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— Applicability of a Simple Model for Creep Analysis of Thick Welded Joints —

Keiji NAKACHO#*, Yukio UEDA**, Junichi KINUGAWA#*** and

Masayoshi YAMAZAKI***

Abstract

Reliable predictions of the creep behavior of thick welded joints are very important to secure
the safety of elevated temperature vessels like nuclear reactors. Creep behavior is very complex,
thus it is difficult to perform the experiment and conduct the theoretical analysis.

A simple accurate model for theoretical analysis was developed in the first report. The simple
model is constructed of seven one-dimensional finite elements which can analyze not only one-
dimensional stress creep behavior but also the three-dimensional situation. The simple model is
verified by comparing the analyzed results with the experimental ones in this report. The model is
easy to treat, and needs only a little labor and computation time to predict the creep curve and the

local strain for a thick welded joint.

KEY WORDS : (Creep Test) (Thick Welded Joint) (Theoretical Analysis) (Simple Mathematical Model)
(One-Dimensional FEM) (Three-Dimensional Creep Behavior) (Stress-Relief Annealing)

1. Introduction

Reliable predictions of the creep behavior of thick
welded joints are very important to secure the safety of ele-
vated temperature vessels like nuclear reactors. The thick
welded joint experiences a complex thermal history. Its
material propertiesincludingcreep are very complicatedand
are significantly different,dependingon the location. So the
creep behavior of a thick weldedjoint is very complex.

In this study, for the thick welded joint of a nuclear
reactor, etc., the creep behavior to rupture, which is
important as one of the limit capacities of the joint, is
analyzed by theoretical calculation and by experiment.
Based on the results, the desirable material properties and
welding methods are investigated to improve the creep ca-
pacities (the creepstrainrate, the life time, etc.) of the joint,
considering the control of the metal structure. In the first
report”, to achieve these aims rationally and efficiently, a
simple mathematical model based on FEM was developed,
capable of simulating accurately the creep behavior of the

thick welded joint. The structure and the theory of the
simple model were explained In this report, the simple
model is verifiedby comparingthe analyzedresults with the
experimental ones. The applicability and the degree of
multi-axial stress state of the model are investigated In
relations with them, the effect of stress-relief annealing is
discussed.

2. A Simple Mathematical Model for Creep
Analysis of A Thick Welded Joint

2.1 Thick welded joint for analysis

The thick joint produced by multi-layer butt welding
and the extracted test specimen, for this study, areshown in
Fig. 12. The materials of the base plate and the weld metal
are SUS304HP and Y308 1éspectively. The narrow gap of
50 mm thickness was welded by submerged arc welding
using 24 passes and 13 layers. The specimenwith a 10 mm
width was cut out from the joint. The load acts on the
specimen in the direction(X-direction) of the perpendicular
to the weld line.
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SAW : 18,000 - 23,000 J/cm
13 Layers - 24 Passes

SECTION x= 80,y =25

HAZ
Base Metal (SUS304HP) X
Thickness(T) = 50
GageLength |¥= 28
eng o
| 160 (mm)

Fig. 1 Thick welded joint and its creep test specimen

2.2 Structure of a simple model

The creep properties of the weld metal and the base
metal weredeterminedin previous experiments?, The creep
behaviors are significantly different, depending upon the
location. Figure 2 shows the creep curves of the weld
metals (WM1: a quarter of thickness inside from the top
surface, WM2: half of thickness inside, WM3: three quar-
ters of thickness inside, see Fig. 1) andthe base metal, under
the condition of 550 °C and 235 MPa of initial loading
stress.

A simple model is constructed with seven one-
dimensional elastic-plastic creepelements® to simulate the
creep behavior of the above thick weldedjoint, as shown in
Fig. 3. Elements EWM1 - EWM3 correspondto the weld
metal. Elements EBM1 - EBM4 correspond to the base
metal. The heat-affected zone (HAZ) is divided into two
regions of the weld metal and the base metal, because the
elastic-plastic creep properties of the HAZ are between
those of the weld metal andof the base metal, and the width
of the HAZ is very small. So the region of the HAZ is
separated in half, and they are included in the weld metal
elements and the base metal elements. Each element has
elastic-plastic creepproperties depending on the temperature
and the stress. For example, they have the properties shown
in Fig. 2 at 550 °C and 235 MPa, depending on location.
The detailsof the temperatureandthe stress dependenciesof
the properties at each location are shown in Ref. 2.
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Fig. 2 Creep curves of weld metals and base metal
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Fig. 3 Asimple mathematical model for creep analysis of
a thick weldedjoint

The creep property is the same in the base plate.
Nevertheless the base plate is separated into four elements
EBM1 - EBM4. The reason is as follows. The joint is a
continuous solid body. The creepproperty of the weldmetal
is significantly different, depending on the location. The
interaction of the creep behaviors occurs in the joint, espe-
cially nearthe weldmetal. The role of the base plate forthe
interactionis realizedin one-dimensionalanalysis, by being
divided into four elements, such as shown in Fig. 3. The
elements EBM1 - EBM3 have the almost same length as the
EWM]1 - EWM3. Their nodes at the outer sides are con-
nected to the element EBM4, and have the same displace-
ment. The interaction among the EWM1 - EWM3 can be
carriedout through elements EBM1 - EBM4.

2.3 Sizes of elements

Here the sizes of each element will be decided. The
dividing line is drawnat the mean location of the regionof
the HAZ, perpendicularto the surface. The region between
the Y axis (x=0) and this line is further divided into three
parts by separating at the two means (WM1-WM2,



WM2-WM3) of the three positions where the creepproperty
was investigated in the experiments. The three parts are
named the weld metal elements EWM1 - EWM3. The
depths (the dimensions of the Y-direction) of the base plate
elements EBM1 - EBM3 are assumedto be the same as the
elements EWM1 - EWM3 described above. It may be ap-
propriate that the length (the dimension of the X-direction)
of the elements EBM1 - EBM3 is about the length of the
elements EWM1 - EWM3 from a consideration of the ma-
terial mechanics, so they are assumed to have the same
length as the elements EWM1 - EWM3. The model which
has these sizes is called the basic model. The length of the
elements EBM1 - EBM3 will be discussed again in the
analysis for the verification of the model in the section 5.

3. Theory of the Simple Model

The model describedin the previous sectionis a simple
model constructed of seven one-dimensional elastic-plastic
creep elements, and can be used easily. In the actual thick
welded joint, complex three-dimensional welding residual
stresses exist in the initial state, andthe creepbehaviormay
be differentfromthe one-dimensionalstress state. So a new
theory was developed, which can incorporate the effect of
the three-dimensional stress state, when using the one-
dimensional element. This theory is expressed for dis-
placement, strain, and stress in only one direction, which
are important and given special attention, but the effect of
the existence of components in the other directions is in-
cluded in the equations, with an assumption. The main
equations were shown in the first report".

4. Procedures of Analysis

4.1 Consideration of change of sectional areadue
to loading

The magnitude of the tensile load acting on the speci-
men is constant, but the magnitude of the stress in the
specimen increases with the decrease of the sectional area
due to the elongation of the specimen. The increase of the
stress is very small in each increment, but the creep strain
rate changes, dependingon the magnitﬁde of the stress, very
sensitively. The analysis has to considerthese behaviors, in
the one-dimensional element, precisely. In the incremental
method, the changeof the sectional area, the new magnitude
of the stress for the newsectional area, and the creepstrain
rate for the new stress have to be calculated accurately in
each increment, satisfying the equilibrium condition be-
tween the load and the stresses of the elements.

4.2 Creep hardening rule and creep strain rate

The creep properties of the joint are significantly
different, depending upon the location, as shown in Fig. 2.
They canbe expressed with Garofalo’s constitutive equation,
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as follows.
e¢= st(l—exp(—y -17))+r£m-r o)
where
€ =creep strain
Eg=C-0O+C )
Y =C3 exp(04 . 0) €)
‘em =c5-0" @
O =stress

¢1, €2, €3, €4, C5, 1 =constants for each creep curve,
which are shown in the reference2
T =time

The creep strain rate is obtained by differentiating Eq.
(1) by time.

f6© iy -exp(-y ¥ ) e ®

Equations (1) and (5) are the function of the stress C.
The creep strain &° andthe creepstrainrate”€® have different
values for different stresses, even if the time T is the same.
In this study, the value of stress changes with the produc-
tion of creep strain (refer to section 4.1). To determine the
creep strain rate at the time, the strain hardening rule® is
applied here.

The strain hardeningrule is an assumption that the creep
strain rate depends on the magnitude of stress and the quan-
tity of developedcreepstrain. The creepstrainrate”s,” atthe
time T, is obtainedas the creepstrain rate”€” atthe location
of the creep strain € at the time T, on the creep curve for
the stress O, at the time T;. Thetime for the creep strain€;°
on the creep curve for the stress O, is generally different
from the real time T,, because the stress changes every mo-
ment. Accordingly, the creep strain rate “€,” can not be ob-
tained by substituting T, into T in Eq. (5).

The creepstrainrate’e,” is calculatedwith the following
procedure.

@ 7 is calculated by substituting O, and €° into Eq. (1),
and by applying the Newton method. The derived T is de-
noted as T, and is usually not equal to real time T,

@ Tg;° canbe calculated by substituting T, and g, into Eq.
5).

Each time increment is made short enough to assume
that the creep strain rate does not change in each time
increment. Then, the creepstrain incrementdg,” is obtained
by multiplying "€;° by the time increment dr;.

4.3 Introduction of welding residual stresses

The creeptest specimenshown in Fig. 1 has a thickness
of 10 mm, whichis thin. But most weldingresidual stresses
of in-plane directions remain in the specimen. The remain-
ing welding residual stresses may affect the creep behavior
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of the specimen. So the welding residual stresses are intro-
ducedinto the analysisusing the simple model, as follows.
The effect of the welding residual stresses for the creep be-
havior is examined.

4.3.1 Introduction in uni-axial stress state

In the analysis as assumed to be one-dimensional stress
state, which uses one-dimensional stress element (Egs.
(1)-6), (38), (39) in the first report), the welding residual
stress in the direction of loading (X-direction) is investi-
gated as follows. This stress component is largest among
the weldingresidual stresses remaining in the specnmen, and
directly affects the creep strain rate.

The initial stresses correspond to the welding residuat
stresses are given in the elements of the model before the
loading in the creep test. Figure 4 shows the initial stress
distribution assumed in the model, which is based on the
author’s studies™ . Inthe figure, the brokenline SM-1-WR
near “Initial” is the initial stress distribution in the elements
EWMI1-EWM3. The stress distribution satisfies the equi-
librium condition in the section. The elements EBM1-
EBM3 have the same stress distribution from the structure
of the model. The load for the creep test is imposed on the
model under this condition.

OYWM’ 240 MPa ( £ Minimum initial yield stress in the weld metal)
OCygm = 120 MPa ( % Initial yield stress of base metal)

Initial Just After Loading

25 —r—r—r——T———T7— T
H = = ¢ sm-1-NO
y Hm i swawr o= (1760 ywy
mmt (in EWM 1,2,3) = (1/3)0 yau
o
L oG =-(172)Oyywm
= -OyaMm 550°C
; 235 MPa
i |
Y- R R M S EETN N A
-200 -100 0 100 200 300

Stress Oy (MPa)

Fig. 4 Welding residual stress o, in the simple model and
that just after full loading

4.3.2 Introduction in multi-axial stress state

In the specimen, there are the other residual stress com-

ponents which are comparatively smaller than the above
X-directional component. The joint is in the multi-axial
stress state. Then, the effect of the stress state for the creep
behavioris examined, using the initial stresses of Fig. 4 and
the theory (equations) for multi-axial stress state shownin
the first report. Actually the multi-axial stress coefficients
m®, m®*®, and m*_ included in the theory are different,
depending on the locatlon, and they change by the loading
and with time. It is assumed in this study that the coeffi-
cients melx, mEQX andmd"’x areconstant forevery elements
and every time.
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5. Analytical Results by Simple Model and

Discussions

The creep analysis (one-dimensional FEM analysis)
using the simple model was conducted for the specimenof
the thick butt weldedjoint shown in Fig. 1, underthe creep
test condition of the temperature of 550 °C and the initial
loading stress of 235 MPa. The simulated result was com-
pared with the experimental result, to verify the accuracy
and the usefulness of the model.

The creep behavior of the thick welded joint which was
analyzed in the above condition is complex as follows. The
magnitude of load is large because the test is anaccelerated
test. So the plastic deformation is largely producedin the
elements of the base plate by loading. During the creeptest,
unloading occurs in some elements in some for a while as
the creepstrainratesaredifferent in eachelement. At last all
elements largely deformplastically, and the modelruptures.

5.1 Effect of welding residual stresses

5.1.1 In case of uni-axial stress state

The creep analyses were performed for two conditions,
using uni-axial stress elements. One was the case which
considers no initial stresses. Another was the case which
considers the weldingresidual stresses of Fig. 4. Theresult
of the former is shown as SM-1-NO in Fig. 5. Thelatter
is shown as SM-1-WR. These creepcurvesarealmost same. -
The reason is that the stressesin the elementsjust afterthe
loading arealmost same, independent on the initial stresses
before the loading, as shown in Fig. 4, because the magni-
tuce of loading is large. These creep strain rates are about
one and half times the experimental result 2.
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Fig. 5§ FEffect of welding residual stress on creep behavior
(uni-axial stress state)

5.1.2In case of multi-axial stress state (Degree of multi-
axial stress state of the joint)



Next the creep analyses were conducted in the multi-
axial stress state. The stress component in the direction of
thickness, Oy, which is the second large component, is
considered in addition to the component in the direction of
loading, G, . By increasing the ratio of g, to O,, the effect
for the creep behavior was investigated. The multi-axial
stress coefficients m*' , m®?_and m, can be calculated
with Ecs. (14)«(16) in the first report, and they are used in
the analyses. Figure 6 shows the results for the changesof
the coefficient m"? « Which is the ratio of the equivalent
stress to the axial stness (OEQ/O' ). While the ratio g, /o,
changes from 0.00 to 0.255, the ratio G° Q/o changes from
1.00 t0 0.90. From Fig. 6, it is known that the rateof creep
deformation is greatly affected by the magnitude of the
equivalent stress, and the rate becomes very slower if the
equivalent stress becomes a little smaller dueto multi-axial
stress state.

25 P T —
- < L /
i :Experiment ] J
|— — :SM-M-1.00>0.90] 4 /
20 7 7
Strain |- / / i
Ex (O] m®Q = 1.007 098¢ ]
15 7 /4
/ . 0.96 , 4
-~
v 7z, Z - /o 94 )
A 2
< - - =" 0.92
;92551-—’_-——“1
et e L N
550°C
235 MPa i
o L ) P S .
0 1000 2000 3000 4000
Time (h)

Fig. 6 Effect of welding residual stress on creep behavior
(multi-axial stress state)

Then, changing the ratio O,/O, finely, the creep curve
which corresponds with the experimental result was ob-
tamed As shown in Fig. 7, when theratio O, /0, is 0.05
(m® « 18 0.976), the creep curve corresponds w1th the ex-
penmental result very well during all the stages from the
initial to the rupture. This result indicates that the simple
model has the ability to accurately simulate the creep
behavior of a thick welded joint, and that the degree of
multi-axial stress state of the joint is about m Q =0.976
on average, in the joint.

Figure 8 shows the distribution of load-axialstrainin
the elements (EWM1 - EWM3) of the weld metal at 1200
hours, inthe caseof m"2_=0.976. The experimental result
is the distribution at the midde cross section (x=0). The
above analyzedresult is the average in the weldmetal. Both
results correspond well, though the comparison is not on
the same basic.
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Fig. 7 Comparison of creep curves
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(after 1200 hours)

5.2 Length of elements of base plate

In section 2.3, the length of the elements EBM1 -
EBM3 was tentatively assumed to be the same as the ele-
ments EWM1 - EWM3, andthe model was called the basic
model. The length of the elements EBM1 - EBM3 is dis-
cussedagainhere. The multi-axial stress coefficientm®? <18
assumed to be 0.976 (G, = 0.05 O,) mentioned in section
5.1. The analyses were conducted for two different lengths
of the elements EBM1 - EBM3 from the base model. Oneis
the case of a haiflength of the base model, and the otheris
the case of twice. The length of element EBM4 changesto
hold the gage length constant.

The creep curves are shown in Fig. 9. The distribu-
tions of load-axial strain in the elements of the weldmetal
are shown in Fig. 10. HM-M-0.976 represents the result
for the case of a half length, and DM-M-0.976 represents
that fortwice length. InFig. 9, both the creepcurvesalmost
coincide with the basic model until about 2500 hours. After
that, three creep curves are different each other, but not sig-
nificantly. The distributions of load-axial strain have the
same tendency as shown in Fig. 10.
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Fig. 9 Effect of element size on creep curve
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Fig. 10 Effect of element size on local strain
(after 1200 hours)

From the above results, the length of the elements
EBM1 - EBM3 appears to have little effecton the behavior
of the model provided that the length is not changed sub-
stantially. The best length may be near the basic model,
between the basic model and the half length model, judged
from the comespondence with the experimental result. But
the effect of changing the length into this best may be very
small, so there is no necessity to change the length. The
length of the elements EBM 1 - EBM3 of the basic modelis
used as the one of the simple model.

5.3 Effect of stress-relief annealing

In section 5.1, the applicability and the degree of
multi-axial stress state of the model were investigated by
changing the stress state. The results indicatethe following
important information. Whenthe stress-reliefannealing for
the thick weldedjoints is includedin the fabricationprocess,
the treatment may adversely affectthe creep strength of the
joint. The reason will be explained in detail.

When the joint is loadedin one directionafteralmost all
the welding residual stresses are reduced with stress-relief
annealing, the stress state of the joint almost approachesthe
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one~dimensional state. The creep rate of the joint becomes
faster than the joint without the stress-reliefannealing, like
the caseof SM-1-NOin Fig. 5. On the other hand, when the
equivalent stress is smaller than the loading stress, due to
the welding residual stress, the creep rate of the joint be-
comes slower, andthe creeplife of the joint becomeslonger
than the one without the welding residual stresses.

Accordingly, judging from the analyzed results using
the simple model, it is estimated that welding residual
stresses do not reducethe creepcapacity of the joint, andthat
they may reduce the creep strain rate andmake the creeplife
longer. This conclusion relies on the assumption that the
creep properties of the joint, including the elongation at the
rupture, do not change due to the stress-relief annealing.
That is, they remains as welded, which are used in this
analysis. It is desirable to investigate by experiment the
effect of the welding residual stresses, and the creep proper-
ties after stress-relief annealing.

6. Conclusion

In this study, for thick weldedjoints of nuclearreactors,
etc., the creep behavior to rupture, which is important as
one of the limit capacities of the joint, is analyzed by theo-
retical calculation and by experiment. Based on the results,
desirable material properties and welding methods are in-
vestigated to improve the creep capacities (the creep strain
rate, the life time, etc.) of the joint.

To accomplish these purposes rationally andefficiently,
in the first report, a simple mathematical model based on
FEM had been developed. The simple model was con-
structed of seven one-dimensional elastic-plastic creep ele-
ments. ‘In the actual thick welded joint, complex three-
dimensional welding residual stresses exist in the initial
state, and the creep behavior may be different from the
one-dimensional stress state. So a new theory has been
developed. The theory is expressed for displacement, strain,
and stress in only one direction, but the effect of the exis-
tence of components in the other directions is included in
the equations, with an assumption. Then the model can
analyze creepbehaviorin the three-dimensional stress state,
using the one-dimensional element with the multi-axial
stress coefficients.

The model is easy to treat,and needs only a little labor
and computation time with a normal personal computerto
predict the creepcurve and the local strain of a thick welded
joint. In this second report, the simple model was verified
by comparing the analyzed results with the experimental
ones. The creepcurve of a thick weldedjoint obtainedby the
model correspondswell with the experimental one, over the
whole range of the creep curve. For the local strains in the
weld metal of the joint, the similar correspondence was
observed.



In the discussing about the applicability and the degree
of multi-axial stress state of the model, the following im-
portant indication was gained for the effect of the stress-
relief annealing for thick weldedjoints. In the creeptest, the
welding residual stress components, other than the loading
direction, have larger effects than the loading directional
component. If the stress components make the equivalent
stress smaller than the stress of the loading direction, the
creep strainrate becomesslower than in the case whereonly
the stress of loading direction exists. The stress-relief an-
nealing takes out the welding residual stresses. So the
treatment may make the creep strainrate faster, then it may
adversely affect the creep strength of the joint.

As a simple model has been completed, it becomes
possible to test easily the calculations under various condi-
tions with a personal computer, to improve of the creep
property of thick weldedjoint.
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