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Abstract

Manufacturing process of pressure vessels used in high-tenmgeagplications normally
needs employing dissimilar metal welds (DMWSs) betweereaiigt and ferritic steel.
However, high amount of thermal stresses at the weldaduieed due to differences in
coefficient of thermal expansion between the types of.Stéé study investigates the
evaluation of welding residual stresses in a pressure vesseifactured by DMW of 316L
stainless steel shell to A106 carbon steel caps as wathidar welding of stainless steel
shells. By using longitudinal critically refracted (LCR)rakonic waves, the residual stresses
are experimentally measured. The ultrasonic method is basswbastoelasticity law by
which the ultrasonic wave velocity could be connected tonterial stress. By changing the
frequency in which the ultrasonic transducers are workind, @i waves are able to
penetrate in various depths of the material in order tounedise sub-surface residual
stresses. Hence, four main aspects are considered iruthys @) stress evaluation of the
DMW; (1) sub-surface stress measurement; (l11) strarsguation of longitudinal weld and
(IV) stress measurement in cross weld. It is demonsithtd the residual stresses of the
DMW pressure vessel could be comprehensively evaluatedy tiie LCR method.
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1. Introduction

The industrial demand for dissimilar metal weld (DMW) is awmusly increasing due to
various advantages such as providing suitable mechanical prezdotig) with cost
reduction [1]. Dissimilar metal joints between pipes mafderritic and austenitic steels are
extensively employed in engineering structures such asyseegessels working in high-
temperature applications. The austenitic stainless gteg] 816L which is employed in this
study) has a thermal conductivity of one third of carbon $tegl, A106 which is considered
in this study) [2]. Furthermore, the austenitic stainlessistave also a 50% greater thermal
expansion in comparison with the carbon steels [2]. Differemcthermal conductivity as
well as thermal expansion are prone to uneven expansion andialistdnen the austenitic
stainless steel is joined to the carbon steel. Theses pkeaarould play an important role in
producing high amount of welding residual stresses in the DMW.

Residual stress is defined as the stress that reinaide the material after the manufacturing
process, in the absence of any external loads or theradiégts. The residual stresses could
undesirably change the fatigue life, dimensional stabildy,osion resistance, and brittle
fracture. Unfortunately, the welding process produces high anobtime residual stresses in
the structures. Differential shrinkages due to the weldisohtion and cooling, as a natural
phenomenon in the welding process particularly in the DMW,emgonsible for the welding
residual stresses. By mitigation of the welding residuassts, it is expected to decrease risk
of catastrophic failures in the welded structures. Howatwe firstly required to assess the

welding residual stresses.

There are various experimental methods for evaluation af¢tding residual stresses.
Ultrasonic stress measurement is a nondestructive methoddratiezlacoustoelasticity law,
which states that flight time of the ultrasonic wave fkienced by the material stress.
Evaluation of third order elastic constants motivated theldpreent of acoustoelasticity.
Based on Murnaghan's theory of nonlinear elasticity, Hughes aihddéveloped the theory
of acoustoelasticity in 1953 [3]. In 1967, Crecraft [4] showed tite acoustoelastic law
along with the ultrasonic birefringence effect could be employeddn-destructive stress
measurement on the metals. Tanala et al [5] and Schné]dtrdcribed the stress assessment
by the ultrasonic method. The ultrasonic shear wave has beémnusltrasonic stress
measurement; however, in modern applications of the techniquetuldingl critically
refracted (LCR) waves are substituted. The LCR wawelongitudinal ultrasonic wave



propagated inside the material and parallel to the suragle and Bray [7] demonstrated
high sensitivity of the LCR wave to the stress in compangtimother types of the ultrasonic
waves. The LCR technique applications were given in a numistudies, remarkably
Santos and Bray [8-9], Bray and Chance [10] and Javad{®t-dl5]. In this study, the LCR

waves are employed to measure the welding residual stresB&W pressure vessel.

Sub-surface residual stresses are defined as the stvétisia the depth of the materials. In
the circumferential welding needed to manufacture the pregeasels, the residual stresses
in depth of material could be significantly varied from thdage stresses. However, the
majority of nondestructive stress measurement methods, like H#fraction and
Barkhausen Noise, are capable of surface stress measunemepth of a few micro-
millimeters [16]. By altering testing frequency in whitte ultrasonic transducers are
working, the LCR wave is able to penetrate in differentliept the material in order to
measure the sub-surface residual stresses. The ultrassthiodhinas shown the capability of
sub-surface stress measurement in the stainless steed phd pipes [11, 13]. However,
potential of the sub-surface stress measurement in the DIMN¥ pressure vessels needs

more investigations, which is considered in this study.

In the previous literatures, the LCR methods had been scam$jdered in the DMW of the
pressure vessels. The main goal of this study is residaatstvaluation of a pressure vessel
in which the DMWs are employed. The LCR method is used &sure the sub-surface
residual stresses in the DMW pressure vessel. The réstdesses are also measured by the
hole-drilling incremental method in order to validate theaslinic measurement results. By
comparing results of the LCR and hole-drilling methods, the wegldisidual stresses in
DMW, similar welds as well as cross welds (interfaceimumferential and longitudinal

welds) are achieved.

2. THEORETICAL BACKGROUND

Principles of the stress measurement implemented by tRewawe are simply shown in Fig.
1. The LCR wave is firstly produced in the first critiaagle (calculated based on the Snell's
law) by a transmitter transducer; then propagated througlianref the material (parallel to
the material surface) and is finally detected by tleeiver transducer. In this wave path,

velocity of the LCR wave is influenced by the matesiaéss. Hence, the time of flight (TOF)



related to the LCR wave propagated inside a stressragerial (T1) would not be equal to

that obtained from a material with stress (T2).

The material stress could be achieved from the following famul

-2y »

In Eqg. (1),0 is the material stress, E is the elastic modulus, TIT2rate the TOFs as

shown in Fig. 1.

In Eq. (1), L stands for the acoustoelastic constant, whigh imknown material property

The LCR wave is able to penetrate in various depths ohtterial in order to measure the
residual stress in the sub-surface layers. The depthafimyelated to the ultrasonic
wavelength, often exceeding a few millimeters. As atpral method, the ultrasonic
transducers (by which the LCR wave is produced and receive#dingavith various testing
frequencies are employed in order to reach different LOResvpropagating in various

depths of the material (as shown in Fig. 3).

3. EXPERIMENTAL PROCEDURES
3.1.  Sample Description

In this study, two pipes made of stainless steel3(I[8°L) are joined together in order to
make shell of the pressure vessel. Two carbon steel cal@jare then joined into the shell
by dissimilar metal welding (DMW), as shown in Fig. 4. Tuegsnert gas (TIG) welding is
employed to join all the caps and shells producing the only safpgdssure vessel) used in
this study. The outer diameter dndWallthickness of the ymesessel are equal to 323.8
mm and 6 mm, respectively. The welding processes includindptvgitudinal welds to

manufacture the stainless steel pipes, a circumfereveildlto join the pipes making the



shell, DMW to join the left cap into the shell as wadlDMW used for the right cap are

implemented according to the welding procedure specificatiofS|\khentioned in Table 1.

3.2.  Stress Measurement Devices

The devices used for the ultrasonic stress measureraestiawn in (Fig. 5), which
include an ultrasonic box, computer, and time of flight (TOEasuring unit. The ultrasonic
box is a 100 MHz ultrasonic testing device capable of synchitmnzaetween the pulser
signal and the internal clock, which controls the A/D conveiitee TOF measuring unit
includes three normal transducers assembled on an integratedtwedggsure the time of
flight. By employing the LASER cutting process, an ultrasevedge is manufactured from
poly methyl methacrylate (PMMA) material (commerciddlyown as the trademark
Plexiglas) to be used as positioner for the ultrasonic transiuwedal and hoop wedges are
employed to measure the TOF in the axial and hoop directesecatively. Twelve
transducers in four different frequencies are used to measuseahksurface stresses while
their nominal frequencies are equal to 1 MHz, 2 MHz, 4Mhtt &aMHz. Three normal
transducers with the same frequency are assembled invedgle where the diameter of the

piezoelectric elements is 6 mm.
There are three scanning paths, which are considered inutiys(5ig. 6):

a) Path 1: The scanning path 1 starts from the melted zone (Miedkft cap (L4),
passes the main center weld (L3), and ends to MZ ofgheaap (L2).

b) Path 2: The scanning path 2 covers the longitudinal weld (H2) arsl istal00 mm
distance from the MZ of the H2, crosses the H2 and ends tar8distance from the
other side of the H2.

c) Path 3: The main goal of scanning path 3 is investigation ofrdss eveld between
H1 and L3. Hence, the Path 3 starts on the H1 and 50 mm didtantehe L3,
passes from the cross weld (interface of H1 and L3) and ends to &bstamce from
the L3 on the other side.

In all the scanning paths 1-3, the moving step is equal to fanthe points near and on the
MZ while it is increased to 5 mm far away the weld. Ti@F is measured three times for
each point and the average data is recorded. The Pa#ttsd scanned four times by using
four different frequencies of the transducers in order tasore the sub-surface residual

stresses. In each ultrasonic scanning path, there arepsomi® in which the hole-drilling



technique is applied in order to verify the stress measunter@sults of the ultrasonic method
(Fig. 6).

The residual stresses measured by the ultrasonic method ifiegi\®r the hole-drilling

(HD) technique, which is standardized by ASTM: E837 for stmesasurement. The hole-
drilling method is implemented on the DMW pressure vessebint @oints in order to cover
all the three ultrasonic scanning paths (Fig. 6). This sentitaidise technique measures the
strains relaxed by incremental drilling of a small holthwiliameter of 1.5 mm and depth of 2
mm. The strains are evaluated using a strain gaugeaadetr each depth increment and the

residual stresses are then calculated employing equattaidisieed by ASTM: E837.

After TOF and hole-drilling measurements, the pressure Messent for stress-relief heat-
treatment (at 450° C for 6 hours). This will facilitate meament process of T1 and
acoustoelastic constant (L), which need to be carried ouieostitbss-free material in order to
complete the procedure of ultrasonic stress measurementrédée elieved sample is then
evaluated by TOF unit to determine the value of T1 fohallgoints located in Paths 1-3. As
a practical technique for measurement of the acoustoelasttant, the sample should be
pressurized in order to purposely produce stress on the surffeceample is filled with the
water and the internal pressure is increased step byhstegh an air compressor. The stress
on the outer surface is calculated according to the ASMEASBCcThe sample is retained in
a certain pressure while the TOF unit is assembled orordier to trace the LCR wave
affected by the air pressure induced stress, as showg. iri. Hhe acoustoelastic constant (L)
throughout the sample and in all the scanning paths (Path 1h@hisichieved based on Eqg.
(). In comparison with the acoustoelastic constant measotéeahinique already described
in the Introduction (as shown in Fig. 2), the pressure teshigue considered in this study

has the following advantages:

) Practically, it is not simple to extract tensile tezigle from a rounded shape
sample (e.g., the pressure vessel considered in this studgthermore, it is
needed to damage the sample in order to provide the tensisanesle while the
pressure test method is able to measure the acoustoelastitantons

nondestructively.

1)) The effect of material texture, which could be considerablngée from the base
metal to HAZ and MZ, is known as a source of error in the ultrassiness

measurement [17]. To pass through this limitation, it is uswatpmmended to



focus on precise measurement of the acoustoelastic constanht ks different
values in the base metal, HAZ and MZ. Javadi et al [1dgnted a big challenge
to evaluate the acoustoelastic constant of HAZ because iensiioms were not
enough to extract the tensile test sample. They investigatemis heat treatment
procedures to find the proper thermal cycle in order to simulateHhg
microstructure in a tensile test specimen extracted frenbdéise metal [11]. It is
believed that the DMW could intensify the challenge of HAZ satiah due to
rapid change of the microstructure through the weld. Hence,cihestelastic
constant measurement by tensile test technique would be facedhwugth
microstructural difficulties particularly in case of DMW irstgated in this study.
Alternatively, the pressure test technique is able to prothdeacoustoelastic
constant in a relative method. It means that, the acoudioatasstant would be
provided in a continuous diagram for all the Paths 1-3. As a resadf)
measurement point has its unique acoustoelastic constant which wilelein

Eqg. (1) for stress calculation of that point.

3.3. Sourcesof error

The ultrasonic stress measurement, like all the measurenegmbds, suffers from various
technical difficulties resulted in different measuremerdrs. The ultrasonic method is able
to measure the residual stress with minimum 10 MPa @hermighest accuracy reported in
a plate and measured by 1 MHz transduser [11]). On the othérih&as been already
reported that the error would be increased to +40 MPasi aameasurement by higher
frequencies (i.e., 5 MHz) [11]. The measurement errorddmeicaused by the ultrasonic

technique and, additionally, by the sample on which the ultrasoegsurement is applied.

The ultrasonic method is able to measure the average dfiaésiresses in a penetration
depth corresponding to frequency of the ultrasonic transducer b estresses are
measured. This should be reflected in verification of thrasonic technique by the other
measurement or numerical methods. For instance, the HD meastiris applied in a hole
with depth of 1.5 mm, which is in good agreement with patietr depth of 4 MHz-
transducer (as shown in Fig. 3). It means that the resudmeltby the 4 MHz-transducer

are the only ultrasonic results allowable to be comparedresthits of the HD measurement.



The ultrasonic error could be caused by the instrumentatirding transducers, ultrasonic
board and connectors. The manufacturing error of the wedge utenitian creation of the
first critical angle, could be another important sourcer@reHence, employing high quality
instruments as well as high accuracy manufacturing procesddsesuit in reaching an

acceptable range of error in the ultrasonic stress measureme

The ultrasonic couplant is also an important source of error gentteckness could be
changed during the measurement. Once the thickness of couptaist ¢hanged, the TOF
would be changed leading to a miscalculation of stresstedixed thickness of the
couplant film could be practically achieved by applying a @nigtressure on the wedge

throughout the scanning path.

The temperature effect on the TOF measurement is cons@ae@tbther source of error.
However, it could not be a big challenge in case of quicksoreanent in a well-equipped
laboratory. It is also practical to monitor the temperatiur@ughout the ultrasonic
measurement and then insert its effect in calculatioheofdsidual stress. In this case, it is
firstly required to measure the temperature effect o @€ in a material same as the
investigated sample. To deal with this experimental jangle setup including a heater and
thermocouple would be employed to increase and measure thedtimpevhile the TOF

unit is used to record any changes and temperature effect.

All the aforementioned errors could be amplified in casgrelss measurement on a welded
sample. First of all, the welding zone, HAZ and base nieteé different microstructure
leading to a considerable effect on the TOF measuremestwbhild be deteriorated in case
of DMW investigation. The best practical technique to dedl this problem is measurement
of the acoustoelastic constant in all areas of MZ, HAZlzas® metal as described in the

previous section.

As mentioned in the previous section, the sample is stkeged before measurement of the
T1 and acoustoelastic constant. The measurement of T1 amst@elastic constant is carried
out by assuming that the sample is stress-free which isqalctimpossible to be achieved.

Any amount of residual stress not relieved during the heat teeatould be considered later

as an important source of error in measurement process ofdldcaustoelastic constant.

Another measurement error caused by the sample is movingrdmounic wedge over the
DMW area. Due to different materials, velocity of theagbnic wave is changed in two
sides of the weld leading to difference in the first critasagle. It is needed to manufacture
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4. RESULTS AND DISCUSSION

4.1. Study of the DMW and sub-surface stresses by investigation of the Path 1

The results of hoop and axial residual stress measured byrémonlc LCR method are
shown in Fig. 8 and Fig. 9, respectively. From Fig. 8, the mesidual stress distribution is
in tensile mode at the weld centerlines while it transotoncompressive stresses near the
heat affected zone (HAZ) and finally tends to zero vaiubeé points located far enough
from the welds. As an opposite trend, Fig. 9 shows that éhe eenterlines carry axial
residual stress in the compressive mode. From Fig. 89gdrierally obvious that the hoop
and axial residual stresses of DMWs (L2 and L4) are hidfizer similar welding of stainless

steel pipes (L3).

The general trend of axial and hoop residual stress achieveis istudy stands in good
agreement with those obtained in previous investigation girdesure vessels [12, 14].

However, the quantities of the residual stresses achiemedthe ultrasonic stress



measurement are verified by those obtained from the hole-dmtigtgod. It is generally
obvious that there is an acceptable agreement betweenrtt®nit measurements with the
hole-drilling results. The reason of employing 4 MHz transdufrcomparing the
ultrasonic and hole-drilling measurements is the 1.5 mm pépeatdepth of this transducer,

which is fit with depth of the hole produced during the hole-dglineasurement.

From Fig. 8, the peak of residual stress is 326 MPa, 67avi@#853 MPa in the weld center
of L4, L3 and L2, respectively. The corresponding values obtdéimedthe HD

measurement are 341 MPa, 83 MPa and 337 MPa for L4, L3 anddg&ctively. This

shows that the maximum disagreement is less than 20 pextectt,is an acceptable
measurement error in the weld stress measurement. Fgor, fne peak of residual stress in
L4, L3 and L2 is equal to 234 MPa, -112 MPa and 213 MPa inafaggasonic
measurement while it is 214 MPa, -56 MPa and 210 MPa in ¢&e measurement,

respectively.

The sub-surface stress measurement is also consideredfath 1 by changing the testing
frequencies in which the ultrasonic transducers are workimg r@sults of sub-surface stress
measurement are shown in Figs. 10-11. From Fig. 10, it ipab¥hat the tensile stress at
the weld centerline does not considerably change by increasingptineofieneasurement. At
the weld centerline of L4, the peak of hoop residual stse338 MPa, 326 MPa, 325 MPa
and 339 MPa in case of ultrasonic stress measurement by p4M#dz, 2 MHz and 1 MHz
transducers, respectively. These values are 87 MPa, &7 MMAViPa and 60 MPa in case of
L3 while they are 327 MPa, 353 MPa, 367 MPa and 386 MPa imta® The fact of small
change in hoop residual stress by moving from the surfacenmiepth of material has been
already reported in the previous studies on the pressure {Easkfl]. However, this little
changes could be modulated more in case of using ultrasonic mettstteEs measurement
because the ultrasonic method provides the average of stthescorresponding penetration

depth of transducers (as shown in Fig. 3).

As a reverse trend shown in Fig. 11, increasing the agptteasurement decreases the
absolute amount of stress at the weld centerline. At tha seaterline of L4, the peak of
axial residual stress is 285 MPa, 234 MPa, 169 MPa and 68riiaae of ultrasonic stress
measurement by 5 MHz, 4 MHz, 2 MHz and 1 MHz transducesgerctively. These values
are -141 MPa, -112 MPa, -80 MPa and -40 MPa in case oflil8 they are 263 MPa, 213
MPa, 167 MPa and 60 MPa in case of L2. This simply showdhbaeak of residual stress

10



drops dramatically by increasing the depth of stress measnteihis was also expectable
because the axial residual stress is usually in compresside at weld centerline of pressure
vessel surface while it goes to a tensile mode in the suréace [12, 14]. This huge change
from compressive to tensile stress could make a considem bt wariation. However, the
tensile and compressive stresses have been substituseseinfdMW (L2 and L4) but the

fact of huge change is still visible in all data.

4.2.  Study of the longitudinal welding by investigation of the Path 2

There are two longitudinal welds in the DMW pressure vassgektigated in this study
including H1 and H2. The H2 is located in the Path 2 and Higua stresses are measured
by the ultrasonic method, as shown in Fig. 12. The ultrasosittseare also verified by the

hole-drilling measurement, as shown in Fig. 12, and an acceagidement is achieved.

From Fig. 12, the trend of axial residual stress is genylar to distribution of the
longitudinal residual stress in the butt welding of the platesenwine peak of tensile residual
stress (223 MPa) located at the weld centerline, rapihstorms to the compressive stress
near the HAZ (with peak of -110 MPa at 12 mm distance fimmwield centerline) and
finally tends to zero stress far away the weld. Timslarity could be justified by the
geometry of longitudinal weld in the pipes, which is veryilsino the straight butt weld of

plates particularly for the high diameter pipes.

4.3.  Study of the crossweld by investigation of the Path 3

The interface of longitudinal weld, H1, with circumferentiadld, L3, is located in Path 3.
This interface is considered as the cross weld and thearlicazethod as well as the hole-
drilling technique are employed to evaluate the residuaksiseas shown in Figs. 13-14. An
acceptable agreement is shown in Figs. 13-14 betweensreftie ultrasonic stress
measurements with those obtained from the hole-drilling meffod.validates the use of

ultrasonic LCR method in stress measurement of the cross.welds

From Figs. 13-14, it is generally observed that the residwessgts are achieved in different
trends in comparison with the normal stress distribution cortymeported for the pipe and

pressure vessel analyses. From Fig. 12, it was concludatie¢hangitudinal welds of the

11



pipe could produce the residual stress very similar to tlathieved from the plates. Hence,

the interface of a longitudinal weld, H1, with a circumféiamweld, L3, experiences a

residual stress distribution based on combination of the pldtpipe weld analysis, as
shown in Fig. 15. It should be noted that the H1 has been nefale h.3; hence, the residual

stresses are basically thermo mechanical effect of LtBeohl1. This effect could be

explained as following:

)

ii)

The welding procedure, joint geometry and dimensions of H1 have begn ve
similar to the H2 that was already investigated in Path @veder, the axial
residual stress of H2, peaked at 223 MPa, is very differemt H1, peaked at 125
MPa. This difference could be explained by the thermo mechaaffeal of L3 on

the H1. Furthermore, L3 has influenced the trend of residredsstlistribution in

H1 that has a rapid drop in the center of the weld insteaasp and continuous

growth near the weld centerline (like H2).

The residual stress of L3 has been already investigated i Rdtare the peak of
hoop and axial residual stress is about 67 MPa and -112 MPag¢treslye(as
shown in Fig. 10b and Fig. 11b). As a very different trend, tlag pé& hoop and
axial residual stress are equal to 430 MPa and 125 MPa, respefiis shown in
Figs. 13-14). This huge difference could be explained by the superpasition
straight and circumferential welding stresses. The pealkiaf residual stress in
the cross weld is summation of axial stress in L3 (-112 MPajratdalue in H2
(223 MPa).

In addition to the effect of L3 on the peak of residual stress inheldistribution
of residual stress has been also changed. For instancejahesaidual stress of
cross weld (as shown in Fig. 13) does not have any compressise atea, which
is usually produced near the HAZ of straight butt-welding. Thigdus to
superposition of compressive residual stress of H1 with teresildual stress of

L3 in distance of about 15-30 mm from the weld centerline.

The above explanations simply shows that the residual stregbesonbss weld is similar to

neither straight butt-welding (i.e., H2) nor circumferentialding (i.e., L3). Alternatively,

the residual stress distribution in the cross welds could beiegglay combination of both

straight and circumferential welding, as shown in Fig. 15.

12



However, the aforementioned superposition effects could be cadidela simple and
rough estimation of the residual stress distribution irctbes weld while this study
confirmed again that the welding residual stresses are notaehe predictable without
direct measurement. For instance, the residual stresess weld in the circumferential
direction is expected to be summation of transversalwabstress of H1 (or its similar weld,
H2) and hoop residual stress of L3, as shown in Fig. 15. Dumrte practical limitations,

the transversal residual stress of H2 has not been meastineistudy. However, it has
been already reported that the peak of transversal résidess in the straight butt-welding
could be estimated to be about one third of its longitudinaluakstress peak [18]. By this
rough estimation, the peak of transversal residual stré42 obuld be equal to about 74
MPa (one third of 223 MPa). Hence, the summation of transwersidual stress (in H1) and
hoop residual stress (in L3) would be 141 MPa (74 MPa + 67 MiP&h is a huge
underestimation of that achieved for hoop residual stress ofdbe weld (430 MPa). On the
other hand, it was expected that the residual stress of H1 Wweuldcreased under annealing
effect of L3 while, on the contrary, the residual steagsmeasured much higher than initial
estimations. Hence, it is not recommended to predict theuadsstress of cross welds before

any direct measurement.

5. CONCLUSIONS

The main goal of this study is ultrasonic evaluation of weldesidual stresses in a DMW
pressure vessel. The ultrasonic stress measurements graredrwith residual stresses
obtained from the hole-drilling method in similar weldingwbtstainless steel pipes,
dissimilar welding of stainless steel pipe into carbon sl longitudinal weld on the shell
and cross weld in the pressure vessel. According to thevachresults, it can be concluded
that:

1- The hoop and axial residual stresses of DMWSs are consideralblgrhigan similar

welding of stainless steel pipes.

2- The tensile hoop stress at the weld centerline does not caididethange by
increasing the depth of measurement while increasing the déptmeasurement

decreases the compressive axial stress at the wektloent

13



3- The trend of axial residual stress in longitudinal weld ofgtessure vessel is very

similar to distribution of the longitudinal residual stressha butt-welding of the

plates.

4- The interface of a longitudinal weld with a circumferentialldveould produce a

residual stress distribution based on combination of the pidtpipe weld analysis.

The general trend of axial and hoop residual stress in siamthdissimilar welding and also

for longitudinal, circumferential and cross welds investigatdtiis study stands in good

agreement with those obtained from the hole-drilling measuraniEnis agreement is also

achieved for the sub-surface stress evaluation showinththCR method is able to

comprehensively investigate the DMW pressure vessel ingpiecthis study.
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Table

Table 1. Welding procedure specifications of the pressure vessel

Weld Line Welding- Welding Welding Welding Filler Filler
(according pass No. current (A) voltage speed material diameter
to Fig. 4) V) (mm/s) (mm)
L2 Pass 1 250 85 1.35 309 L 2.4
Pass 2 270 85 1.83 2.4
Pass 3 253 85 2.33 2.4
L3 Pass 1 150 85 0.83 316 L 2.4
Pass 2 250 85 1.14 2.4
Pass 3 200 85 1.50 2.4
L4 Pass 1 250 85 1.35 309 L 24
Pass 2 275 85 1.83 2.4
Pass 3 250 85 2.33 2.4
H1 Pass 1 225 85 0.7 316 L 24
Pass 2 225 85 0.95 24
Pass 3 255 85 11 24
H?2 Pass 1 225 85 0.7 316 L 24
Pass 2 250 85 0.95 24
Pass 3 250 85 11 24
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