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ABSTRACT

The purpose of this paper is to present a general pr
distributions in austenitic butt welds of arbitrary diamet
by interpolation of finite element model results. The
compared with recommended ‘bounding’ distributions
derived here are rather more detailed than previously av
cases the weld material overmatches the parent in term
lead to residual stresses in the heat affected zone whicl
substantially. It is intended that the general prescript

derived here should be of use to the engineer in performi

INTRODUCTION

British Energy’s Advanced Gas Cooled Reactors mak

steels. These materials commonly entered service with
contain yield magnitude residual welding stresses. A de

distributions is of central importance to structural integ

safety cases. In recent years British Energy has used fin
stresses in a range of plant geometries. The results

cylindrical butt welds, show a consistent trend against v
This permits a general prescription for as-welded residi
welds to be devised using ‘q” as the controlling paramete

DEFINITION OF HEAT INPUT PARAMETER, q

8

'ELDING RESIDUAL STRESSES IN
INDRICAL BUTT WELDS

RS

escription for as-welded residual stress
er and thickness. This has been obtained
derived residual stress distributions are
from other sources. The distributions
ailable bounding distributions. In typical
s of tensile properties. This is shown to
1 can exceed the parent 1% proof stress
on for the residual stress distributions
ng structural assessments.

(e extensive use of austenitic stainless
but post-weld heat treatment, and hence
tailed knowledge of these residual stress
ority assessments, and hence to nuclear
ite element techniques to model residual
in the geometrically simple case of
velding heat input per unit thickness (q).
ual stress distributions in austenitic butt
.

‘q’ is defined as the heat input per unit length of one weld bead, divided by the section thickness.

No allowance for welding efficiency is included in th
element models do make allowance for efficiency). He

circuit welding voltage, A is the welding current (amps)
section thickness (mm), giving q in units of J/mm?®.

e definition of ‘q’ (although the finite
nce, q = VA/St, where V is the closed
S is the arc speed (mm/sec) and t is the




THE MODELS ANALYSED

Eight cases were analysed using ABAQUS. The geome
parameters are summarised below.

tries, welding procedures and heat input

Weld R™" | ¢ R/t q Weld
mm mm J/mm” Type
S5 184 64 29 21 MMA
S6 203 26.2 7.75 56 . | MMA
Spine 261 19 13.7 56 MMA
R4C3 161 18 9.0 65 MMA
Weld C" | 398 15.9 25.0 65 “SA
Weld 7.03 | 152 21.5 7.06 89 TIG
SW1 159 12.7 12.5 89 MMA
Weld C 398 15.9 25.0 167 SA
(1

This is a sensitivity study for Weld C which cot

All these welds were made from a single-sided weld pn
C which comprises internal MMA runs together with e
being dominant as regards the resulting residual stresses

The modelling procedure in all cases was to build the
transfer during and after each weld bead deposition.
approximation was employed (each modelled bead rep
time step, the elastic-plastic stresses and strains were so;
stainless steel. Modelling the different tensile data an
parent materials was found to be important.

TENSILE DATA AND NORMALISATION OF RES

For 316H, a reasonable approximation is to equate th
parent 10% proof stress. This was adopted throughout
strains greater than 10% and perfect plasticity in the w
found to lead to stresses which varied smoothly over t}
presented below are normalised by the parent 10% (= w

GENERAL PRESCRIPTION FOR RESIDUAL STR

Figures 1 and 2 show idealised distributions through the
stresses respectively. Comparison of the individual curv
residual stresses vary with the heat input parameter (q). ]
‘q’ may be derived as follows;

Axial Stress Distributions: Define a dimensionless posit
outside surface, x = 0 at the middle of the section, and x
function f(x) by,

nsidered a reduced heat input.

ep (outer-V) with the exception of Weld
cternal submerged arc welding, the latter

weld bead-by-bead, calculating the heat
For thick weldments, a ‘lumped bead’
resenting 2 or 3 actual beads). For each
Ived. The material in all cases was 316H
d hardening responses of the weld and

IDUAL STRESSES

e weld 1% proof stress with the virgin
, with perfect plasticity in the parent at
eld at strains greater than 1%. This was
1e fusion boundary. All residual stresses
2ld 19) proof stress.

\ESS DISTRIBUTIONS

thickness for the axial and hoop residual
es in Figures 1 and 2 shows how the
Distributions for intermediate values of

lon parameter, X, such that x = +1 on the
= -1 on the inside surface. Define a




For -2x, < x <+2x,, f(x) = sin [n(x/X, 1 $)/2]
For X > +2X,, f(x) = 72 -x/%)2
For X < -2X,, f(x) = -n(2+ x/xJ)/2

The normalised axial residual stress is then given by,

0'axial/ O'10%(parent) =A [ f(X) + & ]

In the above formulation, x,, ¢ and £ are fitted parameter

five different modelled values of ‘q’ are as follows;

@

s. The values of these parameters for the

Heat Input
q, J/mm’ | x, b 3 o A
21 0.72 | 028 | 0.43 - 0.65
56 0.50 | 0.46 0 - 0.82
65 0.38 0 0 1 0.72
89 0.35 0 0 1.35 0.49
167 0.1 0 4 12.6 0.030

For any value of ‘q” between 21 J/mm? and 167 J/mm?>, ¢
linear interpolation. The amplitude factor, A, can be four
axial residual stress, see Figure 3. Thus the value for A i

agrees with Figure 3. This is achieved as follows;

For x, > 0.38,
For x,<0.38,
where,

A = graph maximum / (c;
o1 =7 /xe - 2)12

Hoop Stress Distributions: The residual hoop stress distr

well by a tri-linear distribution through the thickness (seg
and oy, defined in Figure 4, have been chosen as follows;

A = graph maximum / (1 +

he x,, ¢, £ parameters may be found by
id from the bounding line for the peak
5 chosen. so that the maximum of Equ.(1)

&)
+ )

ibutions can be described reasonably
e Figure 4). The parameters xi, X2, o

il

Analysis Material q, J/mm? X3 X2 o1 O
S5 Weld+HAZ 21 0.58 -1.0 1.13 -0.48
S6,Spine Weld+HAZ 56 0.24 -0.34 1.11 0.1
Weld C and R4C3 HAZ 65 0.56 -0.25 1.0 0.5
Weld C” and R4C3 Weld 65 0.25 -0.5 1.17 0.6
Weld 7.03 and SW1 HAZ 89 0.1 -0.2 0.98 0.37
Weld 7.03 and SW1 Weld 89 - - 1.0 1.0
Weld C Weld+HAZ 167 - - 0.9 0.9

*reduced heat input.

For values of ‘q’ between 21 J/mm” and 167 J/mm?” the appropriate values for x;, X2, o, and o,

may be found by linear interpolation.




FINITE ELEMENT RESULTS: COMPARISON WITH GENERAL PRESCRIPTION

The normalised stress distributions resulting from the finite element models are shown in
comparison with the above general prescription in Figures 5 to 16. For each model two sections
have been illustrated; one through the weld centre line, and one through heat affected zone
(HAZ) material. The general prescription provides a good representation of the FE data. It is
generally bounding, especially for HAZ.

COMPARISON WITH SINTAP COMPENDIUM

A Compendium of Residual Stress Profiles has been compiled recently by Barthelemy (1). For
pipe butt welds, the residual profiles have been parameterised against section thickness, t.
Consequently, a rigorous comparison with the general p rescription given here is problematical
due to the latter being based on the heat input parameter| q, rather than thickness, t. However,
Figures 17 to 20 compare the profiles from the two procedures as applied to two actual
geometries (with g=65 J/mm?, t=18mm and q=56 J/mm?, t=26mm, R/t=7.75). Whilst not entirely
dissimilar, the profiles show significant differences. In addition, it should be noted that the two
sets of profiles are based on different stress normalisations. The present procedure normalises the
stresses using the parent 10% (=weld 1%) proof stress, whereas Barthelemy (1) uses the weld
0.2% proof stress for the hoop stress and the parent 0.2% proof stress for the axial stress.

VALIDATION AGAINST MEASUREMENTS

Although beyond the scope of this paper, we note that many of the above FE models have been
directly validated against sub-surface residual stress medsurements on mock-ups or ex-service
plant. This has covered the full thickness range, from relatively thin (16mm and 19mm), see
Bouchard et al (2) and Bruno et al (3), through intermediate (35rm) and thick (265mm), see
Smith et al (4) and Bate et al (5). Good agreement has bgen reported in all cases. The measured
axial peak stress generally exceeds the 0.2% proof stress,

CONCLUSION

A general prescription for welding residual stresses in single-sided, austenitic butt welds has
been presented. It is rather more detailed than existing prescriptions, eg. (1), with more complex
through-thickness profiles and larger peak axial stresses.

REFERENCES

1. Barthelemy JY, “Compendium of Residual Stres$ Profiles”, Brite-Euram SINTAP report
BRPR-CT95-0024, May 1999

2. Bouchard PJ, Hutchings MT, Withers PJ, ICRS-6 (these proceedings)

3. Bruno G, Edwards L, Dutta M, Bouchard PJ, Abbott KR, Lin Peng R, ICRS-6 (these
proceedings)

4, Smith DJ, George D, Bouchard PJ, Watson C, 1. Mech.E Seminar “Recent Advances in
Welding Simulation”, 26 Nov 1999.

S. Bate SK, et al, ICRS-6 (these proceedings)




—
X ‘ssauxolylL ybnoiyj aoueysiqg pasijew.oN

0 QTx b= X

3 %0=0 |

3 !

w

&= >

= It

Dv —

2 =

o Q

~— |
@
/2]
c
=
Q
[e]
@

. lo=90 ~

LRt il ~ |

(co “x) ‘(*o ‘Ix) jo uoulag

wased %01 10 p|aM%19/dooqQ

(1x®3 ul pauyop)
X ‘ssauydiy L ybnolyy souels|q pasijewoN

tz=b )
|
- wo., |
} g
95=b 2
a
(ZyH) 68=b M .
(ZUH) G9=D w m e m el & |
(prom)se=b — S ,
a |
491=b . o L. I *
(Pom)pg=b <~ T T TTTTTTTTTToos S N 3
5
g |

lgy

:$9|1j04d ssalls dooH [enpisay pasijeap] iy ainbi4

! s9|1J01d ssaiis dooH [enpisay pasijesp) :z a4nbiy |

(;wuwyr) b ‘e10Wweaed induj jeeH

0SG1 00! 0S

! i

O

(zZVH 10 pjap ul sassadis jo Jable|) *b “ajowesey

AV
¥'0

90

A

Indu] jeaH SNSIAA $SaU)S |BIXY }edd pasijeuLoN :¢ ainbi4

PRM%ig ;o Wared %0Lg /e

(¥xa3 uj pauyep) m
X ‘ssauxory ] ybnoayy souelsig pasijewioN m

_ |

L94=b — - — ,
o 1
)
S
Go=b. ... 2
3
95D — — — 3
g
tg=b e

a |

|

: |

2 |

Q i

!

!

ANEE:.V sanjeA .b, aisyig jo uosiedwo) :
[1 ub3z] sajljoid sseng [eixy |enpisay pasijesp] :| ainbig




‘‘‘‘‘‘ o _ (1) uoyenbz !
4 (1) uonenby | X ‘ssawolyl ybnoayy aouelsig pasijewioN Do - SUIdS — - — L X ‘ssauyolyl ybnoay] soueisig pasijewloN
o PBMILMS M _ 8:0 M - T Al g |
PIBM - £0°L PIOM - ®— | PISM-9S- ¢— 5|
L zvHims v ZVH-95 - ¥- g | |
| ZvH-0LPeM - e | LR ek Al 2 | |
| _ -
W % 8 %
, - L LR
| = E 2
| v f: SO
| >R
¢ L
¥/ -
: / e |
80 2 ‘
m (;ww/r 68 = b) (1) uonenbz (;wwypr 96 = b) (1) uonenbs
w yim pasedwod sassallg [enpisay |eixy 34 :8 aunbiy yim pasedwoo sassallg [enpisey [eIXy 34 19 ainbiyg :
P (1) UONENDT e . 5
oo - oen 700 o pam - m.| X SSPWOIYL yBnouy) souessiq pasijewon , (¥xa} us pauyep) W
W 80 X ‘ssauxoIy] ybnouay) aouelsig pasijewioN b
PIBM - EOVH —- @— o o e = |
| ZVH - 128K %08} O PioM - - ¥ - - 80 z |
. ZVH -E0VH - & — PSS AR &
il e - /7 S .
_ + , > . Vo + @
H pmy ‘ I~ 3
: 5 K- o NN S0 & &
” ~ " R : ° 5
,H 2 #\ e ~ ~ W
d ] X Q
H - ,/, L 2 =)
4 2 $0 + K, . .. .Wa
, £ (1) uonenbg _ AN ; 5
v : ! _ Yool 1
¢ PIOM -GS —w— | 80 T ‘. w
| | _
M . ZVH-GS--+-- |
, 80 g
(;wwy/r g9=b) (1) uonenby (wuwy/p 12=b) (1) uonenbz |
yum patedwod sassalig [enpisat  IXY 34 :Z a4nbig Y. .pasedwod sassallg [enpisay |eIXy 4 G ainbi4 “
|




w pasijeap
: PIOM 95 - - B - = |
A,
ZVH 9S — @ — m

o 9l

(95 =b) ourq pasijzep]

visiaa smmarmAdiiiAas cnAatrAa mrnioats AAanrt= o 1 amfR e

(;wwyr291=b) (1) uonenby
YA DatedllioD Sassalic (BRNISaWU 1IRIXY 1d ‘2 ainBia

X X
b S0 50 ! F 50 0 g0 F ,
0 8'0- A,
“ , o
v.----¥.
v . Q
- LB y : %0 z " 2
. [+] o
el ¢ < © o
~ o
. o] _ =~
: 3 vo 3
w pasijesp| s v 3
: - 3 BT — ~ % g0 &
| ZVH EOPH - - ¥+ - : U :
, w PIBM GS - - ¥ - - N ey
: ZVH {%08) O ploM —e— i ¢l
i 2l ZYHSES — & —
: 9l
m (ZvH ‘g9 = b) pasijeap] (;wwy/r LZ = b) aujq pasijeap]
; yym pasedwon ssalg jenpisay dooH 34 : 2L aunbi4 yum pasedwon ssaqg jenpisay dooHq 34 : 0| a4nbi4
_ X X ‘ssauxolyl ybnouyl aosueysig pesijewioN
ﬁ
,_, ' g0 0 50 ! 2 A
: $°0- (1) uonenbg _.
| PIBM - O PIBM BNG - ¥— | o.0_ 1 .
| ZVH - O PIOM BNQ —4—
m £ a
ﬁ 3 s
| < 5
2 ~ |
, ] Q
plaM ouldS - —¢- — B m ;
ZvH suldS - - — ] m
3 |
ind i



(P1oM ‘68 = b) aui pasijeap|

yum patedwo) ssaig [enpisay dooH — *: G| ainbi4

yim p

(P1am ‘s9 = b) auj pasijeap)

rdwo) ssasig jenpisay dooH 34 :¢} 84nbi4

X
L- 50 0 50 d 0 0 .
— ; 0 |
[SELTTICE o] [—
PIOM 1UBId O PIOM - « ¥ - - a
T Q !
p vo 8 g
ZYH LB O PioM - @ — / . 3
" S _- E |m.y m
_ - Q -
F. ’ ’ ] £
| . .- - L~ 4 o , B3 !
% : F!«'Io\ ¥ 80 3 S R— ,. K U - T
; _ ..Y" 2 u \ - g0 5
, v v T vV VH E0L ZAH-- ¥ v a =
A AR '’ N . Lo |
| v ZvH AH \ - - |
i |
| - ZVH IMS - -& — |
” ¢l i
| (L91 = b) autq pasijeap] (ZvH ‘68 = b) aur pasijeap) |
4 Yim pasedwo) ssang [enpisay dooH 34 9} aanbiy yum pasedwo) ssaais [enpisay dooH 34 L anbig
I
X X
L 50 0 50 ' b 50 0 50
w B W 0 ’ 0
! R 2R v e TII=Ee] | [— !
L . [SERI1E)s] —
3 §
w N . a PIBM EOYY - - ¥ - - |
P v PIOM E0L CAH-- ¥ - - v0 ”mn I P
. [+
. \ P = PIBM P8ONPBY O PIOM - —@- — g
s PIOM LMS - -8 — a -
, . 3 rD Sve a
: / , S T, A Q
! »-——Yys0 B v e
i . . ’ [} 7 80 o .
; P O - ~ 2 ‘ @ !
: e B AN L & 3 :
: g ] N . »
. -l R P
[ 74 . - - ‘ PR ’
L 2 N h 3 S ER R \F rd
v--" , AR
g " |
z




X ‘ssauyolyl ybnouty| aoueysiq pasijeulIoN X
L S0 0 S0 t
; » “ 0 b
| z s
S Fs0- 3
WWOZ =} ‘dejug - -- - - - tro & ! =
@ - .
9G=b—no o o &
z ~
| S | 1 2
_ . o T80 @ ‘ dVINIS — | Lgo @
| B Y B | (1)uopenby — | 7
| \ L J
ﬁ : 4 b
; S —— rA
wwgg=} 10} dV.LNIS YM patedwon L= = |
AUW/P 96=b 1oy ssauig dooH [enpisey pasijeap] :0z ainbiy4 96 = b yum sseng |eixy 4o} (1)uonenby :g| ainbig
X ‘ssauxolyL ybnoiyy aouelsiq pesijewlonN x ‘ssauxolyL ybnoiyy aouelsiqg pasiew.oN
b- 50 0 S0 A
| - : f f 0
| 3vos ao > z
| Wwgl =1 ‘gVINIS -+ ---- oo 3 3
3 D
ssoalls (plam)ge=b . — . —~ D z |
:::::::::: S ssoUs (ZVS)59=b —— o T 8 |
e S B
. | .2
@ dVINIS — | e
o ! !
ﬁ @ (1)uoyenby —— h ﬂ
. |
i o o1 80 M
| wwg=1 .0} dv.LNIS UHM paiedwo) LJUW/r 69 = b ‘Wwigl =140} dVINIS Yum ,ﬁ
, 10} ssal}g dooH jenpisay pesijeap] :6} ainbi4 pasedwoo g9 = b yum ssalg [eixy 40} (1) ubg :/1 ainbi4




