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ABSTRACT. Residual stresses and strains 
in a tube with spiral weld cladding were 
analyzed by the finite element (FE) 
method. The objective of this work was 
to determine the residual stress-strain 
state in the weld clad tube and verify the 
developed FE model, which might serve 
for future parametric sensitivity studies of 
various welding parameters on residual 
stresses in such tubes. 

An axisymmetric FE model was de- 
veloped to simulate the circumferential 
weld cladding process of Alloy 625 on 
SA210 carbon steel tube and to analyze 
the residual stress-strain state. The analy- 
sis was uncoupled in that the thermal and 
mechanical analyses were conducted in 
two separate runs. The results show high 
tensile residual stresses in the weld 
cladding and at the interface with a grad- 
ual transition to compressive stresses at 
the inner tube surface. 

A neutron diffraction technique was 
used to experimentally determine residual 
elastic strains in the clad tube. Compari- 
son with the FE results shows good overall 
agreement. The agreement is excellent in 
radial and axial elastic strain components, 
whereas the calculated tangential elastic 
strain overpredicted the measured value. 
The difference is discussed, and certain 
conclusions are given. 

Finally, some attempts on how to pre- 
vent or relieve high tensile stresses in the 
weld cladding are presented and dis- 
cussed in this paper. 
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Introduction 

A black liquor recovery boiler is an es- 
sential component in kraft pulp and 
paper mills. It is used to recover certain 
chemicals and generate process steam by 
burning the black liquor. The recovery 
furnace walls are made of water-cooled 
tubes. Both higher operating pressure, 
which caused higher wall temperatures, 
and a highly corrosive environment in 
the furnace have contributed to rapid 
corrosion of carbon steel tubes in the 
lower furnace (floor and lower walls). 
Type 304 stainless steel was found to be 
highly resistant to the sulphidizing envi- 
ronment in the boiler; therefore, the com- 
posite tubes (304 stainless steel cladding 
on SA210 carbon steel base tube) 
were selected to address the corrosion 
problem (Ref. 1). 

Composite tubes in recovery boilers 
are conventionally coextruded. Several 
boilers worldwide have experienced ex- 
tensive cracking in the stainless steel 
layer after various periods of operation 
(Ref. 1 ). A multidisciplinary research pro- 
gram has been initiated to determine the 
cause of the cracking phenomenon in the 
stainless steel layer (Ref. 2). 
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Alternative manufacturing processes 
are being considered to improve the re- 
sistance to cracking and in-service life of 
composite tubes based on the hypothesis 
that part of the problem is caused by the 
tube manufacturing process. Some expe- 
rience shows that floor sections repaired 
with corrosion-resistant welds are more 
resistant to cracking than the neighboring 
coextruded composite tubes. Conse- 
quently, circumferentially welding the 
corrosion-resistant cladding, typically 
Alloy 625 or Type 309 stainless steel, on 
carbon steel tubes (SA210 Grade A1 
carbon steel) is being considered as an 
alternative manufacturing process, and 
was studied in this work. 

In general, the physics of a welding 
process are very complex. The welding 
arc produces very high temperatures, in- 
stantaneously melting the material in its 
vicinity. The heat input is defined by 
welding parameters that, combined with 
heat losses, are functions of the type of 
materials used, geometry and size of the 
workpiece and fixturing; they determine 
the fusion-zone size and the intensity of 
thermal gradients during cooling. The in- 
tensity of thermal gradients during cool- 
ing influence the deformation patterns, 
which finally produce the residual stress 
distribution in the product. Various types 
of welding processes have been success- 
fully modeled by finite element (FE) anal- 
ysis to determine welding residual 
stresses (Reg. 3-6). 

The objective of this study was to an- 
alyze the residual stress state after the 
welding process; this evaluation is im- 
portant for a successful study of the stress 
conditions during operation of a boiler. 
The in-service stresses are a crucial fac- 
tor because they can either assist or pre- 
vent the initiation and/or propagation of 
cracks under various mechanisms, such 
as stress-corrosion cracking, thermal fa- 
tigue, or a combination of these. 
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Fig. 1 - -  Tube wi th a spiral cladding. 

An axisymmetric FE model was devel- 
oped to simulate the weld cladding pro- 
cess performed in two layers - gas metal 
arc welding (GMAW) for the first layer 
and gas tungsten arc welding (GTAW) for 
the second layer. Thermal and mechani- 
cal analyses were performed using 
ABAQUS FE code (Ref. 7). Part of this 
work included verification of the devel- 
oped FE model. Consequently, neutron 
diffraction (ND) was used to measure 
residual elastic strains in an as-manufac- 
tured tube (Ref. 8), and the results were 
used for comparison with the FE results. 
The comparison is very promising for fu- 
ture FE studies of residual stresses in weld- 
ments. The developed FE model might be 
useful in future sensitivity studies analyz- 
ing the effect of welding parameters on 
the residual stress distribution. 

Some approaches also were consid- 
ered to prevent or reduce high tensile 
residual stresses in the weld cladding. 
Heat treatment of the weld clad tube after 
the welding is one approach and chang- 
ing some welding parameters is another. 
The results of both processes are pre- 
sented and discussed in this paper. 

Overview of the Welding Process 

The welding process consists of two 
layers continuously applied in the cir- 
cumferential direction, resulting in a spi- 
ral 360-deg weld cladding - -  Fig. 1. The 
first layer is made with a single electrode 
(~l-mm-diameter) by the automated 
GMAW process with filler material, and 
the autogenuous GTAW process is used to 
make the second layer. The purpose of the 
second layer is to temper the heat- 
affected zone. The width of the weld bead 
is approximately 9 ram, which indicates 
that a special welding technique-- elec- 
trode weaving - -  is used to achieve the 
desired weld width. The tube is water- 
cooled during welding, and preheat is not 
applied. Table 1 shows the welding 
parameters adequate for modeling. 

Neutron Diffraction Measurements 

The ND measurements were con- 
ducted separately in a parallel study. Be- 
cause details of the experiment have 
been reported elsewhere (Ref. 8), only an 
outline is given here. Basically, this 
method uses one or more diffraction 
peaks as a strain sensor. From the mea- 
sured diffraction peak position, the inter- 
planar lattice spacing is obtained. The 
lattice strain is then determined using 
the equation, 

~ -  d - d °  (1) 
do 

where d o is the unstressed lattice spacing. 
In this study, d o for each material was ob- 
tained by measuring a stress-free refer- 
ence specimen, prepared using a part of 
the supplied weld clad tube (Ref. 8). 

The incident and diffracted beams 
were defined, respectively, by masking 
slits inserted before and after the speci- 
men. The intersection of the incident and 
diffracted beams formed the sampling or 
gauge volume. Strain mapping was ac- 
complished using a three-dimensional 
translation stage mounted on the sample 
table of the neutron diffractometer. All 
N D measurements were performed at the 
High Flux Isotope Reactor of Oak Ridge 
National Laboratory (ORNL). 

Table I - -  Welding Parameters 

Welding technique 
Welding current [A] 
Welding voltage range [V] 
Travel speed [mm/s] 
Electrode diameter [mm] 
Weave width [mm] 
Weld bead width [mm] 

Note that the slits used for radial and 
tangential strain measurements are 
30 mm long, whereas 4-mm-long mask- 
ing slits are used for axial strain mea- 
surements. This indicates that the 
measured strains in the radial and tan- 
gential directions represent an average 
across several weld passes, which is an 
important factor to keep in mind when 
the ND results are compared with FE cal- 
culations. Also, to ensure that the ob- 
tained strain values are representative, 
the radial and hoop strain profiles were 
determined at several locations around 
the tube, and the results were averaged. 
The axial strain was measured at only one 
angular position because of the small 
sampling volume. Therefore, long count- 
ing time was required for this measure- 
ment geometry. 

Finite Element Analysis 

Complex numerical models are re- 
quired to thoroughly model the physics of 
this welding process. In the thermal anal- 
ysis one should account for 1) conductive 
and convective heat transfer in the weld 
pool, 2) convective, radiative and evapo- 
rative heat losses at the weld pool surface, 
and 3) heat conduction into the sur- 
rounding solid material, as well as the 
conductive and convective heat transfer 
to the ambient through cooling sub- 
stances surrounding the tube. Further- 
more, one needs to account for 
temperature-dependent material proper- 
ties, the effect of latent heat of fusion, as 
well as the material phase transformation 
effects. Capturing all of these effects re- 
suits in a complex FE model. However, 
some effects may considerably compli- 
cate the analysis and yet have negligible 
effects on the final result. Therefore, one's 
best judgment should be used in such 
cases to decide on simplifications and as- 
sumptions for establishing an effective 
and yet reasonably accurate FE model. 

An axisymmetric model was consid- 
ered because of the circumferential weld- 
ing direction. This assumption 
considerably simplifies the modeling ef- 
fort and reduces the computational time. 
However, it requires acceptance of addi- 

Layer1 Layer 2 

G MAW G TAW 
170-200 360-400 
20-25 9-12 
12-13 12-13 

1.2 3.2 
9-12 9-12 
9-10 9-10 
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Fig. 2 - -  FE model 

Table 2 - -  Tube Cooling Parameters 

Water flow rate [cm3/s] 
Prandtl number, Pr 
Reynolds number, Re 
Tube-water convection coefficient, hf [W/m 2 K] 
Tube-air convection coefficient, h a [W/m 2 K] 

tional assumptions, which mainly address 
how heat is introduced into the model. 

The overall tube length considered in 
the model is 500 mm, which is approxi- 
mately nine times the length of the weld 
cladding considered in the analysis. The 
reason for selecting this tube length is to 
appropriately model the conductive, 
convective and radiative heat transfer 
during welding. Changing the tube 
length affects the intensity of the thermal 
sink (cooling water) and thus the steady- 
state temperature of the tube during 
welding. The model length was therefore 
selected on the basis of the calculated 
temperature, not exceeding 40°C (104°F) 
at a particular distant point on the tube. 

Figure 2 shows the 
FE model, essential 

Weld dimensions and 
Passes some mesh details, 

in addition to the 
sections from which 
the residual stress 
results are presented. 

Compu ta t i ons  
were performed 
using ABAQUS FE 
code. The core of the 
modeling effort is in 
the user subroutines 
for ABAQUS code, 
which allow the sim- 
ulation of the weld- 
ing arc movement 

I over the material. 
Thermal and me- 

! chanical analyses 
are uncoupled and 
performed in two 
separate runs. First, 
the thermal analysis 
is performed calcu- 
lating the transient 
temperature distri- 
butions during weld- 
ing. The model for 
the mechanical anal- 
ysis is similar to the 
thermal one, except 
for the type of finite 
elements and the 
applied boundary 
conditions. The me- 
chanical part relies 
on the thermal 
analysis results and 
calculates the stress- 
strain distribution on 

946-1892 the basis of the tern- 
7 .049 perature gradients. 

25104 + 50208 
2984 Thermal Analysis 
10.0 

Several assump- 
tions and simplifica- 

tions were made in the thermal model. 
The welding arc was modeled by a heat 
flux moving across the observed section 
of the tube. Electrode weaving was not 
modeled; instead, a wider heat flux was 
assumed, which corresponds to the weld 
bead width. To account for heat transfer 
effects due to fluid flow in the weld pool, 
an increase in the thermal conductivity 
above the melting temperature was 
assumed. The phase transformation ef- 
fect was modeled by specifying the latent 
heat of fusion. To account for heat losses, 
the radiative and convective heat transfer 
at the weld surface and the convective 
heat transfer to the cooling water and the 
surrounding air were modeled. 

The overall heat flux was calculated as 

= r/E I (2) 

where Q represents the efficiency factor, 
which accounts for radiative and other 
losses from the arc to the ambient envi- 
ronment, E is voltage and ! electric cur- 
rent. The heat flux distribution in the 
material is defined by the equation 

f(r,*,z)=fle- Lt;) k-g-) kZ; j (3) 

where r, ~, z are the radial, tangential and 
axial coordinates, respectively, with the 
origin at the material surface. Constants 
2a, 2b and 2c represent the characteris- 
tic arc dimensions in r, ~ and z direction 
within which 95% of the energy is trans- 
ferred. The constant fl can be derived by 
integrating the function f (r, ~, z) in the 
material half space beneath the welding 
arc (-~ < r< 0,-~ <¢ <,~,-,~ < z<~) :  

f l=~lE I 1 6~/-3 
abc abc lc-~/-~ (4) 

Because the axisymmetric model was 
assumed, the dimension b does not phys- 
ically exist. Therefore, the tangential di- 
mension was simulated by adding the 
time component to the model: 

L b t 2JJ 
(5) 

where t is the current time and t t is the 
total time that the electrode needs to 
travel over the observed point, taking into 
account the actual welding speed, 
v (Table 1). Equation 3 combined with 
Equation 5 model the volumetric Gaus- 
sian distribution of heat flux by transfer- 
ring the ~ dimension of the axisymmetric 
model into the time dimension. 

To model the conductive heat transfer, 
the thermal conductivity coefficients of 
both materials-- SA210 and Alloy 625 - -  
were given as a function of temperature. To 
account for heat transfer effects due to fluid 
flow in the weld pool, a linear increase in 
thermal conductivity by a factor of three 
between the melting temperature and 
3000°C (5432°F) was assumed for both 
materials. Figure 3 shows the applied ther- 
mal conductivity for SA210 and Alloy 625. 

The latent heat of fusion was specified 
to model the thermal effect of phase 
transformation. The value of 247 J/g was 
used for both materials (Ref. 9). 

Calculation of the convection coeffi- 

330-S I AUGUST 1998 



1.6 0,1 

- I 1.4 C a r b o n  S tee l  .. 

,~,o,8~8 I 

~" t2 

~ 1 • . L . -) ~0.8 

0.6 

0.4 -; I : I I i 

250 

0 . 0 8  

' T h e r m a !  : . L ... i 

0.04 ~ 

0.02 ~ 

i 

i i ! i i I I 0 

5 0 0  7 5 0  1 0 0 0  1 2 5 0  1 5 0 0  1 7 5 0  2 0 0 0  
T e m p e r a t u r e  [ C ]  

Fig. 3 - -  Specific heat and thermal conductivity for SA210 and AIloy 625. 

2 5  

2 0  

1 5  

o 

~-~ 
-10 

-15 

-20 

(A) 

= C a r b o n  s t e e l  = ' A I i o , , 6 2 5  

~ e o L 2  . . . . . . . . . . . . . . .  ; ~  
m 

Expedmen t  ' ; ~ *' ' 
i 1 I ~ '~ 1 1 i I i o 

- 5  - 4  - 3  - 2  -1 0 1 2 

R a d i a l  p o s i t i o n  f r o m  i n t e r f a c e  [ r a m ]  

1:t,, 
I 

'[c,-~st., 
. . . .  L'~,8 ~ 

. . . . . . . . . .  ; . . . . . . .  Y i e l d  S ~  . -  . . . . . . . . .  ~ . . . . . . . . . .  ~ . . . . . . . .  

T ~ m t u ~  [ Cl 

Fig. 4 - -  Yield and ultimate stress for SA2 lO and Alloy 625. 

2 . 0 E - 0 5  

1 . 8 E - 0 5  

~ 1.6E-t~ 

i l.4F-l~ 

1.2E4~ 

1 . 0 E - 0 5  

F.Jaatlc mod~ 

2 5 0  5 0 0  " 75O 1 0 0 0  
T e m p e r a t u r e  [ C ]  

250 

¸2'(3O 

,oo! 

0 

Fig. 5 - -  Thermal expansion and elastic modulus for 5A210 and Alloy 625. 

2 5  

2 O  

1 5  

~ lO 
o 

c 
~ o 
~-~ 

-10 

-15 

- 6  

(B) 

SeCLI . 3 .  _ . ~ .  . . ~ .  _ . /  . . . . .  ,k . . 

S e O L 2  .. t . . . . . . .  ~ . . . . . .  I . . . . .  J . . . .  * . . . . . .  L . ~ ' - -  

Average  . ~_ _ _ ~ . _ . ~ . . j . _ . 

/ - . - :  ; i i 

' I I I 

. i  _ j . . . . .  ; .  

' C a r b o n  s t e e l  ' ' A l l o y  6 2 5  
; : ; ', : 

-5  -4  -3  - 2  -1 0 1 
Rad ia l  p o s i t i o n  f r o m  i n t e r f a c e  [ r a m ]  

2 5  

2 O  

1 5  

, o  

~ s  

[o 
I -  - 1 0  

- 1 5  

- 2 0  

(c) 

i i i i i • ~ • • 

& - -  A 

I 

• , .  ' . c . . ~ . m . a , , .  ' . .  ,A,~y~? 

- 6  - 5  - 4  - 3  - 2  -1 0 1 

Radia l  p o s i t i o n  f r o m  i n t e r f a c e  [ r a m ]  

Fig. 6 - -  Comparison of  elastic strain components (radial, axial, 
tangential) measured by ND and calculated by FE method. 

WELDING RESEARCH SUPPLEMENT[ 331-s 



100  ¸ 

I l I + + + t 
5 0  ++ + + + + + 

I + + t + + = o] . . . .  f _ ;  _ 

. . . .  2 2:1+iii.: ' + • 

3°°I R m' w+'di"g ...... i . . . .  

I Modified welding parameters + ' I ' 
350 ~ ", • , . _ _ _ _ ,  . . . . . . .  i . . . . .  + . . . . .  

| ~ ' Cadoon steel + + Alloy 625 
400 1 ~ k , ~ 

-6 -5 -4 -3 -2 -1 0 1 
Radial position from interface [ram] 

Radial stress [MIni  

1'?ii 

5O0 

4OO 

3OO 

~, 200 

100 

I° 
- 2 0 0  

- 3 0 0  

-4130 

-6 

m 3 

Regular welding parameters ~ ~ * ~, . . . .  

M o d i f i e d  w e l d i n g  p a r a m e t e r s  ~ . . . . . . .  ~ . . . . .  ~ 

' Cadoon steel + + Alloy 625 
+ ~ ~ I | I 

-5 -4 -3 -2 -1 0 1 l 
Radial position from interface [mm] 

Axial stress [MPa] 

l+ii 
Fig. 7 -  Radial residual stress. Fig. 8 - -  A x i a l  res idua l  stress. 

cient, h t, for convection to the cooling 
fluid was based on the water properties 
at 20°C (68°F) and the water flow rate in 
the tube is shown in Table 2. In addition, 
the tube-air convection coefficient, h a , 

was calculated for the natural convection 
to the air of 20°C (68°F). Radiant heat 
transfer was assumed at the outside tube 
surface. The value of 0.2 was used for the 
emissivity coefficient. 

Three computational steps are re- 
quired to complete one welding pass. In 
the first step, the heat sou rce passes across 
the observed section and heats/melts the 
tube material. The filler material is added 
in the second step. The third step, which 
is required because of the axisymmetric 
model assumption, simulates the cooling 
of the observed section before the elec- 

trode returns for the next welding pass. 
Because of the axisymmetric model as- 
sumption, the heat is simultaneously ap- 
plied and the material is simultaneously 
melted and deposited around the circum- 
ference. The cooling in the third step un- 
dergoes the same assumption that creates 
sharp thermal cycles. To ensure more 
gradual heat distribution, which can bet- 
ter represent the continuous or progres- 
sive heat input in the circumferential 
direction in actual welding, additional 
heat is applied during the third step. The 
distributed heat flux, which equals the 
welding heat flux, is applied to the weld 
section of the tube during the cooling 
time. Six welding passes are simulated to 
obtain a weld of sufficient length and to 
get a uniform region of residual stresses 

that are unaffected by the beginning and 
end of the welding process. After the first 
layer is finished, the tube is cooled to 
room temperature, and then the second 
weld layer is started. The computational 
assumptions for the second layer are sim- 
ilar. Each welding pass for the second 
layer consists only of two computational 
steps - -  heating and cooling - -  because 
no filler material is to be added. After the 
last (sixth) pass of the second layer, the 
tube is again cooled to room temperature. 

The heating time (first step) equals the 
time the electrode with the assumed 
diameter needs to travel across the ob- 
served point with the actual welding 
speed. The cooling time (third step) equals 
the time the electrode needs to travel 
around the tube, again with the actual trav- 
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eling speed specified in Table 1. The final 
cooling, which takes place after the second 
layer is finished (cooling after the sixth 
welding pass), lasts until the tube reaches 
the isothermal ambient temperature. 

Mechanical Analysis 

An elasto-plastic constitutive law 
was used in the mechanical analysis. 
The temperature-dependent mechanical 
properties were obtained elsewhere 
(Refs. 10-13). Figure 4 shows the tem- 
perature-dependent yield and ultimate 
stresses for SA210 and Alloy 625. Both 
yield and ultimate stresses were reduced 
to 10 MPa at the melting temperature to 
simulate the low strength at high temper- 
atures. Elastic modulus was also given as 
a function of temperature and reduced to 
a small value (5000 MPa) at high temper- 
atures - -  Fig. 5. The Poisson's ratio of 
SA210, which has the value of 0.28 at 
room temperature, increases linearly to 
0.3 at 430°C (806°F) and is constant for 
higher temperatures. The Poisson's ratio 
of Alloy 625 is 0.28 at room temperature 
and linearly increases to 0.33 at 1280°C 
(2336°F). Phase transformation effects 
due to rapid cooling on mechanical 
properties of carbon steel were not in- 
cluded in the analysis. 

The same FE mesh was used as in the 
thermal analysis. The analysis is based on 
the temperature gradients calculated in 
the thermal analysis, which represents 
the input information, or loading. The 
tube was not restrained during mechani- 
cal analysis because it is rotating and si- 
multaneously moving in the axial 
direction during the actual welding 
process. 

Residual stresses and elastic strains 
were calculated after the welding pro- 
cess was completed and the tube had 
cooled to room temperature. Residual 
elastic strains were evaluated for com- 
parison with the ND results. The purpose 
of the comparison is to validate the FE 
model, which will be discussed in the fol- 
lowing section. 

Results and Discussion 

Verification of the FE model 

The analysis was verified by compar- 
ing the calculated elastic strains to those 
measured by the ND technique. Because 
the elastic strains were directly measured 
by ND, their comparison to FE elastic 
strains avoids the error from conversion 
to stress values (Ref. 3). Residual elastic 
strains were measured in three direc- 
tions - -  radial, axial and tangential. 
These strains were then used to deter- 

mine the accuracy of the FE model. Fig- 
ure 6 shows the comparison. Note that 
the FE results are presented in two 
through-thickness sections. Section line 
1 is located between the two weld 
passes, and section line 2 is at the center 
of the weld pass where the highest stress 
variation occurred - -  Fig. 2. Also note 
that the ND results were measured across 
several weld passes (radial and tangential 
components), and therefore represent an 
average strain. 

Based on the results presented in 
Fig. 6, it can be concluded that the agree- 
ment in axial and radial directions is ex- 
cellent. The calculated and measured 
tangential strains at the inner tube surface 
agree well. In other areas, however, the 
calculated tangential strains are consis- 
tently higher. This may be explained by 
the macroscopic model nature, which 
prevents capture of the micro effects at 
the interface between the two materials 
during deposition, solidification and 
cooling transients. This may be in accord 
with dilution shown after removal of the 
carbon steel material. Conversely, one 
may use the good agreement in radial 
and axial strain components to disprove 
the significance of the above-mentioned 
effects on the FE stress-strain results. 
However, the overestimation in tangen- 
tial component could also be explained 
as follows. The axisymmetric model as- 
sumption means that the material depo- 
sition around the circumference is made 
simultaneously. Because the circular 
layer of material is at high temperature 
during deposition on the tube, which is 
at room temperature, considerable 
shrinkage of the deposited layer occurs 
when the composite is cooled to room 
temperature. This creates tensile stresses 
in the cladding and compressive stresses 
in the base material. The difference in 
thermal expansion coefficients also af- 
fects the magnitude of the resulting 
stresses. The physics of gradual deposi- 
tion in the circumferential direction may 
have different effects on shrinkage be- 
cause the deposited material cools while 
the welding is still in progress. Intuition 
suggests that the tangential shrinkage 
may not be as intense in the case of con- 
tinuous-progressive solidification and 
cooling in the circumferential direction 
(actual welding process) compared to the 
simultaneous weld solidification and 
cooling of the entire circumference (ax- 
isymmetric model). This might contribute 
to the higher stress magnitude in the tan- 
gential direction. 

Residual Stresses 

Residual stresses and strains were 

evaluated after the welding process was 
completed and the tube had cooled to 
room temperature. The calculated resid- 
ual stresses along the two section lines 
were averaged and presented for radial, 
axial and tangential direction in Figs. 
7-9, respectively. A shaded cross-section 
plot is added to each figure to show the 
stress pattern. The results for equivalent 
plastic strain are also presented in 
Fig. 10. The section line 1 intersects the 
tube between the third and the fourth 
weld pass, whereas the section line 2 in- 
tersects it in the middle of the fourth pass 
- -  Fig. 2. Sections were selected to cap- 
ture the two extremes in the through- 
thickness stresses and strains. The two 
middle passes were evaluated to mini- 
mize the beginning and end weld effects 
on the stress distribution, which are 
shown in shaded plots of Figs. 7-10. 

Averaged radial stresses are compres- 
sive and their magnitude is not significant 
(up to 50 MPa), as shown in Fig. 7. The 
stress pattern is unique in that the stresses 
underneath each weld pass are tensile, 
whereas they are compressive underneath 
the interface between the two weld passes 
as shown in the shaded plot of Fig. 7. 

Axial residual stresses in the weld 
cladding are tensile and lower than the 
yield stress. The calculated average stress 
is between 350 and 400 MPa. Stresses in 
the carbon steel are tensile at the interface 
(200 MPa), decrease to about a 300-MPa 
compressive stress at approximately one- 
third of the tube thickness, and remain 
constant to the inner surface - -  Fig. 8. 

Figure 9 shows that the calculated tan- 
gential residual stress distribution is simi- 
lar. Stresses in the cladding and in the 
carbon steel core are higher by about 100 
MPa, compared to the axial stress. Ac- 
cording to the explanation given in the pre- 
vious section, the tangential stresses are 
expected to overestimate the actual value. 

The FE results also show that the whole 
tube was plastically deformed during the 
welding process. The highest plastic 
strain occurred at the interface (up to 
0.18). It is lower at the inner tube surface 
(approximately 0.02), but higher in the 
weld cladding (approximately 0.08) - -  
Fig. 10. The calculated plastic strains may 
overestimate the actual value because in 
the FE analysis the strains accumulate 
over the heating and cooling transients. 

In general, residual stresses in the 
weld cladding and at the interface of the 
two materials are high and tensile, which 
is important information for evaluating 
the clad tube with respect to potential 
failure mechanisms. 

Two processes were considered to 
prevent or reduce the tensile residual 
stresses in the weld cladding. First, the 
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welding process was modified so that the 
water cooling was removed and a pre- 
heat of 93.3°C (200°F) was applied. 
Next, the heat input for the second layer 
was reduced by lowering the electric cur- 
rent from 400 to 250 A. As a result, the 
average radial stresses are higher (up to 
100 MPa), but the axial and tangential 
stresses are considerably lower. In the 
carbon steel core they are lower for ap- 
proximately 100 MPa. The same applies 
to axial stresses in the weld cladding, 
whereas the tangential stresses in the 
weld cladding are lower for 100 to 300 
MPa. Figures 7-10 show the results. 

Annealing after the welding at 900°C 
(1652°F) for 20 min was even more suc- 
cessful in relieving the residual stresses. 
The residual stresses after the he,~t treat- 

ment were reduced to almost zero 
(Ref. 8). Figure 11 shows the comparison 
of the tangential strains in the as-manu- 
factured tube and the annealed tube. 

Stresses at In-Service Conditions 

Due to the importance of in-service 
stresses for evaluation of various cracking 
mechanisms for the tubes in black liquor 
recovery boilers, the stress state was also 
analyzed at the operating conditions, 
with a uniform temperature of 287°C 
(549°F) and internal pressurization of 
8.62 MPa. The in-service stresses in the 
tubes made by the regular welding pro- 
cess (welding parameters defined in 
Table 1) and the modified welding pro- 
cess as discussed in the previous section, 

do not change significantly from their 
residual stresses. The axial stresses are 
approximately 50 MPa lower throughout 
the tube thickness, whereas the tangen- 
tial stresses are lower for approximately 
50 MPa only at the inner surface. The 
change in radial stresses is negligible. 
Note that the performed analysis took 
into account only the residual stresses 
due to the weld cladding process, and the 
residual stress state shall be different after 
the panel assembly. However, the dis- 
cussed results give an answer on the 
magnitude of the in-service stresses rela- 
tive to the magnitude of residual stresses 
in the tube. Stresses in the annealed tube 
- -  assumed zero residual stress - -  at the 
operating conditions reach the magni- 
tude of about 30 MPa. 
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The reason for such a small stress dif- 
ference between the as-manufactured 
tube and the tube at the operating condi- 
tions is due to the small difference in the 
thermal expansion coefficients between 
the two tube materials - -  Fig. 5. 

Conclusions 

In this study, an axisymmetric FE 
model was developed for the simulation 
of the spiral weld cladding process. The 
residual stress and strain distributions in 
the weld clad tube were analyzed. The 
residual elastic strain distribution was 
measured using the ND technique in a 
parallel study (Ref. 8). The measured data 
were used to verify the developed FE 
model. Excellent agreement in radial and 
axial elastic strain components was ob- 
tained, while the calculated tangential 
strains overestimated the measured val- 
ues. The disagreement in the tangential 
component, which may result from the 
simpli f icat ion of the welding process 
with an axisymmetric model, is dis- 
cussed in this paper. 

The calculated axial stresses in the 
weld cladding are very high and tensile, 
with an average of 375 MPa. They are 
compressive and of lower magnitude at 
the inner tube surface. The calculated tan- 
gential stresses in the cladding are tensile 
and also very high, with an average of 450 
MPa. The comparison of measured and 
calculated elastic strains suggests that the 
calculated tangential stress component, 

especially in the 
weld cladding, is 
higher than the ac- 
tual stress. Radial 
stresses are mainly 
compressive, and 
their magnitude 
is not significant 
compared to the 
axial and tangential 
stress components. 

The analysis 
shows that the 
whole section - -  
tube and weld - -  
undergoes plastic 
deformation during 
welding. The plas- 
tic strain is the 
highest at the inter- 
face and in the 
weld cladding. 

The results show 
that modifications to the current welding 
process, i.e., removal of cooling water, 
application of preheat and reducing the 
electric current of the second layer, affect 
the residual stresses in the clad tube. The 
average axial and tangential stresses in 
the carbon steel core and in the cladding 
are lower for approximately 100 MPa. 

Annealing the welded tube at 900°C 
(1652°F) relieves the residual stresses to 
almost zero. 

Stresses in the tubes at the operating 
conditions do not change significantly 
from their residual stress state. 

In general, the results obtained in this 
study are very promising for determining 
the residual stress patterns of complex 
welding processes by a FE model. The de- 
veloped model can be used in a future 
parametric sensitivity study to analyze 
the effect of various welding parameters 
on the residual stress distribution. 
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