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Abstract: Stainless steel sheets are widely used as the structural material for railroad cars and commercial vehicles. Structures
made of stainless steel sheets are commonly fabricated by gas welding, For the fatigue design of gas welded joints such as fillet
joints, it is necessary to obtain design information of the stress distribution at the weldment as well as the fatigue strength of the
gas-welded joints. Further, the influence of the geometrical parameters of gas-welded joints on stress distribution and fatigue
strength must be evaluated. in this study, AP-N; curves were obtained by fatigue tests. and, the AP-N; curves were rearranged on
the basis of the Ao-Nr relation for the hot-spot stresses at the gas-welded joints. These results, were used for conducting an
accelerated life test(ALT) From the experiment results, an acceleration model was derived and factors were estimated. The
objective is to obtain the information required for the analysis of the fatigue lifetime of fillet welded joints and for data analysis
by the statistic reliability method to save time and cost and to develop optimum accelerated life prediction plans.
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| Design of welding condition ‘ ‘
T

FEA modeling ‘
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on stress distribution

| Tensile strength
T

| Fatigue strength assessment ‘
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Residual stress analysis

1) Heat transfer analysis

2) Thermal stress analysis (AT,)p - N;relation

Determination of fatigue design criterion
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Statistical analysis (A-D value) ‘
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‘ Fatigue life prediction program

Fig. 1 Flow of fatigue life prediction and reliability
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Fig. 2 Fillet-type gas welded joint
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Table 1 Total experimental numbers and effect
analysis in table of orthogonal array

(Design ?f g:irimem) Number of test Effect Analysis
1) Factor Analysis ; 27 Main effect o
Orthogonal Array | 2) Replicate test ; § ; . N
3) Number of total test ; 135 | Second interaction | O
Table 2 Experimental design table
Factors
StdOrder Horizontal Worbosal Welding type Sirass

1 ST{l.5) STil.5) FILLET 30%%
2 ST(L.5) STil.5) FILLET S0%
3 ST(1.5) ST{l.5) FILLET T0%e
4 ST(1.5) ST(l1.5) PLUG 30%
= ST(1.5) ST(1.5) PLUG S0%%
G ST(1.5) ST(l.5) PLUG T0%e
7 ST(1.5) ST(l.5) RING 30%%
3 ST(L.5) ST{l.5) RING S0%
9 ST(1.5) ST(l1.5) RING T0%e
10 ST(1.5) HT(1.5) FILLET 30%
11 ST(L1.5) HT{1.5) FILLET S0
12 ST(1.5) HT(1.5) FILLET T0%e
13 ST(1.5) HT(1.5) PLUG 30%
14 ST(1.5) HT{1.5) PLUG S0%
15 ST(1.5) HT(l1.5) PLUG T0%
16 ST(l.5) HT({l.5) RING 30%,
17 ST(1.5) HT{1.5) RING S0%
18 ST(1.5) HT(1.5) RING T0%0
19 ST(1.5) DLT(1.5) FILLET 30%
2 ST{l.5) DLT(1.5) FILLET S0%%
21 ST(1.5) DLT(1.5) FILLET TO%
22 ST(l.5) DLT(1.5) PLUG 30%0
23 ST(1.5) DLT(1.5) PLUG S0%
24 ST(1.5) DLT(1.5) PLUG TO%e
25 ST(1.5) DLT(1.5) RING 30%
16 ST(1.5) DLT(1.5) RING S0%
27 ST(1.5) DLT(1.5) RING T0%e

Table 3 Chemical composition(%) of materials

C |Si |{Mn| P S Ni Cr N

0.03 | 1.0 | 2.0 | 0.04 | 0.03 0.2
6~8 | 16~18

Table 4 Mechanical properties of materials

Yeild | Tensile .
. Elongation
Material Symbol strength | strength %
(MPa) | (MPa) °
DLT >343 >686 >39
STS301L ST >411.6 | =754.6 >34
HT >686 >931 >19

(DLT: Deadlite tensile, ST
High Tensile)

Special tensile, HT
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Table 5 Gas welding condition and process

Materials STS 301L
Welding GMAW Semi-auto robot
Welding type Fillet | Plug/Ring
Pass 4 Pass 1Pass
Current (A) 100~120
Welding | Voltage range (V) 12~13
condition | 7.0 speed (cm/min) 8~10
GAS (%) Ar 98%
Flow rate (1/min) 18~20
Filler metal AWS ER 308L
2B g‘u W ST(1.5)+ST(L.5)
240 A © ST(1.5)+HT(1.5)
22,000 o
s R AST(1.5)+DLT(1.5)
op 20000 OST(3.0)+ST(3.0)
& 1500 pn *HT(4.5)+LT(4.0)
A, 16,000 ® HT(4.5)+ST(4.0)
<> 14,000 B T A ST(4.0)+LT(4.0)
8 oo - EADLT(2.0)+DLT(2.0)
g G .H‘H K| EEST(2.0)+DLT(2.0)
; 5000 " = ESLT(4.0)+LT(4.0)
g om >4 TPl [ TR T
= A:OOO l - = | H—-_]% IH
2,000
0 [ 1] I
E

+03

Fig. 3 AP-N; relation of various fillet-type welded

joints
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BAF [LT(4.0)+LT(4.0)]

Stress range, Ac (MPa)
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I 2]

0
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Number of cycles to failure, N;

Fig. 4 Ao-Nr relation of various fillet-type welded

joints
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Fig. 5 Bath-tube curve

23 I 2dE Bot

gt

23.1 AlEHE 2 MEEX|
Y2 A YH-S Table 3, 49 STS 301LES Fig
@)t e FHow FIFA R olFAIL Tk
SR o] FAEA, Table 59 o] I &3
Y &3 de &34 BF7rE Fotko]
sxzA0z Aegrt. I ZA
b I EA-RZIMTS, &%
A 1(igle A&

¢
T
]
wd

[e)
=
9 A4
2 H

A
Wk

232 A=A 2 Algyt

3t HHESEE 25HzE Sl FeldEE dte
H](R=Pmin/Pmax)”} 0(Pmin=0)%! “ & 3}KSine wave)
2 gtk Al FFEE A7 E(tensile strength)
ol 70%, 50%, 30%, 20% BtEO.2 JIS Z 2237 %
JIS Z 3103 o] oA H=2ZAAES skl Febr
o] ¥ 23 (fatigue limityS 317] s 107
cyclesell ©]& wi7bA] A& z1dsqint

e
It

s,

233 AlgZat ¢
Fig. 3 STS 301L9]

%
$8E BAEH o1 eA

JZAEE AP-N; A%
2 Yepd Blelth zt g4olgAle] HE7E o
gk 7)ekshy QIAbe] &S Hlwd S YA b
28 IGoll A ol &R SeEY okadt
Astel ExbTeE e 2 JFoE Hol
g #4t Fo] o534, Ald 58 FRHeE 1
e 2AARIAE AAsted S = v
9 F(APhimrnen=2000~ 7000 N)= & 4= 2t} u}
ghA, 2R R FFE WA= Al JIAES TF
Aoz uy 3 F Qe AARUY 5 Hag
He TS AAVIES AASAE ofwol
Atk olelgt EAE JNAEH] f18l, H2dde] B

Ni

A o FE FHo] T J(hot spot
point)oll Al dojum = &4 1Hy

Zoll o3k FH -5 (hot spot stress)
< AAsE Blo] ®Ho 4 A Y
Ak A 2 AFedA = H
principle stress)oll tHgF -§-E R ES|
Fig. 2 (b)) %ol A&l Rd(simulation
model)S A|Z}ste], Fig. 39 AdE Ho F5Ho
% Fig. 4%} o] Aesiaitt. 1 A3} Fig. 3 o H]
Zo| HAHOZ 200~300 MPaZ

13t 5 Qlgiek o] AvmiE

olo

i& rlr

o f olo 2
W

[0
fu
)

—%N
JB

(maximum

1%
tio



STS30IL 7}28H ol5Ae 7t&EeEdS () 471

9 olegulst 2
sohdom weld VAAYEe dRFde]
o el Hrjgdow A
Aol nrk o AAHeln FeHe Aow
L REREEE R
gejolE S SHEEA SANYL
o

RN QWA ALgEse] sEd2
I  E RIEERE R i
ARkl @RS S delElE @, o}714 ol
HolElE olgstel Amel WA A

R A=
¥ 5 glov], A

dlo]E] 9] 412 E(reliability) S 3 A]
A wlge dze = Qlvk me] AJRARRS get

I w7k % dlolHE Ak WS type
I censoring ©lefalw], wlg] AAg a7 Ao =
gk wj7bA] AlES AlSshs WS type 1 censoring
olg}ar &t} H Aol A= type 11 censoring WS
#1833t

2.4.2 A g

2421 7t5FEAY 22

KA AR AN BAHN B ol
AN AR B Wl &

7REAIZ]AL, 7R F(accelerated
condition)?l 4] & 53t FrEHlo|HE TH-~Ed 2 #
Aoz WEkste] A ARgFNA S FHE FA
sk Wholt) ojuje] FH.AEY A BAE FH5H]
el 29 WA (Arrhenius function), oFo]® Hb
2| (Byring function), & 7% ¥<(Inverse power
function) 5-°] E2]4] S A8star, A=A @l
Aol ARgE = 7 HlolH o] Al E SAA R 4
7] 918l |93 (Exponential distribution), T~
- (Lognormal distribution), 247153 (Normal
distribution), 2Fo]E W3 (Weibull distribution) 5= 2]
&3ty TAA REe aiEe] 545 Uehle
O 2 Fig. 59 1745 X (bath-tube curve)?} U5t
PAE 2=t 27) wgEe] gadhs 27 )

ZHDFR), 14Eo] HlaA wal 94 S|zt

(CFR), A12=¥le] wh 2 w8} G072 Q3 npayg

ZIRHIFR)®] 3742 o] wjm), 3 el Als
I

=
b
=)
o
2
)
(i
5
2
¥,
(0]
:
>
)
2
k)
=
H
O
ft
o,

Ao Agelli= dubARl Aol A AA]
AE A-D HFE HTS Wol ARgsi, HIEE
AR g TR BE FA F o 2 AD B4
& ghol warel] z uhi= A3hel FARdo] Hok

Table 5 Result of A-D value for specimen of fillet-
type gas welded joints

Four ways probability

Welded joint type Anderson-Darling value

(plate thickness)
‘Weibull | Lognormal | Exponential | Normal

ST(1.5)+ST(L.5) 2.113 2112 3.344 2112
Fillet
11 st sHHTAS) 2.168 2.130 2.985 2201
ype

ST(L5)+DLT(1.5) | 2.193 2.193 3.167 2.218

Table 6 Optimum distribution model and failure type
for specimen of fillet-type gas welded joints

Welded joint type 'Fit.tingA A-D | Shape/Scale | Failure N _
(plate tllicl'ne;s) distribution value arameter type remark
P e model ‘ PaEs YD
ST(1.5)+ST(1.5) | Lognormal | 2.112 0.11 IFR Lognormal
Fillet
ST(1.5)+HT(1.5) | Lognormal | 2.130 0.19 IFR IFR :
. ~ R Scale p.< 0.2
ST(1.5)+DLT(1.5) | Lognormal | 2.193 0.19 IFR

Table 7 Acceleration function and R-square value
of fillet-type gas welded joints

Welding Soeel AF. o
Specimen i . R-square
Type (Acceleration Function)
ST(LS)ST(L5) y=3E+10X " | 9861%
Fillet | ST(L5)+HT(L5) y=7E+10X 35 | 97259
T(1.5+DLT(L5) y=2E+12X "+ | 9g61%

Table 8 Comparative analysis of Ao-Nr and Ao-
(Np)arp lifetime data for fillet-type welded

joints
Conditionofithe s])ej:l}nens Percentage of maximum tensile load Remark
for fillet welded joint
Specimen Items 70% 50% 30% 20% 10%
Fatigue test (N;) | 6,066 | 18,670 | 141,136 | 12,894,680
ST(L.5) | ALP.(N;) 5279 | 18,094 | 117,402
® AF. 98 20 4 1
ST@.5
@5 Accuracy 87% | 97% | 83% - - 89%
Fatigue test (N;) | 4,030 | 12,595 | 83,487 | 782,644 | 13,925,003
STA.5) | ALP.(N;) 3,809 | 14325|107,035| 628218
+
AF. 2,124 565 76 15 1
HT(1.5)
Accuracy 95% |  88% | 78% 80% = 85%
Fatigue test (N;) | 11,414 | 55375 | 539,925 | 10,781,375
STA.5) | ALP.(N;) 11,528 | 52,017 | 508,827
+
AF. 268 60 6 1
DLT(1.5)
Accuracy 9% | 94% |  94% = = 95%

A.L.P. : Acceleration Lifetime Prediction
AF. : Acceleration Factor
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Probability Plot (Fitted Linear) for Lifetime
Lognormal base e Distribution-ML Estimates-95%

Cl Complete Data
. 30
E 93 -
=) // / 50
2 e / / * 70
= / /r
g Wiy i ¥
2 5 ‘//./ Location Scale AD* F/C
§’°* /’ 8 11.853  0.09301 2.31 5/0
Ehe / 9.8276 0.1192 2.11 50
£ 50 /
< /// 87073 0.07903 2.12 5/0
z /
g2 /1]
- 20 / /
5 /]
- 104 /o
= I
3 51 i
“ /
g /1]
Ay o1 !
10000 100000

Number of cycles to failure, N;

Fig. 6 Acceleration verification of fillet-type gas
welded joints
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EF[ST(LS+ST(LS)]
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+ FILT@.0/HLT(0)]
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Fig. 7 Comparison of Ao-N¢f and Ao-(Nyarr for
fillet- type gas welded joints

Probability Plot for Lifetime
Lognormal base e Distribution-ML Estimates-95%
Cl Censoring Column in censor

z 1 Shape 0.3681
=3 Seale 121691
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s | Failure 15
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0 ] 1 10 100 1000 10000 100000 1000OOD 10000000 1.00E+03
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Fig. 8 Reliability estimation of fillet-type gas welded
joint (ST(1.5)+ST(1.5), for example)

243 7540 SR

1) 7H5A

7FEAS TSRO A AES R dHlolE R EY
3+ (correlation analysis)S YER = oz 4=
3 dHeolHE FEA ) BHIAS 45 7 A

® FHT@.5+LT(.0)]
1400 - 1 ¥ B F[HT(4.5)+ST4.0)]

| BF[ST@0/LTE.0)]
1200 ! o ; BF[DLT(2.0)+DLT(2.0)]

+ AF[DLT(2.0)+DLT(2.0)]

k|

Table 9 Percentile of fillet-type gas welded joint
(for example, ST(1.5)+ST(1.5), 30% of
tensile strength)

Table of Percentiles

Standard 95.0% Normal CI

Percent Percentile o T owaE Upper

1 96103.29 15549.67 69986.20 131966.6
2 102549.7 14476.37 77763.40 135236.5
3 106540.6 13760.26 82713.79 137230.9
4 109481.5 13210.73 86422.99 138692.2
S 111830.9 12760.11 89420.72 139857.4
6 113798.4 12375.83 91953.07 140833.6
7 115498.1 12039.49 94155.57 141678.5
8 116999.2 11739.60 96111.22 142426.8
9 118346.9 11468.49 97874.73 143101.1
10 119572.4 11220.72 99484.19 143717.0
20 128214.2 9471.020 110932.5 148188.1
30 133929.6 8368.019 118493.0 151377.1
40 138478.5 7579.516 124392.0 154160.2
50 142465.0 7002.542 129380.6 156872.6
60 146210.6 6603.665 133824.0 159743.7
70 149970.4 6388.264 137958.1 163028.7
80 154073.3 6407.309 142013.3 167157.3
90 159290.8 6840.102 146433.1 173277.4
91 159954.8 6926.754 146938.8 174123.8
92 160666.7 7027.046 147467.8 175047.0
93 161438.3 7144.146 148026.0 176065.7
94 162286.4 7282.620 148622.4 177206.6
95 163236.7 7449.431 149270.0 178510.2
96 164330.8 7656.014 149990.0 180042.8
97 165644.1 7923.313 150820.5 181924.8
98 167338.1 8296.968 151841.5 184416.2
99 169895.7 8916.480 153288.5 188302.1

A A4o] A= FaAstW T 24 Aolo] 714

3

Spulsh, ol
(outlier)o] =3e] F3twx] = dolgrp wAE
7104 9
o FH-2Ed
2o gk stedel 1A A BiEA] 3

oM,
o
=
rlr
1
o
2
-
ol
j‘i_ll
>
2
>
ofo

o
riy
_>|~1_I‘
Ky
il
i
o
i
5
%0
N
k=)
A

2> X3 (Arrhenius model)
® 9 F<% E3 (Inverse power model)
@ o}o]l¥ =3 (Eyring model)

B AT AL A Rl mE Gz
3 HERgelu o 5 WIS 4eHYo
W, Quel BAAe maS Ted o 4



STS301L 7}2=84

V)y=A/V (1)
(A, r ; constant, T(v) ; lifetime , V ; stress value)

el WEE AW vt vk AgAe

2o
1% (log-linear) A2 o] HE&

2 3dd= dF
o 4 ik
Int(v) = InA - rlnV = A' - 1InV )

A HlolH O] B EE wdel ] §l 8
AR AAE 78kl Table 674 ol 7H7f
o] ZER A Wi A-D SATF #®E HaEA
arlorn], nFFRFS A TR @
W AEES ghs AT Table 72 A=A
G AT ARl glolM 71 wel AbgstaL
o]

gholl we H3Eret L%}vd— UrEM Ao
th ST(1.5+ST(1.5)¢F  ST(1.5)0+HT(1.5) 18]
ST(1.5)+DLT(1.5)¢] Fe= DA -5 o] Z A<
A BF g atiEre] AD BAF el 7f

AN RHEt. ER, wFES BT

RN

=

B agEel 57
st IFR® A4 ¥ o] At 592 A
Ad A5 Algbell wep aAEo] Frkske A
zZH dAske Zlom FAHEY. wepA, AFEE
Q1 tHFEA o] THEA S 2] Sl
7HEA ASS AN e Fig 62 7HEAE A
Holl gk A Aot 7}%51 HAd ANHstT
I B BATE 95% AFE, FolaT 5%
A B A A BEA"Eoan JpEAdo] A e
L Aoz dAGE Q. Aol AYdtl= 9
= B84 Aol Thedhs dulatnE o
Sz de] ARRHA e 7HERES o
T 23S A8sth Table 82 o o ¥
o] &3t FE-AEYUE AAAS FA8te] vEd
Aot} Table 9% FAHE 7M&521S 9]
goto] T ASS 3 AFolrh 95% AlE o

Al ST(1.5)+ST(1.5)¢] 75, AP= 4.68X10°N°] 7}
AMAe o, A vEAYRS T3 d59 2
30 Ni=1.41X107cycles ©] 1L, 7F&2]ol] ]3] o
H FHES N=1.17X10° cycles® 83%2] A A
BT ST(1.5)+ HI(1.5)Y A$E A
P=4.17X10°N°] 7}l A& o), 2 A2AHS 5
3 g5 9 E25EES Ne= 7.82X10°cycles ©] L
=8 LS N=6.28 X10°cycles & 80%2] ?ﬁ-‘%‘f

31

o [y

olgAel &S (1) 473

AS Bt 283l ST(1.5)+DLT(1.5)¢ A%, A
P=6.08X10°N°| 7}eil S o AA] H2zAPS 5
3 259" 9EFHS N=5.39X10°cycleso] $13L,
Zh&Ae] od dEE FHe Ne=5.08X10°cycles
B 94%°] AGAS Brh Ao g HA
AL AA F2 deolHE g5dhe HAlA
Aol 4 gle QA= osiA I 2 olE 7}t
&S e HEdd FAeE 5%l 7HE
= FAsHIA MEA HS A, BT A%
#hel Aol oA IAlE Ao wEL
Fig. 7 o YEbd nief o] A 92 AlYAE
Huoleet  oF5H T g dA A A
goll= & AFol7F YAl 5= skl

3. 7o ol ot M= It

Table 102> o] HxFwe] gk A F7}
o o 5¥ o MELFE Yehd Aotk 32
LTS Aehe F3EES 107cycles ©gkal 7h
S w, AFEFE 95%A4 ST(1.5)+ ST(1.5)A1H
o] WEA & FES 92%, ST(1.5+HT(1.5)
94%, ST(1.5+DLT(1.5)2 96%= w2 ¥t 3k,
Hof Fetso 30%0l14 9] B 58] HEHTe
ST(1.5)+ST(1.5)¢] 4% AlFFF 95%, EAk +
10%4 B 119,572cycles, A F e
(99,484~143,717) cydles® F-AEIQ1 oM, ST(1.5)+HI(1.5)
= AFEEFEE 95%, Ta9at £10%04] HiE5
632,160 cycles, 21Z]7-7H (500,403~798,608) cycles

2 BEA9Yl. 2e]al ST(1.5H#DLT(1.5)9] %=
AFFEE 95%, FETFA +15%0A4  HEgd
363,264 cycles, 2127 (232,932~566,521)cycles =
A EAT EAE AIE RS Table 99 yERd
upel rol, A MZAY dHolHel oS5H =g

dlo]El7t B AFgA7E o] EAge E0E

ANom, o] Ai= 27 dolHE 535
oMo ES A o SA el gk ¢
Al AFg HEEHR Hads 948 F 3
o= 7tjet

[o

b Worlr )y of

i 7
v Zdle] Ei(fatlgue data) TE9 Ao A AT
= oAEde Aaser] s, tEed 3



474 e

Hlole] AoNe THAISH 7K % HolE] Aoe(Noas
stel gAE A se] vheat
A9t

(1) 7RSS 918 BAA A4 a1
84 oleAlolA tlEgTEEE EAEgem, A4

X
H2ZAE HolEE 7o R &Sy Fee
T 95% A1E|E, EFAEA £15%1A4 ST(1.5)+ST(1.5)
= H3t 89%, ST(1L.5HHI(1.5)% 85% ST(1.5HDLI(1.5)
= 95%= A E 9k
@) 5% 7o Fgee] gk HApIYS
T ZA Aol 5o figk thekst sl 4%
I 7EE2A F4 AL 7SS AE
BAE 3] Zolel oA HAE
, AARR= 71&7] Azt digk 7
| zHslor & "8t 9ot .
Ho]ElE Ao-Ny IAIZ YeRY
e dES57HS

E
=

o
)

rE
off
o,

1

K-
Eeomil
o
%

oX, 10
)

i
L
> |0
4

~
[SS)
~

<

X
2

o, 2 _b’ 2
I of oF
mgﬂ ol it

J

o
2

12
=2

%0 ¥

o

o o
I
23]
iy
o,
=
_|L

5
o
o )

~

o o,
1o o2

1 A

il
o
> 1o 19
-
=
rr

AR} AA7|ES A
A7} Vet Aow ddd)

BN §0 o oh mu
22 4y B o

0,

P

o 2

(1)Bae, D. H. and Huh, J. B., 2005, "Evaluation of
Fatigue Strength and Spot Weldability of High
Strength Steel Sheet for Lightweight Automobile

ol

k|

Body," Key Engineering Materials pp. 297~300.

(2)Shin, J. H., 2003, "Fatigue Strength Evaluation
of SM490A Welded Joints for Bogie Frame,"
Master's Thesis of Sungkyunkwan University, pp.
12~14.

(3)Back. S. Y. and Bae, D. H., 2008, "Fatigue
Design for Plug/Ring Type Gas Welded Joint of
STS301L Including Welding Residual Stresses,"
IJAT, Vol.9, No. 6, pp.729~734.

(4) Kang, J. B, 2004, "Fatigue Strength of the
TS-Type Spot-welded Lap Joint of STS301L,"
Master's Thesis of Sungkyunkwan University.

(5) Hogg, R.V. and Ledolter, J., 1992, "Applied
Statistics for Engineers and Physical Scientists,"
New York, CIP, pp. 264~269.

(6) 1991 "Automatic Technology Handbook Experi-
mental Assessment," JSAE, pp. 81~105.

(7) Liao, M., 1998, "How to Use the New Table of
Anderson-Darling Critical Values for Goodness-of-
Fit Test for the Two-Parameter Weibull Distri-
bution," Symposium on Reliability and Maintain-
ability, Vol. 28, pp. 191~194.

(8) Lawless, J. F. and John, W.&S., 1982,
"Statistical Models and Methods for Lifetime data
analysis," pp. 95~103.

(9) Bae, D. S. and Jeon, Y. R., 1999, “Reliability
Analysis," Arche, pp. 373~459.



