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Transient and Residual Stresses in Multi-Pass Welds’

Yukio UEDA*, Eiji TAKAHASHI**, Keiji FUKUDA*** and Keiji NAKACHO***

Abstract

In order to examine the mechanical behavior of a multi-pass ‘weld connection of a pressure vessel during welding

(167 passes), theoretical and experimental investigations were conducted on an idealized research.model.

Theoretical

thermal elastic-plastic analysis was carried out with the aid of a method developed by one of the authors, based on the

Sfinite element method.

Theoretically predicted residual stresses show very good concidence with those obtuined from the experiment, thus,
the highest longitudinul stress always appears below the surfuce of the latest laver, and in theresidual stress distribution,

the highest stress is produced several layers below the finishing bead in the midsection.

Accordingly, when delaved crack-

ing occurs, it initiates below the finishing bead and propagates to the surface.

1. Introduction

When thick plates are connected, it is usual to
apply a multi-pass welding process. Although there
have been many studies reported on weld cracks in
multi-pass welds, it is very difficult to find information
concerning detailed mechanical behavior of multi-
weld joints in the entire course of welding. The main
reason can be attributed to difficulties encountered in
both theoretical analysis and experimentation’

Since one of the authors has developed an
analytical method of thermal elastic-plastic problems
solving based on the finite element method” "™
the difficulties in theoretical analysis were fundamental-
ly resolved and the application of this method has
provided useful information on the mechanical be-
haviors of weld joints of many types™>*

In this paper, an investigation” was carried out
into welding stresses and strains induced in multi-
pass welds in a research model (total 167 passes) the
theoretical analysis was performed by the developed
method, in which changes in the mechanical proper-
ties due to thermal cycles can be accounted with
consideration of metallugical changes. An experiment

was also conducted to be compared with theoretical
analysis.

2. Research Model

In pressure vessels, there are many types of weld
connection. In this study, a joint under conideration
is that which lies between the cylinder and panel of a
vessel, as shown in Fig. 1, where the angular

FOR_ANALYSIS

Fig. 1. Welded connections of pressure vessel.
distortion by thermal expansion and shrinkage is highly
restrained and the axial displacement is almost free to
move. The joint is idealized as illustrated in Fig. 2
with due consideration preserving the fundamental
character of the joint during welding as much as pos-
sible. The model is biaxially symmetric with respect
to x- and y-axes. When each pass of weld is laid
simultaneously on both sides of grooves, the angular
distortion is prevented by the symmetry of the model.
In this way, the restraining condition of the model is
shown clearly and simply for theoretical analysis and
experimentation and this does not require any special
restraining instrumentation. . In each side of groove,
83 passes of weld metal were laid.
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Fig. 2. Research Model.
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3. Experiment

The base metal of the model was ASTM
A336GF22 (2—;— Cr—1 Mo) and ‘the wire used for
welding, US521XG80.
are shown in Table 1.

In the study, two kinds of experiments were
performed as indicated below:

(1) A test on the mechanical properties of the
materials within a temperature range between 15°C
and 1000°C.

(2) A measurement of residual stresses in the model
induced by multilayered welds.

Their chemical compositions

Table 1. Chemical compositions of base and weld metals (%).

C Si Mn P S Cr Mo
Base plate | 0.09 ] 0.29 | 0.46 | 0.04 | 0.013]2.38 | 1.03
Weld metalf 0.07 | 0.42 | 0.78 | 0.012 | 0.012] 2.28 | 1.06

3.1 Mechanical properties of metals

For the theoretical analysis, detailed information
about the temperature dependent mechanical proper-
ties of the material was required, such as the modulus
of elasticity, yield stress, linear thermal expansion co-
efficient, etc.

In the test, specimens were given a similar thermal
cycle to that observed in the, vicinity of the weld
metal (Fig. 3). Based on the test results, the mecha-
nical properties were determined for theoretical
analysis.

3.2 Measurement of residual stresses in multi-
layered welds

The test model was subjected to multi-pass welds
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This will be defined in the following chapter.
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by sub-merged welding, and the welding condition
is indicated in Table 2. Three passes of welding
produced one layer as a standard procedure and
every pass was laid on at the peak temperature of
200°C.

The measurement of residual stresses was made
by the sectioning method after the model had cooled
down. By sectioning the model into small pieces
using a saw, the residual stresses were released. The
released stresses were evaluated regarding differences
of corresponding elastic ‘strains between before and
after sectioning. The elastic strains were measured
by wire strain gauges put on the model. The residual
stresses are represented in Fig. 7 for comparison with
the theoretical results which will be furnished in the
following chapter.

Table 2. Welding condition.

current | voltage velocity heat-input | prehcating
temperature
600 A 35V | 28 cm/min. {45000 J/cm 200°C

4. Theoretical Analysis of Residual Stresses by
FEM

The behavior of the model during multi-pass weld-
ing is so complicated that theoretical analysis had to
be performed with the aid of the finite element
method, a developed method of thermal elastic-plastic
analysis based on the finite element method including
the temperature-dependent mechanical properties of
metal®.

In this study, the effect of coupling between
temperature and stress fields is so small as to be negli-
gible for such problems as welding.  Moreover, the
analysis can be divided into two separate parts: heat
conduction - analysis and stress analysis based on

TEMP.
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500 4
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T TIME ( min. )
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o Lo 1000 TEMP, (°C) 1500
S
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Fig. 3. Mechanical properties during thermal cycles
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temperature distributions calculated in the preceding
heat conduction analysis.

For both analysis, the physical and mechanical
properties of base and weld metals were necessary.
These properties were determined from test results
obtained in addition to information already available.

4.1 Heat conduction analysis

In welding, heat conduction is not stationary, and
heat transfer from the surface of the model has to be
taken into account, since temperatures are very high
and changes are rapid, immediately after the weld
metal is laid. For the analysis, the finite difference
method was applied dividing the model into small tri-
angular meshes which were also used for the follow-
ing stress analysis by the finite element method. The
properties used in the analysis are assumed as shown
in Fig. 4 by which the size of the heat affected zone
evaluated by the analysis is approximately the same
as that observed in the test result.

¢ (X107%cal/g-°C)
a (Xl[)"“ca]/cm‘- sec -°C)
A (Kcal/m-h%C)

401

Y = 7.76X1078 (kg/mm )

30

207

A : HEAT CONDUCTIVITY
10 - a : HEAT TRANSFER COEF.
€ ; SPECIFIC HEAT
v : DENSITY
0 . . —
0 500 1000 1500 TEMP, (°C)

Fig. 4. Physical properties of the metal for theoretical analysis.

4.2 Residual stress analysis

Residual stress analysis was performed by the
developed method of thermal elastic-plastic analysis.
Accordingly, residual stresses were obtained as the
resulting stresses in the thermal transient stress analy-
sis.

In order to conduct the analysis, the mechanical
properties of metal had to be specified.

It is a well-known fact that the stress-strain re-
lationship of metal is influenced by many factors
such as plastic strain history, strain rate, .thermal
cycle, etc. The linear thermal expansion coefficient is
also dependent upon temperature, cooling rate, etc.
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especially during the transformation of ‘phase of the
material. It is almost impossible to obtain complete
information on the mechanical properties of the metal
under all possible welding condition in welding. For
theoretical analysis, the stress-strain relationship and
the linear thermal expansion coefficient are deter-
mined and idealized on the basis mentioned in Section
3.1. The thermal cycles which the material was
subjected to were divided into two, the heating and
cooling stages. The heating stage is further separated
by whether the metal experiences above or below the
phase transformation temperature of 750°C. In the
analysis, two kinds of metal were treated, such as
base and weld metals. The heat affected zone was
regarded and later treated like the weld metal.

Based on the test results, it was determined that
the Austenite phase transformation at the heating
stage starts at a temperature of 750°C which corre-
sponds to A,., and the Martensite phase transfor-
mation, at a temperature of 600°C, that is, Mg. At
higher temperatures than those of the transformations,
both metals revealed no tendency to show resistance
and then the thermal expansion and shrinkage ac-
companied by the transformations did not affect result-
ing stresses. ‘

Both base and weld metals were treated as an
elastic perfectly plastic material, since only a limited
portion is subjected to ‘large plastic strain at high
temperatures, where the effect of strain-hardening is
small.

Based on the above discussion, the mechanical
properties of the metals were determined as illustrated
in Fig. 5.

Actual computation was carried out accumulating
each layer of weld in the grooves at the peak temper-
ature of 200°C. Changes in temperature distribution
were computed in the previous section and these pro-
duced stresses and strains in the thermal stress
analysis. According to preliminary calculation, two
layers of actual weld can be regarded as one layer in
the analysis without loss of accuracy, since results of
both computations are almost coincident.

Results of the analysis are shown in Figs. 6 and 7.
Figure 6 (a) illustrates transient longitudinal stresses
(in the x direction) on the surface at the peak temper-
ature of 200°C in the intermediate processes of multi-
layer weld; and Fig. 6 (b), transient longitudinal
stresses distributed in the y direction. The highest
stress always appeared - just below the surface of the
latest layer. Fig. 7 (a) shows residual longitudinal
stresses on the surface, the highest stress being pro-
duced approximately 20 mm away from the toe of
the final bead. In Fig. 7 (b), residual longitudinal
stresses induced along the y axis are indicated.
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As seen in the figures, the highest longitudinal
stress appears several layers below the bead surface
where stress is positive but small. Judging from the
residual stress distribution, delayed cracking would
initiate below the finishing bead and propagate to the
surface. The residual stresses obtained by the analysis

Transactions of JWRI
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were compared with those observed in the experiment
in both Figs. 7 (a) and (b). They show very good
coincidence. This fact implies that information sup-
plied by the analysis is reliable and that the analysis
can and will furnish information which could not be
obtained by experiment.
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Oy, 0vun,OvHo @ YIELD STRESS
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: HEATING STAGE

: COOLING STAGE

: HIGHEST TEMP, EXPERIENCED BEFORE
: HIGHEST TEMP. DURING THE CURRENT

THERMAL CYCLE

Fig. 5 (a). Mechanical properties of the metal.

To=750°C o
Te750°C 70 Tt
OvHN(COOLING)
38 < JCHERTING) "
0 - 0
0 600 750  TEMP.(*C) 0 TEWP, (°0)
L9t o o (X101(1/°0)
20 20 r
10 10
0 0
0 750 TEMP.('O) 0 600 750 TEW,(°C)
E [ (xg/ma®) E | (xg/ea’y
21000 21000}
= Q
=5 \l
0 \ [} M
600 750 TEFP.(°C)

600 750 TEMP.(D)

04 (xg/ma® a7c0 )
O cepront Tow750°C 7062750°C
7 70
7 Qmmwmm TN750°C s T HEATING TRa750°C
UVHN(COOWB“
\
\ I Lo
0 500 750  TEW.(C) 0 800 750 TEMP,('D)
o« (X10Y (1/°0) Laxohtasro
P :
o] 2 N |
10 10
0 0 .
0 7%  TEW.(0) 0 600 750  TEMP.(°D)
E [ (xg/ant) € [C(kg/ma®)
21000
21000 s, —
\ V\l
\ 1 \
0 . 0 d .
0 600 750  TEMP.('C) 0 600 750 TEMP, (°C)

Fig. 5 (b). Mechanical properties of the métal.

62



Transient and Residual Stresses in Multi-Pass Welds

Y

(mm) 30 10 30
150 1
wy &
(kg/mm) ANALYSIS (IM ELEMENT) 100 4
20 ANALYSIS
T C IN ELEMENT )
0 i -:\“\‘"‘i AT X=0 mm
‘ 100 X (mm)
|

50 -3 <100
Fig. 6 (a). Longitudinal transient stresses on surface.
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Fig. 7 (a). Longitudinal residual stresses on surface.
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Fig. 7 (b). Longitudinal residual stresses in y-axis.
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Fig. 6 (b). Longitudinal transient stresses in y-axis.
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5. Concluding Remarks

The mechanical behavior of a multi-pass welded
connection (167 passes) during welding including the
resulting residual stresses, was investigated by means
of the experiment and the theoretical analysis with
the aid of the finite element method. In the study,
the connection of a pressure vessel was idealized
taking into account of the actual mechanical condition
as much as possible.

From the results of the investigation, the following
important information was obtained.

(1) The residual stresses predicted by the theoretical
analysis coincide well with those obtained by the
experiment. This implies that the analytical
method applied is reliable even for this kind of
very complicated problem, and can be expected
to provide information which would not be readily
obtained by experiment.

(2)

the surface of the latest layer,

ratively small.

In the residual longitudinal stress distribution, the

location of the highest stress is several layers

below the finishing bead in the midsection, and is
about 20 mm away from the toe of the bead on
the surface.

Delayed cracking will initiate below the finishing

bead and propagate to the surface.

Sincere appreciation is expressed to professor K.

Satoh of Osaka University and Mr. T. Yamauchi,

Manager of Kobe Steel Ltd. for their advices and sug-

gestions throughout this investigation.

where it is compa-
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Appendix

Basic Theory of Elastic-Plastic Thermal Stress
Analysis by Finite Element Method

1. Basic THEORY OF THERMAL STRESS ANALYSIS

The basic concept of the finite element method is
expressed simply such as a structure is regarded as
an assembly. of simple structural ‘elements intercon-
nected at a discrete number of nodal points, where
the equilibrium and compatibility conditions are satis-
fied. Accordingly, the structure in consideration
should be divided into a finite number of elements at
the "analysis such as triangular finite elements for
plane stress or strain problems, or tetrahedral finite
elements for three dimensional problems.

One of the typical finite elements in the con-
tinuum concerned is considered here and its mechani-
cal behavior exhibited in a course of thermal history
is represented the following.

The internal displacements, {s}, are expressed in
terms of displacement functions, [M], and general
coordinates, {a};

{s}=[MHe}.

The nodal displacements, {w}, are obtained merely
by substituting the coordinates of the nodal points of
the element into the displacement function,

{w}=[THa},
and rearranging Eq. (2) leads to

{a} =[T] {w}.

in matrix forms in

(1)

(2)

Then, the internal displacements are written in terms
of the nodal displacements

(s} = (MU TT {aw} =[A}{}. 3

The strains, {¢}, in the element are given by appro-
priate differentiation of the internal displacements and

shown below in the form of increments,

{de}=[B{dw}. 4)

Accordingly, the increment of stresses in the element
is, with an appropriate matrix [ D], the elasticity matrix
[D¢] or the plasticity matrix [ D*],

{de}=|Dl{d¢}. (5)

When initial strains, {de,}, exist, the stress incre-
ments yield

{do} =[DI{de —de,}. (6)
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In cases where the initial strains are functions of

temperature such as thermal strains, Eq. (6) is re-

written, in terms of temperature increment,' dT,
where matrix { C} will be discussed later, as

{dot=[Dl{de}—{C} dT. 7N

The finite elements in the continuum are inter-
connected at the nodal points, and for the analysis,
the relationship between the increments of the nodal
forces, {dF}, and the nodal displacements, {dw},
should be obtained. This will be followed by apply-
ing the principle of virtual works as

(dF} = ([BY[D}{de}d (vol) — |[BIT{C}dTd (vol)

=[K {dw}—{dL}, (®)

where
[K]= S[B]'"[D][B]d (vol),

{dL}= S[B]"{C}dTa’ (vol).

Here, [ K] is the stiffness matrix and {dL} are nodal
forces due to initial strains. The equilibrium state of
the whole structure will be kept in satisfying the ad-
ditional equilibrium conditions at each step of temper-
ature increments which are composed of individual
equilibrium equations at each node, that is,

Z{dF}=Z[KHdw} - X{dL}. &)

When there is no external force acting at the nodes,
the above equations are expressed in the simple form,

2{dL} = X[K]{dw}. (10)

This is the basic equation for the analysis. With the

lapse of time, the temperature distribution alters and
its change produces thermal stress. In order to carry
out the computation of the above equations for the
given small changes in the temperature distribution, it
is necessary to obtain [ K] and {dL}, which requires
expressing [ D] and {C} in Eq. (7) in explicit form,
including effects of temperature on the material pro-
perties, as [ B] is obtained by simple differentiation of
the selected displacement function of the finite
element.

2. STRESS AND STRAIN RELATION INFLUENCED BY
TEMPERATURE

Mechanical properties of metals change under
various conditions. When temperature increases, the
modulus of elasticity, yield stress and rate of strain-
hardening of the metal change. The plastic strain
cycles of the metal cause Bauschinger’s effect.

In the following, it is assumed that temperature
only influences the modulus of elasticity, the yield
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stress and the rate of strain-hardening. The rate of
thermal expansion is also dealt to depend upon
temperature in the entire course of analysis. Further-
more, the influences of plastic strain rate and history
can be taken into consideration. for the stress and
strain relation, if they can be expressed in some
manageable forms of mathematical expression.

A. Stress-Strain Relation in Elastic Range

In the elastic range of the material, the total in-
crements of strain consist of elastic strain increments
{de®} and thermal expansion strain incremets {de’},

{de} = {de’} + {de7}. (1

The thermal (expansion) strains{de’} in the above ex-
pression, using {a}={0e7/dT} as the instantaneous
coefficient of linear expansion, are shown to be

{de?y ={a}dT. (12)

When the elasticity matrix, [ D], -changes as
temperature increases, the strain increments {de®} are
shown as

oDy

{de*}=[D*]"{do} + 5T {o}dT
(13)
={de"} +{de™'}.
Solving the above equations, {do} are given by
{day=(D'Nde'y ~ (DL oy (14)

Substitution of Egs. (11) and (12) into Eq. (14) becomes

o[ D]~
o7 o} )

X dT =[D){de"}.

{do} =(D"Hde} ~ (D ({a} +

(15)

Thus, in the case of elastic behavior, the required
matrices [l?] and {C} in Eq. (7) in the previous
section, are obtained in the form

6[D¢]—-l

[D]1=[D"], {C}=[D] ({“H o7

{a}). (16)

B. Stress-Strain Relation in Plastic Range

Subjected to more loading, the material reaches
the plastic range. At that instant, the stresses satisfy
the condition

S @) =folen T),

where [ is the yield function and f; is a function of
the yield stress which is influenced by the temper-
ature and the plastic strain history.  For the plastic
strain increments, {de”}, the material is assumed to
be incompressible. According to the incremental

{amn
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theory of plasticity, the plastic strain increments {de”}
are given in the following form,
. or
Py —_—
{der)y=3{ 5L}, (8)
where f is regarded as plastic potential and 4 is a
positive value of scalar.
In this case, the total strain increments, {de}, are

given as the summation of increments in elastic,

plastic and thermal expansion strains, that
{de} ={de’} + {de} + {de"}. (19)

Introduction of Eq. (13) into the above equation gives
{de} = {de?} + {de™'} + {deT}.

{de”} + (20)

In the plastic range of the material under loading, the
following condition should be satisfied:

(8 -

of
4 []
Vigery+-2Lear. o
Similar to the previous section, the increments of
stress {do} are represented by a produce of the
matrix [D¢] and the elastic strain increment without

the thermal expansion strains as
{da} =[D*}{de"'}. (22)

From Egs. (18), (20), (21), and (22) A will be obtained
as follows:

) 1.9

{52} wde) =1 3LV 1D (@)
G )or— G ar

0f,
0¢e?

Hf}w‘{ Rkl

These equations furnish the relation between the stress
increments and total strain increments that is

DT )

(23)

(do) =[D7){de} ~ ([P} @} + (D7)

+[D°{ }( 8f, )/S) (24)

where
(1= 1- oW GLHL o /s, e
T CIRTTACETR

Then, the required [ D] and { C} matrices in Eq. (7)
are shown to be

Transactions of JWRI
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[D1=[D],

6[D°]‘ (o)

AT

The matrix [ D?} in the above is called plasticity matrix.

When A is found to be negative during the
process of computation, the material is subjected to
unloading, that is,

{C}=[D"){a} +[D") =57 —

@7

2<0. (28)

Once unloading is detected, the stress-strain relation
should be replaced by Eq. (15) instead of Eq. (24).

C. Basic Equations for Orthotropic and Isotropic
Material

The basic theory in the preceding sections is ap-
plicable not only to isotropic but also to orthotropic
material.

In order to perform the analysis, [K] and {dL}
in Eq. (8) should be calculated. As [B] is reduced
by differentiation of the selected displacement func-
tions, it is only necessary to 'show [D] and {C}
matrices in Eq. (7), that is, stress-strain relation in
both the elastic and plastic range of the material in
explicit form.

The result of manipulation will be shown for
orthotropic and isotropic material of strain hardening
in this section.

In the elastic range of orthotropic material, the
elasticity matrix is
(/du dn dla 0 0 0
\dy dy dw 0O 0 0
. d31 dﬂ? d33 0 0 0
1=y o 0 4, 0 o0 (29)
0 0 0 dss O
N 0 0 0 0 de/
In the case of isotropic material, it becomes
. E
D=1 rya=m)
/l—y y v 0 0 0 A
y -y v 0 0 0
y v l-—-v 0 0 0
e 0o 0 22 0 0 | 0
I—2v
0 0 0 0 5 0
-2y
0 0 0 0 0 5
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According to Hill’s yield condition, the functions
fand f, in Eq. (17) are expressed as

f=5, fo=0, (31
where
Ezzm%-i-—H)[F(dv*dz)z‘*'G(”’_d’)z
(32)

+H (6:~0,)" +2L1,,'+2M,.* +2N1.,}].

In the above expression & and o, are the equivalent
stress and the yield stress, respectively, and £, G, H,
L, M, and N are parameters indicating the ortho-
tropy. For the case of isotropic material, the basic
equations are obtained by only substituting the follow-
ing relation

3F=3G=3H=L=M=N (33)

into the above Eq. (32),and the results of manipulation:
are the following.

In the plastic range of the material,
strain-hardening, H’, is defined as

the rate of

H' =ds/d&®, (34)
where
(de)'=2-(F +G +H)
F(Gde,” — Hde,?)* + G (Hde,” — Fde,”)* + H(Fde,” — Gde,”)
X[ (FG YGH+ HF)?
L s s ol

and A is calculated by the equation in the form of

A= (S des+ Sude, - Sudes+ Sud Ty SsdT o+ STy

+ (S ’5.«: +S2'5yc +S3’E: +S4’rw° +S5'Tu° +S B’Tzvz) aT
— (5,0 sty +Sact) dT— 200‘5‘;‘147"},

(36)
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where

FH +8,05 +8,0, +8 0, +285,0 5+ 2870 +286Ta)
S.=2d Aﬂ'vz's
S 5= Qdasrz.:’,
S6=2d 66Tz

S=

S\=d 0. +d 0/ +d 0],
S,=d, 0, +d g0, +d 507,
S;;:d;“(};"l"’d azayl +d33‘71,9

nol-::-

H(s.—0,) +G (0:—a.) Lry.
== F+G+H, ; “F+G+H’
, F(o,—0,) +H (6y,—02) = M.,

%= F+GC+H ; = Z“F+G+H
. Gla,~62) +F (6.—0a,) i Nty
W= FyG+H TV FiG+E

,_ 88, o.,_8S, o, 88, ._0S,
Si=%7> Si=%7 Si=%7> ST BT
.88, o, 08,
Si=57 S =7

(&5, &, &5 Tus Tas's T2/} =[D°]" {0},

With these notations, the plasticity matrix [D”] is
written as :

S 5.8, 8.8, S.S., $.8, 5.8,
$,8, $.8, S.S. 8.8, S.8,
: S8, .8, 38, 8.8

D")=[D] —L
[DT=D1—5|  oum S.S. 8.8, S8,
S.S, 8.8,
S.S,

(37)

The last term which appears in Eq. (27) in the
matrix { C} is represented as

aao _

D 2LHOLe) [s =205, 8., Siy Siy Sy Sal 2

38)



