.2
mm (diameter) X 30 mm (thick)®] EJe}ss oF= E}ZU(TI arc target) = A&
st F2HSEA T

42 TN vtate] ¥ BRZ 22 #F

4.2.1 Ti ®}2¢] SEM image &4

e YTH F4E U3 13

3, 71 Ay} SEM imaget Fig. 4.99} 2t}
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<Table 4.9> Ti deposition conditions (D.C. Sputtering)

Degree of beginning vacuum 1 x 107 torr
Plasma power 0V x35A (2.1kW)
140 mm (width) X 1,280 mm

(height), Ti(99.99%)

Target size and source

Degree of working vacuum 1.5 x 107 torr
Working temperature 150C
Working time 15 min

<Fig. 4.9> SEM images for top surface and cross section of Ti thin

fils deposited at different working vacuum conditions
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4.2.2 TiN qtete] SEM image 49

)
H-S SEM imageE WERH At SEM imageell ek
3.7 X 107 torre] AF=olA 1083t S2S g F9 SEM imageolAl
W AT 15 ~ 35 X 107 torre] FFRAFE ol A
o] AL ofF 7]Fo| Bo| #EH
Bk a8y 5.8 x 10 torre] 2 = 2]

o= 1me FAE 71X FZE Fo| AAHORE R F#A3 A
X

T AARE AT T]Fo] At Hok e BES & F AT

o o to mo
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Conditions Top surface Cross section
3.7 X
1072 torr
Degree 15 ~
of
, 3.5 X
working
107 torr
vacuum
5.8 X
10 torr

<Fig. 4.10> SEM images for top surface and cross section of TiN thin

fils deposited at different working vacuum conditions

_49_




4.2.3 Ti/TiN 8}=te] SEM image &4
Fig. 4112 Ti/TiN®| S2AIzte] 2 W % oW SEM imageE e}
W Aotk HA 7”‘«] A 15684 F23E '
AZ, TINE 530 mm A= FAE F3o] & A
Zbe 2v1%] 30ESE %7} NFS e 28 F9 Ade Tie oF 209.8
nm, TIN-> 1020.8 mm&] FAE 7IA= Z¥ Fo] FAH4E =
AT vpAgte &2 Tio}l TING 4584 Z+zt F2ek 23}, =8
Ti 332.8 nm, TiN 1,857 nmZ =HZ¥o] 2,189.8 nm, & 2 umo] S

gl = AT =3 I FEe dA Aol o] Fo N As
3o, olo] thdt ulrkH(cross section)S SEM image® &<l 3}
o, TIN =29 F423e B4 F=2 o|Fox A & &
ot o= AIP 3 SA =& Hpolol = Htow I Avg H
}.

rir

3@ o O o

£ 0 ¥ o oW

=

_50_



Conditions
Ti( 1.5 TiN (5.8 .
% 10 % 10 Top surface Cross section
torr) torr)
15min 15min ol
30min 30min
45min 45min

<Fig. 4.11> SEM images for top surface and cross section of Ti/TiN

thin fils deposited at different coating times
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43 TIN stete] Aguay B4

4.3.1 TiN u}ate] XRD pattern -4

Table 4.102 TiN ®rute] 1x} &2 z7do|t} o] =74 wg} Jehdt
XRD pattern A¥+= Fig. 4.12¢9F 2t} 40° FZollA Ti, 45° oA Ti2N
I3 66° oA TidN2.333 o] TAFH AT TiHY Y 2xHdo] vebd 22
i B & d4oE AsdY. 3 dAFoE EXNFEHE EA)
fol F2E o] HRAAEIE Wi o IS HAow AWE H F3 o]

2 5
ool A e wHg HYTh olgA PRI oFd Ae 7d

T ==} %1
A A e A WF3E &7 RAog Foldth Y FEUF vow
BAoA 12 FEE FHoAUZ dAEol 7t A4 o) e dA4E

Yozl mElo] Hojof S BEe] AF A we Yoz :yo] @ A

o7 Holt}

<Table 4.10> 1°" deposition conditions

Degree of beginning vacuum 7 x 107 torr

Arc power 60 A

76.2 mm (diameter) X

Target Size and source . )
30 mm (thick), Ti(99.99%)

Degree of working vacuum 3.7 x 107 torr
Amount of gas Ar N
700 SCCM 700 SCCM
Working temperature 200C
Working time 10min
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<Fig. 4.12> TiN XRD Pattern based on 1% conditions
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Bote EolWA Ar 7k f%) HIE @Fo] Z¢ JAFEES EYd
133 o] Ti #2239 Z=(ntensity)7} El=5 Aoz

< TiNe 7}77} Fgo| o]|RAE= AL AT S

S
fz
V)
L,p

_53_



<Table 4.11> 2" deposition conditions

Degree of beginning vacuum 7 x 10 torr

Arc power 60 A

76.2 mm (diameter) X

Target Size and source . )
30 mm (thick), Ti(99.99%)

Intensity (arb.})

Degree of working vacuum 1.5 ~ 3.5 x 107 torr
A ¢ of Ar N
mount of gas
g 400 SCCM 500 SCCM
Working temperature 200C
Working time 10min
Warking Pressure {3510 Working Pressure : 1.5 x 1 0°
N, - 500 SCCM N.-B00scem |
Ar - 400 SCCM s e
= = Ar-250 soem
- z'
z | g
: : E
] - I
= 3 z ] =
o = B s £
N £ : d
5 .
] i 5 7 d 0 &0 i g
26(deg.) 26(deg.)

<Fig. 4.13> TiN XRD Pattern based on 2" conditions
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FisaiLosd ;10008 N ' 3
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Serateh Length | 5.00 jnm]

Farwich Speed - 150 [remfu] v

_____ (] e T T o ; M L1085

104 114 124 134 144 154 46 56 &6 ?6 86 96 106

<Fig. 4.14> Scratch test result based on 2" conditions

A Table 4.12 =746 wat 32 A4ES A8 st4t) 33 =49
2 2373 XRD patterno| A FAEE Tiel #HYde AlgA 1 =43
TiNgREo] EAsts Ze AT 5 UASMTKFig. 4150, 30% S& A oF

3

500me] FAE HAE =Y F YNGE &+ AU HAYE =B
o

Z|ERT 3t AsH 13 Ne2 vetgnt kA% %9 SEM images &
3 7]1Fo] ol EEHJE Fdel &l HIUeH AstA X3 BE
< BEAoKFig. 411, WA JZA4E F4S g8 ulF oFH 71es
Zgo] Aasitty AFFHAG Fig 4162 Y &8 2 2o e =
B ZFo g nAFEEE 48T agzolth o] Y= A FgeAx
& F Axol ZREA Y Tt2EY, A JAFE7F TIN =29 540 ¢
2 FFE A= Ae AT F Jdon HAAFE FFE T3 EES
WAAEE 3 AE F AdS Aolet oddh
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<Table 4.12> 3" deposition conditions

Degree of beginning vacuum 7 x 10 torr

Arc power 70 A

76.2 mm (diameter) X

Target Size and source ) .
30 mm (thick), Ti(99.99%)

Degree of working vacuum 5.8 x 10™ torr

Ar N

Amount of gas 150 SCCM 700 SCCM

Working temperature 200 C

Working time 10 min

TiNg 111}

TiN(200)

Intensity (arb.)
TiN(Z20)

w" A

30 47 50 60

26 (deg.)

<Fig. 4.15> TiN XRD pattern based on 3" conditions
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1 . I . 1 A 1
37102 35103 15103 5.8(104

Working Pressure (torr)

<Fig. 4.16> Micro-hardness depending on the working vacuum degree
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4.3.2 Ti/TiN ¥peke] XRD pattern #29

HEzHoz, Tigterelol TING F&ste] Hdth Ti F2x=71L Table
4,149} Z3 TiN 22718 Table 4.150] w2} 233kt XRD pattern
4 A3 Tigk TiN peak who] EAst= Zlo] #FHO &3 ddte &
Avto] e AL HAT F JUATKFig. 417> Zzte] 7oA 158
A 2 A Ti 110 nm¢} TiN 530 mA =] FAZ SFH A =
imageE E3 <l stPth 2 A Z3o] IPHAE FAY =
o7} U= olfr= FEAWEY Aol mjER] ASE ARHT. IdWtHo=w
2HE I3 £ ota o] ZH ol F A Ml

<Table 4.14> Ti deposition final conditions

Conditions Ti (Sputtering)
Degree of beginning vacuum 1 x 107 torr
Plasma power 60 V.x 35 A (2.1kW)

140 mm (width) X 1,280 mm
(height), Ti (99.99%)

Target size and source

Degree of working vacuum 1.5 x 107 torr
Ar N
Amount of gas
150 SCCM
Working temperature 150C
Working time 15min
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<Table 4.15> TiN deposition final conditions

Conditions

TiN (AIP)

Degree of beginning vacuum

1 x 107 torr

Arc power

0V

Target Size and source

76.2 mm (diameter) X
30 mm (thick), Ti(99.99%)

Degree of working vacuum 5.8 x 10™ torr
Ar N
Amount of gas
150 SCCM 750 SCCM
Working temperature 150 C
Working time 15 min

W11

= |
2 [
g [
S
!
=z
g
L
—
=
L -_— ~
g g- 8
= = F
A TJ\T‘\
L L L
S0 &0 70 80
20(deg.)

<Fig. 4.17> Ti/TiN XRD pattern based on final conditions
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4.4 WA 23

(gamma—ray)g dAF A F As A(EE =ZE F W3, Aupd =
AL F AL ZAE AE HAEE FE Avpd 24}

Bopth Zvpd =AY AdE 79 7 21 (rradiation at ambient room
condition)& A1ZL =0 hnE 11.0ColA I8l1 £52%(0159.0 hne

0
11.4ColRQa dH(pressure)= 1 atm o2 AAsAT. WA A =4

(Irradiation condition) Table 4.17% 2t} WHAML-S ZAE & F9
EES 7AA AAS FAst HTh upiAbd 2A A IR EE
986, IFEH-S 881, d2l&2 21 =+ 33HRCZ A= A ti<Table 4.18>.
WA 2 3 QABEE 987, FBHS 906, AN 21 AT
36HRCZ WA (Fupd)o = TiNe| 525 B7 Bolt= #A%l<S &9l

39 tiTable 4.19>.
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<Table 4.16> The radiation for Hanbit nuclear power plant

Pressure Integrated
Area , Temp Max(C)
Max(psig) Dose(rad)
Steam Generator
ATM 40 1 x 10°
Blow down Tank
Cooling Water s
ATM 40 1x 10
Surge Tanks
Steam Generator 3
60 148 2 x 10
Room
Condenser Pump
ATM 40 -
PIt
New Fuel
ATM 21 -
Storage
Steam Generator
Level 48 4 x 10
Transmitter
Reactor Coolant s
, 48 10
Flow Transmitter
Turbine Pressure 3
) 48 4 x 10
Transmitter
Steam Flow .
) 48 4 x 10
Transmitter
{Table 4.17> Irradiation condition
Type Gamma-ray Co-60 292,698C

Energy spectrum

1.17 & 1.33 MeV (Av : 1.26 MeV)

Total absorbed dose

2.00 x10° Gy (2.00 x 10° rad)

Absorbed dose rate

1.26 x 10" Gy/hr (1.26 x 10° rad/hr)

Irradiation time

159.0 hr

Dosimeter(X 2A))

Alanine dosimeter
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<Table 4.18> Before irradiation exposure test report
. . Sample
Test item Unit . Result value | Test method
division
) ASTM A
Tensile strength N/t - 986
370-12
. ASTM A
Yield Strength N/ od - 881
370-12
) ASTM A
Elongation % - 21
370-12
ASTM A
Hardness (HRC) - - 33 HRC
370-12

<Table 4.19> After irradiation exposure test report

. . Sample
Test item Unit .. Result value | Test method
division
. ASTM A
Tensile strength N/t - 987
370-12
, ASTM A
Yield Strength N/ nd - 906
370-12
. ASTM A
Elongation % - 21
370-12
ASTM A
Hardness (HRC) - - 36 HRC
370-12
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8BS 3# %<& EE(Non-coating bol)$t TINEES 7AAH EAS
NE3 A= Table 4.203 Table 4.213 o] =4 EAt. WA Non
coating bolt Al 9] 7|AA EA H2EZFYL AAAEE 954 N/m, &
42 876 N/mi, dAl&L 21%, 5+ 36 HRCEZ SAHoh a8 TiN
B & E(TIN-Coating Bolh)e] 71A1& E4 S48 A3, ARG =+= 966 N/

2
¢

m, F5EHL 881 N/nf, AAE& 21%, 4=+ 36 HRCOZ it} o] A
W An Hol ofzhe] Aol Qo) BT mAle] TING F33roz <l
AP FEAE, ANl 58 AstHAY F4HE AL ohd
Aoz ArHUTh F TN Z3) B1) mA7 M3HAL g5 @
gol JFe vIAA gx, e FHo] oY Yol® mAY ufe] 54

<Table 4.20> Test report of mechanical properties (Non-coating bolt)

Test item Unit | Sample division | Result value | Test method

Tensile ASTM A
N/ nt = 954

strength 370-12

. ASTM A
Yield Strength | N/nf - 876

370-12

. ASTM A
Elongation % - 21

370-12

Hardness ASTM A

- - 36 HRC
(HRC) 370-12
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<Table 4.21> Test report of mechanical properties

(TiN-coating bolt)

Test item Unit | Sample division | Result value | Test method

Tensile ASTM A
N/m - 966

strength 370-12

Yield X ASTM A
N/nf - 881

Strength 370-12

) ASTM A
Elongation % 1 21

370-12

Hardness ASTM A

= - 36 HRC
(HRO) 370-12
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46 WHER B4

4.6.1 BAtge g FA4

5,700 ppm Boric Acide] 200C ol Al 100A1ZF <t 6719 Th & F/ &
EE HZE 3} UKFig 4.18>. 1 A3 IHS HA EES} FHS
(non-coating bolt)e] F21& =7 T2 A velygth WA ZE
< SHA @& EES AF AP T AW HA o ddsiA FA o] dolwt
o =3 o2 A Bugde wolx 0.0178 m/yr o EL BA&ET
(corrosion rate)E X & tiFig. 4.19.

N
r15

[
I

AH 2 28
—} » MEZHY 390 gl5ei o
. 2882 grsae § 250
— org 7% zauT
1 o2 g 20
‘ 8801500
} 5 ;;i:; o2l 2% ¢HA 10cm
L_f
1
Drawing of Test bolt Before coating Coating bolts

<Fig. 4.18> Sample bolts for corrosion rate test
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<Fig. 4.19> Non-coating bolt after corrosion rate testing
Eleba 2 ® EE(Ti-coating bolt)e] -5 Al & Ao Ao] MsfHth
<Fig. 4.20>. =3, BA&E% 0.0136 mo/yr 2 53 HAY. UAIH &
E( Ni-coating bol)= A& F A o] W3l= wH|gk FFEo|al w72
2 Fgo] &AL Hejn B

0.0077 mm/yr= vl A Yo &£57

Ti-coating bolt Head part (x50)
<Fig. 4.20> Ti bolt after corrosion rate testing
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=
A= 0.0103 mm/yr ©.=
= 0.0179 mm/yr o= 7:]]/1\1- QM_,Eq LI PAP!
u

1z R0l me 27 e BA%
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|

Ti/TiN-coating bolt Body part

<Fig. 4.22> Ti/TiN coating bolt after corrosion rate testing

TiN/Ag-coating bolt Head part (x50) Body part (x200)
<Fig. 4.23> TiN/Ag-coating bolt after corrosion rate testing
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<{Table 4.22> Corrosion rate of bolts

Coating type Corrosion rate (mm/yr)
Non-coating bolt 0.0178
Ti-coating bolt 0.0136
Ni-coating bolt 0.0077
Ti/TiN-coating bolt 0.0044
Ag/TiN/Ni-coating bolt 0.0179

Corrosion rate (mmfyr)

00178 0.0179
0.02 00136
0.0077

0.01 - CLlas

0

. . o M o
<+ N v > o
o) ) el ey o
o P Fu & 2
& i & 5 i
& ~ = {S‘a ol
b o ?_‘@5.
-,

<Fig. 4.24> The graph of corrosion rate
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<Table 4.23> Code of ASTM D1193-91

Standard specification for reagent grade water

Type 1 * | Type 2 ** |Type 3 ***| Type 4
Electrical conductivity
0.056 1.0 0.25 5.0
Max. (us/cm @ 25C)
Electrical resistivity
) 18.0 1.0 4.0 0.2
Min.(MQ-cm @ 25°C)
pH @ 25C - - - 5.0 - 8.0
TOC max. ug/ 1 100 50 200 no limit
Sodium max. pg/ | 1 5 10 50
Silica max. pg/ 1 3 3 500 no limit
Chloride max. pg/ 1 1 5 10 50

* Requires the use of a 0.2 um membrane filter.
** Prepare by distillation.
*** Requires the use of a 0.45 uym membrane filter.
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<Table 4.24> Ti deposition final conditions

Conditions

Ti (Sputtering)

Degree of beginning

vacuum

1 x 107 torr

Plasma power

60 V. x 35 A (2.1 kW)

Target size and source

140 mm (width) x 1,280

mm (height) X , Ti (99.99%)

Degree of working

1.5 x 107 torr

vacuum
Ar N
Amount of gas 150 SCCM
Working temperature 150C
Working time 15min

<Table 4.25> TiN deposition final conditions

Conditions TiN (AIP)
Degree of beginnin
& 3 & 1 x 10° torr
vacuum
Arc power 70V

Target Size and source

76.2 mm (diameter) X 30
mm (thick), Ti (99.99%)

Degree of working

5.8 X 10™ torr

vacuum
Ar N
Amount of gas 150 SCCM | 750 SCCM
Working temperature 150C
Working time 15min
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<Fig. 4.25> Neutral salt spray test result of non coating bolt

' i "‘i'ii {\ .'ﬂl VA A W ]""'1""".
ebarranbhh ~ { e ey g N

<Fig. 4.26> Neutral salt spray test result of Ti/TiN bolt (15min)

<Fig. 4.27> Neutral salt spray test result of Ti/TiN bolt (30min)

Oy B kllu'ﬂ'l'a'l'l'!".h
. 3 ' !

<Fig. 4.28> Neutral salt spray test result of Ti/TiN bolt (45min)
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<Table 4.26> Neutral salt spray test result A
sample name :

metal specimens (Coating bolt AXKTR)

, , Sample Result Test
Test item Unit o
division value method
Neutral Salt Spray
ASTM
Test(200h, red - - Test OK
B117-11

green occur)

<Table 4.27> Neutral salt spray test result B

sample name

: metal specimens (Coating bolt B)(KTR)

, X Sample Result Test
Test item Unit y Ul
division value method
Neutral Salt Spray
ASTM
Test(200h, red - - Test OK
B117-11

green occur)
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