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THESIS ABSTRACT

Name : Ahmed Saleh Awadh ADmari
TITLE :  Finite Element Modeling of Ring Splitting Test to Predict Resid@tatsses ir
Spiral Welded Pipe

FIELD : Mechanical Engineering
DATE : May2010
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CHAPTER 1

INTRODUCTION

1.1BACKGROUND

Industrial pipes have a fundamental role in different sectors of the chemical,
petrochemical, nuclear and oil industrid$e use of line pipes has a long history in
different industrial applications. Line pipes play an important role in many applications
primarily for conveying of fluids and are made of diverse materials and dimensions
according to the purpose for which they are intended. The manufacturing methods of line
pipes can bdivided as seamless and weldBe&pending on the application requirensent
line pipes are manufactured in different sizes and shapes. The pipe industries face many
challenges to produce high quality piping in a cost effective and productive way in

todaydés mar ket pl ace.

Spiral welded pipe is one type of the line pipes ansliisied throughout the world
for largediameter, oil and gas transmission pipelines with some restriction to critical
services (wet sour hydrocarbon). As the industry needs for production increase, the
operating demands on spiral welded pipe also incrédsese demands include larger
diameters, higher operating pressures, increased mechanical strength and low level of

residual stresses.



The relative structural weakness of spiral welded pipe, due to larger welded area
and high residual stresses, limited tirewth of its use in the oil and gas industry. The
main characteristic failure mechanism in spiral welded pipes is a propagation of any
cracks along the length of the pipe in a spiral pattern where the residual stresses will
facilitate the failure. So, gh residual stress is the main disadvantage of spiral welded
pipes compared with longitudinal welded pipes. Currently, the popularization of spiral

welded pipes is limited although it is cheaper to produce than any types of pipe.

Although the process fdorming spiral welded pipe is widely used, little work
has been conducted to establish unique residual stress characteristics of pipe formed from
this process. In order to eliminate doubts in respect of quality of spiral welded pipes, the
need for studyig the residual stresses in this type of line pipes is required to use it in

higher pressure and in critical operating conditions with confidence.

1.20VERVIEW OF LINE PIPE PRODUCTION

The steel pipes are very wide used in all kinds of application. Pipassaatly
distinguished by their way of production. They can be produced eitheress or with
seam (welded) biongitudinal welding or spiral welding from rolled strip or thick plate.

The following two sections briefly point out main features of defeugr@ processes.



1.2.1SEAMLESS PIPE

Seamless piped-igure 11) arebeing the preference for small diameters pipes of
305 mm(12 inchespr less. Thegroduction process for seamless pipe begins by heating a
metal billet at high temperature which is usually done in a rotary hearth furnace. The red
hot billet is rotated and drawn by rolls over a pieraiod or mandrel. The action of the
rolls causes thenetal to flow over and about the mandrel to create a hollow pipe shell.
The shell is then moved forward over a support bar and isolletl or coldrolled in
several reducing/sizing stands to obtain the desired wall thickness and diameter. For high
qguality requirements, heat treatment iarried out after final rolling.Hot extrusion
process is also used for producing seamless pipes of approximately up to 2@ mm
inches)outside diameter. Another method of manufacturing seamless pipes is casting.
Seamlss pipe has outstanding homogeneity in the circumferential direction and is thus

highly resistant to internal pressure and torsion.

Figure 11: Seamless Pipes



1.2.2WELDED PIPE

Welded pipe is made by bending metal strips (sketplate into the form of a
pipe by roll forming and welding the seam by various welding processes. Currently
around two thirds of the steel pipe productions in the world are accounted for by welding

processes. There are two types of welded mgeshownn

Figure 12, longitudinal(straight seamyvelded pipesnd spiral welded pipes

a) Longitudinal Welded Pipe b) Spiral Welded Pipe

Figure 12: Welded Pipe

Longitudinal welded (Straight Seam) pipe is commonly used for oil and gas
pipelines. Each pipe starts as a steel plate which is formed into the pipe by pressing, for

example in d&JOE mill, or rolling, for example in a roll bending mill. At the end of the



formation stage, the pipe is tack welded to maintain its form before being welded inside
(ID) and outside (OD) by the submerged arc welding protesgjitudinal welded pipes
are maddrom a steel plate with only one weld seam joining the two edges of the rolled

plate.

Spiral welded pipes are manufactured by helical rolling of steel doilsontrast to
longitudinally welded pipe production where each pipe diameter requoesgan plate
width, spiral pipe production is characterized by the fact that various pipe diameters can

be manufactured from a single strip or plate width.

1.3MANUFACTURING OF SPIRAL WELDED PIPE

Spiral welded pipe, as the name implies, is a steel pipenisat seam running its
entire length in a spiral foorMSME B31. 3 AProcess Pipingo d
pipe as a pipe having a helical seam with a butt, lap, ordeakn joint which is welded

using an electrical resistance, electric fusion or desbbmerged arc welding process.

A major advantage of spiral pipe production is its high flexibility. Various spiral
welded pipe diameters can be produced from the same strip width (with a ratio of pipe
diameter to width of between 1:2 and 1:2.2) bychangg t he f or mi ng angl
also called helix angle. Large diameter pipe ranging from approximatei2500mm

(20-98 inches)is the current statef-art in spiral welded pipe production. Normal



operation of spiral pipe mills includes control of the mill forming angle. This has an
effect on pipe diameter while also being critical to pipe formation and good weld quality.
The forming angle is defined as the angle between the incoming strip arehteg|

pipes(Figure 13).

N S

O
N

Figure1l3: Geometric dependence of pipe di amet ¢
width (B), [Franz and Baldur 2004
The forming angle (U) is a function of
(B) and the diameter pip@®) to which the strip is rolled and it can be calculated using

one of the following formulas:

a= sm'lge—g (1.1)
g -

a= tan‘lgeig 1.2)
¢oD +



D = Pipe Diameter
B = Colil width - trim loss= Coil width- 15mm

P=Pitch

Spiral Pitch (P) is defined as the distance between successive turnings as shiguwrein

14.

Pitch(P) |

Figure 14: Geometrical detail to specify a spiraéldedpipe

To determine the pitch distance (P), the following formulas are used:

P=YS=Tana 3 (D) (1.3)

or

= 1.4
Cosa (1.4)



Figure 15 shows the ratio of pipe diameter to starting material width in a
comparison between longitudinally welded and spiral pipe production, and also the
mathematical dependences which apply inadgnipe production between feed angle,
strip/skelp width and pipe diameter. Forming angle and the pipe diameter where the pipe

diameter increases as the forming angle decrease.

Calculation formulag 15, Eoro2a 25:1 F:t:= g:0
2,1 2.0 1§ 13 0= 5imi
B = stnp width +
D =pipgdiameter 28 0 51 0 = a ()
5 = spiral weld length Ji J "
| o0 = skelp/sirip feed angle ey - .

2000 Vg = welding spesd Production range L \

Vp = production speed for spiral-welded s A

Wy = circumferential speed
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Figure 15: Strip width elation with thepipe dameter [Brensing and Sommier

Figure 16 shows an example of two different forming angles. The change in
angle will have an effect on the pipe diameter for the same strip width as explained

before.
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Figure 16: Pipe diameter relation with the helirgle

Basically, 10 to 45 degrees are the range of forming angles used by the spiral
welded pipe manufacturerdhis is also in compliance to paragraph 5.3.1 of APl Spec
5L which specifies the width of plate or skelp used to manufacture helical seam pipe
(shallbe less than 0.8 or more than 3.0 times the outside diameter of theTpiple)11
shows different pitch spiral distancder different pipe sizes saed in spiral pipe

production mills.
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Table 11: Spiral weldedpipe $zes[NPC]

Size & Grade Coil |Coil Width Forming | Welding pitch
; = Angle Speed

oD WT GR| Wit |yrim Loss | pegrees) | wamin | ™

56 1422"| 0.649 16.48"| 65| 1630 1615 21 2,15 1719
36 914" 0250 6.35"|60| 1630 1615 34 2.10 1946
40 1016 "| 0.444 11.28"| 60| 1630 1615 3 225 1860
40 1016 "| 0.640 16.26 "| 60| 1650 1635 3 1.80 1886
24 610" 0.250 6.35"|60| 1320 1305 43 2.10 1775
24 610" 0.305 7.75"|60| 1320 1305 43 225 1774
42 1067 "| 0.438 11.13"|70| 1630 1615 29 225 1832
42 1067 "| 0.625 15.88"|70| 1630 1615 29 1.90 1827
56 1422 "| 0.467 11.86"| 65| 1630 1615 21 2.20 1723
60 1524 "| 0.500 1270"|65| 1630 1615 20 1.90 1706
60 1524 " 0.679 17.25"| 70| 1520 1505 18 1.55 1574
60 1524 " 0.661 16.79"| 70| 1520 1505 18 1.55 1574
30 762" 0375 9.53"|65| 1320 1305 33 2,15 1546
30 762" 0.542 1377"| 65| 1520 1505 39 1.65 1919
30 762" 0.437 11.10"|65| 1600 1585 42 2.00 2102
56 1422 "| 0.534 13.56"|70| 1630 1615 21 2.05 1722
56 1422"| 0.640 16.26"| 70| 1600 1585 21 1.80 1683
56 1422"| 0.640 16.26"| 70| 1600 1585 21 1.80 1683
60 1524 "| 0.551 14.00"|70| 1640 1625 20 1.80 1717
30 762" 0502 1275"|65| 1520 1505 39 1.75 1920

The starting material employed for pipe wall thicknesses up to approx. 20 mm
takes the form of wide hablled strip. Plates in individudengths up to 30 meter are
usually required for pipe wall thicknesses in excess of 20 Tinere are two type of steel
materials used to fabricate the spirally welded pipe for oil and gas industries ,based on the
operating service, which are sour and 4soar. Oil and Gas Companies usually
purchase 00 t o 600 OD pipe size withThAtRhd Gr ade
for the last five years is to use bigger pipe sizes with higher steel grade. The maximum

supplied pipe size weslgradéof BRBX70.0D and maxi m
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Generally, piral welded pipes are produced from forming and welding plate or
strip material. The steel is leveled and passed through a forming station that spirals the
steel to the required outside diameter. The spiral seam isviélded both internally and
externally as part of the one forming operation. The pipe shell thus formed is cut to the
required length as it travels out of the forming and welding mactiigure 17

summarize the production and quality control steps during the manufacture of spiral

welded pipe.
TN
. J i
) , > \ B\ B \ N N
o o o 5y
Uncoiling Leveling Skelp end cutting Skelp end welding
ﬁ/\}b A«
@
g Internal and external welding Forming Edge trimming and beveling
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gy
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N spefi L) Control T

On-Line Ultrasonic Inspection . Length Cutting Beveling

Final visual and oimenSiona@" '

Control Real Time Radiography Rydrostatic Test Start-5top welding repair

If required

ol Trans
Lining and Copting Paing BECBEELion

Welghing

Figure 17: Spiral welded pipe productioteps [Ozmak BoruCo]

Spiral pipewelding mills consist of:
1 De-coiling device(Figure 18)

1 Strip connecting welder



1 Straightening rollers

1 Edge preparation tools (shearing and trimming)

1 Forming devices, three roller bending and cage forming system
9 Internal and external welders

i Ultrasonic testing apparatus

1 Cutting devices

1 Hydrostatic Pressure Testing

ata. ——

Figure 18: Carbon steel coil used for spiral welded pipedpiction

Specifically, spiral pipe production methods fall into two main categories:
1 Facilities with integrated forming ar8ubmerged Aravelding (SAW) lines

1 Facilities with separate forming and SAW welding lines

12



13

1.3.1 SPIRAL PIPE PRODUCTION IN INTEGRATED FORMING AND
WELDING

The integrated forming and SAW welding line can be regarded asmtire
conventional spiral pipe manufacturing facility. In this configuration, the production
process comprises

9 Strip preparation stage.

1 Pipe forming operation with simultaneous inside and outside pass subragoged

welding.

In an integrated facility, thetrip preparation stage is immediately followed by the
forming process with simultaneous inside and outside submargedelding. A pinch
roll unit feeds the skelp at a predetermined entry angle into the forming section of the
machine. Figure 19). The forming unit consists of a threell bending system with an
outside roller cageThe purpose of the forming section is to bend the exactly prepared
skep of width (B) at a certain feed angl@ )nto a tubular cylinder of diamet¢D) in

line with the mathematical relationshiisstrated inFigure 15.
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Figure 19: Helix forming of spiral weldedipe [Hall Longmoré

Various forming techniqgues may be applied to produce the spiral pipes. Aside from
the directforming shoe procedswhich has its limitation§ there are two main methods
which are generally employed:

1 3-roll bending with aninside diameter roller cage.

1 3-roll bending with an outside diameter roller cageggre 110).

In a 3roll bending system, numerous individual shaping and guiding rollers are
employed rather than a single forming roll. The roller cage serves to fix the pipe axis and
maximize the roundness of the pipe in order to ensure dffsetconvergence of the strip
edges at the welding point. This facilitates attainment of accurate pipe dimensions, so that

the pipe exiting from the machine is already manufactured to within the siaeth
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diameter, roundness and straightness tolerances. Expansion/sizing of the pipes after

welding is therefore not necessary

Figure 110: Threeroll bending system with outside roller cd§eanz and Baldur 2004]

The formed spiral welded pipes are subsequently fed to one of the three
computercontrolled internal/external submerged arc welding stations for final welding
(Figure 111). The welding of the spiral welded pipes is based on the Dégided
Submerged Arc Welding (DSAW) process. Arc welding works by using electric current
to produce an electric arc in a gas environment. The arc's heat brings the metahto fus
point. The submerged arc welding is carried out first intern@tyapproximately the 6
00 cl| oc k,apddhen, 1 pitah tunn further, outsidee | ded i n the 12 o060c
using the multwire technique Welding head alignment to the weld ten and gap
control, are performed automatically. The tveo threewire method is employed for the

inside and outside pass welding operations.



16

Figure 111: Internal and external welding of spiral weldepgiHall Longmoré

A lasercontrolled seam trackingystem shown ifrigure 112 guarantees exact
positioning of the weld seam and optimized overlapphigure 113 shows part from the

external welding done for spiral welded pipe.
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Figure 112 Internal welding of the SWP where laseontrolled seam tracking system
usedNP(C

Figure 113: External welding of spiral weldedge [NPC]

The manufactured pipe string is subsequently cut to length by a flying pafting
device. The individual pipes are then taken to the finishing department where the

production process is completed by machining of the pipe ends and the performance of
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any neessary rework. Prior to pipe edge machining, the pipes undergo a hydrostatic test.
The entire weld region is then ultrasonically inspected, with the weld zonke pipe
ends also being-rayed.In addition, each pipe end is also ultrasonically inspkoteer
its full circumference for laps/laminations. If required, the weld zone and also the parent

metal may be ultrasonically inspected following the hydrostatic test.

As part of the quality assurance regime, bothprocess nondestructive
inspections adh offline mechanical tests are performed as production proceeds. After the
pipes have successfully passed through all the test and inspection stages, including the
dimensions check, they are presented for final inspection and accefitaeq@ocess of
the spiral pipe production in any mills is monitored continuously. All input data are
recorded such as the pneat/posheat temperatures, welding temperature, welding arc
voltage and current for all internal and external electrodeésgyure 114 shows mill

monitoring screen at one of the pipe production station.

Figure 114: Monitoring of spiral welded pie process at the pipalhiNPC
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The productivity ofthe integrated forming and weldimgocess is determined by
the speed of the submergact welding operation. The pipe forming process is capable

of substantially higher production speeds.

In orderbetter to utilize the efficiency of the spiral pipe forming section, newer
plants are being designed on the basis of separate forming and SAW weldinig liness.
case, the spiral pipe forming machine features awa#ling facility which is capable of
production speeds commensurate with those of the forming sethiensubmergedrc
welding of the seams is then performed offline in a number of separate welding stands.

Details of this process aexplainedn the next section.

1.3.2 SPIRAL PIPE PRODUCTION WITH SEPARATE FORMING AND
WELDING

The main feature of this new technology is that there are two separate manufacturing

processes:
1 Stage I Pipe forming with integral tack welding

1 Stage 2 Inside and outside submergart welding on separate weldistands.

Aside from the higher co#fficiency of this process (achieved owing to the faster
forming and tacking operation) there are also technical benefits derived from separating

the pipe forming stage from the main welding stage, as both operationecan
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individually optimized.In the spiral pipe forming section, the merging strip edges (one
on the already formed pipe section and the other on the incoming skelp) are continuously

joined by inside tack welding.

The tackwelding process is performed blgetMetal Active Gas welding(MAG)
met hod at a speed of 12 m/ min in the regi
employed is carbon dioxide. The weld edges below the welding position run with
virtually no gap over a rigidly fixed guide rolleA flying partingoff device cuts the
tackwelded pipe string into the required individual lengths. This pipe cutting process
constitutes the last operation performed in the spiral forming machine. Because of the
high tackwelding speeds achieved, it has becarmaeessary to replace the conventional
oxyacetylene torch cutter by higipeed plasma torches operating with water injection.
The cutto-length pipes are then fed to the downstream combineghags SAW stands

for final welding.

A special roller table rotas the pipe in precise accordance with its spiral joint, so
enabling the SAW welding heads to perform first the inside and then the outside passes.
Precise weld centerline alignment control of the inside and outside welding heads is
required in this opeten in order to minimize weld offsetAside from a few
modifications, the subsequent production stages such as pipe end machining, hydrostatic
testing and also the nondestructive examinations and mechanical tests, are in principle the

same as thosapplied in the conventional ispl pipe manufacturing withntegrated
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process that was explained in section 1.Blére again, a high standard of quality is
achieved by irprocess quality control activities which are performed after every stage of
producton. The results of these tests and inspections are immediately fed back to the
individual production stage concerned in order to ensure continuous product quality

optimization.

1.4INTRODUCTION TO WELDING

Generally, welding can be defined as any processhichwmtwo or more pieces of
metal are joined together by the application of heat, pressure, or a combination of both.
Most of the processes may be grouped into two meaps pressure welding, in which
the weld is achieved by pressure; and heat weldmgyhich the weld is achieved by
heat.Heat welding is the most common welding used today.

Based on the heat source of sufficient intensity required to maintain a molten liquid metal
pool, Heat welding can be divided into three different categories:wgdding, arc

welding and higkenergy beam welding.

Arc welding, which is heatype welding, is one of the most important
manufacturing operations for the joining of structural elements for a wide range of
applications, including guide way for trains, shipbridges, building structures,
automobiles, and nuclear reactors, to name a few. It requires a continuous supply of

either direct(DC) or alternating electric currefAC), which createsan electric arc to
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generate enough heat to melt the metal and farmeld. In arc welding, energy is
transferred from the welding electrode to the base metal by an electric arc. When the
welding started both the base metal and the filler metal are melted to create the weld.
This melting is possible because a sufficienbant of power (energy transferred per unit
time) and energy density is supplied to the electrdde arc welding process is a
remarkably complex operation involving extremely high temperatures, which produce
severe distortions and high levels of resicsiedsses. These extreme phenomena tend to
reduce the strength of a structure, which becomes vulnerable to fracture, buckling,
corrosion and other type of failurefhe most widelyused arc welding processes are
Shielded Metal Arc (SMAW), Gas Tungsten AIGTAW), Gas Metal Arc (GMAW),

and Submerged & Welding (SAW).

In shielded metaarc welding(Figure 115), a metallic electrode, which conducts
electricity, is coated with flux and connected to a source of electric current. The metal to
be welded is connected to the other end of the same sufuragrent. By touching the tip
of the electrode to the metal and then drawing it away, an electric arc is formed. The
intense heat of the arc melts both parts to be welded and the point of the metal electrode,

which supplies filler metal for the weld.
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Figure 115: Shielded Metal Arc Welding (SMAW) Proceldsee 2006

In gas tungsten arc weldirf§igure 116), a tungsten electrode is used in place of
the metal electrode used in shielded metal arc welding. A chemically inert gas, such as
argon, helium, or hydrogen, is used to shield the metal éragation. The heat from the
arc formed between the electrode and metal melts the edges of the metal. Metal for the
weld may be added by placing a bare wire in the arc or the point of the weld. The GTAW
process could be used with almost all metals andyaoes a higiguality weld. However,

the rate of welding is considerably slower than in other processes.
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Figure 116: Gas Tungsten Arc Welding (GTAWl.ee 2006]

In gas metal arc weldin@-igure 117), a bare electrode is shielded from the air by
surrounding it with argon or carbon dioxide gas or by coating the electrode with flux. The
electrode is fed into the electric arc, and melts off in droplets to enter the liquid metal that

forms the weld.

Wire Electrode

Sheilding Gas
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Sheilding Gas Nozzle (Torch)\

Arc

~ Welding Cable
Molten Weld Metal

Metal Droplet
Weld Pool

Solidified Weld Metal

S Ve
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Figure 117: Gas Metal Arc Welding (GMAW)|Lee 2006]
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Submerged arc weldin(SAW) is similar to gas metal arc welding, but in this
process no gas is used to shield the weld. Instead, thandrdip of the wire are
submerged beneath a laydrgranular, fusible material formulated to produce a proper
weld. This process is very efficiebtt is only used with steeébubmerged arc welding is
one of the most common arc welding processes and is widely used for the production of
line pipe as well as the fabrication of pressure vessels and steel strusiiunetding for
spiral welded pipedrming is carried out using the automatic submerged arc process.
Submerged arc welding is a mechanized process in which a continuous solid wire is fed

through a welding head immedibte@bove the worlpiece,Figure 118.

Granular Flux

Wire Electrode Molten Slag

Arc Molten Pool

Droplet Solidified Slag

Molten Weld Metal

Base Metal

Direction of Welding

Figure 118 Submerged Arc WeldinSAW) [Lee 2006]

Figure 119 shows the elements requires to perform Submerged Arc Welding (SAW)
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Wire Eleotrode\

Workpiece

Ground Clamp \_ Welding Machine

Workpiece Cable Electrode Cable

Figure 119: Elements of a SAW circuit diagrajibee 2006]

The wire picks up current from the welding head and an arc is formed between
the tip of the wire and theork piecethus generating the energy which both makes the
weld pooland melts the end of the wire which is transferred across the arc. The arc and
weld pool are protected from atmospheric contamination by a blanket of granular flux
which fuses to form a liquid protective layer.-Deidation and alloying additions to the
weld pool can be made through control of the composition of the filler wire and from
reactions with the fluxThe submergedrc welding of pipes in the usually applied two
pass method (i.e. first run followed by sealing or backing run) is normally perfavitred
the inside pass first and the outside pass second. This ensures that the two passes
sufficiently overlap. The efficiency of this welding process is characterized by the rate of
filler metal deposited per unit time (rate of deposition) and the resiiliavariably high

i welding speed which is possible.
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The rate of deposition can be raised by increasing the welding current. However,
owing to the limited current carrying capacity of the welding flux, performance can only
be increased in singleire wdding up to a maximum input of arourd®00amps Any
increase in the rate of deposition beyond this limit requires the employment of several
wire electrodes. This then allows a higher overall current to be applied for the welding
work without the danger ahe current carrying capacity of the flux being exceeded at
any of the individual wire electrodes. In practical operations, increased performance is
obtained by employing a multvire welding configuration with 2, 3 or 4 electrodes. The
higher rate of degsition available with mulivire welding converts readily into a higher
welding speed under practical production conditidnspractice, the welding speeds
attained range between 1 and 2.5 m/min, increasing in some cases to 3 m/min, depending
on the welthg process, wall thicknesses and type of flux uSée welding dataleets
for severalspiral weldedp i pe di ame6tOeor sO)2 Olbave been col
sheets demonstrate the welding related information needed in the production of the spiral

weldedpipes.

Figure 120 shows the geometrical detail of the doullgroove weld where:

U: Groove Angl e
R: Root Opening
f: Root Face

T: Joint Thickness
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Figure 120: DoubleV-Groovewelded joint @tails
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The following list indicates some of the variables that are included in the welding
data sheets:

1 Joint type and dimensions

1 Pipe size and grade

1 Filler material specification

1 Flux classification

1 Welding speed

1 Current range

1 Voltagerange

1 Electrode type and diameter

Figure 121 shows example i welding datasheet where the above information

are found.



WELDING DATA (SPIRAL, T-CROSS & WIR)

W.0. No. Ref. No.: Rev.
Specification : Grade Date
Ref WPSNo.:  SAW SMAW :
Mill No. Size: n. O x mm W.T.
Beam Mo, Coil Width : mm
— SPIRAL T-CROSS
P INSIDE OUTSIDE INSIDE QUTSIDE
Position P mm mm mm
INSIDE
‘L 1P| mm mm mm mm
. | N Tip Height 2P mm mm mm mm
- :::_‘_:—( /)<’t >Q — —
1P deg. deg. deg. deg.
» Angle of Wire |2p deg. deg. deg. deg.
{ QUTSIDE —
o : — |
; [ mm mm mm mm
Vi ot
é D _ T e — —
2 ~ — = <
% di. SPIRAL T-CROSS
- a mm mm
= mim
o 8 b mm mm
I o | §
% mm 2 [ mm mm
O d mm mim
Q
= e mm mm
(]
L—u' SPIRAL WELDING T-CROSS
z ITEM INSIDE OUTSIDE INSIDE OUTSIDE
% 1P » 1P i P 1P i 1P P
WIRE TYPE (Brand)

WIRE DIAMETER (mm)

FLUX

AMPERE (A)

VOLTAGE (V)

WELDING SPEED {mmin)

HEAT INPUT {KJ/cm)

PRE-HEATING TEMP.(*C)

WIR

ELECTRODE BRAND

ELECTRODE DIA. {mm)

CURRENT ()

VOLTAGE (v}

WELDING SPEED (mmimin)

PRE-HEATING TEMP.(*C)

Remarks:

Spindle shim =
Cutter shim =

mm
mm

Figure 121: Example of welding data sheet for spiral weldgue pNPC]
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Table 1.2shows examples of root face details for different pipeside diameters,
wall thicknesses and grades.

Table 12: Examples ofoot facedetails

oD Thickness
No. Grade Root Face Detall
(Inch) (mm)
Ia=3 £1.0
1 20 9.53 B To=5+10mn
Tc:M:l.Omm
_$a=3i 1.0mm
2 24 9.53 X65 “To=510mm
“Pe=2:10mm
Ja=4+1.0mm
3 28 14.22 X65 “Tb=6£10mm
“$e=4%10mm
_Ia=5.0 +1.0
4 32 12.70 X60 “Te=s0x10
T $c=30%10
l‘ a=50 %10
5 36 15.88 B Tb=5.cu 1.0
“Ho=50=10

_$a=Si 1.0 mm
6 40 12.70 X60 “To=5+10mm
“$e=3£1.0mm

—’|‘::-a=5¢ 1.0 mm
7 46 15.88 X60 “To=6%1.0mm
_$‘c=5:t 1.0 mm

‘Tra:.i:tl‘Omm

8 48 15.88 X60 “Tb=6+10mm

$e=5+1.0mm

—Ia=611.0
9 56 16.26 X70 "l b=710mm
WCZSt 1.0 mm

_F]Tu7'4+ 1.0 mm
lO 60 1399 X?O Ilw 6+ 1.0 mm
$e=4+10mm
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The pipe fabricatioprocess including mechanical forming and welding are the most
common sources for residual stresses. Residual stresses in welds are due mainly to
thermal contractions and phase transformations induced by the welding process. In
submerged arc welding, theagnitude of residual stress acting in the seam weld is a
function of the wall thickness, sequence and number of passes, heating and cooling rates
and other variables. The following section will describe briefly the effect of the residual

stresses in the peé integrity.

1.50VERVIEW OF RESIDUAL STRESSES

Resi dual stress is defined as fAthe stre
after alll applied forces have been removed

US Customary unit for stress is kippundforce per square inch (ksi).

6.895 MPa = 1 ksi

Residual stresses are generated, upon equilibrium of material, after plastic
deformation that is caused by applied mechanical loads, thermal loads or phase changes.
Mechanical and thermal processeglagul to a component during service may also alter
its residual stress stateike other processes involving heating and cooling such as for
instance preheating and flame bending, welding produces thermal strains and stresses.

Residual stresses are genedaby the welding process, due to the local heating and
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cooling of the material. This causes the material to expand and shrink locally, while the
rest of the material is restraining this expansion and shrinkaglee simple example in
Figure 122 the generation of residual stresses is shown, where the weld is replaced by a

bar and the surrounding material by a spring.

O
t,
O,
o _ >
heat Tl Ly
eating P
- & _Gy,f -‘\ 2’é
cooling
"'-.7.--\\3
_Ey7

Figure 122: Generation of residual stresses by heating and cooling of the mgterial
2007
Three situations are shown with their
and strain (U) histor i e dstoriedreethesdmbiaation ef s h o w
the thermal strain due to the expansion and the mechanical strain due to the generated

stresseskFor curve 1 ofFigure 122, the material is heated to a temperature where the
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stresses generated by the thermal expansion of the material do not reach the yield stress
( ). Upon subsequent cooling to the starting temafure, the stresses return to zero and

the bar will have the same length as before without the presence of residual slitesses.
maximum temperature reached for curve 2 is higher than for curve 1. This causes higher
stresses due to the thermal expansi@m for curve 1. In fact, the stresses generated for
curve 2 are higher than the yield strength of the material, which results in plastic
deformation of the material in the heating stage. The result is that the bar will be shorter
than if the material lthremained elastic. Upon subsequent cooling of the material to the
starting temperature, the shrinkage will be so large that the final length of the bar will be
smaller than its original length; this will then cause residual tensile stresses in ther bar.
curve 3 the maximum temperature is even higher than for curve 2. Similar to 2urve
curve 3 will show plastic deformation in the heating stage. However, with the higher
maximum temperature, more shrinkage will occur in the cooling stage for curve 3. In
fact, so much shrinkage occurs that the generated residual tensile stress exceeds the yield

strength and further plastic deformation occurs.

To illustrate physically how residual stresses are formed during welding, a simple
case of a bead fillet on a pawill be describedFigure 123 shows schematically the

changes in temperature and stresses during the welding process.
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STRESS = 0{

|AT== 0

‘ . SECTION A-~A I

L q _rensiLe

2. SECTION B-B &

COMPR

3. SECTION C-C

RESIDUAL
STRESS

|./_\T =0
I

4. SECTION D-D

b. TEMPERATURE
CHANGE c. STRESS o

Figure123: Schematic representation of changes
welding[Weisman 197p

The welding arc, which is moving at a speed v, is located at the origin O as shown in

Figure 123(a). Figure 123(b) shows the temperatumistributiors at several cross

sections.

1 Along section AA, which is ahead of the welding arc, the temperature change

due to the weldingp Tis almost zero.
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1 Along section BB, which crosses the welding arc, the temperature change is
extremely rapid and the distribution is very uneven.

1 Along section GC, which is some distance behind the welding arc, the
temperature change becomes more even, and finally,

1 At section DD, which is very far from the welding arc, the temperature change

due to welding has vanished.

Figure 123(c) shows the distributiorof longitudinal stressesiix, along these
sections. Normal stresses in théigection,(ly, and shearing stresséXy, also exist, but

are usually much smaller tham.

1 In front of the welding, section -A, the thermal stresses due to welding are
almost zero.

1 Because molten metal does not support a lomesses underneath the welding
arc, section BB, are close taero. Stresses in regions at a short distance from the
arc are compressive, because the expansion of these areas is restrained by
surrounding metal where the temperature is lower. The temperature in these areas
is high and the yield strength of matershience low, and the stresses are as high
as the yield strength of the material at the corresponding temperature. The
magnitude of compressive stresses passes through a maximum with increasing

distance from the weld or with decreasing temperature. Howslvesses in areas
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away from the weld are tensile to balance with the compressive stresses in areas
near the weld.

1 In section GC, when the weld metal and base metal regions near the weld have
cooled, the result is in tensile stresses in regions neavalteand compressive
stresses at greater distances.

1 Section DD represents a finally cooledbwn region, where higtensile stresses
are present in regions near the weld.

1 The hatched area, MI', in Figure 123(a) shows the region where plastic
deformation occurs during the welding.

1 The eggshaped region near the origin O indicates the region where the metal is
melted. The metal outside the hatchedaaremains elastic during the entire

welding cycle.

Since the temperatures are highest in the region near the welding torch, this region
expands more than regions further away. During the heating, the stresses in the region
near the weld are compressivagiically because the thermal expansion in this region is
restrained by surrounding metal with lower temperature and higher yield stress. When the
welding has been completed and tiark-piece startso cool, it deforms in the opposite
direction. If the meerial was completely elastic during the entire period of the heating
and cooling cycle, thevork-piece would return to its initial shape with no residual

distortion.
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The generated residual stresses are usually very high, sometimes approaching the
material yield strength, but their effects are not evident until the structure is fully loaded
or exposed to service environment. Tensile surface residual stresses are detrimental as
they increase the susceptibility of the component to fatigue damagss, sbreosion and
even fractureStresses in a welded plate can be divided in two directions; transverse and
longitudinal to the weld. Longitudinal residual stresses can arise from different causes,
the most common of which is the longitudinal contractibthe weld as it cools down.
Transverse residual stresses are generated by the transverse contraction of the weld
during the cooling phase. It can also be generated indirectly due to the longitudinal
contraction Longitudinal stress is normally referred ttie stress that is parallel to the
weld bead while the transverse stress is referred to the stress that is perpendicular to the

weld bead Figure 124).

For pipes(Figure 125), the stress in axiatlirection (longitudinal/paralleto weld
line) at a point in theipewall can be expressext i, while the stress in circumferential
direction (perpendicular/transverge the weld ling at a point in thepipe wall is known
as t he h @oThe ssessrinetangenti@l direction at a point in the pipe wall can be

denoted by



Tension

Longitudinal
residual stress

Transverse
residual stress

Figure 125: Representation of differeniresses on a pipe
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Figure 124: Representation of parallel (longitudinal) and perpendicular (Transverse)
measuredeasidual sress
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Residual stresses and welding digsbn are two faces of the same problem,
namely he thermally induced plasticitrediction and control of residual stresses and
distortions are crucial in manufacture of welded structures. The residual stresses also
affect the fatigue, buckling andelding strengthThe shape of the welding residual stress
field depends on several factors like the structural restraint, the wall thickness over
diameter ratiofor pipes the heat input, the number of weld passes and weld pass
sequence. Hence, the thgbethe-thickness variation of the residual stress components
may be very complext becomes fundamentally important to understand the behavior of
welding residual stresses to assure the integrity of industrial pipes. Consequmently, t
residual sress forspiral welded jpe will be discussed in the next sectisith more

details

1.6 SPIRAL WELDED PIPE RESIDUAL STRESSES

Pipelines are normally designed for service pressures which develop a hoop stress of
72% of the yield strength of the base materials. $afety factor, i.e. the difference
between the developed hoop stress and yield strength, is dependent upon the location of
the pipeline. The actual stress seen by the pipe can be higher than the applied hoop stress
as generally no account is made of th&deal stresses or constructional stresses, these

stresses can be additive and result in stresses of the order of yield point.
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Fabricationinduced residual stresses have received increasing attention in gas, oil
and petrochemical industry. The drivingderfor this interest can be attributed to the fact
that application of modern structural integrity assessment procedures for defective
welded components, suas APl RP579, requires more accurate information on the
weld residual stress state to give a engalistic assessmemesidual stress distribution
and distortion in a welded pipe are strongly affected by many parameters and by their
interaction. In particular, there are structural, material and welding factors. The structural

parameters include geetry of the pipe, wall thickness and welding joint type.

During the production of oil and gas line pipe, the plate should go through bending,
forming, welding, etc.These mechanisms interact to produce a complex -three
dimensional residual stress field~or spiral welded pipe, there are more factors
influencing the forming process (forming angb®wer of sending, the intervals among
three roller, relative altitudes of three rolledsstribution of inside or outside rollers,
etc.). In addition thespiral welded pipedave no cold expansiorrqress after welding
just like longitudinal velding pipe, this also makes it hawemplicated various,
distributed irregularly residual stress, relatively high peak value, and vary greatly among

pipe mills.

Having higher internal residual stress is one of the main reasons that reptrain
weldedpi pebs application. The residual tensi |l

crack propagation with operation pressure together. On the other hand, the unbalanced
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residual stress makes some location of weld pipe have relatively high redrdsal This
probablymaylead to stress corrosion cracking or corrosion fatigue fracture to pipeline in
the case of having corrosive medium. This is also one of reasons whle fgkink the
spiral welded pipe have a lower reliability thaeam pipeln the meanwhile, people
propose more and stricter requirements to the residual stregsraff welded pipan

order to assure the safety and reliability of pipeline.

Figure 126 shows the stresses spiral andongitudinalwelded pipesThere is a
relation between the weld seam angles, relative to the pipe axis, and the residual stresses
in spiral welded pipes. In longitudinal welded pipe, the seam is subjected to the
maximum applied hoop stress; in spiral welded pipe, the stress idrsmtien therefore,

depending on angle of the weld with the longitudinal axis.

F= Y

N o 5~

Figure 126: Spiral and longitudinal welded pipesesses

As the circumferenti al stress Ou is the
the longitudinal weld that is located perpendicular to direction of stress is subjected to the

maximum load. The more the seam angle deviates from the direction of thigipgbe
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more the ' nwgactng perpendioularsc the weld seam decreases when

neglecting the longitudinal stress. This relationship is given by the following equation:
Sy =S,c08n (15)

Consideringthe longitudinal stresses that actually occur in practice, the ratio of
nor mal stress andy/cd @asatumfior of thaetd armle is showne s s

inFigure 127f or t hree <c¢alke®0,0Fand0badi ng, 0

Figure 127: Stress dependence of the wehdjle [Franz and Sommer 20p4
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It was shown that all three typical cases of loading, longituduedd seams are
subjected to the highest loads, and circumferential seams to the lowest loads. The spiral
weld is situated in between, and the load it has to withstand is between 50 and 75 % of

the load that is acting upon a longitudinal weld.

The residualstress fields in spiral welded pipe may alsausedue to the
production technology, for instance hot or cold rolling, the coiling, the coil cooling and
the cold deformation during uncoiling or flattening. The thermal residual stress fields are
due to uneen strip cooling during the rolling when the sides of the sheet are colder than

the middle as shown iRigure 128.

Figure 128: Influence of the colder side in the sheetamation[Hidveghy et al2003

Uncoiling produces residual stress: tension in the upper surface and compression

in the lower surface as shown Figure 129.
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Rolling direction L

Transverse
direction T

Thickness

Figure 129: Residual stresses distribution across tiekhessn rolling direction L and
transverseidection T[Hidveghy et al2003]

Residual stresses céne characterized by the scale at viahibey exist within a
material.So, here are two types of residual stresses are found in the spiral welded pipe.
Theses stresses are macroscopic stresses and microscopic stresses. Macroscopic stresses,
or macrestreses, which extend over large distances relative to the grain size of the
material, are the stresses of general interest in design and failure analysisstvesses
are tensor quantities, and are determined for a given location and direction by measuring
the strain in that direction at a single point. Mast@sses produce uniform distortion of
many crystals simultaneously, shifting the angular position of the diffraction peak

selected for residual stress measurement.

Microscopic stresses, or miesiresses, are treated as scalar properties of the
material, related to the degree of cold working or hardness, and result from imperfections
in the crystal lattice. Micrstresses arise from variations in strain between the

"crystallites” bounded by dislation tangles within the grains, acting over distances less
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than the dimensions of the crystals. Mistoesses vary from point to point within the

crystals, producing a range of lattice spacing and broadening of the diffraction peak.
Interaction of themacroscopic and microscopic stresses orients the plastic strains such
that deformation occurs beyond the volume change resulting in transformation plasticity
The total stress experienced by the material at a given location within a component is

eqgual to he residual stress plus the applied stress.

TOTAL STRESS = RESIDUAL STRESS + APPLIED STRESS(1.6)

Table 1.3shows the graphical explanation of the residual stress lweHavithe
spiral welded piped-igure 130 summarizes the controlling points for manufacturing of
sour service line pipe materials. As can be seen, the residual stress on spiral welded pipes
can be controlled during the pipe nrak by heat treatment, cold expansion and

hydrotesting.
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Table 13: Graphtal explanation of residualressbehavior

Process Residual Stress Distribution Explanation
Outside ) i (»)
During Pine ( E ( Residuabtress is generated
g rip g = ) with 3-roll bender during pipe
Forming lla) ) é . )MD forming
Inside : .
Outside o 2 In pipe mill, inner support is
. [ adapted in which the formed
M
GAufitgggleelc:lnnr?er ('_'( \ﬁ.? ("5 pipe is guided from inside
Su oyrts | applying the force to open
P the pipe. At this pointvelding
inside > on ke is done.
Outside ‘ The pipe wall is yielded lowel
Durin E than 100% SMYS due to
9 — : - existence of residual stress a
Hydrotest P 3 . o
g a result slight expansion is
_ brought even at 90% SMYS.
Inside |
Due to plastic deformation,
Outside - Kou The residual stress tends to
be released consequently
L 7 ( similar opening ofiC is
After Hydrotest - ) t ) - observed
Inside _)’ k—-—cm T2 T1
’ cz ’ C1
Note: Mo, M1=Bending Moment s, P =9Tensieni Resduald u e

St r ecsCompredsion Residual Stress

t



47

Property Control Point Manufacturing Process
Hot Metal Pre-
Clean Steel treatment
(Less Inclusion)
Refining/Degassing

Uniform and Fine

/Ca Treatment

Steel Chemistry

Continuous Casting

HIC Resistance Microstructure
Minimum
SSC Resistance Segregation
Clean Weld Metal
Low Hardness

Hot Roll
Accelerated Cooling

Low Residual Stress

Welding Wire
Chemistry

Pipe Making/
Cold Expansion

|

Heat Treatment/
Hydrotesting

Figure 130: Requirements for line pipe and control points @nufacturing
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1.7RESIDUAL STRESSES MEASUREMENT TECHNIQUES

Quantifying the residual stresses present in a component, which may either
accelerate or arrest fatiguer stress corrosion cracking, is frequently crucial to
understanding the cause of failure. Because stress is not a measurable quantity, another
guantity must be measured from which the stress can be calculated. The mosintyp
used quantity is straiff.here are many methods to measure the residuas stregelded
componentsThese test methods aas Xray diffraction, drilling hole test, mechanical
cutting stress releasing test, rigglitting test and other destructive and rdastructive
methods X-ray method and drilling hole methagive accurate measurement of the
surface residual stress; on the other hamely areunable to describe the distribution of
the regdual stress through the depth so it canrediect the true residual stress condition

of the pipe.

The identification of the residual stresses can be also carried out experimentally
by means of destructive techniques known as Ring Splitting Tlestmechanical cutting
stress releasing test data are stable, this test method has godtst, saalilit is a suitable
method to analyze and study residual stress of welded pipe. But this measurement is
complex and not feasible during actual productiorsmifal welded pipe Usually, ring
splitting testis adopted as the method of measuringdued stress by many pipe mills

andthe circumferential opening is regarded as the reference of residual stress.
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Figure 131 shows the approximate depth ranges over which the various methods
are able to resolve residual stress variations. The depth range shownayerix for non
destructive measuremenBofiles up to 1 mm depth are commonly made witlys by
electrochemically etching away material. The figure illustrates the need to consider two
important factors when choosing a residual stress measurement method for a particular
application: (1) the epth of residual stresses that was generated in manufacturing the part
of interest, and (2) the depth to which residual stresses will contribute to the potential

failure mechanism.

depth (mm)
0.001 0.01 0.1 1.0 10.0 100
o rays | < heutrong
Non- | magnetic

#ldestructive .
g ultrasoniq
5 >
= :
-§ < hole drilling .
E Semi- ring [core .
gdestructivg - crack|compliance .
5 <
5
o
S
= . < layer removal

Destructivie s¢ctioning

thin films|,

2:;?35; d |« machinj hg, peening ,

by « welding, case har(.emng . _

COMMOn | clpdding, heat|treating. quenching

Processes | forming, casting, gxtruding .

_ crack injtiation

Depth ; wear .

ranges _ fe lif_[ue -

that T [racture N

Coqtflb“tc . distortion .

to failure ) < buckling, creep >
4.0E-5 4.0E-4 0.004 0.04 0.4 4.0

depth (inches)

Figure 131: Depth ranges of measurement t@ges compared with typically observed
profiles and failure mechanisrflRrime 1999]
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Numerical method is also an important method to determine the residual stresses.
There are a large number of literatures on the application of FEM to determine residual

stres®s existing in piping components.

1.7.1DRILLING HOLE METHOD

Drilling hole is the most widely used technique for residual stress measurement.
The holedrilling (Figure 132) is one of the stres®laxing methods that analyze the
stressrelaxation produced in a metal part when material is removed. By measuring the
deformation caused by the relaxation, the vahfethe residual stress present in the part
before the metal was removed can be determined by analyzing the successive state of

equilibrium.
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Figure 1322 RS-200 mill guide used for drilling holethnique

The principleinvolves introduction of a small hole (of about & diameter and
up to about 2.0nm deep) at the location where residual stress is to be meaBueetb
drilling of the hole the locked up residual stresses are relieved and the corresponding
strains onthe surface are measured using suitable strain gauges bonded around the hole
on the surface. From the strains measured around the hole, the residual stresses are
calculated using appropriate calibration constants derived for the particular type of strain
gauge rosette used as well as the most suitable analysis procedure for the type of stresses

expected. The procedure for residual stress measurement using hole drilling is described
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in ASTM dandards with designation E883r uniform residual stress field€enter hole

drilling is limited to stresses less than nominally 60% of the yield strength.

Coupling to
Drill Drive
Optical
s TT I ™ ,E
uide nse Guide Used for
[ Hole Drill
2z Alignment 1 N ad
] E Adjustment [ _]_1 I— ]
[ 1 | A ] Lo b L
L z = S = === =t =
ETTE AT (2 P\
é é — I -
ZIH [ | ]
z Z I | |
z 2 J_ |
= )| : —q] [T
- > —
= Z z = L L | | | [ Atachedto

e Surface With

S L =
N e o B NN

(To Depth = Diameter)
With End Mill

I

%

Figure 133. Setup of the blind drilling holeedice[ASTM-E837 2008

In most practical cases, the residual stresses are not uni¥ghmdepth. The
incremental hole drilling method is an improvement on the basic hole drilling method,
which involves carrying out the drilling in a series of small steps, which improves the
versatility of the method and enables stress profiles and gtad®rbe measured. A
high-speed pneumatic drill is used to drill the hole without introducing any further
machining stresses and thereby modifying the existing stress system. The strain data at

pre-determined depths are precisely acquired.
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1.7.2X-RAY DIFFRACT ION METHOD

X-ray diffraction (XRD) can be used to measure residual stress using the distance
between crystallographic planes, i.esghcing, as a strain gaudgegure 134). A change
in stress results in a modification of the iapdanar spacings which alters the angular
position of the diffraction peaks. When the material is in tension,-8padng increases
and, when under compression thephing decreases. Stresses can be determined from

the measured-dpacings.

diffraction peaks

e
RS
on detectors )

*,{6\]

o>t

c=0
—~000 900, ¢,
— 000 000—
000 pooo
. _ incident diffraction
Changes in stress cause changes in X-ray beam e

atomic lattice spacing “d”and an

angular shift of the diffraction peak. R e e e

Figure 134: X-ray diffraction residual stresseasuremeritProto Manufacturing
This technique is noedestructive because no material destruction is netmed
release the energy (stressvédlume) stored in the material. XRD residual stress
measurement is applicable to fine grained crystalline materials that produce a diffraction
peakof suitable intensity, and free of interference in the high faftkction region for

any orientation of the sample surface.
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1.7.3RING SPLITTING TEST

One of the industry practices to measure the residual strepgal welded pipes
is the use of Ring Spliting method The principal of this mode of determination of
residual stresses lies in their releasing inside the worked ring and in the measurement of

induced straindetails of this method are explained in chapter 3.

1.8PIPE STRESS RELIEVING

1.8.1COLD EXPANSION

For many years, cold expansion of pipe for work hardening, sizing and rounding
has been utilized for long sections of large diameter pipe of the type formed with a
longitudinally welded seam. Cold expansion often significantly reduces resahsabr
stresses. In the production of pipe, it is the weld seam which usually requires more
attention by way of manufacturing steps and equipment to insure the production of
reliable and quality products. When work hardening by cold expansion is utilized,
provision must be made to insure that the integrity of the weld seam is not destroyed or

compromised in any way.

It is difficult to mechanically expand pipe of the type having a spiral weld seam

since there are no expander has a helical groove whicespomds to the helical weld
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seam of the pipe. So, spiral welded pipes cold expanded are rarely available. Most of the
spiral welded pipe manufacturers do not consider the cold expansion in the case of the
helical pipe to streselieve the pipe after edgerming and welding process. Non cold
expanded spiral welded pipe exhibits highly stressed regions close to the seam weld
caused during the edge forming and welding proceéisissfor this reason that residual

stresses in spiral pipes continue to balgext of considerable interest.

1.8.2HEAT TREATMENT

Postweld heat treatment is widely acceptable mean of stress control in structural
steel components. Peseld heat treatment is the uniform heating of a structure or
portion of a structure to a sufficietdmperature below the critical range to relieve the
major portion of the residual stresses, followed by uniform cooling. Minimum residual
stresses, which are beneficial for a better stress corrosion and fatigue resistance, were

obtained through heat treatmt.

Although residual stresses can be relieved by means of a propdreadaient,
this is generally not practical for spiral weldages.However,postweld heat treatment
suffers from several disadvantages: the cost of treatment in terms of equignden
energy is high; the growth of oxide scale on the surface implies the need for a subsequent
finishing process to remove the scale; in many metals, annealing relieves residual stresses

at the cost of mechanical properties.
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1.9INDUSTRY EXPERIENCE WITH SPIRAL WELDED PIPE

Spiralwelded pipe is used extensively throughout the world for idrgmeter,
gas transmission pipelines. As the industry needs for gas production increase, the
operating demands on spiaklded pipe also increase. These demandide larger
diameters, higher operating pressures and increased mechanical strength. Although the
process for forming spiral welded pipe has been used for nearly 100 years, little work has
been done to predict the residual stresses in spiral welded pipeurately. A
disadvantage of the spiral weld pipe is its longer weld line in comparison with the
longitudinal welded pipe. It is known that cracks and defects are more likely to exist in
the welding area. Therefore, the possibility of finding crackthénspiral weld pipes is
more than the longitudinal weld pipes. The cracks in the spiral weld pipes are generally

subjected to mixed mode loading.

After welding, the spiral welded joint contains residual stresses which, together
with service loading (espally alternating loading) in the conditions of corrosive media
greatly increase the extent of local corrosion of the zones of the welded joint. So, the high
residual stresses exist in spiral waeddpipe can contribute to the Stress Corrosion
Cracking (S@) process by creating dilsomogeneity in the mechanical properties of the
material. Residual stresses can act as sites for crack initiation, either under the effect of a
superimposed stress or in combination with environmental factors. The initiation and

growth of SCC requires an environment conducive to crack formation (environmental
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factor); a tensile stress (stress factor such as applied or inherent residual stresses); and a
material susceptible to SCC in a particular cracking environment (pipe fdttomge of

the above components is missing or varies over time, the opportunity for initiation and
propagationcan be minimized or maximizedMoreover, Stress Oriented Hydrogen
induced Cracking ASOHICO is also welded of
pipe in situations where the hydrogen activity is very high and where some sort of
localized straining occurs due to local softening and or high residual stresses from plate

forming or welding processes.
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1.10 PROBLEM STATEMENT

Within the weting procedures of Spiral Welded Pipe manufacturing, there are
many factors such as welding process parameterdygateand podteat patterns, level
of constraint and joint details that contribute to the pipe residual stresses. Knowing which
parametersdwe an effect on the quality of thei&l Welded Pipe and which parameters
give the most significant effect on the weld quality are the main issues in welding
industry.The benefit of wider adoption of spiral welded pipe for oil and gas services will
resut in reduced capital expenditure for pipeline development and replacement. The
results of this work may serve as the basis for the future research to optimize the spiral
welded pipe manufacturing processes and minimize the residual stresses at the.product
The motivation for this industrial M.S. project is the need for a better understanding of a
very important problem in spiral welded pipe indusivigich is the inducedvelding

residual stresses.

1.11 OBJECTIVES OF THE THESIS

The main objective of this thesis work is to develop an appropriate finite element
model of ring splitting technique that can be used to predict the residual stresses due to
welding in spiral welded pipe. In addition, validation experiments were conducted
whereby Finite EI ement Anal ysi s AFEAO s
experimentally measured dadoreover, the effect of welding speed on the level of the
residual stresses was studied. Furthermore, finite element method (FEM) is used to

predictthe temperature and stress fields in a laser spirally welded tube with 1.6 mm wall

n
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thickness and 75 mm diameter. Finally, statistical analysis and-liegagssion modeling
were used to study the effect of several structural, material and welding pEsoRt

ring splitting test opening for spiral welded pipes.
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CHAPTER 2

LITERATURES REVIEW

2.1PRODUCTION OF PIPES

Avagianos and Papamantellod2002] introduced the principals of the spiral
manufacturing technology from coil bthe twoestepmethod and they outlined the
i nnovations of Corinth Pi pewor kods produc
sophisticated NDT techniques and the Quality Management SyBtemmyakovet al.
[2006] showed that controlled rolling of plates andlsor heat treatment of the product
need to be applied in order to obtain a higher strength in line pipes of diameter up to 1420
mm. They shwed also that the metallurgical design based on purification, low carbon
content, micrealloying and controlled tbng has increased yield stress. They also
studied the effect of quench and tempering in maximizing the homogeneity of the
structure for both the base metal and the weld joint and minimizing residual stresses,
which is beneficial for a better stress caiom and fatigue resistanderanzand Baldur
[2004] described in dtails the modern technology of HTS (Helical Seam Two Step)
manufacturing process they explained the qualitative and economical advantages over the

conventional process.
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2.2WELD MODELING

The research activity in welding simulation started decades ago. Understanding of
the theory of heat flow is essential in order to study the welding process analytically,
numerically or experimentallyConsiderable interest in the thermal aspects of weldin
was expressed by many researchers such as Gal@dhf1984,1986]andNguyen efal.

[1999]. The most critical input data required for welding thermal analysis are the
parameters necessary to describe the heat input to the weldment from the arc.eGoldak
al. [1984, 1986]derived a mathematical model for welding heat sources based on a
Gaussian distribution of power density. They proposed a doubled ellipsoidal distribution
in order to capture the size and shape of the heat sourchathbws and deeper
penetrationsGoldak et al. [1984 presented an overview of the aims and methods of
computational weld mechanics. They described the numerical methods, algorithms,
software and computer hardware needed for computing the temperature, displacement,
strain and stress fields associated withvrelding procesd hey discussed in some detail

the nodeling heat sources, ndinear thermal properties, the heats of fusion and
transformation, and work piece geometry and boundary condittumsar etal. [2006]
computed theemperature and stress fisl during the heating process of a cantilever
assembly. A control volume approach is introduced for the numerical solution of heat
transfer equations while the finite element method is adopted for stress field predictions.
It was found that the temperatudistribution in the transverse direction does not vary

considerably, but varies significantly in the longitudinal direction. They found that
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maximum magnitude of the von Mises stress is less than the yield strength of the
substrate materiaZhang etal. [2004] investigate the heat transfer and free surface flow
during gas metal arc fillet welding of mild steel. Dimensional analysis was used to
understand the importance of heat transfer by conduction and convection and the role of
various driving forces ortonvection in the liquid weld pool. The effect of welding
parameters on important weld bead characteristics was quantitatively studied using the
numerical model. They found that the results indicate a significant promise for
understanding and control odg metal arc fillet welding processes based on fundamental

principles of transport phenomena.

Poorhaydari et a[2005] presented an innovative method for estimating the actual
cooling rate in a welded section. The model can be used to predict the peakateire
profile across the HAZKubel andEdward [1986provides an overview otihe modeling
of arc and other welding systems with scientific principles from many disciplines
including physics, chemistry, mechanics, electronics, and matéraltor et al. [1999]
presented a computational modeling of welding phenomena within a versatile numerical
framework. Wu and Sun[2002] developed a numerical model to compute the
temperature field and history in doutdigled arc weldment. They use this model to
compue the temperature distributions and profiles at different esessons and along
different lines of interest and then they compared their results with the results in regular
plasma arc welding. They found that DSAW process has advantages in obtaepng de

narrow penetration with low the thermal distortion and residual stress.
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2.3HEAT SOURCE MODELING

Over the past few years, finite element methods have been used extensively in an
attempt to predict distortion and residuaksses due to welding operatio@enerally,
the finite element method has already been proven to be a successful tool &vesihaul
complex welding procesdDittmer et al [2006] employed a genetic algorithm is to
iteratively remesh 3D surfaces and tend toward an optimal mesh basgethe quality
metric. The optimization approach was implemented on two components. Results
indicate that this approach is effective in generating-biggility meshes without altering
the mesher itself, developing new meshing algorithms or-grosessingmeshes to
improve element qualityrassani and TrevisgB003] did a comparison between thermal
cycles obtained from analytical models regarding point (concentrated) and Gaussian
(distributed) heat sources. They found ttetcomparison shows that the theal cycles
obtained from the distributed heat source model are more reliable than those obtained
from the concentrated heat source mod&dung andThornton [1999] developed a
parametric model to predict the transient thermal behavior of a typical spdihgve
electrode cap. The analysis indicated that convective and radiant heat losses were not
important. A simple linear relationship between the maximum temperature and the input
power was found.

Gery etal. [2005] presented a moving heat source model dbaseon Gol dak o
doubleellipsoid heat flux distribution. They predicted the transient temperature

distributions and temperature variations of the welded plates during welding. They also
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investigated the effects of the heat source distribution, energy ingwtelding speed on
temperature change®kadaet al. [1988] proposed the details of the frame heat source
model formed by line heat segments which correspond to heat transfers due to the plasma
stream and molten metal flow using a personal computer sydtsigned. They also
developed a system to predict hardness mcto-structural constituents in the heat
affected zone and to determine optimum welding conditiddguyen etal. [1999]

derived the analytical solution for a dowakipsoidal power densitgnoving heat source

in a semiinfinite body with conductioronly considerationMalik et al. [2007] described

a combination of numerical simulation and experimental validation to study the
temperature distribution and prediction of fusion zone (FZ) anddfferted zone (HAZ)

in gas tungsten arc welding of low carbon st@shi and Eagar[1984] presentedveld

width, penetration, and crosgctional area as a function of heat input and arc heat
distribution parameter in dimensionless forms. The theorybesasd on a closed form
solution to a travellinggaussian heat source. The results indicate both welding process
parameters (current, arc length, travel speed) and material parameters have significant

effects on weld pool shape.

2.4WELDING RESIDUAL STRESSES

Most of the welding research in the past was conducted to investigate the
distribution of residual stress and distortion of welded metal. Not only the welding

residual stress and distortion have been studied by welding researchers, but the effects of
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welding parameter, welding sequence, welding joint geometry, and root opening has also
been investigated byeseral researchers in the pa¥tithers and Bhadeshif2001]
summarized the effect of residual stresses on fatigue lifetimes and structuratyintegri
followed by the definition and measurement of residual stresses. Different types of stress
are characterized according to the characteristic length scale over which they self
equilibrate. They also assessed the capability of a range of techniquesvatptaey

examined the different nature and origins of residual stress for various classes of material.

2.5EXPERIMENTAL MEASUREMENTS OF RESIDUAL STRESSES

Tanala etal. [1995] conducted ltrasonic velocity measurements to determine
residual stresses inducdéy welding processes. The results of surface residual stress

distribution are compared with those obtained with araXdiffraction technique.

Macura andriala[2002] measured of the residual stresses after spiral welding, pressure
testing and annealindhe measurements were performed by means of thedhbieg

strain gage methodRaul[1996] presented a theoretical development -@ay diffraction

residual stress measurement is emphasizing practical engineering applications of the
planestress model which requires no external standatde briefly described the
determination of the full stress tensor. He also compared alternate mechanical, magnetic,
and ultrasonic methods of residual stress measurements. He also described sources of

error arising inpractical applicationsBarsoum[2007] carried out a thredimensional
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welding simulation in the FE software ANSYS in order to predict transient temperatures

and the residual stresses in a thpass welded tubular joint structug@lva andFarias

[2008] presented experimental results on the profile of residual stresses in manually
welded butt joints. They carried out the residual stress measurements on the external
surface with a mindiffractometer Xray. The results show that significant variations can

occur in the welding residual stress behavior even under similar welding conditions.

2.6 FEM RESIDUAL STRESSES MEASUREMENTS

Dong et al. [2006Jused an advanced computational simulation procedure to
simulate the detailed forming and welding interactions amit tombined effects on
thermal and residual stress development for spiral welded pipe. Their results show steep
throughwall gradients in the hoop and axial components, with levels for some
components well above the yield stress. Cold expansion is shwowe beneficial in
terms of relief of the hoop component, but potentially detrimental for the longitudinal
weld component. The utility of spliing testing is evaluated analytically, and compared
to typical results for expanded line pip@ureshi et al. ZJ009] conducted parametric
studies where they employed thidienensional FE models to study the effects of a
critical geometric, that is, tack weld on the corresponding residual stress fields in
circumferentially welded thiwalled cylindersDhingra and Mirphy [2005] presented a
sequentially coupled thermal stress analysis approach for modeling temperature and

distortion profiles resulting from welding thimalled structures. The heat source is
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modeled as a three dimensionatp double ellipsoid, and-B finite element (FE)
models are employed for predicting ensuing distortidieng et al. [2005{leveloped a

full threedimensional (3D) thermechanical finite element (FE) model to simulate the
stepby-step multipass welding process.t a me n k oWai sl o [2608]ctudied the
manual metal arc &ding of carbon steel plates. They performed finite element analysis
of residual stresses in butt welding of two similar plates with the ANSYS software. The
welding simulation was considered as a sequentigbleduthermemechanical analysis

and the element birth and death technique was employed for the simulation of filler metal
deposition. The residual stress distribution and magnitude in the axial direction was
obtained. A good agreement between the computadind experimental resultsas

obtained.

Abid and Siddique[2005] presented a -B finite element simulation of a pipe
flange joint to describe the numerical procedure for modeling of tack welds in
circumferential joints. Sequentially coupled nonlineaansient thermanechanical
analysis is performed to simulate Metal Inert Gas (MIG) weldingand Hassafi2001]
presented a finite element scheme for simulation of welding residual stresses. They
performed detailed thermal and residual stress analysebufewelded and socket
welded pipes are using ANSYS and ABAQUS. The calculated distribution of axial stress
and hoop stress at welded joint are validated against experimental results. They studied
the relaxation of residual stress under high amplitudecci@hding.Cho et al. [2004]

determined the residual stress distribution after welding and after a post weld heat
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treatment by a finite element transient heat flow analysis in conjunction with a coupled
thermal mechanical analysis. They found that the mmxn residual stress of 31dPa

was found in the 56mm plate, but was reduced taVi#@ after the post weld heat
treatment.A. Yaghi et al. [2006]discussed the residual stresses in welded components
they presented a brief review of weld simulation is. yTtexplained the general
methodology of the FE analysis methods used for welded sections of steel pipes. They
plotted the residual axial and hoop stresses for the considered range of pipe diameters for

the two simulated pipe wall thicknesses and they discuse differences.

2.7PROBABILISTIC ANALYSIS AND REGRESSION MODEL

Walton [2002] provides a lowcost, easy method of determining if residual
stresses are the cause of component distortion during manufacture. He developed a
mathematical derivation for simple cases based on thegbmethods which include the
calculation of circumfengtial residual stresses for thick tube. Conway and Nickola
[1965] did a theoretical analysis of the stresses induced in thin elastic strips which are
bent into arcs with substantially constant raglfii curvatures. Qingren et aj2002]
analyzed the problesnrelated to the measurement and control of residual stress in the
production of spiral welded pipes pipéang et al.[1993] have used linearegression
equations for computing the weld features (melting rates, total fusion area, penetration,
deposit areabead height and bead width) from SAW process variables (electrode

extensions range, welding voltage, welding current, welding speed and electrode
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diameter) using both positive and negative electrode polarity. They managed to develop
regression equationfor each weld feature in both polarity conditions. Their results
indicated that the lineaegression equations were equally useful for computing the
various features of the SAW process. The effect of process parameters (welding current,
travel speed, gawidth, bead height and arc deflection current) on the bead shape in a
narrow gapGTAW process with magnetic arc oscillationsastudied by Starling et al.
[1995]. Statistical experimental design and lineagression modeling were used in this
investigation to deelop the model. Kim et a[2003] have studied the interrelationship
between robotic COarc welding parameters and bead penetration by developing
mathemécal models using factorial techniques to predict the desired bead penetration.
Partialpenetration and singlgass welds were fabricated in 12 mm SS400 plates based
on controlling four different process parameters (arc voltage, welding current, welding
speed and welding angle). They found that all the investigated parameters affect the bead
penetration. They suggested extending the empirical formulae to plates of varying
thickness and many other parameters which were not included in their research. Kim et
al. [2003] have employed factorial design to correlate the robotic GMAW process
parameters (welding voltage, welding speed and arc current) to three responses (bead
width, bead height and penetration) for optimization purposes. Their results showed that
al process parameters influenced the responses and the models developed are able to

predict the responses withhZb% accuracy.
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2.8LASER WELDING

Considerable research studies were carried out to examine the laser welding
process. Mackwood and Crafi @005 carried out an extensive review on laser welding
and related processes. They presented the applications laser welding process under
different welding categories such as laser spot welding, laser butt welding, etc. Laser
welding characteristics of coldlled carbon stdewvere examined by Shin et al. [2007]

They showed that the optimal welding conditions resulting in no defect sites in the
vicinity of the welded area was possible for a certain combination of laser output power,
welding speed, and focustseg of focusing lens. Nd:YAG laser repair welding of tool
steels and microstructural changes in the weldvgite examined by Vedani [200He
indicated that heat affected zone was narrow and carbides dissolve during the heating
phase of the welding pecess. Laser welding of steel and residual stress distribwios
examined by Olabi et al. [20Q7They examined the effect of laser parameters on the
residual stress developed through statistical analysis. Application eEhaglyy sources

as plasma otfaser for welding improves joint geometry, but requires -paxtling

treatment or preheating for highestigth steels (Permyakov et al. [2006]

Laser welding of low carbon steel sheets wasi@dmout by Yilbas et al. [2010]
Temperature and stress @isl developed during the welding were computed using the
finite element method. The residual stress developed in the weld region was measured

using the XRD technique while metallurgical and morphological changes in the weld
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zone were examined using the optimicroscopy, SEM and EDS. They found that the
temperature decay in the molten zone was lower than in the solid due to absorption and
dissipation of the laser energy in the molten zone generated in the surface region. Laser
welding and temperature fieldsmulations were carried out by Zenong et al [2007]

They indicated that the finite element method provided results in agreement with the
experinental findings. Sundar et al. [200¢jrried out Finite Element Analysis on a
single pass buitvelding moetl to illustrate the temperature distribution, distortion and
residual stress field developed in the weldment. They found that the geometric distortion
and residual stress induced during welding can be minimized by selecting appropriate
process paramete@e et al. [2003]considered 2D axisymmetric finite element analysis

of heat flow during laser spot welding. They predicted the transient temperature
isotherms and the weld pool dingons. Lundback and Runnemalm [2008kcribed a

3-D finite element moddor the prediction of the distortion and residual stresses induced
during electron beam welding. They used combined conical and double ellipsoid heat
source to model the deep penetration characteristic of the eledieam.
Balasubramanian et al. [2008mployed a three dimensional conical Gaussian heat
source inthe analysis. Frewin and Scott [1998]esented a thredimensional finite
element model of the heat flow during the pulsed laser beam welding. The results
suggested that temperature profilesl ameld dimensions were strong functions of the
absorptivity and energy distribution of the laser beam. For this reason, it is essential to
incorporate an accurate degtion of the heat source. Arif [201@fesented a moving

volumetric heat source modaicihe used it to simulate the laser cutting process in order
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to predict the residual stress generated in ¢b#ting region. Safdar et al. [2007]
investigated the effects for various laser beam geometries dastretube bending. Wu
et al. [2006] establshed a model for the keyhole plasma arc welding (PAW)

incorporating the heat source in the simulation.



73

CHAPTER 3

PROBABILISTIC ANALYSIS AND REGRESSION MODEL

3.1INTRODUCTION

Spiral welded pipe (SWP), as the name implies, is a steel pipe that has a seam
running its entire length in a spiral form as shown in Fidlde It is used extensively
throughout the world for largdiameter, gas transmission pipelines. As the industry
needs for gas production has increased, there is more demands for SWP having larger
diameters, higher operating pressures and increased mechanical strength. SWP is
produced from forming and welding plate or strip material. The steel is leveled and
passed tlough a forming station that spirals the steel to the required outside diameter.
The spiral seam is then welded both internally and externally as part of the one forming
operation. The pipe shell thus formed is cut to the required length as it travefstoait o

forming and welding machine.
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Figure 31: Spiral welded pipe.

Quiality of spiral welded pipe is directly influenced by forming and welding input
parameters. During the production of SWP, the plate or strip material tyargyh
bending, forming, and welding. These mechanisms interact to produce a complex three
dimensional residual stress field. Having higher internal residual stress is one of the main
reasons that restrain SWPG6s aupdHdedomeathei o n .
driving force of crack propagation with operation pressure together. On the other hand,
even relatively small unbalanced state of residual stress at some locations could lead to
stress corrosion cracking or corrosion fatigue fracture tolipgoén the presence of a
corrosive medium. Therefore, a common problem faced by the spiral welded pipes
manufacturers is the control of process input parameters to obtain a good pipe quality

with minimal detrimental residual stresses.
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Residual stresses in spiral welded pipes may be measured kbyesioactive
techniques and locally destructive techniques. Thedastructive techniques include X
ray and neutron diffraction methods, magnetic methods, and ultrasonic techniques and
the loally destructive techniques include hole drilling methods or ring splitting
technique. The selection of the optimum measurement technique should consider
volumetric resolution, material, geometry and access. To get the desired spiral welding
residual streses, it is essential to know interrelationships between process parameters and
the change in circumference during the ring splitting test. The process of developing this
relationship is not an easy task because there are some unknown, nonlinear process
pamameters. The relationship between process variables and ring splitting opening are
complex because of the number of variables and their interrelationships involved.
Knowing which parameters have an effect on the quality of the spiral welded pipe and
which parameters give the most significant effect on the weld quality are the main issues

in piping industry.

However, no serious attempt has so far been made to predict residual stresses in
spiral welded pipes due to the combination of input and output weltid processing
variables. The difficulty of getting sufficient real data of residual stress tests done in the
industries has limited the full utilization of the regression models to predict spiral welded
pipesresidual stresses. Fortunatedy substantlaamount of real life datavas acquirel
which isgenerated over several years in a most appropriate environment of utilization of

such pipes. Based upon this valuable data the objective ofhtasteris to develop a
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regression model explaining relationsbetween spiral pipe process/welding variables in
order to predict the residual stresses by ring splitting test. Several factors were included
in this study. These factors are pipe diameter, wall thickness, pipe grade, coil width,

forming angle, weldingpeed, and pitch distance.

3.2EXPERIMENTAL PROCEDURE

Residual stress measurement can be carried out experimentally by means of
destructive techniques known as Ring Splitting Test. Fig@ashows a rindike sample
with a length of approximately 150 mm is taken from a long pipe and split open in the
longitudinal direction for all measurements. The residual stresses are distributed across
the wall thickness of pipe. In ring splitting meth@dg¢ut, by flame or sawing, is made
along a straight line parallel to the longitudinal axis of the pipe and in the opposite
direction of the spiral weld (180 degrees from the spiral weld) in order to release the
residual moment as shown in Fig@#8. Pria to cutting the ring, fiducial marks shall be
placed on either side of the proposed cut location. The direction and magnitude of the
residual stress can be estimated from the magnitude of a ring opening or a ring closing
resulting from a longitudinal cumade in the pipe. If the residual moment is an expanding
one, the cut in the sample opens up. If the residual moment is a contracting one, on the
other hand, the cut closes. The amount by which the cut opéfi§ &nd the amount by

which the cut closes (Y8) are collectively known as the magnitude of a ring opening.
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(b)

Figure 32: (a) Preparation for splitting ring test, (b) Ring cut from spiralded pipe.
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Figure 33: Ring splittingmethod

Many researchers have worked on developing relationships between the
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circumferential opening, in cuing test, and the residual stress of spiral welded pipe so
that residual stress can be estimated from the circumferential opening conveniently. For
example, one company uses the following formiBaudi Aramco Materials Stam

Specification, 0ISAMMS-035:

(3.1)

Where:

0= residual stress in MPa (psi)

Y8 = + change in circumference, mm (in)

t = nominal thickness, mm (in)

E=Youngds Modul206G00mMPa @9 xaf®di)i ci t vy

R = nominalpipe radius mm (in)

The above equation is based on a linear distribution of stress through the
thickness of the material. Although this is an approximation, the values obtained for
residual stresses are believed to be reasonably accurate. This technique can only assess

hoop $resses and it is not possible to determine longitudinal residual stresses.

Acceptance Criterionin industry, the computed stresses in spiral welded pipe are

limited to £10% of the pipe Specified Minimum Yield Stress (SMYS) due to a fairly
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broad consens that these stresses increased the possibility of sulfide stress cracking
(when operating in sour environment) and that large computed stresses would contribute
to a longe rupture, regardless of cauggaudi Aramco Materials System Specification,

01-SAMMS-035|.

3.3DATA COLLECTION AND ANALYSIS

Continuously pursuing high quality and low cost in every kind of industrial
processes has made statistical and probabilistic analysis common and fundamental
practices in several business environments. One maifeprafith these techniques can
be the data availability, which means costs and time required for experimental
investigations. The recorded data by the spiral welded pipes manufacturers (before,
during and after pipe production) offer enormous potentiabasces of new knowledge.
Making use of these large volumes of collected data is important for the discovery of
hidden knowledge by transforming them into useful predictive models. The extracted
knowledge can be used to model, classify, and make predictmmsiumerous
applications. Data can be analyzed to identify hidden relationships or patterns in the
parameters that control manufacturing processes or to determine and improve the quality

of products.
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All the data for this work were collected in collabtbon with National Pipe
Company, Saudi ArabidNP{, a leading local manufacturer of large diameter helical as
well as longitudinal steel welded pipes. The plant has annual production capacity of
180,000 metric tons of spiral Submerged Arc Welded (SAW.pTrhe establishment can
thus be treated as a representative SAW pipe manufacturing facility, and the work
presented in thishaptercan be used as a benchmarking tool for evaluating pipe defect
due to high residual stress and plant performance of a pparating at high quality

standard. Following two sets of data were collected and analyzed in this work:

Data Set A 2090 ring splitting tests data for 56 inch (1422mm) outer diameter
spiral welded pipe having 0.875 inch (22.2mm) wall thickness w@tected. The pipes
weremanufactured from X65 grade steel. The industrial acceptance criterirgof
A A yields ot 1 1 Y# @ 1 | .IBased on this criteriommnly 9% of the

rings (205 tests) failed during test for this data set.

Data Set B 262 ring splitting tests datior 24-60 inch outer diameter spiral
welded pipes having wall thickness in the range of 0.B5 inch were collected. The

pipes were manufactured from three different grades of steel.
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3.4PROCESS CAPABILITY ANALYSIS (USING DA TA SET A)

The distributions of the opening and closing val¥é)(for 2090 test datahows
that 72% of these tests predict a closing mode with neg¥tivealue (Figure3.4). This
implies that most of the stresses on the samples are compressive. Anatixemof the
graph (Figure3.4a) shows that it is apparently normal distributed (approximately
reflected by a bell shaped curve) as the raw (empirical) distribution matches closely to the

normal curve. The normal probability plot for the data set is givémgure3.5.

Histogram of Delta C
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The Process Capability Analysis is designed to compare a set of data against a set
of specifications. The goal of the analysis is to estimate the proportions of the population
from which that data come will fall outside the specification limfeocess capability in
the context of spiral pipes means ability of the pipe manufacturing process to meet the
technological or other requirements, i.e. to fulfill acceptable residual stressdiemat
on it. The residual stress demand is measuretBy. @nd LSL) which are the upper and
lower specification limits of the quality characteristi¢ respectivelyand for this case
USL-LSL= Y# @t | I, and the manufacturing process variability is
represented by G=standar &# by split rirgy test.aTnus, thé me a s
Process Capability Ratio (PCR) (Cp) was studied for the collected data using the
following formula:

PCR= USL- LCL (32)
6s

A normal distribution was fit to the set of collected data for the vari#blas
shown in Figure3.6. 11.4589% of the fitted distribution lies outside the specification
limits as shown in Table8.1. Several capability indices have been computed to
sumnarize the comparison of the fitted distribution to the specifications (Tabland
3.3). If the process is centered, measurement process is always capable when capability
index value Cp, Cpk, respectivel\Cpm) exceeds 1. Since certain variability iways
present and process is never fully in statistically controlled state. Therefore indexes value
1.33 is recommended for established processes such as SAW. Practical recommendation

consideraminimal admissible value 1.33able3.2 indicate that Cp is nul away from
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1.33 and thus indicate a need to reduce the scatter in the SAW process to realize the goal
of Cp=1.33. Another common index is Pp, which in the case of the normal distribution
equals the distance between the specifications limits divided taye® the standard
deviation. In this case, Pp equals 0.592198, which is usually considered to be not good.
Ppk is a onesided capability index, which in the case of the normal distribution divides
the distance from the mean to the nearer specificatioi by 3 times the standard
deviation. In this case, Ppk equals 0.420361. The rather large difference between Pp and
Ppk is a sign that the distribution is not centered well between the specification limits. K
equals the mean minus the nominal, divitlgdonehalf the distance between the specs.
Since K equals0.290169, the mean is located 29.0169% of the way from the center of
the specs toward the lower specification limit. Since capability indices are statistics, they
will vary from one sample of da to another. The 95.0% confidence intervals show how
much these statistics might vary from the true values given the fact that only 2090

observations were taken.
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Table 31: Process capabilitynalysis

Normal
Mean=-18.5708
Std. Dev.=36.024

Cp=0.97
Pp =0.59
Cpk =0.69
Ppk =0.42
K =-0.29

Specifications| Observed Estimated Defects
Beyond Specq Z-Score| Beyond Speq Per Million
USL=64.0 | 2.057416% | 2.29 | 1.094965% | 10949.65
Nominal = 0.0 0.52
LSL=-64.0 | 7.799043% | -1.26 | 10.363926%| 103639.26
Total 9.856459% 11.458891%| 114588.91
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Table 32: Capability ndices

Index Lower Limit Upper Limit
Cp 0.944308 1.00336
Pp 0.574239 0.61015
Cpk 0.665894 0.716632
Ppk 0.401211 0.43951

Table 33: Process capabilityusnmery

ShortTerm LongTerm
Capability Performance
Sigma 21.9064 36.024
Cp/Pp 0.973841 0.592198
Cpk/Ppk 0.691263 0.420361
K -0.290169
DPM 19131.2 114589.

3.5PROBABILISTIC ANALYSIS (USING DATA SET B)

19 groups of data with different pipe diameters, wall thicknesses and grades have
been analyzed. Tab&4 shows the summary of the analyzed data. The residual stress on
the parent metal were measured and calalilbte the ring splitting methodlhe total
observations of 2090 represent 19 groups of data. Number of observations in each group

divide by total data points provides the proportion of each group data set in the total
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observations which could be treatedpasent population of 2090 values. These values

are plotted in the pie chart of Figu3¢'.

Table 34: Statistics summary for 19 groups aita

Group# Diam(ie;t)e ) e Thg:nk)ness MM Grade| Count Average g’;%?;?gg \(/:gr?;ft.i:rz Minimum | Maximum [ Range
Group 1 914.4 (36) 6.35 (0.250) X60 15 0.0108 0.0169798| 157.221% -20 42 62
Group 2 1016 (40) 11.3 (0.444) X60 20 0.00425 0.0138027| 324.768% -10 43 53
Group 3 1016 (40) 16.256 (0.640) X60 7 -0.0188571| 0.0116108( -61.5722%) -36 -20 34
Group 4 610 (24) 6.35 (0.250) X60 24 | 0.00345833| 0.00606472 175.365% -12 13 25
Group 5 610 (24) 7.747 (0.305) X60 20 -0.00185 ([ 0.00434404 -234.815%) -8 5 13
Group 6 1067 (42) 11.125 (0.438) X70 14 -0.0178571| 0.0167785( -93.9593%) -50 8 58
Group 7 1067 (42) 15.875(0.625) | X70 | 20 0.01235 | 0.0116541| 94.3653%| 10 30 40
Group 8 1422 (56) 11.86 (0.467) X65 | 9 | 0.00455556| 0.030175 | 662.377%| -40 50 90
Group 9 1524 (60) 12.7 (0.500) X65 | 14 | -0.0222857| 0.0318468| -142.902%| -63 45 108
Group 10 1524 (60) 17.25 (0.679) X70 20 -0.01075 | 0.0302096 | -281.019% -62 44 106
Group 11 1524 (60) 16.79 (0.661) X70 8 0.00475 0.0372702| 784.637% -55 45 10
Group 12 762 (30) 9.525 (0.375) X65 8 0.01925 | 0.00645313 33.5227% 10 30 20
Group 13 762 (30) 13.76 (0.542) X65 13 | -0.00576923 0.00434269 -75.2733% -14 3 17
Group 14 | 762 (30) 11.1 (0.437) X65 | 10 0.0085 | 0.0101571| 119.495% -4 28 32
Group 15 | 1422 (56) 13.563(0.534) | x70 | 9 | 0.0242222| 0.0190708| 78.7326%| -5 45 50
Group 16 | 1422 (56) 16.256 (0.640) | X70 | 20 0.0112 | 0.0224349| 200.312%| -35 47 82
Group 17 1422 (56) 16.256 (0.640) X70 5 0.0334 0.034897 | 104.482% -20 75 95
Group 18 1524 (60) 14.0 (0.551) X70 12 -0.00775 | 0.0315224( -406.74% -45 50 95
Group 19 762 (30) 12.751 (0.502) X65 14 | 0.00314286| 0.011967 | 380.768% -15 26 41
Total 262 | 0.00165649| 0.0227221| 1371.7% -63 75 138
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Figure 37: Pie-chart fordata set B.

Figure 3.8 illustrate Y# versus pipe thickness t for different pipe diameters for
X65 Steel pipes. The changes in circumference versus residual stresses of individual test
of pipe element sample sets of pipes ranging from 40 inches to 60 inches and two
materials X60 and X65 steehre given. The empirical cumulative distribution function
(CDF) of function change in circumferenc¥#, F¥#) = PY#®E€ @Qumber of
observations in a cell for the cell under consideration/total number of observations in the
group, illustrated by theell interval bars for all of the 19 groups are shown in Figure
3.9. Each of the empirical CDF is superimposed by a continuous curve representing a

normal distribution FY#) =4# [OT0 where O and G are the
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deviation respectively od | | ®C values in each group. Th
fitted continuous plots and linearly transformed data is plotted in FRjli@eshows that

that the normal probability distribution characterizes the data in each of the 19 group with

an accefble goodness of fit (measured by the regression coefficient). The fitted line
annotated by all is the normal fitted distribution to the pooled data of 19 groups (2090)

data point .This normal distribution is also plotted in form of cumulative distribution
function in Figure3.11. This represents a global model of typical ranges and thickness of

pipes of common pipe materials in oil and gas industry.

Change in Circumferences (in)

Wall Thickness (in)
—0—24 —@=-30 —A—36 =4=38 —=%=40

Figure 38: Change of circumferences (z) verses different vivdkinesse forgrade X65
pipes
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Figure 39a: Change in circumferences for pipegps 1 to 6
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Histogram of Group 7
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Figure3.9b: Change in circumferences for pipegps 7 to 12
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Histogram of Group 13
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Figure 310: Normal probability plots for all@ups of data set B (Separate).
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Figure 311: Normal probability plot in percent for alfgupsof data set B (Combined)

The meangame as median in case of normal distribution) in fitting above normal
models are estimated as a point estimates ,these point estimates do have uncertainty and

depends upon sample size in each group and level of ean&dn which the range of
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such estimates. Figu@12 is the plots of such interval estimates of medians (same as

mean for normal distribution) with 95% confidence intervals for all the 19 groups of data.

Median Plot with 95.0% Confidence Intervals
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Figure 312: Medianplots with 95% confidencentervalsfor data set B

3.6 REGRESSION MODELING (USING DATA SET B)

One basic goal of modeling is to extract the useful part of the information
contained in the experimental data and summarize it in mathematical expressions of
easier interpretation and handling. Variable selection and multiple regressions were both
performed using a commercial statistical software package. Multiple regressions are used
when there are one or more predictor variables and one continuous dependent variable. It
allows for the testing of a theoretical model about how a set of predictors acopant f

particular outcome variable of interest. It can be used to assess the relative importance of
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predictor variables. It develops a weighted linear composite that maximizes the variance
accounted for in the dependent variable. Simple regression is whenishonly one

predictor variable. In this instance, regression is quite similar to correlation.

The dependent variable should be continuous or at least ordinal. Predictor
variables can be continuous or binary. Nominal predictors need to be dummy coded
before they can be used as predictors. There are several methods for selecting the best
model, such as backward regression, forward regression and mixed regression. To
investigate the influences of di fferent f
effect on the calculated residual stresses in detail, the multiple regression analysis was
conducted on the collected data of 19 groups of different pipe specifications. The change
in circumferences @C was consideredt as de

variables that were considered are as follow:

=

D: Pipe Diameter (m)

2. T: Wall Thickness (m)

3. s,: Pipe Grade (SMYS in MPa)
4. W: Coil Width (m)

5. a:Forming Angle (degree)

(o2}

. V: Welding Speed (m/s)

~

P: Spiral Pitch Distance (m
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The multiple regression equation obtained finally is as follow after taking the log
of the absolute val ues thatfit wdshadequaeCat tivd 5% t h e

confidence level:

IDC| = expl 6, + £,D + b,T + b,S, + LW + b,a + b + b,P) (3.3)

Table 3.5 shows the model summawhich summarizes how well the overall
multiple linear regression model predicts the dependent variable. The table also describes
the relationship between In (| ®pC|]) and sev
worth mentioning that Bquared desibes the percentage of variance in the dependent
variable explained by the regression equation. It ranges from O to 1. It is used to evaluate
the effectiveness of the regression to predicsgRared somewhat overestimates the
population variance explaidein the dependent variable by the regression model. The
degree of this overestimation is greater when there are more predictors and when the
sample size is smaller. AdjustedsBuared attempts to obtain an unbiased estimate of
variance explained in the polation. The larger Bquared, the bigger the sample size
and the smaller the number of predictors, the more powerful this test will be. In this case
the regression model based on the seven predictors account for 36.47% of variable in the

data. The analys summary is as follow:

1 R-squared = 36.4766 %
1 R-squared (adjusted for d.f.) = 34.719 %

9 Standard Error of Est. = 0.801987
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1 Mean absolute error = 0.661699
9 Durbin-Watson statistic = 1.86738 (P=0.1424)

1 Lag 1 residual autocorrelation = 0.0642195

Table 35: Summary of the multiple regressiorodel

Parameter| Estimate Standard T P-Value
Error Statistic
b, -27.5576 24.8522 -1.10886 0.2685
b, -0.745752 6.76477 -0.110241  0.9123
b, -0.774656 0.391253 -1.97993 0.0488
b, 2.60424 1.33116 1.95636 0.0515
b, 9.36933 5.92781 1.58057 0.1152
b 0.093708 6.68668 0.0140141 0.9888
by -1.24101 0.789606 -1.57169 0.1173
b, -8.52493 3.93075 -2.16878 0.0310

A value of 0.36 for Rsquared indicates moderate reliability, whereas values
above 0.8 are considered highly reliablggnzblau 1958 Table 3.6 is the ANOVA
analysis output for the ring opening. As seen in this table, it can be assumed that the
following interaction model for the weld bead height was adequate at the 95% and 99%
confidence level. The analysis of variance (ANOVA) has efficientgnbused for
identifying the significance of main and interaction effects of process parameters. Since

the Rvalue in the ANOVA table is less than 0.05, there is a statistically significant
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relationship between the variables at the 95.0% confidence TheelRSquared statistic
indicates that the model as fitted expl ain
adjusted Rsquared statistic, which is more suitable for comparing models with different
numbers of independent variables, is 34.719%. Tdmard error of the estimate shows

the standard deviation of the residuals to be 0.801987. This value can be used to
construct prediction limits for new observations. The mean absolute error (MAE) of
0.661699 is the average value of the residuals. Durbin-Watson (DW) statistic tests

the residuals to determine if there is any significant correlation based on the order in
which they occur in your data file. Since thevdtue is greater than 0.05, there is no

indication of serial autocorrelation in thesiduals at the 95.0% confidence level.

Table 36: Analysis of \ariance (ANOVA)

Source Sum of Square Dy Mean Square F-Ratio P-Value
Model 93.4406 7 13.3487 20.75 0.0000
Residual 162.725 253 0.643183

Total (Corr.) 256.166 260

Figure 3.13 shows the observed values against the predicted change in
circumferences (@C) values obtained from t
the model can be simplified, notice that the highegalBe on the independent variables
is 0.9888, belongingotthe forming angleq). Since the Ralue is greater or equal to

0.05, that term is not statistically significant at the 95.0% or higher confidence level.
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Welding processes often encounter disturbances that effectively change tesspro
outputs, resulting in a weld of undesirable characteristics. Such disturbances may include
thermal distortion, pipe forming and automated systems errors. The residual stress
distribution in welded joints depends on a number of process and desigrefeasasoch

as the heat input, speed of the welding arc, preheat, thickness of the pipe, weld joint
geometry, and other factors. Welding engineers have long used trial and error to obtain a
suitable combination of these parameters in order to control #iduat stresses.
Variables studied so far in this research include pipe diameter, wall thickness, pipe grade,
coil width, forming angle, welding speed and spiral pitch distancereTére other factors

that needo be included which were not available. $eesariables may include pheat

and postheat temperatures, cooling rate, welding arc voltage and current, electrode wire
feed rate, number of internal and external welding electrodes with their positioning and

orientations, forming roller setup and wébiht configuration.
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Figure313: Predi cted versus observed mC

Another primary measure of the welding process quality is the microstructure,
which determines the weld material properties as a result of heat immg the welding
process as well as a possibility of inclusions introduced as a part of flux layer deposited
and maintained over the arc during the SAW process. This manifestation of the quality is
not directly measurable in real time, i.e., it is unobskle. So, more efforts and
researches are needed to move beyond mere analysis of residual stresses and distortions
to aggressively controlling other materials and metallurgical process variables. These
variables that may be considered are pipe and elecimaterial properties, hardness,
strength, microstructure, welding discontinuities (cracks, inclusions, porosity, etc.).
Metallurgy of the weld has a great effect on the cracks propagation in addition to the pipe

residual stresses. Failure mechanisms pimak welded pipes by cracking may be
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separated into two stages: initiation and propagation. Each is influenced by
microstructure features (grain structure, intermetallics, matrix precipitation) and/or by
Amechanical 06 feat ur ess d pores)sBecause weld fqualityass i d u a
not directly measurable, identifying variables with a high correlation with residual stress

test results will be desirable.
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CHAPTER 4

DRILLING HOLE TECHNIQUE MEASUREMENTS

4. 1DRILLING HOLE EXPERIMENTAL PROCEDURE

In collaboration with National Pipe Company (NPC leading local
manufacturer of large diameter helical as well as longitudinal steel welded thipes
results of the Microscopic Residual Stress (MIRS) tdsa$ were conducted by NPC
have been used to validate the Finite Element Model. Microscopic Residual Stress
(MIRS) testswere conducting by die-drilling and cutting methodThe test pipes have
been selected from both acceptable and unacceptable pipes evaluated by Macroscopic
Residual Sess (MARS) tes{Ring Splitting Test)that was explained in thgrevious
chapter.The pipe samples for testing were selected from sections of pipes with the

following size:

f Outsi de Di(la#28mm)er : 560
T Wall thicknemng: O0.8750 (22.2

1 Length: 1.5meter(1500mm)

In this test, strain released by drilling a hole in a specimen is recorded by strain

gages distributed around the drilled holethe surface of the pipe. The recorded strains
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are converted to stress using equations provided by ASTM E837. dlaalrhling
rosettes consist of three single or pairs of strain gauge grids. An example-dfihiolg

rosette recommended in ASTM E837 is showRigure 41.

T ol et

Figure 41: Hole-drilling rosettes

TheMicroscopic Residal Stress (MIRS) Test Proceduseas follow:

1. Install a special three strain gauge rosette at the point where stresses are to be
measuredRigure 41).

2. Wire the strain gauges to a static strain indicator.

3. Attach and accurately position a drilling device over the target of the rosette.

4. Balance the gauge circuits.

5. Drill hole in increments, being careful not to generate heat that would induce
residual stresses.

6. Record strains after the strain indicator has stabilized.

7. Calculate stresses using strain data averaging.
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The MIRSs were measured on seven points at welded portion on the inside

surfaces of pipes as shownHigure 42 andthey are as follow:

1 Bead cente(l location marked asi Figure 42)
1 +/-15mmfrom the bead center (2 locations marked as 5i&Fgure 42)
1 +/-20mm from the bead center (2 locations marked as 1In8Fg&jure 42)

1 +/-30mmfrom the bead center (2 locations marked as 4i&Figure 42)

QO : Measurement point

Figure 42: Setting psitions ofdrilling hole rosettes

Each hole drill provides the principal stresses and the angle to the principal
stresses in the plane of the specimen surface at the hole drilling location. The stresses
calculated per thASTM E 837equations represent the average stress over aboutdalf t

whole depth and across the hole diameter.
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4. 2EXPERIMENTAL RESULTS

Much of the residual stress field comes from coiling and uncoiling the steel strip
that is used to produce the spiral welded pipes by forming the uncoiled strip with angle
before weldingThe coiling and forming process compresses the inner face of the coiled
strip (this becomes the inner wall of the pipe) and stretches the outer face of the pipe.
When the strip is formed into the pipe shape the outer surface has tensile stresses and the
inner wall has compressive stresses imposed. This generates the more linear stress
distributions. The axial stress component was the greatest in magnitude. The stress profile
from forming operations may be the most important factor in the stresses imadditi

the residual stresses as a result of the welding process.

Residual stresses measured by drilling hole technique for thiech6spirally
weld pipe (Grade X65) are shownTiable 41, Table 4.2andFigure 43 and Figure 4.4
The reported stresses are as high as the specified minimum yielgtistoé the X65 pipe
materials which is 448 MPa (65,000 psi). The residual stress in the pipes are influenced
by coil forming and by the following production steps such as the internal & external
welding, cold expansion (if any) and hydrotestifigble 41 shows the selected pipe for
drilling hole method were these pipe joints showed compressive macro residual stresses

during the ring splitting tegsamples with springn mode during ring splitting test).
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Table 41: Selected pipes for hole drilling method (Compressive)

Acceptableipe Unacceptableipe
Compressive MARS CAl CF1 CF2 CF3 CF4 CF5
RST Gap (mm) -64 -101  -100 -99 -93 91
MARS (MPa) -44.7 -70.6  -69.9 -69.2 -65.0 -63.6

Table 42 shows theselected pipe for hole drilling method were these pipe joints
showed tensile macro residual stresses during the ring splitting test (samples with spring

out mode during ring splittg test).

Table 42: Selected pipes for hole drilling method (Tensile)

Accepable pipe Unacceptable pipe
Tensile MARS TAl TF1 TF2 TF3 TF4 TF5
RST Gap (mm) 63 141 115 104 102 101
MARS (MPa) 44.0 98.6 804 727 713 70.6

Table 43 andFigure 43 illustratethe microscpic residual stress data obtained in
the parallel (axial) direction to the weld from spiral welded pipe with tensile ring splitting
test (RST) values. A measurement of 60% of the SMYS was produced along the weld
bead center. These high values of residtr@sses emphasize the degree of scatter of
residual stress values which was probably due to the lack of cold expansion or heat
treatment. The parallel residual stresses were around 56% to 95% of SMYS measured 30

mm from the spiral weld line.
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It should benoted that there is a significant difference in the stress values between
the right and left side of the spiral center bead in most of the measurements for both
parallel and perpendicular stress measurements. For example, the peak axial stresses
occur atapproximately 3@nm of the distance away from one side of the weld center line
for most of the failed pipes while these stresses were low at 30 mm from the weld center

line from the other side.

Table 43: Microscopic residual stss parallel to weld bead in spiral pipes with tensile

RSTP values
Distance

Rosette from

D bead TA1l TF1 TF2 TF3 TF4 TF5
center

(mm)
-30 319 286 141 171 153 151
20 287 360 333 418 361 257
15 304 356 350 427 349 310
0 289 274 287 267 341 253
-15 311 356 320 374 309 281
-20 313 384 381 393 330 266
30 261 415 387 440 396 330
RST Gap (mm) 63 141 115 104 102 101

MARS (MPa) 44 99 80 73 71 71
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Figure 43: Microscopic residual stress parallel to weld beaspinal pipes with tensile
RSTP values

For the microscopic residual stress dakaained in the parallel direction to the
weld from spiral welded pipe with compressive ring splitting test (RST) valiadde 4.4

andFigure 44 show the distribution of theses stresses.



Table 44: Microscopic residual stress parallel to weld bewasiiral pipes with

compressive RSTP values

Distance
Rosette AT
D bead CA1 CF1 CF2 CF3 CF4 CF5
center
(mm)
30 169 211 202 165 -21 158
20 239 339 275 294 226 178
15 245 353 259 273 236 215
0 246 209 313 259 203 285
-15 182 325 253 234 268 235
-20 211 322 259 222 257 236
-30 254 404 270 264 222 238
RST Gap (mm) -64 -101 -100 -99 -93 -91
MARS (MPa) -45 -71 -70 -69 -65 -64
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Figure 44: Microscopic residual stress parallel to weld bead in spiral pitbs
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The perpendicular (hoop) microscopic residual stresses, for spiral pipes with
tensilering splitting testvalues, were low along the center of the weld bead and they
were high at 15 and 20 mm far from the weld centerdjmgroaching the SMYS value of
448 MPa and exceeding it for one pipe joint as shownhainle 45 and Figure 45. The
low hoop stresses in the weld (compared to those seen in the parent material) are a result
of the weld contraction being restrained by the adjacent parent material, which is also
heatedby the weld. The weld metal yields under tensile stress. When the adjacent parent

metal cools and contracts, low tensile hoop stresses are the result.

Table 45: Microscopic residual stress perpendicular to weld bead in sjed ith
tensile RSTP values

Distance
Rosette from
D bead TA1l TF1 TF2 TF3 TF4 TF5
center
(mm)
30 318 433 350 405 321 278
20 386 409 428 528 410 353
15 387 318 425 483 392 376
0 140 92 91 67 133 145
-15 411 433 352 403 272 354
-20 441 438 420 424 283 310
-30 418 384 393 347 368 311
RST Gap (mm) 63 141 115 104 102 101
MARS (MPa) 44 99 80 73 71 71
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Figure 45: Microscopic residual stress perpendicular to weld bead in spiral pipes with
tensile RSTRalues

Table 46: Microscopic residual stress perpendicular to weld bead in spiral pipes with
compressive RSTP values

Distance
Rosette from
D bead CAl CF1 CF2 CF3 CF4 CF5
center
(mm)
30 258 366 318 359 132 263
20 365 454 401 474 237 306
15 271 405 313 432 179 305
0 105 73 81 211 -13 122
-15 248 363 308 292 230 329
-20 236 329 262 280 200 329
-30 263 408 259 287 123 264
RST Gap (mm) -64 -101 -100 -99 -93 91
MARS (MPa) -45 -71 -70 -69 -65 -64
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Figure4.6: Microscopic residual stress perpendicular to weld bead in spiral pipes with
compressive RSTP values

It was concluded that from the drilling holest analysis of the previous shown
results that:
1 In the weld bead, larg®lIRS parallel to weld bead was formed and the MIRS
perpendicular to weld bead was small.
1 In HAZ, MIRS both parallel and perpendicular to weld bead was more than 200
MPa.
1 The maximum MIRS measured in this study was around 500 MPa.

1 The MIRS values in accégble pipes were much the same as unacceptable pipes.
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1 The effect of MARS on MIRS is a little because the MIRS values were
significantly higher than MARS values.

Results from the ring splitting test and drilling hole techniques are not expected to
be idenical as the ring splitting method averages the bending contribution from all
residual stresses at each depth and position over the entire ring. The stresses pyedicted
ring splitting method are a linearized measure, while the drilling hole stressegeue d
measurements at discrete locations. The measured maximum stress values by drilling
hole techniqueare higher than those calculated from the ring splitting methbads
important to reemphasize that this stress pattern is specific to this partigipear(5%-
inch outsidediameterwith 22.22mm wall thicknes$ and should not be misconstrued to

represent a generalized result for spiral weld pipe.
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CHAPTER 5

FINITE ELEMENT ANALYSIS: 3D MODELING

5.10VERVIEW OF MODELING AND FINITE ELEMENT  SIMULATION

Weld modeling is aimed at relating processing conditions to the structure and
properties of weldments, thereby defining optimum welding conditions. Such models
ultimately will provide welding engineers with the means to obtain highest qualitsw
through process control. The accuracy of model prediction of rstenotural and
property changes in welds depends on the accuracy of defined boundary conditions of
heat transfer and stress analySdse rapid growth in welanodeling research israsult
of more readily available computer facilities, software packages, and computatiahal flu
mechanics. rl addition, this growth is stimulated by an industrial need for consistently
higher quality welds produced by automated operatidsanced structral integrity
assessment of structures containing welds implies the use of numerical methods for
welding residual stress assessment and subsequent life assessment analysis. This may be
required by the need to reduce the conservatism of residual strésstiemavhen using
simplified assumptions or bounding profiles or by the lack of provisions of assessment

procedures for certain geometries or considered materials.
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There is a growing trend towards the use of advanced finite element (FE) systems
for modding the generation of residual stresses and material phenomena during welding.
This fact yields also an improvement of structural integrity assessment procedures. The
use of finite element analysis (FEA) in pipe manufacturing industry to optimize the tool
design, manufacturing processes parameters and finally the performance of the pipe
product is advancing at higher pace. The current applications of the FEA in piercing,
drawing, extrusion, bending, roll forming, welding are very common. There is no doubt
that industry cannot survive without the comptiiased simulation and optimization of
some of the key manufacturing preses with which it is workingAs commercial finite
element codes have become increasingly available, the use of some of the- general
purpose codes for residual stress analysis has become highly desirable. This is mainly
because residual stress analysis procedures based on commercial codes can be readily
transferred to industrial applications. Therefore, finite element modeling is alteekce
numerical technique that can predict the values of the residual stresses that a pipe
contained. Modeling of welding process is a highly maginysics problem. The
phenomenon of arc welding is described by the flow of electrons between anode and
cathale by applying the electromagnetic field. The arc initiates because of the flow of

electrons between cathode and anode. The shielding gas plays a key role in ionization.

The heat input supplied by the welding arc produces complex thermal cycles in

the weédment and these, in turn, cause changes in the microstructure of tredfeetd



117

zone. The high heat concentration is necessary because metallic materials diffuse the heat
and cause transient, inhomogeneous thermal stress and metal movement. The transie
temperature field causes thermal expansion, stress and strain that usually plastically
deforms in the weld neighborhood and results in residual stress and strain that remains
when the weldment cools and the structure i®disd from its original shap&umerical
simulation of residual stresses due to welding need to accurately take account of the
interactions between heat transfer, metallurgical transformations and mechanical fields.
The phenomena involved in the heat input such as arc, materiaifigsactions as well

as fluid dynamics in the weld pool are not accurately described. From the thermo
mechanical point of view, the heat input candeen as a volumetric or surfaagergy
distribution, and the fluid flow effect, which leadshomogenizehe temperature in the
molten area, can be simply taken into account by increasing the thermal conductivity over

the fusion temperature.

The main phenomena identified in a welding process can be summarized as follows:
a) Heat input;
AAmount of addeavelding material per unit time;
AHeat generated by the welding process;
ASpeed of the welding machine; and
ANumber of welding passes.
b) Heat flow;

Alatent heat;
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AHeat lost by convection and radiation;

AHeat conducted in the welded structure.
c¢) Soldification;

ATemperature change in the weld during phase change.
d) Microstructure changing; and

AVolumetric change of the material during cooling

e) Plastic deformation and stress/strain accumulation.

In order to carry out the welding simulation, theltirphysics problem is reduced
to coupled thermmnechanical models. Welding analysis has to consider three main
coupled fields, which interact more os$wvithe a ¢ h  ag shoem igigure 51.

Mechanics
/ ““\

/

|

Heat Flow Microstructure

Figure 51: Coupling between different fields
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There are currently no models that integrate all these phenomena together with the
deformation behavior of the welded componéntthis thesisthe mechanicagffect of
welding induced residual stresgas calculatedutilizing the thermal and mechanical
coupling only. The field of microstructure can be accounted for by more or less
sophisticated échniques for material modelinglowadays, the finite element method
(FEM) is the most used tool for solving this kind of problamsredict temperature
fields, residual stresses and deformation due to welding i& 3-dimension.Because
there is a weak coupling from mechanics to heat flow (heat generation by deformation
can be neglected), the most used approach is a sequentially coupled thermal and
mechanical argsis, unless the structure deformation during welding significantly
changes thermal boundary conditions. This approach gives also the possibility for the use
of general purpose finite element computer codesurate and reliable residual stress
predictions are essential for structural integrity and fatigue assessment of components
containing residual stresses. However, finite element simulation of residual stresses due
to welding involves in general many phenomena e.g-linear temperature dependent
matrial behavior, 3D nature of the weld pool and the welding processes and micro
structural phase transformation. Despite the simplification by excluding various effects,
welding simulations are still CPU tirmdemanding and complex. Hence, simplified
welding simulation procedures are required in order to reduce the complexity and thus
maintain the accuracy of the residual stress predictiigsre 52 shows the simulation

scheme and coupling fields in welding analysis used in this thesis.
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Figure 52: Simulation scheme in welding analysis

The basis of the finite element technique (to tackle the thermal éfadastic

problem) is to change the nonlinearity relation of the stress and strain into a linear one

during the loading process. The external force does not have any effect on weiding.

loading is due to the change in temperature. The procedure to tackle this problem is to

calculate the increment of the load with change in temperature then add up these to the

structural elements. The flow diagram of the program is showfigare 53. First, a

transient heat transfer analysis is performed, determining the temperature history in all

nodes. Then, a static mechanical analysis is paddy having as loading the temperature

field previously determined. Each step of the mechanical analysis corresponds to a time

step in the thermal analysis.



121

Read and Apply
Temperature | _
Field at the Next

i Step
l 5

Define Element Type, Material
Properties and other Parameters

l Load Step End
Build the Model, Generate

Start End

Yes No

Meshes
l Calculate Stress-Strain, Plastic
Deformation
Apply Thermal Boundary
Conditions and Heating Source T

’l Define Boundary Conditions,

Read and Apply Temperature

Calculate Temperature, Heat Flux Distribution at the First Step

and Heat Gradient

Thermal Step End?

No

Change Thermal Element Type to
Structural Element Type

— Move Heating Source

Figure 53: Algorithm of thermestructural aalysis

5.2IDEALIZATION OF THE FINITE ELEMENT MODEL

Prediction of weld residual stresses foremost relies on accurate prediction of the
weld thermakycle. Two types of heat flow occur: Twdimensional (thirwall thicknes$

and three dimensional (Thiakall thicknes$ are considered. The heat flow is sketched in
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Figure 54 andFigure 55.

Figure 55: Scheme of 2D healofw [Sorenson 1999

In generalit can be stated that regions with high temperatures i.e. adjacent to the
heat source should be calculated by a 3D solution, and the far field could be
approximated by 2D heat flow solution&ome 2D predictions of residual stresses for
materials exhibihg phase transformations show extremely large differences with
experimental measurements. This discrepancy is attributed to the use of the plane strain

condition in which plane sections remain planar.
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However, full threedimensional(3D) models contain wre information than the
two-dimensional2D) ones, because structures normally experience responses in all three
dimensions. Of course such three dimensig¢B8Bl) models can only represent a small

portion of a structure due to the required CPU time.

In this thesis work, a nonlinear, transientD3analysis of thespiral welding
process was adopted since it is essential for practical problems and can provide accurate
residual stress results that cannot be obtained freB dmulations Moreover
temperaturaependent thermal properties were assumed, thereforBnean equations
were solved, with all complexity related to their solutions. This assumption was made
observing that the temperature chas (gradients) encountered in the redégctedzone
is so large that the change of thermal properties could not be negléoteyaluate
residual stress distributisnthe thermal analysis was performed first in order to find
nodal temperatures as a @ion of time. Once defined temperature history for each node,

temperature nodal temperature loads were applied to the structural model.

5.3FEM ANALYSIS TYPE

Most of the welding processes are based on a local heating of manufacturing parts
up to melting émperature and then cooling them down. The temperature distribution is
highly norruniform both in spatial cordinates and in time. This namiform heating is

a reason causing residual stresses and/or deformations in a welded structure. It can be
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seen thathe stress/displacement solution is significantly dependent on a temperature
field. From this concept, ANSYS also has a special module, which is so called a eoupled
field analysis, used to solve a combination of analyses from different engineering
discigines (physical fields) that interact to solve a global engineering problem. When the
input of one field analysis depends on the results from anothegrsanahe analyses are
coupled. Load transfer coupled analysis (Gway coupling analysis): if the
stress/displacement is dependent on a temperature field but there is no inverse
dependency, a sequentially coupled therstass analysis can be conducted. In the other
words, the temperature field introduces thermal strains in the structural field, but the
structural strains generally do not affect the temperature distribution. Thus, there is no
need to iterate between the two field solutions. Thestraks analysis is performed by

first solving the pure heat transfer problem (thermal analysis), and thdal no
temperatures from the thermal analysis are applied as "body force" loads by using in the
LDREAD command in ANSYS specification in subsequent stress analysis. This kind of
analysis was involved in the models used in thiesis work A fully coupled angysis
(Two-way coupling analysisy used when the thermal and structural analyses affect each
other strongly. It may not be advantageous, in thesttaks problem, to use this

approach because it is complicated procedure and time consuming procedure.
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5.4ELEMENT TYPES (THERMAL & STRUCTURAL)

After defining the analysis typegnrt step is selecting compatible element types
across physic environments used to calculate the thetnesis problem in welding
process. In this study, the elements called SOLIDWDSOLID45 were selected for load
transfer coupled analysis in the thermal and structural analyses, respectively. The reason
for this selection is due to the fact that such elements maintain a consistent base geometry

which is the most important factor teach a precise result.

SOLID70 has a-® thermal conduction capability. The element has eight nodes
with a single degree of freedom, temperature, at each node. The element is applicable to a
3-D, steadystate or transient thermal analysis. The elemeat @n compensate for mass
transport heat flow from a constant velocity field. If the model containing the conducting
solid element is also to be analyzed structurally, the element should be replaced by an
equivalent structural element such as SOLID45 0ftion exists that allows the element
to model nonlinear steaeltate fluid flow through a porous medium. With this option,
the thermal parameters are interpreted as analogous fluid flow parameters. For example,
the temperature degree of freedom becomesvalgnt to a pressure degree of freedom.
The geometry, node locations, and the coordinate system for this element are shown in

Figure5.6.



Thermal 3-D Solid M v O,P

[ K,L
J
SOLID70 Prism Option
3-D Thermal Solid
8 nodes 3-D space M,N,O,P
DOF: TEMP |
K,L
J
z Tetrahedral Option
M,N,O,P
Y
X K

J
Pyramid Option

Figure5.6: SOLID70, 3D thermal solidlementfANSYS 2007

SOLID70 elementis defined by eight nodes and the orthotropic material
properties. Orthotropic material directions correspond to the element coordinate
directions. Specific hat and density are ignored for steadgte solutions. Convection or
heat flux (but not both) and radiation may be input as surface loads at the element faces
as shown by the circled numbers in figure5.6. Heatgeneration rates may be input as
element body loads at the nodes. Convection heat flux is positive out of the element;

applied heat flux is positive into the element.

For the structural analysis, SOLID4&lementwas used whichhas a large

deformation capabilities and extra displacement shapes. SOLID45 is used feDthe 3
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modeling of solid structures. The element is defined by eight nodes having three degrees
of freedom &each node: translations in the nodal x, y, and z directions. The element has
plasticity, creep, swelling, stress stiffening, large deflection, and large strain capabilities.
The geometry, node locations, and the coordinate system for this elementvaneirsho
Figure 57. The element is defined by eight nodes and the orthotropic material properties.
Orthotropic material directions correspond to thenelet coordinate directions.

Structural 3-D Solid

3-D Structural Solid
8 nodes 3-D space
DOF: UX, Uy, UZ

Element coordinate
system (shown for
KEYOPT(4)=1)

Tetrahedral Option -
not recommended

Surface Coordinate System

A

Figure 57: SOLID45, 3D structural solidement[ANSYS 2007

5.5MATERIAL PROPERTIES (THERMAL & MECHANICAL)

Most element types require material properties. Depending on the application,
material properties can be linear or nonlinear. As with element types and real constants,

each set of material properties has a material reference number. The table of material
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reference numbers versus material property sets is called the material table. Within one
analysis, you may have multiple material property sets (to correspond with multiple
materials used in the model). ANSYS identifies each set with a unique referencernumb
Linear material properties can be constant or temperdependent, and isotropic or
orthotropic. Nonlinear material properties are usually tabular data, such as plasticity data
(stressstrain curves for different hardening laws), magnetic field {Bt& curves),

creep data, swelling data, hyperelastic material data, Bte thermal material
characteristic values are in reality temperatigpendent and not constant, the extent of

the change varying according to the kind of material. When the valud¢sermal
properties are treated as variables that change with the temperature, the analysis becomes
nortlinear and the mathematical analysis becomes extremely complex. The phase change
during heating and cooling of typical lealloy steels also has anflirence on accurate
modeling of the temperature field and the residual stress formation. It is evident that the

material model needs to represent the real material behavior with sufficient accuracy.

Material properties are divided in two groups; the temperatependent thermo
physical properties (thermal conductivitgnthalpyand density) used for the thermal
analysis and the temperatudependent mechanicgbroperties (thermal expansion,
Youngosulmus, Poi ssonds rati o ated theymoeel d st
mechanical analysig.he metal adjacent to a weld is exposed to rapid thermal cycles and
often undergoes changes in microstructure when it is subjected to elevated temperatures.

These phse changes in turn influence the thermal properties, making therasmel|
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as temperaturdependent. The microstructure and hardness of theaffeated zone

depend upon the cooling rate, and this rate is influenced by various factors including pipe

wall thickness, welding conditions, preheat, the length of the weld, joint geometry, etc.

The heat distribution during welding is governed by material constants such as the
density, theenthalpy the thermal conductivity and the surface transmission coeifi

In this thesis work, emperaturalependent thermphysical properties were assumed to

be the same for both parent rmoduus, herhall mat e
conductivity, enthalpy poi sonbés rati o, coef f iecencent o f
temperatures (ANSYS support up to 6 temperatures, using TB command to define non
linear properties) for different temperatures have been gathered from literature for carbon

steel pipes. These thermbysical parameters change with the change in eéeatyre.

Mild steel is the most common structural material for welded pipes. The Melting
temperature (solidus to liquidus) is in the range of 1435 to1500 degree C (1735 to 1800
K). The temperaturdependent thermal propertiesroild steel used for thedat transfer

and temperature distribution calculations are showiralrie 51 andTable 5.2

Table 51: Temperaturelependenthermalconductivity ofmild steel[Mahapatreet al.
2004

Temperature (K) 273 373 573 723 823 873 993 1073 1783 1853

Thermal Conductivities (W/m.K 51.9 51.1 46.1 41.05 375 356 30.64 26 29.7 31
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Table 52: Temperaturalependent enthalpy@perties used for iid steel

Temperature (K) 300 1,640 1,809 3000
Enthalpy (J/m3)| 0 5.02E+09 7.12E+09 1.12E+10

During the weldingprocess mechanical properties change as a function of the
temperature. The main mechanical propertiesYareng's modules, yield strength and
Poissonds ratio. These proper asilovas5@n chan
600LC (773 to 873 K)Mechanical properties of the mild steel used for the sifomatre
given as follows:

§ The density of carbon steelpgi used in the program is 78K6/m”.
1 Mechanical properties are shownTiable 5.3 Young's modulus ahyield stress

are given small, fhite values & high temperatures to avoid ddtlties with

numericalconvergence

Table 53: Temperaturedependent mechanicalgperties oimild steel[Mahapatreet al.

2006]
T Yield Stress, Young's Modulus, . . Thermal Expansion
emperature o Poisson's A
(K) Uy E Ratios Coefficien

(MPa) (GPa) (1rC)
273 290.0 200.0 0.2786 1.0E05
373 260.0 200.0 0.3095 1.1E05
573 200.0 200.0 0.3310 1.2E05
723 150.0 150.0 0.3380 1.3E05
823 120.0 110.0 0.3575 1.4E05
873 110.0 88.0 0.3738 1.4E05
993 9.8 20.0 0.3738 1.4E05
1073 9.8 20.0 0.4238 1.4E05
1473 2.0 20.0 0.4538 1.5E05
1783 2.0 2.0 0.4738 1.5E05
1853 1.0 0.2 0.4990 1.5E05




131

In order to define the ntinearity of the material witlincrease in temperaturne
ANSYS, TB command is used witBISO. BISO is the bilineaiisotropichardening using
von Mises. The material behavior is described by a bilinear sttes8 curve starting at
the origin with positive stress and strain valuesis Tiehavior is defined by the elastic
modul us E, Poi ssonds vfand thetangent mbdules Gy The | d
initial slope of the curve is taken as the elastic modulus of the material. At the specified
yield stress, the curve continues alohg second slope defined by the tangent madul
It is possible to define up to six (for six temperature values) sttess curves, which is
not sufficient to describe all the changes of the temperaependent material properties
in detail. Consequelyt sometradeoffis necessary to define the best approximation

avoiding possible itbehavior of the solution process and thus facilitating convergence.

5.6 GEOMETRICAL MODELING

The general purpose FE package ANSYS is used for both the thermal and stress
analyses performed sequentially with an appropriate combination of eleragnts
described beforeThe main features of the 3Doakel are the moving heat inpubhe heat
loss, the temperatwgependent material properties, and the application of ANSYS
paraméric design language (APDL) to model the moving heat source and adaptive
boundary conditiondn the current 3D thermmechanical FE model, ationlinearities

associated with welding, such as thwoving heat source, temperaturdependent
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material properés andothers were taken into account order to simulate the reéfe

spiralweldingprocess for piped.he FEA work scope includes:

1. Geometrical modeling of 5ich spiral welded pipe

2. Materials modeling.

3. Weld modeling, assuming that the modejedmetry (pipe) is already spirally
formed figure 58).

4. Heat source modeling.

5. Analysis of the weld residual stresses.

6. Studying the effectsof varying the welding speed on the temperature

distributions and residual stress level.

Weld

Figure 58: Pipe gometric that will be modeled

Building a finite element model requires more time than any other part of the
analysis. First, a job name and analysis title is specified. Then, PREP7 preprocessor is

used to define the element types, element real constants, material properties, and the
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model geometryThe ANSYS program does not assume a system of units for analysis.
Except in magnetic field analyses, any system of units can be used so long as units are
consistent for all input data. Using the /JUNITS command, a marker can be set in the
ANSYS database indicating the system of units being used. This comoasdnot

convert data from one system of units to another; it simply serves as a record for
subsequent reviews of the analysis. In this thesismiotkke S1  fil nt er nati ona

kg, s,K,..) wasconsidered

The simulations were carried out for a pipe with a dimension ehd6 in
diameter The simulated pipe piece was fabricated from carbon steel materials. It was
formed by spiral wrapping nominally 0.87ach (22.22 mm) thick coil @00 mm in
width) to form a 14 helix angle which was then buglded.The finite element model for
the spiral welded pipe is shownhkigure 59. Thelength of the simulated pipe is Sréch

(150 mm) and the nominal diameter isif6h (1422 mm).

Figure 59: 3D model of 5eénch spiral welded pipe for one compleitch
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Control of weldbead shape is essential as the mechanical properties of welds are
affected by the weltbead shape. Therefore, it is clear that precise selection of the process
parameters is necessary. The weld joint dimensions were taken from the weltding d
sheet of the 5nch spiral welded pipe.The geometry of the weld considered in this

study is shown ifrigure 510.

ROOT FACE

a=10=+ 1.0 mm

/]

b=12+ 1.0 mm

Figure 510: Geometry of 58nch weld pint

Figure 511 showsthe spiral welding of this type of weld joint type.

Figure 511: Spiral welding of the weldojnt
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The g/lindrical coordinate system waslopted to build theegpmetrical Model.
The distance from the axis is called thadial distance or radius (Zoordinatg, while the
angular coordinate is referred to as the angular positicgofrdinat¢. The third
coordinate is called the axi@orizonta) direction (Zcoordinatg. A spiral weld path can
be describd by the globatylindrical coordinate system whose origin coincides with the
curve passing through the pipebs cross
the pitch length, pipaliameter(D) and formingangle (a ). Figure 512 represents,
schematically, aveld joint model dragged over a spiral weld liméth a pitch (P)

=pD3 Tana and pipediameter(D).

Pitch

Figure 512: Basic concept for weld spiradth

The spiral weld path is defined by n discrete points equally positioned along the
spiral path Figure 513). The X, y, z points are created to cover only the 150 mm pipe

section which represent the rinjo generate the weld path, the weld joint model
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developed before is revolved (dragged) alongpaal weld path.The code, that was
developed to create these points for spiral welds path and then creating the line, is shown

in Figure 514.

Ccsys,1
beta= 200e-3/Pitch

DZ=Pitch/Ndiv
DY=Tangle/Ndiv

*po, I, 1, (betasndiv)+l

X1=RO

Y1=(I-1)*DY

Z1=(1-1)*DZ

K,I+200,x1,y1,7Z1
*ENDDO

*00, I, 1, beta*Ndiv
L,I+200,1+201
*ENDDO

FLST,2,41,4,0RDE,?2
FITEM,2,1
FITEM,2,-41
LCOMB,P51X, ,0

Figure 514: Spiral weld path ode
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After creating the weld joints areas and the spiral line, dragging has been
performed inorder tocreate the weld volumeélhe final model for the 56ch spiral

welded mg is shown irFigure 515.

Figure 515 Final model of theing

5.7FINITE ELEMENT MESH

Once the material properties are defimed the model was creatdtie next step
is to generate the elements by meshing the mddhelte are two methods to create the
finite element model: solid modeling and direct generation. With solid modeling, once

the geometric shape of the model is described, then the ANSYS program automatically
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meshes the geometry with nodes and elements. Size and shape of the elements that the
program creates can be controlled by the user. "Manually" defined several convenient
operations, such as copying patterns of existing nodes and elements, symmetrgrreflecti

etc. are availablen ANSYS. Before meshing the model, and even before building the
model, it is important to think about whether a free mesh or a mapped mesh is

appropriate for the analygiBigure 516).

(/ﬁ

_:\_:\ \

M C ;
7 B
4

(b)

Figure 516: (a) Free meshing (b) Mappedshing[ANSYS 2007

(a)

A free mesh has no restrictions in terms of element shapes, and has no specified
pattern applied to itCompared to a free mesh, a mapped mesh is restricted in terms of
the element shape it contains and the pattern of the mesh. A mapped area mesh contains
either only quadrilateral or only triangular elements, while a mapped volume mesh
contains only hexahedn elements. In addition, a mapped mesh typically has a regular
pattern, with obvious rows of elements. To use mapped meshing, the geometry has to be

built as a series of fairly regular volumes and/or areas that can accept a mapped mesh.
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Since the shape of weld path (spiral) along the pipe does not have regular pattern,
a free mesh was adopted in this thesis work feinh spiral welded pipelhe meshes
used for both simulations (thermal and structural) are the same, and they are rshown i
Figure 517. Element size increases progressively with distance from the weld centerline.

Table 5.4shows the number of nodes and elements for thdelad volumes.

Table 54: Meshing etails

Volume# No. ofNodes No. ofElenents

1 24527 185124
2 4838 56495
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Figure 517: Finite element rash of theing model



141

CHAPTER 6
THERMAL ANALYSIS USING FINITE ELEMENT METHOD

6.10VERVIEW OF HEAT TRANSFER ANALYSIS

To determine the thermal field during the welding process, two different analyses
are required, namely heat conduction and theanalyses. The most significant factors
affecting both analyses are the heat input rate, the moving speed of the heat source and
the thickness of the base materi@he of the fundamental problems in the analysis of
heat flow during welding is how to takatd account physical material changes due to
temperature changes during the welding procébde fundamental behavior of heat
conduction is that a flux, Q (W/)) of energy flows from a hot region to cooler regions,
linearly dependent on the temperatgradientpT . The norlinear isotropic Fourier heat
flux constitutiveequation6.1 is employed:

Q=-KbT (6.1)

where

kis the thermal conductivity of the material and

s
Ly 'z

o
k)

D:%j;
¢

(6.2)

DO
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It should be noted that the minus sighi§ necessary in order to make Q positive,
because heat is always transferred in the direction of decreasing temperature. The energy
required to change the temperature of the materiatiefmed by specific heat ¢ or
enthalpy H. The conservation of energy is expressed in a differential form having the
terms for specific heat, thermal flux and a distributed volume smate term Q (W/f)
and it is giveras:

rcT=Q"'+ gkBbT) (6.3)
or
et (k) s L‘;) u(k, BT

r =Q+ + Hz (6.4)
it kX by Wz

Where c is the specific heat, k thermal conductivity, T temperature, Q is the external heat
input per unit volume antlis time If the material properties are considered temperature
indepenént the equatior{specific heat andhermal conductivity do not change with
temperature) is reduced to a linear differential equagds). (
T uT T
N B e AT

ret Toqup Xy HY T uz 6.9
pt X Ky pz

There are losses from the pipe surfaces in the form of convection and radiation.
Therefore, to evaluate the amount of heat, Q [J], absorbed by the pipe as a portion of the
total heat generated the following formuéa@ation 6.pwas used

Q=hVI §.6)

Where h is arc efficiency, V is the voltage and | the current
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Convection losses (heat flow q [J/s]) amaluated using the equation 6.7

q=h(T-T,) (6.7)
Where h is the film convection coefficient, T is the pipe temperature anig The
ambient temperaturédeat losses due to radiation in welding are taken into account by

the heat efficiency which depends on the welding process.

Figure 61 shows a schematimodel of the temperature distribution when a
surface weld bead is being deposited at a speed v. The colored bands represent isothermal

areas.

Welding Direction

Weld Path

Figure 61: Schematic of the welding thermal model

The heating in the welding process involves three stages, sketdrigdiia 62:
1. A transient stage at which the temperature around the heat source is still rising,
often called the initiation stage
2. The quasstationary stage at which the temperature distribution i®stay in a

co-ordinate system moving with the heat source
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3. A second transient stage at which the temperature decrease after the welding arc

is extinguished

Quasi-static Transient

Transient

Figure 62: The three stages in the welding time problem

The majoity of the thermal expansion and shrinkage in the base material and in

the HAZ occurs at the quasiationary stage.

6.2HEAT SOURCE MODELING FOR SPIRAL WELDED PIPE

Heat generation in welding is based on the concept of instantaneous heat sources.
From the literature review, it is noticed thalot of researchsarein progresgo define
reliable heat source for the welding processes. Knowledge of the heat transfer from the
welding source to the base material is essential for determination ofoltenmool or
bead shape and the subsequent solidification paffé.heat source model developed

by Goldak is used in this thesis research, which distributes the heat throughout the
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volume of the molten zoneThe heat source is modeled as a distributedt flux
depending on the arc spread observed during experiments by varying the electrode
diameter, current, voltage, and rate of travel of the electiboe.Goldak heat source
model is defined spatially by a double ellipsoid as is shiomFigure 63. Thefront half

of the source is the quadrant of one ellipsoidal source, and the rear half is the quadrant of
a second ellipsoidal sourcerecise heataairce modeling is the key to get the accurate

results.The power density distribution is assumed to be Gaussian along the weld path

Figure 63: Double ellipsoidal heat input distribution (WiyfiSorenson 1999

The double ellipsoid geometry is used so that the size and shape of the heat source
can be easily changed to model both the shallow penetration arc welding processes and
the deeper penetration laser and electron beam proc@ébsesize and the shape otth
"double ellipsoid" are determined by its semies. It is centered #te origin of the heat

source The double ellipse consists of two separate ellipses, one in the front quadrant and
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the other in the rear quadrant. The hatched surface describes tdemamsional flux

along the zaxis. Four characteristic lengths must be determined which physically
correspond to the radial dimensions of the molten zone. The geometrical constants must
be chosen so that the heat distribution describes the two mostamtpoohes correctly,

namely the FZ (Fusion Zone) and the HAZ (Heat Affected Zone). If the-semt®n of

the molten zone is known from experiment, this information can be used to set the heat
source dimensiong.hough a first starting guess can be, drthare experimental values
availabl e, to set the variable fiad to the
experience and Atri al and er r dgheweldinggdath he on
for 56-inch pipe was usedf precise data does not exist, Goldak et al. suggesittisat
reasonable to take the distance in front of the source equal to one half the weld width
(c=2a) and the distance behind the source equal to two times the weld wid).(€he

variables ab, g and ¢ are gemetrical constants as shown iig#re6.3.

The heat input islefined separately over two regions; one region is the front of
the arc center represented by the equaBidhand the other is behind the arc center

represented by equati®nm.
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For zZ O 0: Front Region

_GﬁfQ (%)(ﬁ)(%)
q; (X, y,2) = aqpf e “e 69

For Z < 0: Rear Region

63,Q S

X, V,Z) = e
q (% Y,2) = abcp f 69

The variable, Q is the energy input rate (W) énds dependent on the current (I) the

voltage (V) and the efficiency as follows:

Q=AVI (6.10

In this model, the fractionsg Z>0) and f (Z<0) of the heat deposited in the front and rear

guadrants are needed, where

fe+f, =2 @1
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This is done because the temperature gradient in front of the heat source is steeper than in

the tailing edge.

The maximum value of the power densit 6y31.Q ) is at thecenterof the
abgop

ellipsoidwhen x, y and z equals zero

Based on the FE mesh generated by the ANSYS, definitions of the welding
process parameters and characteristics of the heat source transient heat fluxes
representing the moving distributed heat source can be calculated dit g@sitions in
welding areas. The heat source is assumed to move through \arhdinealculated heat is
applied to elements as volumetric heat generation so that the elements lying on the
surface can be used for modeling of surface heat conveciioa. mathematical
expression for thelouble ellipsoidal power density distributiés coded directly in the
APDL file to beused in the FEM progranthe welding speed, the fraction valdgd,,
the semiaxis of Goldak heat source parameters used in the calculation are shown in
Table6.1 and they are based time actual weld bead profilel'he first thing to note ithe
correlation of the heat source parameters to the molten zone size is not one to one, and
therefore some values (such as b) are oversized in order to get the required shape of the
welding and heat affected zone. So, it was necessary to increasépgmcdcetiimensions
of the heat source. This is due primarily to the interaction between the heat source power
which is Gaussian along the longitudinal weld arc axis and the volume specified by the

double ellipsoid dimensions alsavn inFigure6.3.
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Table6.1: Numerical values of heat source parameters used

Symbol Description Value Unit
G Front heat spot distance 16e3 m
G Rear heat spot distance 24e3 m
a Welding heat spot half width 11le3 m
b Welding heat spot depth 12e3 m
f; Goldak front factor 0.4 --
f, Goldak rear factor 1.6 -
0.01917 m/sec
% Welding speed
1.15 m/min

Welding parameters for the #i6ch spiral welded pipe are shownTiable 62 for

both internal and external electrodes.

Table 62: Welding process parameters

Internal Welding External Welding
1st 2nd 1st 2nd
Electrode Electrode Electrode Electrode
Current, | (amps) 1075 160 700 100 1050 +150 750 £110
Voltage, V (volts) 27 £2 31 £2 29 2 30 £2
Power (Watt) 50725 52950
Welding Speed, v (m/min) 1.15 +0.10

The amounts of heat generated by the internal and external electrodes are

calculated per the following formulas:
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— A3
Qnternal =h (\/electrod#lI electrodél +Ve|ectrod#2| eIectrod#Z) (6.12

— A3
Qexternal - h (\/electrodcétlI electrodél +Ve|ectrod#2| eIectrod#Z) (6.13

Heat input was also calculated which is a relative measure of the energy
transferred per unit length of weld. It is an important charactelbistause, like preheat
temperature, it influences the cooling rate, which may affect the mechanical properties
and metallurgical structure of the weld and the HAZ. Heat input is typically calculated as
the ratio of the power (i.e., voltage x current) to ve&city of the heat source (i.e., the
arc) as followgequation 6.1%

603 V3 |

Heatlnput= ———
P 10008 v (6.19

where,
H = heat input (kJ/in or kJ/mm)
V = arc voltage (volts)
| = current (amps)

S = welding travel spegih/min or mm/min)

This equation is useful for comparing different welding procedures for a given
welding processHeat input to the nodes under the arc is calculated by the Gaussian

distribution shown inequation6.8 and ®. To pick up the arc heat inpgompletely,
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there must be a certain minimunumber of elements/nodes under the laeat input

during welding.

To be able to map the heat source model along the predetermined weld path, the
FE-programor actually the user subroutimeust know the weldar6 s posi ti on,
and the local coordinate system. A number of calculations and preparations must be
performed before this information can be obtairidte origin of the coordinate system is
located at theenterof the moving arc and the movementtioé heat source is achieved
through developed user subroutiffeigure 64). Another user subroutine is used to
calculate the centroidal distances of elements from the instantaneous position of the
moving arccenter The spatial distribution of heat is calculateohfrequation$.8 & 6.9

andit is applied on elements as volumetric heat generation.

/POST1
ALLSEL ,ALL
csys,1

*GET,NE,ELEM,0,COUNT, , ,

*DIM,ECX, ARRAY,NE, 1,1, ,
*DIM,ECY,ARRAY,NE,1,1, ,
*DIM,ECZ , ARRAY,NE,1,1, ,

*WGET,ECX,ELEM,1,CENT,X, ,
*\WGET,ECY,ELEM,1,CENT,Y, ,
*\WGET,ECZ ,ELEM,1,CENT,Z, ,

ALLSEL ,ALL

Figure 64: ANSYS code to get the elements centrodadifions
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Array Parameter ECX

File Edit Help

Page Increment ,m View Plane m El Al ﬂ
A <KD
2 VA

1
1 |0.70525801:

0.706767581
0.70681773t

0.70446094¢

E-9

5 0.70497167:
0.710665221
0.709454588¢
0.70624540t

0.70675402¢

SARRRAASe

10 | 0.70680414¢

Figure 65: Array parameters for the elemenentodial positions in Xdirection(Radial)

Array Parameter ECY
File Edit Help

oot e e b e
Selected: NONEIC| Slzl
L3 Jb N

1
1 18.3877961:

2 18.5005383:
3 18.4306050:
4 18.4767532¢
5 18.5897185¢
B 18.6121632¢
18.5624125¢

-

8 15.9900794*
q 16.10282221

10 |16.0328874:

SARRRAas

Figure 66: Array parameters for the elements centrodilifpons in Y-direction
(Angles)
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Array Parameter ECY
Fil= Edit Help

Page Increment Full Page ~| YiewFPlane |, -4 -
Initial Constant D

™ A l¥l
L [ d
L\ AN

1|
0.07468436t

0.07368042¢
0.07631672
0.07503118:
0.074027248
0.07639070¢
0.07702388(
0.06500816:
0.06400422:
10 |D0.066B4D52:

Lk

Figure 67: Array parameters for the elements centrodesifions in Zdirection (Axial)

Now, we will describénow the heat source wasoved anda short introduction of
the mapping between the local and the global coordinate system will be pre3éwted.
direction of the aralong the spiral weld pattanbeeasilymo di f i ed wi t h t he |
as shown irFigure 68. Mappingbetween the local and the global coordinate system
any pointshasbeendone tlmough a user subroutin€he moving coordinate system can
be defined with weld speed, time and fixed global coordinate systei, &. The local
coordinates system (¥/, 2 is defined by translation and rotation transformation at

| ocati on fhecéntemohtheddat sousce dt each load. step
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X'}c‘

Figure 68: Modi fication of the arcos

éx( ecos45 sin4d5 OeeX X,0
I YU=g sind5 cosa5 OHY-Y, i (615
tzy & O 0 1glz-z§,

Where X%, Yo, Zy are coordinate values of point A in the global coordinate
system. The moving coordinate is fixed
weldment can be described by two different coordinate systeangg the movement of
the heat source (thermaldd step), each centroidal position (gauss poing; x) will be
checked if it should be given any energy. In order to determine whether a gauss point is
affected by the heat input, a mapping between the local and the global coordinate system
has been dwe. InFigure 69, it is shown how the three gauss points, pl, p2 and p3 are
mapped by adding the transformation matrix corresponding to the poird. iki¢his

example it is only point p3 that will receive energy from the heat flux formula. The other

at
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points, pl and p2, are placed outside the goldak heat source model at a specific thermal

load step and will therefore receive no energy.

Mapping

Figure 69: Mapping of three different gauss points from global to local coordinates

6.3TRANSIENT NON-LINEAR THERMAL ANALYSIS PROCEDURE

The finite element analysis of the thermal elagtiastic stress was conducted
using ANSYS software. As a first step, the component was divided into several finite
elements. The thermphysical parameters were entered and the distribution of thermal
field of welding was found out. The determination of stress field followaedomatic
time stepping was used for the solution of this-tinear transient heat transfer problem.

A user subroutine is used to achieve the heat source movement. The coordinate syst
at the center of the heat source. To apply heat on the weld pool, a heat table is Aefined.
A3 planed heat table is created with the

columns must equal to the number of elements in that particular direcharser sub
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routine is used to calculate the coordinatkall elements in the modeled pipe geometry.
In theuser sukroutine to calculate the heat source, first the numeveales are defined.
Equatiors 6.8 and 6.9 are usedto find out heat. A loop isised to read the values in z
direction.n IBFL SE 0 ¢ o mma na@dply egsiatiamG8dod thetfront side of the arc
and equatior®.9for the rare side of the arthe following pocedurevas adopted for the

transient on-linear thermal malysis:

1. Createa solid model.
2. Define element type which isC&ID70 in this study.
3. Define the material properties.
4. Freeinesh the model.
5. Define the convection by using room temperature of 300 RG27
6. Define the heat table and generate the heat source table.
7. Go toSOLUTION and activate
T Transient analysis using AANTYPE, 40
1 Full NewtonRaphson met hod us i n @®urifigNMRYIST ,
(both thermal and structural), fiFull Newtori Raphson iterative solution
technique with a direct sparse matrix solver is usedlbtaining the solution.
During the thermal cycle, temperature, and consequently temperature
dependent material properties, changes very rapidly; thus, a Full Newton
Raphson scheme, which uses a modified material properties table and

reformulated stiffnes matrix after equilibrium iterations, believed to give

Ful
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more accurate results than other options such as Modified or Initial Newton
Raphson schemes.
T Automatic time stepping using AAUTOTS,
1 Rampecc hanged | oa@ks using AKBC,
T 150 iteratiod®ousing ANEQI T,
1 Write only NSOL, RSOL, NLOAD, STRS, FGRAD, and FFLUX records to
the results file and database using nC
. User subroutine for movinglte heat source.
. Loop for element selection to distribute the heat source:
Loop is used to distribute the temperat
to Figure 610. Temperature is maximum at point 1 (center of the amy, it is
lower at the neighbor pointsei 2, 3, 4 and 5. The minimum temperature is at
poi nt 6 . To assign the corresponding t
different points on the weld pool, a ugebroutine is written to select the
correspondinglements and assign the respective heating values to them and save

it to a table.

6 - .
# | Heat Spot Width (2a)

Figure 610: Heat dstribution(heat spot topiew)
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10. Allow the cooling time, solve and save the results for use in structure analysis.

6.4SOLUTION CONTROL

Extremely high heating and cooling raiewhich cause extremely high gradients
of thermal,micro-structural and mechanical propertiesan occur in a welding process.
Due to high peak temperatures, large spatial temperature gradients, antémgmodal
temperature fluctuations imposed by the weld heat source, it is necessary to have very
small element sizes and consistent time stépsse gradients have to be numerically
controlled by the program with reasonable time expendifuifne mesh ¢ capture the
spatial gradients implies a small time step. That is, it is necessary to choose a time step

which is small enough to resolve these large temperature variations for a given mesh.

When transient analysis is dealt with, the detertionaof time steps is always
difficult, andeven intrinsically impossible in many cases, as the time steps depend both
on the variation in time of the thermal loads applied to the model and the tphgsical
properties of the material. These considerations obhigeuser to select a number of
options before starting the computation and to restart the computation if convergence is
not obtained, or if the resulting precision is considered insufficient. With this in mind

different models have been established.
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All FEM calculations were carried out to include Aorear thermal and structural
properties. The temperature distribution is calculated by assuming a -stataly
condition, but the problems are otherwise treated as transient. This is so, because the
source iself does not change shape, only location, during welding. The dependency of
the materials parameters on the temperature is illustratezhih step options are options
that can be changed from load step to load step, such as number of substeps, &éme at th

end of a load step, and output controls.

In ANSYS, there are two important loa€elated terms which are load step and
substep. A load step is simply a configuration of loads for which a solution is obtained.
Load steps are also useful in dividingr@ansient load histy curve into several segments.
Substeps are incremental steps taken within a load step. They are mainly used for
accuracy and convergence purposes in transient and nonlinear analyses. Substeps are also
known as time stepssteps takemver a period of timeThe ANSYS program uses the
concept oftime in transient analyses as well as static (or stesalye) analyses. In a
transient analysis, time represents actual time, in seconds, minutes, or hours. In a static or
steadystate analysistime simply acts as a counter to identify load steps and substeps.
The ANSYS program uses time as a tracking parameter in all static and transient
analyses. Time simply becomes a counter that identifies load steps and substeps. By
default, the program automatically assigns time = 1.0 at the end of load step 1, time = 2.0
at the end of load step 2, and so on. Any substeps within a load step will be assigned the

appropriate, linearly interpolated time value.
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In this thesiswork, a moving cylindrical coordinate system is used to move the
heat source. Instead of moving theshsource continuously, it is moved in steps, that is,
heat is applied at each successive point one after the other chronologically. By making
the distance between successive points very small, a close approximation to the
continuous movement can behiewed. Figure 611 showsthe unfold spiral welded pipe
showing the weld path. The coordinate system is moved after each load step. At every
load step a $eof elements in the shape of tB®ldak modehkre selected and a heat flux
is applied on the surfaces of the elements. APDL (ANSYS parametric design language) is

used to write a subroutine for a looping transient moving heat source model.

Welding I
Direction

D

F
L4

Pitch (p = nDTanc)

Figure 611: Unfolding spiral welded pipe showing the spiral line as straight |

The heat source which was defined in a local coordinate system moves with time.

When the heat source moves to the next load step, the former load step is deleted. The
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welding timestep which the heat source is applied in each Ist&g,can be defined as

follow:
Welding TimeStep= SegmgnlLength (6.16)
WeldingSpeed
where
Segment_ength= Lengthof RingSpiralPath (6.17)

(Predeternmed No.of LoadStep-1)

The length of the spiral path to comgéhe 156mm ring (from X to Y)as shown

in Figure 6.12 was calculated as follow:

e J (D)3 (Pitch)? 3 150

Lengthof RingSpiralPat
a g=p Pitch

(6.18)

Spital Fath Distance for the Ring

Figure 612 150mm ring spiral ath (XY length)
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The intermediate and final cooling time step was set to be 10 times the welding time.

CoolingTimeStep=10 X Welding TimeSter (6.19)

After the first load step, the heat source moves forward to the next position in a
distance ofthe segment lengthFor better computational results, the heat source is
supposed to stay at leastoe on each element along the weld paththat the heat inp
algorithm does not miss elents passed during an incremehhe required time for the
heat source to complete welding along a spiral path is calculated as follow for both one

complete pitch and for the 150m ring:

| _Jm)?® (Pitch)?
T|m%necompleté>itch - \/ Weld Speed (62@

S J(2)?3 (Pitch)? ® 150
fhing Pitch 3 Weld Speed (6.23

Moreover, the ramped load step (KBC,0) was adopted in this thesis work. In
ANSYS, there are two ways fapplyingthe loads (Stepped or Ramped). When more
than one substep in a load step is specified, the question of whether the loads should be
stepped or ramped arises. If a load is stepped, then its full value is applied at the first

substep and stays constant floe rest of the load step, as showrtha Figure 613. If a
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load is ramped, then its value increases gradually at each substep, with the full value

ocaurring at the end of the load step.

Full value applied

Load R at first substep Load & Substep
O Load step
1 Full 1
load
value f//o\
'{3 2 2 .

Time Time

Figure 613: Stepped versus rampeshtds]ANSYS 2007

Once the thermal simulation is done, the data regarding the temperature
distribution in the buildup structure during the process is stored to a database. That data is
used in the next step (structural analysis) as the only load that is applied as the body
force. The structural simulation consists of the same steps durimgeltiengand cooling
stagesas in the case of the thermal simulation. So, the temperature distribution scheme
from some specific load step in the thermal analysis is applied to thepaméng load

step in the structural analysis.

6.5 THERMAL BOUNDARY CONDITIONS

Heat transfer coefficient for convectiaonly calculated and applied on all the

applicable surfaces. The heat lossrirthe surfaces is modeled fromuation6.22
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Uioss = Gconvection (6-22)

Qoss= h X A(T - Tp) (6.23)

where A is the surface area, T is current temperatyrds The ambient temperature and

is the thermal convection coefficient.

The heat |l osses by free convection wer
Boundary conditions were applied to all free surfaces opipe The surfaces exposed
to the environment were subjected to the same convective boundary conditionsnusing a
averageheat transfer convection coefficient of h = 200 WWKnto ambient air. The
ambient temperature for both parent and weld metal was set at 300 K which is equal to
the room temperatur@he heat transfer coefficient is the thermal equivalent of an elastic
corstraint. This is a condition which is normally applied to a surface of the elements.
Because of its nature, this condition can be defined either as a constraint or as a load
(temperaturejn ANSYS. In transient analysis the convective heat transfer iSexppk a
surfaceload.The ANSYS command fASFO0O is used for ap

is used to represent type of surface load.

6.6 VALIDATION OF THE FEM THERMAL MODEL

In order to validate the model before discussing the results of the thermal analysis

and then proceeding with the thesm@chanical analysis of welding, the first step is to
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match the FEM predicted temperature with the actual, because it is applied as thermal
load in the subsequent structural analysis for stresses calculations. Iroordiddte the
thermal model, several samples from theifigh Spiral Welded Pipe underwent
destructive metallurgical evaluation in order to document the weld characteristics. The

extraction location of the Metallographic Specimen is showkigare 614.

HELICAL WELD

WALL
THICKNESS

KT (MINIMUNM)

Figure 614: Metallographic specimen extractiarchtion

The spiral welded specimen was cut and the weld section was polished and
chemically etched as shown kigure 615 to reveal liquidus isotherms (17K3 and

outer HAZ isotherms (1173 K).
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Figure 615: Cross Section showing the macrograph of the spiral weid |

This evaluation included crosectioning the weld. The croessctions were
mounted and measured for overall size of weld, fusion zone (FZ) size, and heat affected
zone (HAZ) size in x and y directions. In general, welded joint consists out of a molten
pod zone, a fusion zone (FZ) and a heat affected zone (HAZ). Theafieated zone
(HAZ) is the portion of the base material that was not melted but whose properties (and,
usually, structure) were altered by the heat of welding through some phase tratisforma

or reaction.

In this study a peatemperature 1173 K is defined the temperature at which the
structure and properties of the base mild steel material are altered by some metallurgical
transformation, and then the HAZ width is determined by thmégature profileFigure

6.16 showsa schematic for the inner and outer weld beads with the weld zones
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Figure 616 Cross section showing the spiral wetthfiguration

This zone is indicated by region 4 to 1Higure 6.17 In region 1 the temperatures
were close to melting point. The heat treatment has refined the grain structure and
austenitic grain growth takes p&acThere is an improvement in toughness of the mild
steel. If the cooling rate is high, the microstructure can readily change to martensite. The
heat from the welding process has raised the temperature in region 2 to just above the
lower critical point. Atthis temperature the ferrite remains unchanged, but the pearlite is
dissolved to austenite. Upon cooling, the carbon is precipitated in the form of small
globules of cementite in ferrite. This type of structure is acceptable as it produces
softness and gal ductility. In region 3 the metal was heated to just al8%& K and

consists of newly formed fine equiaxed grains of ferrite and pearlite. This temperature
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region undergoes relieving of residual stress. Temperatures bEX3VK remain

unchanged.

Subcritical HAZ ——

Intercritical or Partially —
Transformed HAZ

Super Critical HAZ

Figure 617: Temperature gradients across the weidtjfor mild geel

The measurements of FZ and HAZ shown the welding data sheet and in the weld
sample microscopic photograplere usedo set values of Goldak parameters for the 56
inch pipe (a, b and c for the heat source modeliMgyreoverwere used to validate the

thermal FE model.
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Figure 618. Weld bead shape as per the welding daéets
(@=17£3mm, b=163mm, c=7.5 to 8.8mm, d=8.1 to 9.5mm, e=0.5 to 2.5mm)

The FEM temperature distribution throughout the pipe joint at the end of the

bottom and top welding is shown kigure 619.
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Figure 619: Temperatte mntours throughout the spinakld joint at the end of bottom
and top welding
The temperature profiles at pipeside and outside surfacegere measured
numerically for selected nodes across the weld joint at the moments of bottom welding

(Load Step#100) and top welding (Load Ste@2bigure 620 showsthe representation
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of the nodes within the weld area at the ring end side where the temperature profiles

numerically predicted.

Figure 620: Representation of the nodes within the weld area at the ring end side

It can be seen clearly fromaigure 621 and Figure 624 that the width of the
fusion zone at both pipe ID and OD are in agrest with the actual measurement form

the sample microscopic photograph.
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Figure 621 Temperature nofile at selected nodes alotige pipe ID at the end of the
bottom welding (Load Step#100)



171

1485.483
1369.632
1250.784
1131.8%36
1013.088
894.24
775.392
656.544
537.696

418.848

300

0 .022 .044 .06 .ngs .106
.011 .033 .055 077 .08¢%

DIST

o

Figure 622: Temperature nofile at selected nodes alotige pipe OD at the end of the
bottom welding (Load Step#100)
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Figure 623: Temperature file at selected nodes alotige pipe ID at the end of thep
welding (Load Step#250)
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Figure 624: Temperature nofile at selected nodes alotige pipe OD at the end of the
top welding (Load Step#250)

Table 63 summarizeshe Fusion Zone (FZineasurements.

Table 63: Weld measurements for experimental samples

Location FZ width, mm
Data Sheet 1743
oD Actual 21
FEM 18
Data Sheet 16+3
ID Actual 18
FEM 18
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From Figure 619, Figure 621, Figure 624 and Table 63, it is evident that
predicted FEM results agreed well with the experimentally measuredd~BAZ. Thus,

the developed models have been experimentally validated.

6.7FEM THERMAL RESULTS AND DISCUSSION S

Using the geometrical model built in the previous chapter thighthermamodel
demonstrated in this chapter, we present now the results of the simulated weld for the
welding speedof 0.019 m/sec. The thermal simulation is divided into 4 different

computations:

1. Heat transfer analysis of the bottom welding stage
2. Heat transfermalysis of the intermediate cooling stage
3. Heat transfer analysis of the top welding stage

4. Heat transfer analysis of the final cooling stage

In this thermal analysis for 56 indpiral weldedpipe, heat flux is calculated as a
moving heat source. The weldj speed was incorporated in terms of load step time. At
the end of the heat load an extra load step with time equal to the cooling time is added
without any heat input. In the solution phase, this part of the analysis gives the

temperature distribution alse output and this result is stored in a separate file.
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Table 6.4shows the solution plan for the thermal analysis with 300 Load Steps.
The total spiral welding time of 28.83 seconds was divided into 100 solution steps for
each of the top and bottom wlelg. The program determined the number of-sigps
automatically. Another 50 load steps of different time duration were used for each of the
intermediate and final cooling of the pipe. Total run time for this solution plan was about
3 hours for the there| anal ysis using an I ntel E CorekE

GHz CPU and 2.00 GB RAM.

Table 64: Solution plan for welding speed=0.0192 m/s with 300 Idadss

No. Solution Phase Load Step No.of Load Time of Each Total Time
Range Step Load Stefgsec.) (sec.)
1 Bottom Welding 1-100 100 0.2884 28.8353
2 Intermediate Cooling 101-150 50 4.3253 216.2648
3 Top Welding 151-250 100 0.2884 28.8353
4 Final Cooling 251-300 50 4.3253 216.2648
TOTAL 300 490.2001

Figure6.25 shows the temperature distributions on the 46 ring at the end of

each of the thermal analysis stages mentioned before.
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Figure6.25: Temperature distributions at differetages





























































































































































































































































