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ABSTRACT

A Study on the Fatigue Crack Propagation Behavior

according to the Residual Stress of Ti Welding Material

Heo, Se-Heon

Advisor. : Choi, Byung-Ky

Major in Technology & Home
Economics Education

Graduate School of Educatnio, Chosun

University

The purpose of this thesis was to investigate the welding
characteristics and the fatigue crack propagation behavior according to
the residual stress of titanium, commonly using power station, aircraft
and ship.

The experimented material was TIG welded in order to look over the
characteristics according to the notch position and compare with other
materials.

We compared and reviewed the fatigue crack propagation behavior of
nonwelded base metal and welded specimens having different notch
position to evaluate the fatigue crack propagation behavior by welding

condition.

- Vil -



The summerized results are as fallows;

1. As the result of specimens data, specimen?2 Crack Behavior rate was
lower 30 times than base metal, and so total fracture life was very

influenced by it.

2. The fatigue life was shown higher as following the order, boundary
zone> HAZ >Welding Zone > Base metal. Especially the fatigue life of
boundary zone notched specimen was shown 700% higher than that of

base metal.

3. The initial fatigue crack propagation rate 1is slower in this order,

Boundary zone < Welding zone < HAZ < Base metal.

4. Notch tip of specimen?2 was offsetted 6.7/mm from boundary HAZ and

it formed 25percent in total fracture length.

_IX_
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Fig. 2-3 Typical distribution of residual stresses in butt weld
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Fig. 2-6 Sectional configuration
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Fig. 3-1 Restraint welding condition(SPC-1,2)
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6)

FAF A2 0] 4 (Scanning electron microscope)
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A # © JEOL, Japan
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Azt () AL, Korea
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2d o MT-16A

A 2+ : National Instrument Co.
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Table 3-4 Specimen definition for experiment

Specimen Welding From Initial Crack to 2 or 3mm
Base Metal X Base Metal

WMZ O WMZ(Weld Metal Zone)
Bond Zone o Bond Zone

HAZ O HAZ(Heated Affected Zone)

TAZ O TAZ(Temperature Affected Zone)

Table 3-5 Specimen specifications of crack growth rate test

1 Specimen Type Front 7 Tensile Test Temperature 25
Face

2 Width(mm) 50 |8 Y .Stress(kgf/mr) 40

3 Thickness(mm) 10 |9 T .Stress(kgf/mm) 50

4| Clip Guage Position(mm) 0 10| Machined Notch Length(mm) 25

5/ Young’s Modulus(kgf/mr) | 10,850 11 Displacement(TD378) Strain

6 Poisson’s Ratio 0.3

Table 3-6 Test conditions of crack growth rate test

1 Test Mode Load Constant| 7 Initial Crack Length(mm) 25

2 | Load Max(kgf) 400 8 Final Crack Length(mm) 49

3 Load Ratio 0.1 9 Maximum Cycle 1E+07

4 | Frequency(Hz) 20 10 |Data Input Interval(mm) 0.2

_43_




%
B!

=K

Pl

o
eyl

.

—_—

=

B
i)

Tr
olo
wE
3
e

oo

AR A] ol A

]

L

2

& Al

R

Fig. 4-1% 4-2

o]

=
it
o

Aqr
-

—_

0
-
7o

</

X
B

Ee
Nro
I
il

o)
T

olo

X
E

do

X

-

N

[e)
FeHoR

s

12

[e}

=
2

#4990

zk

A

=)
AE &

<k

3

I

&R gobzon, o

2 HEE 5~20mmA}o] ol A

B2 Yo, o

0~40mmAtol ol A 7}

—_—

FTAMOZHEE 60mm A ANA Q

A

IReYe &

34

&

To
_ZTI
ol
T
olo
e
X

E
do
o)
-

ojn

o

R

L
.

Fig. 4-3¥ 4-4

2]

Al

A3elt.

Els

T3 Fig. 4-13%

sho] AztE A

)

el 9

AR A] o A

foll Aoz AzEM o

P28

Fig. 4-50 4+ ox X
3} w7

i

18mm 7 & ol A

4-201 4 Bt} o

Ay

fvsel

Ar

=
HH

]

i

BH

oA

R

s

AR TS

A

i

o] A4

el

_44_

Fig. 4-691 4% o, ¥



T& el AR AA TG AFWIM Bk vi B4 SFHAAG
AL o WA ZAATNA & 5 UKol AFH AA TEHT AE
Augow & AL o WH $HVFSHL A2AAW Ao AZH

Residual stress(kg/mm )

Fig. 4-1

30

SPC-1

25 -

- Stress X

—& Stress
20 | b
15 +
10
5F

T 20 40 60 80 100 120

5

Distance from the welded center line(mm)

Distribution of the w elded residual stress for SPC-1

_45_



Residual stress(kg/mr )

Fig. 4-2 Distribution of the welded residual stress for SPC-2

SPC-2
M- Siress X
-#- | Stress y
\
\,
L
.V.V..*‘x':_
RN SN e
e ; »: “\._\\tm
[ ——— Y
20 40 60 80 100

Distance from the welded center line(mm)

_46_



Residual stress(kg/m' )

Fig.

- -
\\ SPC-3
\ = Stress X
\ - Biress y
i
v‘\
k..w“:\ < o
T—t- g R e
\ e
o h £ : L L
\.\%0 40 60 80
. e
\\.u.\ hhhhhh Lo e o

Distance from the welded center line{mm)

4-3 Distribution of the w eided residual stress for SPC-3

_47_




Residual stress(kg/mv' )

30

@t SPC-4
g
20+ - Slress X
i
| - Stress y
15 | \
Bk Y e
X s "\ P S i
- \] ‘wm*l-‘ N
rooox T .
s i‘
-5t Ao 10 60 80, o
NNy i Bl IEE=SI——— e, i
~10 F S
4

Distance from the welded center line(mm)

Fig. 4-4 Distribution of the weided residual stress for SPC-4

_48_



40

30
E
B 20
¥
W
0 Wy
g 10 \ "\
n NN
b= BN gm,m'.:;;:':x ST
g L:%ﬁf k \.;\u:“-_‘«;-.: B o ; e .
k<! e 3 T
? \:\gq 10 60 300 190
L e — e il
' \““1:::-‘ R e et P

Distance from the welded center line(mm)

Fig. 4-5 Distribution of the weided residual stress in the 0Oy

_49_



Stress y

E = SPC-1
S —4 8PC-2
ff, 15 -9 SPC-3
@ 4 SPC4
£
w
@
pua
=)
()]
@
18
160

Distance from the welded center line(mm)

Fig. 4-6 Distribution of the weided residual stress in the O,

_50_



=
&

ol

B
s

do
]

S
Y

HA = A

4

g 2oj4]

dl o] ¥

¥

?_]__

)

N
o

)

KR
-

°|W, Fig. 4-8

ol

]

H

79

p/]

o = A

b

A3

7132 Imm7}A]

2 Azt w Fig. 4-79 4 +%

=

o)
M

oF
ﬁo

°F 127%~

Huk

=

—~
o

F7 A =

Z
gl

v}

o)
HH

o

o™ I % Bond Zone A EE 7}

%

<
ol

el
ojn

895%

ol
s

.
OO

.
|

_51_



44

42
1 |—=— Base Metal
0] |—e— wwmz
L 3
&
L d

Y

38~ |[—&— Bond Zone
34 |—v— H A Z
34 e TA Z

r-—p

32 H

30

Crack Length (mm)

28 -

24 T —

Number of Cycles (N)

Fig. 4-7(L) Relation between crack length and number
of cycle for all specimens

_52_



o
5
~N
k=]
c
o
m
N
=

7z

| Base Metal EZ

LIRSS

100000 —:
10000 -
1000 -

(N) s8j24A9 10 Jequinpn

26 27 28 29
Crack Length (mm)

25

24

Fig. 4-8('F) Relation between number of cycle and crack

length per 1Imm for all specimens

_53_



s 2Agolste B

wob zagolske] @A

E
==

w

B
—~
o
ﬂa

B!
il

4r
)

ﬁO

)

7] Ao ZHE ImmP AP

=

Els

I

o

Ao
Fig. 4-9~13

5

= v

A

)

DEEEELERERS

ol

X

=%

™

o]

-
- X

g

S

slo] 14.549)

of H

]

i

=

)

A}

[o}
T

e 908, az} 29.38mm o] Aol A= &9}

T =
—=

4qr

ke
T

p/]

2
el o a7k 29mmol A 5o

=713

A

9]

Fig. 4-10°1 A

S 71# 22 Specimen2¥ X A H

= o

ey Qe

SpecimenlA|

ke
T

Uet L 9lth Fig. 4-11

gl o] ¥

==
.

14 s A e a 7o

o Specimenlel] H]3

7] o

of #4

=]
HEY

ke
T

Specimen4°l U}

L
R

o}, Fig. 4-12

e,

St

Hd  3,272%4

3 22427% 1 A

] 3} o]

A o

=7}

=
oF

M
4r
=/

pu—

</
o))

Specimen4A|

)

JJJ

_54_



71 27923

= =
= o

Specimen2#] &7} o]

ar

mjp

qr
Iz

ﬂy\_,wo

o)
il
e
o

ol
ol

23]
il

233 Imm% A

-
.

Fig. 4-14

T2 A

BH

vl o} 7+o] Specimen2]

] A=
Uetdlow, Ao A

of 7] ol A &= BF

o]t}

a4

7]

7|Eo 2

=
=

et 2tk 22y Specimen3?] 35mm?l A A

R R T

4%

-
R

=, o]

0]
AR

=
=

Z1¢] 3l Specimen?2

6.7/mm

ok
oF

EEEEER

)

26.8%

ok
=k

By

o] 25mmE

731

ks

P o, A v}

o

94

32:9]of

w

)

—~
o

)

o}

= °F 712% 7HA

\._mo
0

o $He oA

oF

KA

26.8% A& "o

W

_55_



% 1 o
E :
= 10"~ :
L]

i

1 o

1 a
g 1.

|
il
CIRLE B
- E
g o B
< & Specirent

4 02 ® 3 32 M 3B B 40 42 M4
Crack Length (mm)

Fig. 4-9 Relation betw een crack behavior rate
and crack length for base metal and specimenl

_56_



-
=
“
1

10*

—
=
-
1

Ll

Crack Growth Rate, da/dn(mm/cycle)

Al

L TR PR N P I R A, T
24 26 28 30 32 34 36 38 40 42 44

Crack Length (mm})

Fig. 4-10 Relation betw een crack behavior rate

and crack length for base metal and specimen’?

_57_



10° - m

3

g

E’w- 2

i

1]

;

O 10°]

"é ] —8— Base Metal
o i

LR SRR LR TR R | BELE] S

24 26 28 30 32 34 36 38 40 42 4

Crack Length (mm)

Fig. 4-11 Relation between crack behavior rate

and crack length for base metal and specimen3

_58_



9

-
=1
| |
-

-
gl.
|

—B-— Base Metal
v— Specimend

3
[
i

Crack Growth Rate, da/dn{mm/cycle)

llll'lll1l|l|(!l|l|l
24 26 28 30 32 M 36 38 40 42 44

Crack Length (mm)

Fig. 4-12 Relation between crack behavior rate
and crack length for base metal and specimen4

_59_



% y
F Y
s |74
Ewd 704
| Jss
T ] POt
0 .‘
P
84!
'F
T4
*4
e 4

Crack E:‘rowth

L l L] 'I T ' L 'l L | L 'l T | L3 l l L
24 26 28 30 32 34 36 38 40 42 44
Crack Length (mm)

Fig 4-13 Relation betw een crack behavior rate
and crack length for all specimens

_60_



[ | BaseMetl |77 specimen [l Specimer2
jead [EiEspodmensT] Spocinend

1]
RO |
]

m
&
1

PRI

Crack Growth Rate, da/dn(mm/cycle)
m
'

25 26 27 28 29 30 3 32 33 34 35 36 37
Crack Length (mm)

L]
-

Fig 4-14 Relation between crack behavior rate average
and crack length per 1mm for all specimens

_61_



o

o, Nz

0] =
PN -

7) O]

¢ E
s

=0

o (

H

240 FrbpEl e olel 7hA

=

mo

=y

|
Gl
—
3

-

G
el
i
o
7

)

=3

wr

oo

o)
M-
e

O

oV
oy

)

7A
Hr

)

!

o)
ol
Ulo

"
22

el

T

w4 3}

3

ARGS9

?_]__

o] &

PINCRL

jze)

toh AL A, Griffith®= =299

O]:E7

15 Bt e

[=1

Ao A A2

3}
5}

shgew, 1o
E. Orowan =< A4 G. R. Irwin™9 olyx=2 "3 =

A

Cyl
ol

4r
et

B

—_
o
ol
o
]

g

o
T

oo

o VxE &

B

oo

A A
A= 7HA $kvt Irwin

o
w

Westergaard 9

- =
—_— =

A

s3] ] 374

KN
T

ol A

rH
i

o

bt

= el
SRR

s

ot At

A

_62_



(4.1)

da/dN = C(AK)™

el 4= 5 Ao

b &l s

N~

1—0]

Nl

(412>t A (4.2)9

Al
o

(4.2)

asm”

B

—_
o

il

(4.3)

fdﬂ/:f C(AK)’”JJ

(4.4)

f:f ADR) " aa

[ j’d/\/:

=

o7NM a = 27| A

ol t}.

H

11

EHEH/"H:‘ N; = O, dj

EEDE LS
welA A (44)% A%

A

(45)eF o] A},

Al
o

_63_



1 (45)
ol BT

A4S N7 Zead WA SERUAFEE Fab Aol

Q+X(Dy+ Dy X+ DX+ D, X+ D, X7

&= (A8 Wy 1-n " (4.6)
I
B :AEe 7
W oA ] &
X a/W
Do ~ Dyt A BT
Fig. 4-15= 24 2 §49 Ad989 da/dN3 AKA =S wug o=

oA WFotes Paris MAS WEoV= 4ES ooy, AA F 79
71+715 7FQ dolH e 38 CE 3 mgk2 il 400%2ko] 7k sl eH,
CHe 2144E-30914 2403E-104 %9 #o]2 vrebulm glgich efub
TAZO A% ZA9 dHoly Fxst frAretAl vebba glem, o

_64_



2ol A g57lolE Cabst matel Ael7t @l dojumz BAgHTha A
RS

&

107 7

-
=

=
M |

Base Moty
WM
Bond Zone

[ ]
10" ”

Crack Growlh Rate, da/dn{immicycle)

HATL
TAZ

® 4 = @& =

10°
Stress Intensity Factor Range AK{kgffmm™)

Fig. 4-15 Relation betw een crack behavior rate
and stress intensity factor range for all specimens

_65_



)

2

A5 %

!

X
%

+
el
TV
el

w

o)
I

ojn
,_Ir‘”

T
o

7] 2ol Imm=

=

1)

e

2< =
AN A& ES

FME FhY e 2

v 3} of

7} Specimen27} E A ol

ojp

=

N

of
ojn

X

|

2 A vEsth

Boundary zone> HAZ > Welding zone > Base metal

2 v

Fel 700%017d =& 4

o

Aol ¥

£ 3] Boundary zone® ¥ =

et

Specimen2 A

==
.

24l by

=

HAZH 744 A€ 7b k6. 7mm=E A A saZ o] o] 0F25%

_66_



z 31

e
=)

(1) Gurney, T, R., Fatigue of Welded Structures, Cambridge University
Press, London, 1968.

(2) G. E. Normark, L. N. Muller and R. A. Kelsey, "Effest of Residual
Stress on Fatigue Crack Growth Rate in Weldments of Aluminium
Alloy 5456 Plate”, ASTM STP 776, pp. 44-62, 1982.

(3) G. R. Irwin, "Analysis of Stresses and Strain Near the End of a
Crack Traversing a Plate”, Trans. ASME, Journal of Applied
Mechanics, Vol. 24, p. 361, 1951.

(4) Kitagawa, H., Suh., C. M., "Crack Growth Behavior of Fatigue
Microcracks in Low Carbon Sreels”, Fatigue Fracture Engineering
Material Structure, Vol. 9, No. 6, pp.409-424, 1987.

(5) Watrulfs, BKZREA ACHE, "SR Sim bl T B0 5 Mg A
ST ORBEIEE wram SR (AR, 8544, 54919%, pp. 1163-1166, 1987.

(6) Patrulfs, KREfn ACHE, "SR Sl iy ic 505 g A
S AT HORBERREE i S (AR, Z5544, 350057, pp. 663-669, 1988.

(7) Frost, N. e.,Effect of Mean Stress on the Rate of Growth of
Fatigue Crack in Sheet Materials”, J. of Mechanical Eng. Science, Vol.
4, No. 1, pp. 22-35, 1989.

(8) Wareing, J., "Fatigue Crack Growth in a Type 316 Stainless Steel

at Elevated Temperatures”, Metallurgical Transaction A, Vol. 6A, pp.
1367-1377, 1975.

_67_



(9) i, tAK, "Statistical analysis for correlation between the scatter
of fatigue strengths and that of the reinforcement shape of SMbH0A
butt welded joint”, H A##E €k Vol, 45 No. 1, pp, 54-60, 1976.

(10) HARGEE G & Bk, SEHEIFREME, WES 7102, 1983.

(11) Forman, R. G., Kearney, V. E.,, and Eagle R. M., "Numerical
Anaysis of Crack Propagation in a Cyclic-Loaded Structure”, ASME
Trans. J. Basic Eng. 89d, p.459, 1967.

(12) Weertman. J., "Rate of Growth of Fatigue Crack Calculated from
the Theory of Infinitesimal Dislocations Distributed on a Plane”, Int. ].
of Fracture Mechanics, vol.2, pp.460-467, 1966.

(13) Klesnil, M. and Lukas, P., ” Influence of Strength and Stress
History on Growth and Stabilization of Fatigue Crack” , Engineering
Fracture Mechanics, vol4, pp.77-92, 1972.

(14) Donahue, R. J., Clark, H. M. Atanmo, P., Kumble, R. and
Mecevily, A. J., "Crack Opening Displacement and the Rate of Fatigue
Crack Growth” , Int. J. of Fracture Mechanics, vol.8, pp.209-219, 1972.

(15) Mcevily, A. J., "On Closure in Fatigue Crack Growth” |,
Mechanics of Fatigue Crack Closure, ASTM STP 982, pp.35-43, 1988.

(16) KA BA, “WRFZLT V4 A b AT BB 5 213584
AFA VBRI R, HA G ROCE, 9305, 3243,
pp.2291-2298, 1973

=

(17) J. J. Bush.,, "Microstructural and Residual Stress Change in
Hardened Steel due to Rolling Contact” , Trans, ASME, Vol54,

_68_



pp.390-398, 1961.

(18) &y, @A, “Bamfy b 2 D", K &L, Vol 24, No.
3,pp. 193-202, 1982.

(19) Schonherr, W. W. "Analysis Based on Cases of Damage
Involving Brittle Fracture Collocated by the SC XD of the IIW”,
Proceedings of the First International Symposium on the Precution of
Cracking in Welded Structure Based on Recent Theoretical and

Practical Knowledge in Tokyo, The Japan Welding Society, pp.
IA15-TA1.11, 1971.

(20) E, Orowan, "Energy Criteria of Fracture”, Welding Journal, Vol.
34, pp. 1575-1582, 1955.

(21) W H SR IEME | "Effect of size and frequency on fatigue
properties of SM50B butt welded joint”, H AEEEEL @ Vol, 47, No. 9,

pp. 627-632, 1978.

(22) Paris, P.C., The Growth of Fatigue Crack due to Variation in
Load, Ph.D.Thesis, Lehigh University, 1963.

(23) Dowling, N. E., and Begley, J. A., "Fatigue Crack Growth During
Gross Plasticity and ] Integral” , ASTM Stp 590, pp.82-103, 1976.
(24) A5 2 Az, A 2 3 As 2 O&F, s, Vol 2, pp.

58-59, 1998.

(25) Choi., /hA A=A Y

e

= A, Vol. 1, pp. 121-147, 2000.



(26) bRl 2z, tEEK, FURE, S, REF L BEAK %5 S A akat, AR
Fat 1983,

(27) Nisitani, H., "Unifying Treatment of Fatigue Crack Growth Laws
in Small Large and Non-Propagating Cracks”, Mechanics of Fatigue

and, ASME, Vol. 47, pp. 151-166, 1981.

(28) A. A Griffith, "The Phenomena of Rupture and Flow in Soldier”,
Phil. Trans. Roy. Soc, London, Series A, Vol. 221, p. 163, 1920.

(29) G. R. Iwin, "Analysis of Stresses and Strain Near the End of a
Crack Traversing a Plate”, Trans. ASME, Vol. 24, pp. 1361-1373, 1957.

(30) H. M. Westergaard, "Bearing Pressures and Cracks”, Trans.
ASME, ]J. Apple. Mech., Vol. 6, pp. 49-53, 1939.

_70_



	제1장 서론
	1. 1 연구배경
	1. 2 연구목적

	제2장 이론적 배경
	2. 1 티타늄의 용접
	2. 2 단면법에 의한 용접부의 잔류응력 측정
	2. 3 피로크랙 발생 및 전파거동

	제3장 실험
	3. 1 시험편
	3. 2 실험방법

	제4장 실험결과 및 고찰
	4. 1 용접잔류응력 분포의 형태
	4. 2 피로크랙길이와 하중 반복수와의 관계
	4. 3 피로크랙전파속도와 크랙길이와의 관계
	4. 4 피로크랙전파속도와 응력확대계수와의 관계

	제5장 결론
	참고문헌

