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I. INTRODUCTION

This section provides an introduction to the report contents. It begins
with a statement of the objectives and an overall summary of accomplishments.
This is ‘ollowed by a brief description of each task and the interaction between
tasks. Sections following the Introduction are devoted to the technical details
of each task.

Objectives and Summary of Accomplishments

The objective of this research program is to develop mathematical model
for calculating the magnitude, direction, and distribution of residual stresses
at girth-butt welds. Models developed are to include parameters of the welding ,
process and are to be evaluated by comparing experimental data with numerical
computations obtained using the models. Only axisymmetric models are to be
considered in this study.

In summary, a residual stress model for girth-butt welds in pressure
vessels and pipes was developed and verified €c. wrlds ranging from 2 to 30 passes
The model also accurately predicts residual deformations. Results indicate that
the model can be extended to represent weld repairs in pressure vessels. In
addition, preliminary results directed at developing a simplified model of gir
butt welds show good agreement with data for one and twb-pass welds. Specif”

accomplishments toward the obiectives are listed in the following:

e A critical review of the Literature was made to evaluate
analytical techniques frr developing the model and identify
residual stress data to b= used in verifying the models.

e Experimental studies of two girth-butt welded pipes were
conducted to provide temperature data and residual stress
data for verifying the models. Data chtained from these
experiments include residual stresses, temperatures during
welding, strains during welding, and residual deflections
of the welded pipe.

e Two experiment- on girth-butt welded pipes were identified

from the literature as test cases for the model.
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A description of the pipes for which data was obtained

from the experimental study and through the literature
is given in the following. All pipes are 304 stainless

steel.
| Outside Pipe ’ Pipe Wall { Number of
Pipe Identification | Dic (in.) | Thickness (in.) 1 Weld Passes |
. BCL Model No. 2 12.75 | .180 3 2 |
BCL Model No. 3 12.75 | .375 i |
Argonne Pipe 4.50 337 |
General Electric Pipe 28.00 1.300 ' 30

A model for predicting residual stresses in girch-butt welds

of pressure vessels and pipes was developed. The model consists
of two parts; a temperature model and a stress analysis model.
The temperature model was developed through modification of a
model described in the literature review. Good comparisons
between temperature data and computations by the model were
obtained for each pass of the two-pass and six-pass welds. The
temperature model includes heat input, pipe thicknesz, location
of weld pass, thermal properties of the pipe, torch speed,
efficiency of the weld process, and time dependent effects.

A finite element model for girth-butt welds was developed. The
model includes temperature dependent material properties,
elastic-plastic stress strain effects, the effects of changing
geometry of the pipe as it is welded, and linear elastic unload-
ing from an elastic-plastic state of stress. The weld geometry
and number of weld passes are also represented by the model.
Results of the residual stress model :howed good agreement with
residual stress data in the hoop and axial directions on the

insides and outsides of the four pipes described above.
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e Preliminary results were obtained using the residual stress
model to represent a weld repair of the HSST Intermediate
Vessel V-8. While the model needs further development before it
can adequately represent the weld repair geometry, qualitative
agreement between residual stress data and results of the model
were obtained.

® The possibility of using a simplified rodel that is not based
on a finite element representation -as explored. Results showed
good agreement for a one-pass girth-butt weld and the two-pass
weld done in this study. While further development of this model
is needed before it can handle more passes, results are encouraging
that it can be an efficient useful model.

e Thus, an analytical model for predicting residual stresses in
girth-butt welds has been developed and verified by comparison
with experimentally obtained data for four pipes. It was demon-
strated that with further development, the model can be applicable
to other weld configurations such as weld repair of pressure
vessels. Early developmental efforts on a simplified residual
stress analysis model demonstrate the feasibility of obtaining

an efficient useful simplified model.

Description of the Research Program

The program is divided into three tasks. Task 1 addr sses current
literature and available reports to obtain data and analytical techniques
pertinent to residual stresses in girth-butt welds. Task 2 involves experimental
determination of residual stresses from a series of girth-butt weld tests selected
to provide maximum guidance for the development of the analytical models. Task 3
is the development of the analytical method or methods for calculation of residual
stresses.

The purpose of Task 1, described in Section II, is to identify and
critically review reports and papers concer.ued with mathematical models for
predicting residuai stresses, for evaluating residual stresses due to girth-butt
welds, characterization of the temperature profiles associated with welding,

analytical representations for these temperature profiles, and mathematical
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models for predicting residual stresses. As a result »f this task, an analytical

model for predicting temperature distributions was seiected and specific require-
ments for a finite element model of a girth-butt weld were identified. Residual
stress data for two girth-butt welded pipes were also obtained and used in the
verification of the model.

Task 2, described in Section (II, involves experimental evaluations of
residual stiesses for girth-butt welds to provide guidance for the development
of the analytical models. Two pipes with 12.75-inch outside diameters were welded.
One pipe, BCL Model Number 2, has a wall thickness of .18 inch and required two
weld passes. The other pipe, BCL Model No. 3, has a wall thickness of .375 inch
and required si weld passes. Temperature data from both pipes and strains from
one pipe, BCL M del Number 2, were measured during the . periment. Residual
stresses and radial deflections for both pipes were determined from postweld
measurements.

Task 3 is the development of analytical methods for predicting residual
stresses. Two distinct mathematical models were needed. First, since residual
stresses at butt welds are thermally induced, a model to represent the transient
temperature distribution for each weld pass is ne:ded. This is described in
Section IV. Secondly, a stress analysis model that treats the temperature dis-
tributions as input and predicts stresses as a function of weld pass geometry,
material properties, and the geometry of the pipe is reeded. Temperature data
obtained from BCL Model Numbers 2 and 3 have correlated well with the transient
temperatures predicted by the mathematical temperature model. Section V con-
tains a descriptica of the mathematical stress analysis model that has been
developed based on a finite element representation. A comparison of predicted
results and the laboratory data for four pipes showed good agreement. Preliminary
results obtained by applying the residual stress model to a weld repair of a
pressure vessel are also presented in Section V. In Section VI, 2 simplified
model is described and applications are made to one- and two-pass girth-butt welds.

Much of the discussion concerning the model and the results is included in
sections where it is appropriate. The final section, Section VII, presents a

technical summary with a discussion of points not included in other sections.
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II. RELATED WORK

This section contains a review of available data and techniques
pertinent to the determination of temperature distributions and residual
stresses in girth-butt welds. Over 40 papers have been critically reviewed
on the topics of analytical models and experimetal methods. Various analytical
models have been utilized to predict temperature distributions, residual stresses,
and distortions due to welding. Similarly, there ire distinct experimental
techniques for evaluating residual stresses. The review is not incended to be
an exhaustive study, but rather to identify and describe analytical and experi-

mental techniques that are representative of the activity in this area.

Analyti-al Modeling

Over the years, attempts have been made to establish empirical methods
of investigating material behavior due to welding procedures. However, compara-
tively less effort has been directed toward the development of analytical models
which predict the thermal mechanical response of welded structures. Much of the
modeling has been focused on plates rather than pipes. TFor this reason, it was
considered useful to examine work on butt-welds in plates as well as pipes and
pressure vessels. Models for residual stresses «ie to welding must consist of two
types: a temperature model and a stress analysis model. The temperature model
provides a representation of the temperature distribution due to the weld torch.
This information is then input to the stress analysis model which predicts the
residual stress distributions. ‘wo survey [apers summarizing analysis methods

(1]

have been published on temperature dictributicns due to welding

(2]

stresses and aistortions 3

and welding

Temperature Models

Analytical formulations for temperature distributions during welding
are frequently obtained by assuming that the thermal energy supplied by the weld
process can be idealized as a point or line heat source. Early work done in this
area focused on quasi-statiorary, transient temperature distributions resulting

from a point heat source traveling at a constant speed along a line on an infinitely
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thick plate. Rasenthalla’ presented one of the early anaiytical treatments of
this point source model in 1941.
Several researchers have used classical line heat source solutions

(4]

to analyze different aspects of weld temperature distritutions. Ada=ns has

developed expression; for weld centerline cooling rates Laced on the line heat

(5]

source solution, while Jhaveri, Moffet, and Adams have used the moving point
heat source solution to wodel the effects of plate thickness on cooling rates.
Paley, Lynch, and Adams[6] have correlated peak temperatures calculated from the
point heat source model w’'th characteristic etching boundaries in HY-80 and T-1
steels. They found good correlations that were independent of cooling and heat-
ing rates over a range of conditions encountered i» sulmerged-arc welding. In

(7

another approach, Paley and Hibbert' ° developed a computer program which solves
the Laplace heat equation for heat flow by a finite difference scheme. rhe
analysis assumes quasi-stationary thermal conditions and treated finite thickness
plates. In concept, the method could also treat finite sized plates.

Several researchers have investigated temperature distributions during
welding through experimental methods and analysis techniques not based on the
classical point heat source equation. Rabkinls] measitred the temperature in
aluminum weld pools by using chromel-alumel immersion thermocouples. He used
these measurements to study the effects of welding speed, arc voltage, and
parent metal temperature on the temperature distribution in the weld pool.
Hakhnenkolg] developed an analytical method for calculating the temperatures in
hollow cylinders which were water-cooled from within and heated by depositing

[1C]

metal on their outer surface. Christensen, Davies and Gjermundsen made an

extensive experimental examination of the temperature distribution in and out-
side the weld pool for single bead welds on thick sections of mild steel and
aluminum. They also established average arc efficiencies for metal-arc, gas-

(11]

metal arc, and submerged-arc processes. Pavelic developed an analytical

solution for calculating peak temperatures in gas tungsten-arc welding of thin

plates. His solution procedure correlated the shape of th~» weld pool to welding
variables and used the result as a boundary condition to the partial differential
(12]

equation for heat conduction. Boughton took a different approach to modeling

quasi-stable heat flow situations in fusion welding by using an analog computer
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Residual Stress Analysis Models

The classical line source solution to the heat equation was used by

T011[13] to develop an analytical model that calculates stresses parallel to the
weld line direction. Tall's model is similar to an earlier model developed by
[14]

Rodgers and Fletcher in that it accounts for plastic deformations near the
weld line. However, it differs from the Rodgers and Fletcher model in that it
was applied to isotherms set up by a moving electrode. Masubuchi, Simmons, and
Monroells] used Tall's analysis model to write a computer code to calculate
temperatures and stresses in welded plates.

Alth ugh Gatovskiill‘]

tions during welding, and Makhnenko, Shekera, and Izbenko

has cons.dered the effect of metal transforma-

(17]

an ana’ 3is procedure that calculates linear deformations due to circumferential

bave developed

welding .n thin cylindrica) shells, little analytical work has been carried out
that goes significantly beyond Tall's analytical model. The complexities
inherent in performing analytical studies >f welding stresses and distortions
for various weld configurations--in particular, the complex effects of inelastic
material response and material loading and unloading--suggest the use of numerical
methods to evaluate residual stresses and distortions. The finite element method
is one method which has been applied to problems of nonlinear, inelastic behavior
of welded structures.

Fundamental aspects of the finite element method are discussed in a

(18] (191 (20]

book by Hueber , and in a paper by Marcal Armen, Levine, and Pifko

present the development of various incremental solution procedures used in finite

element solutions for plastic structural deformations. Thermal, nonlinear finite
analysis of structures is discussed in a paper by Veda and YamakawaIZII.
One of the first applications of the finite element method to transient

heat conduction in solids was presented by Wilson and Nickellzz].

{

Sagalevich and
Mezentsevn 23] developed a method for calculating residual stresses and strains
during welding of circular tubes. Their method recognized each weld pass as it was
laid down. Kamichika, Yada, and Okamotolza] applied the finite element method
to determine residual stresses in low-alloy carbon steel plates for a case where
a wide band of austenitic stainless steel was laid on top of the plate.

A report by Hibbitt and Harcallzs]

, which presents a thermomechanical
model for the welding and loading of arbitrary fabricated structures, represents

a first step in the development of numerical analysis technique: that simultaneously
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account for many welding parameters. The model simulates gas-metal arc-welding
processes and accounts for temperature dependent material properties, phase
changes, and deposition of filler material, among others. A paper Lv Nickell
and Hibbittlzo] presents thermal and mechanical analysis procedures tor welded
structures which take into account latent heat effects and weld metal deposition.
Their paper also discusses methods for coping with possible flo-ting solid regions
during cooling. Friedman[27] developes finite element analysis procedures for
calculacing temperatures, stresses, and distortions in longitudinal butt welds.
The analysis procedures presented by Friedman are applicable to planar or asix-
symmetric welds under quasi-station..cy conditions. Residual stresses obtained
from his analysis were greater in the weld metal and heat-affected zones.
Vaidyanathan, Todar, and Finnietza]describe a model for single pass welds of
pipes. The model uses a point heat source for the temperature analysis. The
pipe solution is obtained by an energy formulation using a plate solution as
the assumed deformation mode. Good correlation between predictions and data
was obtained.

Iwamura and Rybickilzg] developed a mathemarical model for calculating
residual stresses and deformations due to a flame-forming process applied to a
flat plate. This model predicts residual stresses through the plate thickness.
The model consists of a simple finite element representation for deformations
but contai~~ constituiive relations that include material unloading and tempeca-
ture-dependent properties. Rybicki, Chadiali, and Schmueser (30] developed a
mathematical model to piedict deformations resulting fiom butt-welding of flat
plates. The effect of changing the position of the base metal after each pass
is included in the finite element model by relocating the finite element grid
after each pass to include the distortions due to each weld pass. The results

of this model show goud agreement with experimentally obtained data.

Experimental Stress Analysis

Methods for measuring residual stresses due to welding can be classified
into two main categories--methods which are destructive, such as the Sachs "boring
out" method, and methods which are nondestructive, such as Y-rov diffraction and
ultrasonic methods. The following reviews various m2thods from eich of these

categories.
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Experimental Methods

Descriptions of developments in nondestructive residual stress techniques

(31]

through 1974 are summarized in the proceedings of a workshop on nondestructive
evaluation of residual stress. The proceedings of the workshop discuss x-ray
diffraction, ultrasonic, and electromagnetic methods for measurement of residual
stresses. K. Masubuchi authored a chapter of the proceedings on combining experi-
mental strain gage measurements with analysis techniques to determine residual
streeses in complex welded structures.

One of the early experimental techniquesz is the "boring-out method"
developed by Sachs[jzl. Later it was extended to the boring-out turning-off
These are methods of destructive testing which are used to det~-mine

(34]

tions for the determination of residual stresses in solid and hollow cylinders

the complete residual stress patterns in welded nipe. Weiss developed equa-
that are similar to the ones derived by Sachs.

A modification of the Sachs method was developed by Ceopolina and
[35]

Cunonico This technique allows the determination of residual stress patterns

over extremely short distances. In its most elementary form, tue technique con-
sists of removing portions of an experimental sample by machining, thereby -2~

leasing the residual stresses.

Experimental Data

Several papers in the literature present data from experimental investi-
gations of residual stresses produced by welding plates and pipes. Nagaraja and
[36
Tall
welding of ASTM A7 steel plates. The plates vary in thickness from 1/4 to 1

' describe stress patterns which result from multipass center and edge

inch and in width from 4 to 20 inches. The test results show no great variation

in residual stresses between suc essive passes, while the first pass caused the

[37]

illustrate the influence of the initial structure of hardenable steels on the

majority of the residual stri.ss. Prokhorov presents test results which
magnitude and distribution o" residual stresses in butt-welded pates. The re-
sults show that annealing of type 40Kh GSA steel at 650-720 C before welding

alters the residual stress pattern significantly. Muraki, Bryan, and Masubuchilas]
conducted experiments on bead-on-plate and butt welds in 6061-T6 alloy plates,
1/4 of an inch thick. The butt-welded plates showed small strain changes through
the plate thickness, while the bead-on-plate welds showed considerable diffeﬁ§nces

in strain between the top and bottom plate surfaces. 2\ 9\ 0\
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Physfcal ~nd gzometrical aspects of TIC welding of aluminum pipe are

[39]. The paper reviews variable welding

presented in a paper by Spiller
factors such as welding current amplitude, rate of travel, arc length, filler

rod feeding techniques, gas flow rates, and torch angles. Welding characteristics
of aluminum pipe, such as heat conductiv’ty, preweld cleaning, and surface oxide
buildup, are also presented in the paper.

The distribution of residual stresses in pipes welded with pulsating
arcs is presented in a paper by Vagnerlao]. Comparative investigations of welded
but:i-joints in pipes were made for continuous and pulsating arcs. The
authors employ the method of x-radiography to determine the residual stress
patterns. The results of the experiments show that the residual stresses in
the pipe are lower with the pulsating arc than with the continuous arc.

(41] which measure

General Electric has conducted numerous tests
temperatures and residual stresses in Type 304 stainless steel pipe. The tests
were conducted on 4-, 10-, and 26-inch-diameter pipe. During the welding tests,
two temperature recorders monitored the inside and outside surface temperatures
on the pipe. Residual stresses were determined by a stress relief technique.
The technique consists of bonding strein gages to the pipe surface and sectioning
the small element of material to which the gage is attached until it is stress
free.

The General Electric experiments found that maximum temperatures on
the pipe surfaces are experienced during the first few weld passes and that the
iaximum temperatures decrease with increasing pipe sizc. The welded pipes had
both longitudinal and circumferential variance in tensile residual stresses on
the pipe inside surface near the welds. The maximum tensile residual stress
measured in the base material on the inside of the 26-inch diameter pipe was
less than that for the 10-inch pipe, which in turn was less than that for the
4-~inch pipe.

In summary, the critical review of the literature points out results
and several techniques for predicting temperature distributions and residual
stresses. As a result of this study, specific models for predicting temperature
distributions and residual stresses in welded plates have been identified and
are described in the section on mathematical models. Techniques for evaluating
residual stress from laboratory tests similar to those found in the literature
are described in the section on laboratory tests. In addition to identifying
studies that have been completed, this review also identified researchers cur-

2191 020
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II1I. LABORATORY TESTS FOR GIRTH-BUTT WELD{

The purpose of the laboratory tests is to provide data on temperature
and residual stress distributions during welding. Welding conditions in pipes
were selected to provide check cases for the mathematical models as well as
data for different pipe thickness and heat inputs.

Two weld joints desc-ibed in Table 1 were completed. These are de-
noted by BCL Model No. 2 and BCL Model No. 3. The following describes the ex-
perimental details and results for the two-pass girth-butt weld (BCL Model No. 2)
and the six-pass girth-butt weld (BCL Modeli No. 3)

Experimental Details and Results for Two-Pass Girth-Butt Weld

Material

An 18-inch piece of 12-3/4-inch OD by 0.180-inch wall welded-seam 304
stain.ess steel pipe was cut in half and the cut edges were prepared for welding
as illustrated in Figure 1. The Mill Test Report on the pipe material is con-
tained in Table 2.

Weld Set-Up and Procedure

The weld on BCL Model No. 2 required two passes. The joint preparation
is shown in Figure 2. A 5/32-inch Type 308L EB* insert ring was used to ensure
that the root pass would have complete fusion and an underbead contour similar
to a contour that would be obtained in a commercial weld. The insert ring was
tack welded to one of the pipes at 14 locations approximately 2-7/8 inches apart.
The two pieces of pipe then were mounted on the spider frame in a manner to main-
tain the joint alignment. The overall welding configuration is shown in Figure 3.
The spider frame was attached to a rotary drive mechanism. The axis of the pipe
was horizontal with the pipe being rotated nnder stationary welding heads. The
welding heads were located so that welding was taking place at the 12:00 o'clock

position.

* Name of insert marketed by Arcos Corporation of Philadelphia, Pennsylvania.
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TABLE 1. COMPLETED TEST MODELS AND PARAMETLRS

—

BCL Outside Wall Wall Welding

Model Diameter, Thickness, Thickness Heat Interpass
No. in. in. Material Variation Passes Input Temperature
2 12.75 0.180 304 Straight 2 Medium Room
Pipe
3 ) I M 0.375 304 Straight 6 Med ium Room
Pipe
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Longitudinal weld seam

Note: All thermocouples are 28 gage chromel -alumel.
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TABLE 2.

MILL TEST REPORT DATA FOR TYPE 304 PIPZ USED IN BCL MODEL NO. 2
Yield Tensile %
" - Point Strength | Elong.
Size Chemical Analysis kS, et B Lbs. per aqd ia 2 Hard-
C. _Mn. P. _S. Si. N, Cr. Mo. Co. Cu. Sach Sech | Tnshin § e
12" Sch 200 030 1.76 027 023 .59 %03 MG N A7 W 41900 42000 60. B-81

Welded, annealed, and pickled; ASTM A-312, ASME SA-312
MIL-P-1144C
Hydrostatic tested at 425 psi; acidified copper sulphate test ok.

71
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FIGURE 3, GENERAL ARRANGEMENT OF BCL MODEL

O. 2 IN WELDING FIXTURI
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The root pass was made by gas tungsten arc (GTA) welding with the
second pass being made by gas metal arc (GMA) welding.* No filler metal was
added ro the root pass. The necessary filler metal was provided by the EB in-
sert. Prior to weld’ g, the open ends of the pipe assembly were sealed and
the interior of the assembly was purged with helium to prevent oxidation of the
underside of the weld joint. The seals consisted of heavy wrapping paper at-
tached to the pipe ends with masking tape. A slight flow of helium was maintained
during the entire welding operation to prevent oxygen from entering the system.
The shielding gas, which flowed through the welding torca, was helium for GTA
welding and argon with 2 percent oxygen for the GMA welding. Welding conditions
for BCL Model No. 2 are given in Table 3.

Both passes started at the same point, 6.25 inches be ore the longi-
tudinal pipe seam, and proceeded in the same direction. An elapsed time of 30
minutes and 35 seconds occurred between the completion of the root pass and the
start of the second pass. This time was necessary to make instrumentation changes,

to remove the GTA torch from the mechanism, and to install and align the GMA torch.

Cross Sections of the Weld

A photomacrograph of an etched cross section of the two-pass girth-butt
weld from BCL Model 2 is shown in Figure 4. 7The figure includes a schematic
drawing of the section i.entifying various features of the weld. The pass sub-
sequent to the root pass has a tear-drop shape at the root of the pass. In con-
trast, the root of a weld made by the manual shielded-retal arc process using
covered electrode would be shallower and have a uniformly curved shape without
the tear-drop extension.

At the location where the section shown in Figure 4 was taken, the
insert ring had lifted from the inside surface of the joint. This lifting may
have been caused by the shrinkage of a tack weld. For this reason, the insert
ring was not completely fused at this location. Complate fusion of the insert
ring would have resulted in a flatter root reinforcement that would have blended
more smoothly into the inside circumference of the weld. This occurrence should
have little effect on the magnitude of the residual stresses that were created
in the weld joint since this material does not connect the weld bead to the base

metal.

* These processes are also known as tungsten inert gas (TIG) welding and metal

inert gas (MIG) welding.
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TABLE 3. WELD CONDITIONS FOR 3CL MODEL NO. 2

First Pass Second Pass
GTA GMA
Travel speed, (ipm) 3 20
Welding current, (amps) 112-115 220
Arc voltage, (volts) 8-9 22
Polarity Straight Reverse
Contact tube-to-work
distance, (inch) Not Applicable 0.5
Electrode type Thoriated Tungsten Type 308 L
Electrode diameter, (inch) .0625 0.045
Shielding gas Helium Argon + 27 oxygen
Shielding gas flow, (cfh) 15 40
Time for each pass, (min:sec) 10:41 1255
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Temperature Measurements

A total of 20 thermocouples were spot welded to the pipe at various
locations on BCL Model 2. Ten of these thermocouples were used to obtain dy~-
namic temperature Zlstribution recordings. These were located relative to
the two high-temperature strain gage stations as shown in Figures 5 and 6. The
remaining ten thermocouples were located along a longitudinal line on the in-
side and outside su-faces of the pipe near the starting position for welding.
These latter ten thermocouples were recorded on a point thermocouple recorder
and were used to obtain temperature distributions between and, to some extent,
during weld passes.

Portions of the dynamic record of temperature versus time in the vi-
cinity of the two high-temperature strain gage locations are shown in Figures
7 through 10. The temperature curves shown in these figures were obtained from
the thermocouple data, but have been interpreted in a form that could be used
to reduce the data from the high-temperature stain gages. For example, the
thermocuuples at Strain Gage Station I are distributed at varying circumfer-
ential distances off the longitudinal centerline of Strain Gage No. 12. In
order to get a picture of the longitudinal distribution of temperatures at any
instant in a time frame relative to Strain Gage No. 12, the actual recorded
temperature data were shifted on their time axis to make them appear as if they

were located on the longitudinal centerline of Strain Gage No. 12. The amount

of each time shift is determined by the individual thermocouple's circumferential

distance from the strain gage's centerline divided by the circumferential speed
of the weld pass. Thermocouples that would see the effects of the weld turch

sooner than Strain Gage No. 12 had a time increment added to their time scale.

Thermocouples seeing effects of the weld torch later than the strain gage had a
time increment deducted from their time scale. This latter procedure was also
used to shift the strain readings from the axial gage in each strain gage pair.
This was done in order to make the axial readings appear to have been taken in

the same location frame as the circumferential gage.
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Symbols:
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FIGURE 5. GAGE STATION 1 LAYOUT, BCL MODEL NO. 2
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Strain Measurements During the Experiment

Three biaxial high~temperature electric-resistance strain gages were

installed on BCL ' ,a»l No. 2. The output of these gages and associated thermo-

couples were recorded on a multichannel osciliograph., Figures 5 and 6 show

locations of the gages and thermocouples.

Figures 7 through 10 are plots of strain and temperature versus time

as obtained for each weld pass. Rosette locations are 191 degrees and 286 de-

grees from the weld starting point. As expected, strains and temperatures in-

crease rapidly as the weld torch passes the sensors and decay slowly thereaf:er.

Table 4 summarizes peak strains and associated temperatures, and peak

temperatures and associated strains, for each weld pass. The strains have been

corrected for temperature effects on the gage. Time zero represents the initiation

of the first weld pass. Data are not shown for Gage No. 12 for the second weld

pass since it failed during this time interval.

It is noted that the strains in Table 4 range in value from 10,785 uc

to 21,686 ue. It is also noted that the straii levels for both passes are of the

same geineral magnitude. Examination of the data shows no apparent trend between

the time to reach peak strain and the time to reach peak temperature. In five

instances, the maximum strain was reached after the peak temperature. In four

instances, the maximum strain was reached shortly before reaching peak tempera-

ture, and in two instances, pc.k strains and temperatures were reached at the

same time.

Upon reaching room temperature after the second weld pass, Gages 15

and 16 were found to be still operational. These gages were on the inside of

the pipe and not subject to the intense radiant heat and thermal gradients seen

by the outside gages. The final strains on these two gages were -2,869 uc¢ longi-

tudinal and 685 ue circumferential., It is noted that the strains obtained by the

high-temperature gages are the result of the accumulates elastic and plastic de-

formations. The strains obtained by the chip removal technique reflect the locked-

in residual stress state and are residual elastic strains. Hence, these values

are not directly comparable.




Circumferential Position of Weid Torch Relative to Gage Station 1, inches
0 i 2 3

- 1 = 1 2 1 1 P 1
i RS | I J S T T 1 .
- Stroin
Temperature
1750 p— —{ 17,500
1500 - 15,000
1250 }— 12,500
W
¢
8
© 1000 }— 10,000
@
Q
E
@
—
750 p— 7,500
500 p— 5,000
250 p— 2,500
~o
—_——
~O pp——g | |
s et T l L l ] 1 l -l O
290 300 310 320 330 340 350 360 370
" Elapsed Time From Start of Root Pass, seconas
N
P

FIGURE 7. WELDING ROOT PASS GAGE STATION 1, BCL MODEL NO. 2

Strain, inch/inch x 10°®

£ 4



Circumterential Position of Weld Torch Relative to Gage Station 2, inches

-1 [¢] | 3
1 i 1 1 . 1 1 | 1 1
" l l I 1 1 I T 20,000
- Stramn ,”—_‘- ----------- - J5
7 —_—‘~s “‘“-\
irsc b — Temperature // ,” g e -1 17,500
A 4 B N i
! 7 e e
| / N e L
1500 }— g1 & = =~ 15,000
I /
I ’,' - — \\\ ‘—".——_— -------- e dl 0T , .o
1250 }— 'l I,', ~ “‘--“__l’,; - IZ,SOO:
“ 0 TN e ———— b £
@ '/’/ 5 ~
- Y S
© 1000 f— Iy ! - 10,000 ¢
a 'll' 3 2
! e
3 T -
o iy =
750 | 7 i 7,500 ©
Iy —
I, 9
nl
500 |— ‘o | 5.000
Y
Il
)1
250 |— 4y - 2.500
™~ //
~O R -
— o el e T‘ l l l 1 l J 0
» 460 470 480 490 500 510 520 530 540
Ej Elapsed Time From Start of Root Pass, seconds
J
LN

FIGURE 8., WELDING ROOT PASS GAGE STATION 2, BCL MODEL NO. 2

L4



26

,-0| X Youl/ydul ‘uios

*ON TIAOW .09 ‘T NOIIVIS 39vD SSvd dTAM (ONOD3AS °*6 AMN91d i
~
SPU0J3s ‘SSDY {00y j.- 4DJS WOL4 dw! ]| pasdo|3 i o i ol e ———— >
G862 0662 Sv G2 ovse Gese \ 0gse g2s2
0 7 0 g
| | 1 / | o~
R
od
00s'2 — 062
000°S —— 006¢
00§ 2 —1 062
~
3
©
<
00001 -—40301 g
- —————— c
o
"
00621 —1 0621
000°'S!I -—4 0061
006 L —4 06!
FINDIAT WD | e
UIDHE ———
000'02 — — T - y . - ' 0002
- v £ 2 I 0 |- Z-

Sy .u uoH04S oono O} 3MD|3Y Yi0) PIIM O UOI|ISO4 D1 IUIIIJWNII D)



27

7 NOLLVLS 39vD SSvVd QTiM ANODES

SPUDJ3S ‘SSDY J00Y JO |DIS Woi4 3wi] pasdo|3

‘01 F¥NOI4

0652 S8 G2 0862 SL62 oLse G962 0962
. - - —— o — e ———ee - e s oo -
s | _ d T T -
¥
' i
0 o 2 °
117
I
Iy =9
00$2 | ¥ el BEP
!
!
{
000's |- v § | —o0s
/ I
B J /
g L]
a8 008'L / | —2 06L
B / I
x 1 [
a 1/ y
S e y1 ! 3
~ 00001 !y | —4 000! o
2 7 1 ! B
(2] / -
> ¢ -4 I |
oo — " I c
S TN et e 7 h\~¥ \ i 0s2! s
& \\\ / I "
e e Yt = I
"""""""""""" - . Y ‘
000'S! |- e | —{ 006!
A \\\ |
lllllllllllllllllllllll TR J
: /
00S LI / — OS2
/
/
. —— — \ L
e - / 0002
,,,, i \\ AINDIBT US|
lo— Buiplam 40 pu3 = -_—— 'llnlll\\ WIDIG ===
T T __ T 1 - 0s2e
v £ 2 1 0

SAaYouw ‘2 woL IS 2609 01 3ADIBY YJ40) PIOM O U0 ISOY 104U I3WNIN D



TABLE 4. SUMMARY OF J'EAK STRAIMN3 "'~ PFRATURES
FOR BCL MODE!L NC. 2
Temp, Max. Strain,
Event Time, sec. Cage .. Max, St:.in, F Temp., UE
First 318 11 11,971 650
Weld 327 11 - - 945 11,590
Pass
323 12 15,681 890
327 12 - - 945 15,761
488 13 13,360 835
495 13 -- -- 900 13,294
495 14 17,819 900
495 14 -- - 900 17,819
520 15 13,550 855
490 15 -- - 1125 13,136
515 16 18,214 895
490 16 - - 1125 18,777
Second 2540 1l 10,785 810
Weld 2542 11 - - 945 10,804
Pass
2580 13 14,303 900
2573 13 - - 945 14,295
2582 14 16,481 885
2573 14 - - 945 16,492
2590 15 12,217 925
2570 15 - - 1150 12,378
2570 16 21,686 1150
2570 16 - - 1150 21,686
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Residual Stress Measurements on BCL Model No., 2

A total of ten biaxial postweld strain gages were attached to BCL Model
No. 2 girth-butt weld. Subsecuently, the gages were trepanned out to obtain
the change in strain gage readings. Residual stresses were then inferred from
these measurements. The procedure is described as follows. Small biaxial strain
gages are applied to the pipe at selected locations. A small surface ~hip of the
pipe, containing the b‘axial strain gages, is then remov>d using a dental burr tre-
panning technique as shown in Figures 11 and 12. Five strain gages were locstnad
on the outside of the pipe and five were on the inside. All gages were located
close to Strain Gage Station 1 shown in Figure 5. The results of these measurements
are shown in Figures 13 and 14. While these data appear t> be consistent, their
accuracy depends on the accuracy of the trepanning technique since no duplicate ex-
periments or alternative measurements were conducted. However, recent trepanned
strain gage work on high nickel-chrome steel indicates that, with good operator

practice, the error due to technique will be hetween 0 and -6,000 psi.

KRadial Deflections

Measurements were made on the radial dimensions of the completed weld
assembly of BCL Model 2 to determine the radial distortions caused by the welding.
Specifics of the measuring procedure are described in the section on the six-pass
girth-butt weld. Relative deflections taken along four equally spaced longitudinal
lines on BCL Model No. 2 are shown in Figure 15. As ca:u be seen in the figure,
welding causes an inward radial deflection at the edge of the weld of approximately
0.040 irch.

Experimental Details and Results for Six-Pass Girth-Butt Yeld

The welded joint was made with the pipe machine-rotated in the horizontal

-
position under a gas metal arc (GMA) welder. Six weld passes were required. Each

* The initial (root)wpass was a gas tungsten arc (GTA) weld with a handheld
torch and filler wire added manually. The welded insert rings had not
been received. This technique was used to simulate the heat input con-
ditionz as if an insert ring were used.
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FIGURE 12, SURFACE CHIP WITH BIAXIAL STRAIN GAGF PATTERN

(D)
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weld bead was started and terminated at the same point on the circumference.

This point was selected to be the longitudinal! weld seam.

Material

A 2-foot-long piece of 12-3/4 0.D. by 0.375-inch wall welded-seam 304
stainless steel pipe had its outer ends machined for 2 single U-groove weld
preparation. The pipe was then sawed in half and the l1-foot lengths reversed
to fit up the prepared outer ends for the weld joint. Excellent alignment was
obtained. The Mill Test Report on the pipe material is contained in Table 5.

Welding

The single U-groove joint, shown ir Figure 16, was aligned by hand, with
2 1/16~inch gap, and tacked together at six equally spaced points with GTA welds
each approximately 3/%-inch long. The pipe was then mounted on a specially con-
structed spider-type frame which adapts the assembly to the rotary drive machinery.
The pipe was supported in the horizontal position and sutomatically rotated under
ne welding head at a preset rate. Since welding inserts were not received in
time for the experiment, the root pass was made with the hand held GTA process
at an average speed of 3.6 inches per minute (10.7 minutes of welding). There
followed an 11.9-minute interval for setup of the instrumentation and the machine
for the GMA process that was used for the remaining five filler passes. All passes
started at the same point on the pipe, the loir. "tudinal weld seam, and proceeded
in the same direction. The five filler beads were applied at an average :peea of
19.0 inches per minute (2.1 minutes per pass) with an average interval between
passes of 5.2 minutes. The elapsed time from start to stop of the joining opera-
tion was 53.7 minutes. Additional welding parameters are summarized in Table 6.

The cix-pass weld was done first. Some difficulty in obtaining smooth
flow and wetting at the edges of the beads was experienced in this weld. As a
result, there were locations along the edges of the cap beads where the weld
metal did not flow and fuse properly to the adjacent bead. A defect of this
type can be seen in Figure 17. However, the heat and metal input rates appear
to have been uniform and consistent with the medium heat input rate desired. The
effects of defects was eliminated by taking data at locations away from these de-

(ects,
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TABLE 5,

MILL TEST REPORT DATA FOR TYPE 304 PIPE USED IN BCL MODEL NO.

3
Tensile z
Size Chemical Analysis Yield Point Strength Elong.
Lbs. per sq. Lbs. per sq. 1in 2 Hard-
c. Mn. . S. s1. Ni. Cr. Mo. Co. Inch Inch Inches ness g

12" Sch 40s . 046 1.67 .018 014 .57 8.82 18.24 + 39 .29 42600 87500 54. BHN

Cu 151

.11
Transverse Tension Test

Satisfactory
Flattening Test

Satisfactory
Hydrostatic tested at 883 P.S.I. minimum Satisfactory
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FIGURE 16. SINGLE U-GROOVE WELD PREPARATION
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Thirteen thermocouples were spot welded to the pipe in the array shown
in Figure 18. The positions of the thermocouples were determined by-and cor-
related with the strain gage locations. A portion of the dynamic record of
temperature versus time for five thermocouples on the outside of the pipe is
shown in Figure 19. Except for maximum temperature obtained, the data shown in
Figure 19 are fairly typical of each weld pass. That is, the temperature is
constant until the weld passes the thermocouple. Then peak values are followed
by gradual cooling to a uniform interpass temperature. Maximum and minimum

thermocouple measurements for each weld pass are shown in Figures 20 and 21.

Strains

Nireteen Micro-Measurements 350-ohm foil-type strain gages were applied
to tie pipe pcior to welding. Sixteen of these gages were a 1/32-inch gage de-
signated WK-09-031-CF-350, Two 1/16-inch gages were in a biaxial configuration
and designated as WK-09-062-TT-350. One gage had a 1/4-inch gage length with
the designation WK-09-250-BG-350.

The gage positions on the pipe correspond to the thermocouple positions
shown in Figure 18, Six additional gages were located at 90 degree increments
around the circumference on the inside and outside surfaces in a position, relative
to the weld, that corresponds to Thermocouples 3 and 13 shown in Figure 18. All
gages except the one biaxial element were oriented with their active element in
the axial direction of the pipe.

The literature on these gages and consultations with the manufacturer
indicated tha® the type WK gage would have normal reliability to 550 F and would
produce useabl.e strain readings under short-term temperatures as high as 750 F.
The gages were ipplied with the recommended high~temperature epoxy M-Bond 610,
The pipe sections with gages attached and wired were subjected to combined pre-
conditioning/thermal calibraticn cycles in a furnace. One pipe section, with the
majority of the gages attached, briefly saw a maximum temperature of 670 F. The
other section with two gages saw a maximum of temperature of 570 F, While some
temperature effects were apparent in observed permanent offset strains due to

the preconditioning cycles, these appeared to be minor. However, in-depth studies
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e ¢ of thermocouple:

| A Notes:

1. All thermocouples are 36

gage chromel-alumel except
+2, and 6 which are 28
gage.

4

ro

All thermocouple dynamic
voltages were recorded on
a light beam oscillograph
except 5,6, and 7 which
were monitored on a manu-
ally switched digital
voltmeter between weld
passes,

3. All linear dimensions are
ir. inches.

Longitudinal weld seam,
start and end point of
oll six weld passes

3.940

2.620 ——uppd
fe—o 1,750 ——>]
it | 570
| 120 ———>+a— 1,120 ‘—’1

- 0,82 )

-1—0.700’1 4

0.375

5 6

ryry,rsES s

Al
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Sequence of weld passes

SECTION A-A
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FIGURE 18. THERMOCOUPLE ARRAY FOR SIX-PASS WELD
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of the gages and the bonds showed that the bonds had been damaged so that they

could not be used for residual stress data.

A total of twenty-one biaxial postweld strain gages were attached to
BCL Model No. 3. The gages were trepanned out to obtain the change in strain
gar : readings. Residual stresses were inferred from these readings. The pro-
cedure is described in the section on the two-pass weld. The results of these
measurements are shown in Figures 22 and 23,

Measurements of Radial Deflertions

A special pipe mounting frame was constructed and used to make the dis-
placement measurements. This frame has a heavy 4-inch outside diameter center
pipe extending beyond the ends of the pipe segments to be welded. The mounting
is fitted with lugs that can be expanded to the internal diameter of the 12-3/4-
diameter pipe sizes. This frame serves two purposes. First, it is an intermediate
suppert member that interfaces with welding machine's rotary drive. Secondly, it
has centers on each end that positively locate the pipe-frame assembly in a large
lathe where radial deformation measurements can be taken.

Measurements were taken along four equally spaced longitudinal lines.
The resulte are shown in Figure 24. The maximum radial deflection for this pipe
is about .063 inch.

Cross Section of the Weld

A photomacrograph of the etched cross section of the six-pass girth-butt
weld f-om BCL Model No. 3 is shown in Figure 25. The figure includes a schematic
drawing of the section identifying various features of the weld. As in the two-
pass weld, each pass after the root pass has a tear drop shape at the root of the
pass. As discussed in the two-pass weld section, this is characteristic of welds

made by the gas metal-arc process.
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IV. TEMPERATURE ANALYSIS MODEL AND RESULTS

The mathematical model for residual stresses due to welding consists
of two parts. The first part is a heat flow model that gives the time dependent
temperature distributions. The temperature model contains the influence of the
weld parameters. The second part of the residual stress model is a stress
analysis model. The coupling petween these two is that the temperature model
provides temperature distributions that are the input for the stress analysis

model. The following sections describe each model and their applications.

Temperature Analysis Model for Welding

A numerical technique was developed for obtaining temperature distri-
butions due to welding of cylindrical pipe. The following presents descriptions
of the procedures for modeling the temperature distributions and numerical
results for testing the model.

The technique is based on the distribution of temperatures around a
moving point-heat source in an infinite solid. Figure 26 shows a point-heat
source moving in the x direction with a velocity V. The temperature due to

this moving heat source is given by

g = -—(l c—— — (1)
T (r:6) T0 . 4K -

where

T = temperature (F)
T = ambient temperature (F)

= heat input (btu/sec)

0
9
K = thermal conductivity (btu/in.-sec~-F)
V = heat source velocity (in./sec)

£ = X-distance from heat source (in.)

r = distance from heat source (in.)

¢ = heat capacity (btu/in.3 - F)

K/c (in.z/sec).
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Moving point

heat source \\\\

FIGURE 26. MOVING HEAT SOURCE IN AN

INFINITE SOLID



Equation (1) is identical to that presented by Rosenthal[39]. Time does not

explicitly appear as a variable in Equation (1) because, although the temperature
distribution is a variable with respect to a stationary point in a solid, it is

unchanging with respect to the heat source since steady-state cqnditions are

assumed to be present. However, time does appear implicitly in Equation (1)

since

g-xo-Vt - (2)

where Xo is the distance between the stationary point and the heat source when
t=0.

The numerical technique approximates the temperature rise due to
the moving source in a finite thickness plate by superposing a series of heat
sources, as shown in Figure 27. In this figure, the welding heat source is WS.
Heat source Il, a mirror image of WS, is added to eliminate the source heat

transfer through the inside pipe surface. Likewise, a mirror image, 0,, is

|
added to eliminate the source heat transfer through the outside pipe surface.

Heat source O2 and 12 are added to eliminate the heat transfer of I, through

the outside surface and 01 through the inside surface, res;ectively} The
actual plate temperature is obtained by superposing at least 28 of these addi-
tional temperature sources.

The superposition of heat sources is used with Equation (1) to
compute a time-temperature curve for the heat source moving along the circum-
ference of a pipe at a specified thickness. These curves are generated by
treating the pipe as a tlate plate with the same length as the circumference
of the pipe.

The solution for the point heat source given by Equation (1)
assumes physical properties are independent of temperature. The solution is
applied outside the fused zone of the weld.

The multipass welding of a pipe was modeled by the following procedure.
Temperatures were calculated for the root pass by locating the heat source
at the centroid of the fused zone. For the second pass, temperatures were calcu-
lated by locating the heat source at the center of the fused zcne area cor-
responding to the second pass. The total temperature was obtained by adding the
temperatures to an experimentally determined ambient temperature for the second

pass. For subsequent passes, the temperature is determined in the same manner.

2191 062
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The analytical model described above is similar to that developed

by Vaidyanathan, Weiss, and Finnie[zal except that the peak termnerature instead
of average temperatures were calculated. Kamichika, Yada, and Okamotolzal

the point heat source model to predict temperature distributions during weld-

used

overlaying of stainless steel plates and obtained good agreement with experimental
data. Paley, Lynch, and Adamala] also used the point heat source model to study
the peak temperatures at or near welds made in thick HY-80 and T-1 steel plates.
Their results showed that peak temperatures could be calculated to within 5

percent of experimentally determined temperatures.

Numerical Results

A computer program was developed for determining welding tempera-
tures based on the mathematical model described above. Table 7 lists
the input data and output parameters for the computer program.

Numerical test cases were run to demonstrate that the thermal model
could predict transient temperature profiles that occur during welding. Two
stainless steel cylinders, denoted by BCL Model Numbers 2 and 3, were used in
this study. As described in the section on experimental results, BCL Model
Number 3 is a six-pass weld and BCL Model Number 2 is a two-pass weld. The
first test case modeled the GTA root pass of a 3/8-inch thick, 304 stainless
steel pipe with an outside diameter of 12.75 inches. This pipe is BCL Model
Number 3. Figure 28 shows a comparison of the model results with thermocouple
measurements taken during the root weld pass of the initial project experiment.
Time t = 0 corresponds to the time at which a thermocouple (2a) located 0.07
inch from the weld centerline reached its maximum temperature. The agreement
of the analytical results with the experimental data provides a check that
the thermal model can accurately predict welding temperatures.

Five other check cases were run. These cases were based on three
additional passes of BCL Model Number 3 and both passes of BCL Model Number 2.
Figure 29 shows a comparison of the analytical results with thermocouple meisure-
ments taken during the second pass of BCL Model Number 3 experiment. The time
t = 0 seconds corresponds to the time at which a thermocouple located 0.70 inches
from the weld centerline reached its maximum temperature. Figures 30 and 31

show similar comparisons for the fourth and sixth passes of the same experiment.
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TABLE 7. INPUT AND OUTPUT PARAMETERS FOR
THE PCINT HEAT SOURCE MODEL

Input Parameters

Name Description Units
F Distance from next source in.
to outside cylinder surface
G Distance from heat source in.
to inside cylinder surface
' Heat source velocity in./sec
TMAX Period of one weld pass sec.
K Conductivity Btu/in. -sec-F
Q Heat input Btu/sec
- Heat capacity Btu/in.J—F
NPNC Number of temperature
output points
NSMAX Number of imaginary
heat sources
Y coordinate of tempera- in.
i
ture point
zi Z coordinate of tempera- in.
ture point
To Ambient temperature F
Time sec.
X X coordinate of tempera- in.

ture point

Qutput Parameters

Temp Temperature F
T Average temperature F
IERR Integration error F

2191 065
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For passes two and four, the temperature model deviated from the experimental
data by no more than 7 percent. For pass six, the model data varied no more
than 17 percent from the experimental data.

Comparisons between the temperature model and thermocouple data from
BCL Model Number 2 are shown in Figures 32 and 33. Figure 32 displays comparisons
for the gas tungsten arc root pass for the BCL Model Number 2 experiment while
Figure 33 shows comparisons for the second and final gas metal arc pass. The
smallest time value in each figure corresponds to the time at which the thermo-
couple nearest the weld centerline reached its maximum temperature. The deviation
of the temperature model from the experimental data was no more than 9 perceut
for the first pass and no more than 17 percent for the second pass.

These six cases show good correlation between data and the temperature
model. This, coupled with the fact that references cited in the related work
section also found good comparisons between experimental dacta and a similar type of
model, demonstrate that the model is a useful tool for obtaining time dependent

temperature distributions due to welding.
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V. STRESS ANALYSIS MODEL AND RESULTS

The purpose of the analysis phase of the program is to develop an
analytical method or methods for the calculation of residual stresses at girth-
butt welds. Before describing the stress analysis model, it is appropriate to
exanine some of the mechanics associated with the welding process. This will
provide background for the description of the stress analysis model and the
results. The following presents a discussion of mechanisms contributing to
residvual stresses at butt welds in plates. While the plate is different from

the butt-welded pipe, the concept of etress producing mechanisms is the same.

Mechanisms Contributing to
Residual Stresses at Butt Welds

Residual stresses at a welded joint result from the contraction of

the weld bead and the plastic deformation produced in the base-metal region

near the weld. The residual stresses are also influenced by external constraints.
A typical residual stress distribution at a butt weld is shown in

Figure 34.[2]

Figure 34b shows the distribution of residual stress O along the
direction normal t¢ the weld direction. High tensile stresses occur near the
weld region. These stresses decrease rapidly and become compressive at a normal
distance several times the weld width.

The distribution of residual stress, cv, along a line parallel to the
weldline will depend on the length of the weld, the welding parameters such as
heat input, and velocity, and also the boundary conditions on the plate. For
thin plates, this distribution will be constant through the thickness of the
plate. For thicker plates, in which temperature gradients occur through the
thickness of the plate, the residual stresses will also depend on the position
in the thickness direction. If the edges of the plate are unconstrained, and
"he plate is thin, these oy stresses will generally be smaller than the _ stresses.

The distribution and magnitude of residual stresses at butt welds are
determined priwarily by the expansion and contraction properties of the weld and
base metal and the yield strength versus temperature characteristics of the
welu and base metal. The influence that these material properties bh-ve on the
formation of residual stresses can be discussed in terms of the characteristics

of stress distributions that ocrour during a butt weld.
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During initial weld heat up and prior to the time the torch passes
section YY of Figure 34, severe temperature gradients about the weld line
produce compressive yielding in the welding or longitudinal direction. As more
heat is input by the arc, temperatures rise sharply and the yield strength of
the molten base material approaches a negligible value. This small value of
yield stress relieves the plastic deformations in the molten material. All
the base material adjacent to the moiten weld bead is in a state of plastic
compressive stress. As the fusion zone metal solidifies, compressive yielding
takes place because of the increase in yield stress. However, as further cool-
ing takes place, the yield stress is increased to a level which causes elastic
unloading from compression to tension. Thus, as cool-down continues, the
portion of the weld metal in longitudinal tension increases until, at final cool-
down, tensile longitudinal stresses can extend to several times the weld width,
as shown in Figure 34b. Analytically predicted cuv '‘ng and heating zones for
BCL Model Number 2 are shown in Figure 35. Figure 35a depicts the zone boundary
5 seconds after weld solidification, while Figure 35b shows the boundary 34
seconds after solidification. Both of these figures illustrate that part of
the plate is heating while simultaneously, another part is cooling.

The formation of hoop stresses in a girth welded pipe is similar to
the O stresses in the plate. However. there is a significant difference between
the formations of axial stresses in the pipe and the ay stresses in the plate. The
axisymmetric pipe geometry introduces Lending deformations and stresses in the pipe.

The deformations are visibie as a diametal shrinkage in the weld region.

Des ‘ription of the Stress Analysis Model

The process of joining two sections of pipe with multiple girth weld
passes involves complex thermo-elastic-plastic material . ehavior in a three-
dimensional geometry. Large deformi.cions and plastic striins are prevalent
throughout a large portion of the pipe material. Because the loading is due
to transient thermal gradieuts, the loading is continually changing as the bead
is put down and as the pipe again approaches thermal equilibrium.

As previously discussed, porticns of the pipe are experiencing increasing
temperature while at the same time other portions are experiencing decreasing

temperatures. This complex thermal loading is particularly difficult to model
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analytically because of the constantly changing principal stress directions at
each point in the pipe. For an initial attempt at analytically modeling the
girth welding procedure, the approach has been to make certain simplifying
assumptions with the effect of emphasizing the more basic aspects contributing
to the girth weld residual stress problem. Secondary aspects can be more ef-
ficiently studicu after a basic understanding of the manner in which these
stresses are induced is obtained.

One assumption which was made throughout this analysis was that the
most important aspects of the girth weld procedure could be examined with ar
axisymmetric model. Other simplifications were made during the course of the
study to reduce the computational costs. However, these were shown to have
minimal effects on the results.

The fiuite element method was used to calculate residual stresses
and displacements for given thermal loadings. A general axisymmetric finite
element code was used. However, several modifications were required because

of the unique nature of the girth-butt weld problem.

Finite Element Code and Modifications

General Description of the Finite Element Code

The analysis tool used in this study was a general purpose, two-
dimensional thermo-elastic-plastic finite element computer program. The pro-
gram uses constant strain triangles and quadrilaterals, which are an assemblage
of four triangles, for the element stiffness formulation. The code allows
temperature dependent material properties and a bilinear representation of the
material stress-strain behavior. Because of the numerous unique aspects of
modeling multiple pass girth-butt welds, several modifications were made to the

finite element code.

Modifications to the Finite Element Code

Changes in the axisymmetric finite element computer progr~= were made
to include the capability to model elastic unloading from an elastic-plastic

state of stress, as shown in Figure 36. The need to include unloading of the
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type shown in Figure 36 arises because the stresses that occur near the weld
#arly in the temperature cycle are reduced as the weld and base metal cool.

Thus, finite elements in the heat-affected zone must permit a reduction in

stress while maintaining 7 .esidual plastic strain. In the computer program,

an unloading criterion is automatically checked at each element. The criterion
is a reduction of equivalent stress between two consecutive load increments. If
an element meets this criterion, then during the next load increment that element
is assigued a stiffness based on the elastic material properties.

A numerical test case for unloading was conducted to demonstrate that
the stress-strain behavior of the elements could follow the input stress-strain
curve. A stainless steel with a yield stress of 32 ksi, a thermal expansion
coefficient of 9.8 x 10-6, a modulus of 27 x 106 psi, and » modulus of 3 x 106
above the yield stress was selected for the test case. A thermal load of 150 F
was applied to a 1 x 3-inch steel plate of unit thickness in four load increments,
and reduced to 92 F in four increments. All sides of the plate were rigidly
clamped. The stress-strain behavior of a typical element during this loading
history is shcwn in Figure 37, along with the theoretical curve for the stress-
strain behavior. The agreement provides a check that the unloading capability
is working.

The possibility of reloading after elastic unloading is also evident
becausc of the use of multiple girth weld passes and, therefore, this capacity
was also included. In making these modifications, no allowance was made for
Bauschinger effects. The material was made to follow the virgin material stress-
strain behavior regardless of the past loading and unloading history. The Von
Mises equivalent stress and the equivalent plastic strain were used to relate
the biaxial stresses and strains to the uniaxial stress-strain curve.

Another unique aspect of the girth-butt weld problem which required
modifications to the finite lement code, involves the method in which thermal
loading is applied. Because wolten material is applied to relatively cool base
pipe, the stress-free temperature for the weld material is not the same as
for the pipe material. The stress~free temperature for the weld material is
that temperature at which the cooling weld material first gains strength and
for the pipe material is the uniform ambient temperature existing before welding
began. To allow this behavior to be modeled by the finite element code, required
modifications so that different reference or stress-free temperatures could be

given to different portions of the finite element model.
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As mentioned earlier, one major difficulty with modeling the girth
weld process is that in actual welded pipe, the thermal loading is constantly
changing. This transient nonproportional loading causes the principal stress
directions at each material point to continually change with time as well as
to periodically undergo loading, unloading, and reloading. To rigorously
simulate this type of constantly changing load, requires many small incremental
steps in the finite element solution so that the changes in temperature distri-
bution and principal stress direction are small between increments. Experience
shows that the change in the equivalent plastic strain for each solution should
be only a few percent of the yield strain. It was determined early in this
study that the number of analysis increments required to satisfy this condition
is prohibitive. To simulate the temperature loadirg, while at the same time
keeping the number of incremental solutions, and therefore the cost, at a
reasonable level, it is necessary tc approximate continually changing load tempera-
ture distributions by a piecewise linear representation. This type of approach
is indicated in Figure 38. To be consistent with decreasing the number of
piecewise linear segmentu, changes in logic of the finite element code were
made to predict the stress change for the resulting large increments.

In simpler problems than the girth weld problem, th. stress change
predictor 1- ‘early extrapolates the results of the last load increment to predict
when each element is going to reach yield. If the loading is proportional,
znd small amounts of plasticity are occurring, this prediction can be made in
terms of the changes in equilvalent stress withcut regard to the changes in the
stress components. If. however, the loading is nonproportional or large portions
of the model are deforming plastically, the principal stress directions will not
remain constant from one load increment to the next, and the prediction for when
yielding will occur, must be made based on all the stress components rather than
just the equivalent stress. In the case of girth welds, both nonproportional
loading and large plastic regions occur. In fact, the entire pipe cross section
can become plastic wi*h the plastic zone reaching to more than one pipe thickness
in the axial direction.

As mentioned above, it was determined that piecewise linear approxima-
tions to the thermal loading was the wa) to approach the nonproportional loading

problem because of the large d..rease in the number of solutions and the resultant
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reduction in computational cost. As a resnlt of this approach, because of the
number of solutions, there had to be a corresponding increase in the size of
the solution steps. Wi*“ this increase in step size, the nonproportional load-
ing, and the large amounts of plasticity, it was necessary to make the stress
prediction portion of the finite element code more sophisticated.

The purpose of the stress prediction portion of the finite element
code is to determine for each element what portion of the next load increment
will cause loading, what portion will cause unloading, and for the loading por-
tion, if any, what part of this loading will cause plasticity. Essentially, the
method involves th: determination of a path in four-dimensional stress space
(axisymmetric assumption) which the element is expected tc follow. This pata
is based on the change in stress components from the previous load step. The
distance along this path that the stress state is expected to move is based on
the assumption that a similar change in load, as applied in the previous load
increment, will cause a similar change in stress state. Based on this predicted
path, it can be determined what portions of the next step will be loading and
what portion will be unloading and furthermore what porti.. of the loading will
be plastic. Thie information is then used in the element stiffness formulation.

A simplified two-dimeneional example in which the three principal
stress directions remain constant and the third principal stress maguitude
remains constant is shown in Figure 39. 1If the stress state at a point in the
body is expected to move from C to B, then the material at this point will un-
load while going from C to A and load while going from A to B. Furthermore,
the loading from A to D will be elastic while the loading from D to B will be
plastin. If the stress state is expected to move from C to E, then there will
be both unloading and loading but no part of the loading would be plastic. It
should be noted that the equivalent stress did not reach zero before starting
to reload.

The method of predicting the change in stress state bascd on piecewise
linear changes in the thermal loading, requires that upon the change from one
linear segment to the next, that two very small increments be taken. These are
shown schematically in the second and third curves of Figure 38. The purpose of
the first increment is to determine for each element of the model, whether the
new linear segment of loading is going to cause loading or unloading. The

second step is required in order to determine the directiou of the stress path
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for each element. The size of these increments must be such that the calculated
incremental stress, strain and displacements be negligible compared of the sum
of these quantities for the previous increments.

Another important aspect of the computer program which is affected by
the size of 17ad increment is the incremental plasticity formulation. The size
of load increments here is measured in terms of the change in stress or plastic
strain during that incremeat. The material's elastic-plastic constitutive
relations and thus the stiffness are dependent on the stress state. Experience
shows that the conven.icnal incremental plasticity formulation requires that the
change in plastic strain between increments be less than a few percent of the
yield strain. If large incements are taken, the resulting calculated stress/
strain state will be in error with the evidence of this being that the stress
and strain states do not correspond to a point on the material's stress/strain
curve. Because the strains which are experienced over a large portion of the
girth weld region are as high as three and four percent, the number of increments
required to allow these small increments to be taken would be prohibitive.

For example, based on a ten percent criterion, this would require approximately
200 increments per pass. Therefore, the standard plastic stiffness formulation
was modified to reduce the number of increments per pass.

Basically, the change in the stiffness formulation was done for
economic reasons and involved generating the stiffness independent of the stress
state in a similar manner as for elastic material behavior. While it is under-
stood that this formulation is not valid, it was shown that the errors in
applying this formulation numerically are much smaller than those that are ob-
tained by using the usual plastic formulation with increments which result in
incremental plastic strains as large as twice the yi=ld strain. Another factor,
which further justifies the use of this modified plasticity formulation, is the
inherent difficulty in using the standard incremental plasticity approach for

nonproportional loading.
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Approach to Modeling Girth-Butt Welds with Finite Elements

Simplifying Considerations

In addition to the axisymmetric simplification of the girth-butt
weld program, several additional simplifications were examined. One which was
included primarily because of thc reduction in computer costs, was treeting
the girth-butt weld procedure as being symmetric about the plane which is
perpendicular tc the axis of the pipe and passes through the center of the weld
bead. This resulted in a computer cost savings of approximately 50 percent.
Closely related to this simplification and in part resulting from it, was the
modeling of a sequence of weld passes as a layer rather than as individual weld
passes. The savings resulting from this simplification is dependent on the
pipe size and number of passes, with the savings being greater for pipes with
more passes. The method of modeling a general multipass girth-butt weld under

these two assumptions is shown in Figure 40.

Boundary Conditions

Since the cost of analyzing a girth-butt weld is dependent on the
size of the finite element model which is used, it is desirable to model a
minimal length of pipe in the axial direction. On the other hand, the
stresses and displacements in the weld region will be effected if too little
of the pipe in the axial direction is modeled. It was found that significant
stress and displacements were still present as far as four thickness=s from
the centerline of the weld in the axial direction. Therefore, to ensure that
the boundary conditions at the remote end of the fin.te element model had little
effect on stresses and displacements near the weld region, the finite element
models were made to extend to approximately eight times the pipe's wall thickness.
This rule of thumb, however, becomes more conservative as the pipe thickness
increases. This is because the heat input for applying girth weld passes is
not increased proportionately with the pipe wall thickness. To approximate the
¢ fect of the remainder of the pipe at this artificial boundary, all the axial
displacements at this cut off end were constrained to the same value. This value
of displacement was calculated as part of the finite element solution so that it

produced a zero net axial force condition.

2191 086



77

Weld Centerline

a. Weld Cross Section Geometry with Ten Passes

/—"“

Line of Symmetry

S - - ——————
it o LN
7 | \
N ~
N )
\\ \ ”

b. Mode! of Weld Cross Section Geometry Using Four Layers

FIGURE 40.

COMPARISON OF ACTUAL AND MODEL WELD CROSS SECTIONS



78

Using the simplification of weld centerline symmetry, requires special
boundary conditions at the centerline boundary of the model. This type of
Symmetry requires that the only nonzero component of displacement at this boundary
be the radial component.

Temperature Dependence of Material Pro rties

All of the gicth welds modeled in this study were fabricated from
304 stainless steel. Since the material temperatures during the girth weld procedure
can vary anywhere between room temperature and the melting point, the temperature
dependence of 304 stainless steel material properties was an input for the
analysis. Figure 41 shows the temperature dependence of the material properties
as they were used in the finite element analyses.

Analysis Procedures

Modeling of iThermal Loads

As mentioned previously, the problem of transient thermal loading was
simpliried by approximating the change in temperature distribution by several
piecewise linear changes. Associated with this technique of approximating the
changes in temperature distribution is the problem of deciding how many linear
changes can be used and how they can be placed in time so as to most closely
approximate the actual temperature changes. The criterion by which the placement
of the piecewise linear changes was evaluated was based on the resulting calcu-
lated residual stresses.

A sensitivity study was conducted for the two-pass BCL Model Number
2 pipe to determine the effect of the placement and number of linear changes.
The number of linear segments was varied from one per pass to nine per pass.

It was found that the calculated stresses are most sensitive to changes in the
temperature distributions corresponding to the first fifteen seconds after the
bead is put down. This corresponds to fifteen seconds after the heat source
passes. It was also found that greatly reducing the number of linear changes
after the first fifteen seconds had relatively little effect on the final calcu-

lated residual stresses. In fact, it was later found that the results from
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using one linear change in temperature to represent the heating phase and one to
represent the cooling phase of each pass apolication were in good agreement with
experimental measurements.

Based on the basic discovery that good residual stress calculations
could be made using only a heating phase and a cooling phase to represent the
thermal loading, two fundamentally different approaches were considered. One
approach essentially assumed that at some time during the transient thermal load-
ing a "most severe" distribution occurs which is the prime factor determining
the final residual stress state. The second approach differed in that the effect
of temperatur . distributions throughout the time of thermal transients would be
included. Two possible variations on this second appproach are (1) to take the
time average of the change in temperature at each material point and (2) to
take the maximum temperature .uan e at each material point. During this study,
both the first approach and the second variation of the second approach were
evaluated. Figure 42 shows a comparison of temperature prifiles for these two
cases. For the first approach, temperature distributions corresponding to
specific times were chosen from the time temperature history of the pass being
laid down. To determine the sensitivity of the residual stresses to the selected
time, stresses were calculated for the distributon corresponding to temperatures
between 150) F and 2100 F. It was found that the calculated stresses for these
various times and corresponding weld bead temperatures did not differ greatly.
It was, therefore, decided that the distribution corresponding to 2100 F would
be used because this temperature corresponds to thz point at which the cooling
weld material starts to gain significant stiffness.

The thermal loads were specified for the finite element code in terms
of element centroid temperatures, the element's stress-free temperature and the
temperature dependent coefficient of thermal expansion. The finite element
program then determined the change in temperature for each element at each
incremental solution, obtained the coefficient of expansion corresponding to the
element temperature by interpolating in the material property table, and com
bined the two quantities to formulate the thermal loads.

Modeling the Deposition of Weld Metal

Because of the addition of material during the girth-butt weld process,
the finite element model must in some way account for the resulting change in

weld region geometry. In order to accommodate the automation of the analysis,
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it 1is desirable to have the elements representing all the weld passes in the
model for all pass applications regardless of whether or not the material which
they represent has been deposited. To do this, advantage was taken of the

fact that the loading is thermally induced, that the element stresses are
proyortional to the element stiffness, and that the stiffness becomes very

small for elevated temparatures. The scheme by which these were used is shown
in Figure 43. Basically, this scheme causes the effect of passes which have

not been laid down to be negligible in terms of their affect on stresses in
other portions of the pipe. Since the stresses in the elements representing
passes which have not been deposited are very small (because of the small stiff-
ness), the error in the final residual stresses due to these pasces wilil also

be small. Though the method described resulted in negligible errors in terms

of stress, the effect on calculated strains in these passes was not small.
However, since strains in this region were of no interest and since these errors
did not aflect the stresses elsewhere, this error was tolerable. If strains
were of interest, then the strain componeuts for cach pass, except the first,
could be zeroed before that pass was laid down in the modeling procedure. This

would require a slight modification to the finite element code.

Modeling of Weld Pass Layers

It was mentioned previously that because of economic considerations,
the simplification of using weld center line symmetry for the analysis made the
modeling of weld layers rather than individual weld passes attractive. This
simplification allows the application of several passeaz at one time and, there-
fore, results in a computer cost ravings. The more passes that are contained
in one layer, the larger the saving becomes. However, it is possible that the
accuracy of using these assumptions is largely dependent on the thickness of
the pipe which is being welded.

Generally spealing, for thin-walled pipes, only a few passes are
required. For such pipes, the weld centerline and weld layer simplification
can model the actual weld pass geometry. Figure 44a is a representacion of a
girth-butt weld for a thin-walled pipe. For this case, the geometry and
temperature distributions will be symmetrical about the centerline throughout
the weld process. The layer simplification is trivial in this case since each

layer coutains only one pass.
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For medium thickness and thick pipes, the number ot weld passes increases
s0 that more than one pass is required to make on> layer. Figires 44b and 4é4c
give examples of these pipes. For this size of pip.. *he cent:rline symmetry
and layer simplifications are not real. However, as long as the temperature
distribution in the model is nearly the same for each pass of the layer, the
layer assumption is good. Figure 45 illustrates how the temperature distributions
for thin and medium walled pipes make the layer simplification feasible.

For heavy-walled pipe, in which there are typically more than three
passes in each layer, the temperature distribution resulting from the left most
pass of a layer can differ substantially from that of the right most pass. This
type of behavior is shown graphically in Figure 45c. In this case, the layer
assumption does not give as good an approximation tn the temperature distribution
as for the seven-pass weld of Figure 45b.

The reason for this is primarily the relative size of the 14 asses
and the pipe thickness. As the pipe size increases, the weld pass size cannot
increase proportionately; *herefore, the relative distance between the pass
centroid and the weld centerline increases. Another result of the relative
decrease in pass size and associated heat input, is that the temperature gradient
in the axial direction becomes greater for the thicker pipe. This is because
the heat can dissipate radially in addition to axially. Based on this, it might
be contended that the usefulness of the layer simplification may decrease as
the pipe size and number of passes increase. However, this may not be the case
because for a large number of passes, the amount of material per layer will be
small compared to the amount that has been layed down. Thus, the concept of a

layered model may still be very useful.

Additional Modeling Considerations

Modification of 7 -rmal Loading for Multipass Layers

Dge to the simplification of modeling layers of passes, some questions
arise on how well the actual thermal loading should be represented. In the
simpler cases such as shown in Figure 45a and 45b, the largest possible dis-
crepancy in using the temperature distribution resulting from the pass being at
the centerline is the difference between the solid and broken lines. For larger

pipes, however, the discrepancy tends to increase.
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To help rectifiy these discrepancies, two methods have been identified.
The first method consists of placing several heat sources throughout the layer
which is being modeled. The total heat input is close to that which wac actually
used for one pass, but irstead of being concentrated at the centerline, the
heat is applied over the entire layer. This tends to widen the bell of the bell
shaped t~mperature distribution. A possible alternative to this approach would
involve geaerating a ‘amily of distributions (one on each pass) such as in Figure
8c and then use the envelope of these curves for the temperature distributions.
This, unlike the previnus method, would essentially involve more energy than is
put into any one of th.. passes of the layer. It would, however, involve much
less than the sum of the energies for each of the passes. This representation

was used for the thirty-pass weld analysis to be described later.

Method for Including Large Displacements

The analysis of girth-butt welds involves large deformations. To in-
corporate the effect of large deformatioas into the girth-butt weld model, the
geometry of the model was updated after each incremental solution. Specifically,
this was done by adding to each nodal point coordinate its corresponding incre-
mental displacement. Using this technique enabled good correlations to be made
with experimentally determined residual displacement patterns while each incre-

mental solution could be obtained under the assumptions of small strain theory.

Modeling BCL Experiments, Two-Pass Weld

The experimental girth welded 304 stainless steel pipes were fabricated
and residual stresses at the inner and outer surfaces determined. These experi-
ments and the measurements taken are described in the weld experiment section.
One experimental pipe was a !2.75-inch 0.D. bv ).180-inch wall with a two-pass
weld including the root pass. The other pipe was a 12.75-inck 0.D. by 0.375-
inch with a six-pass weld, including the root pass. Both of these experimental
pipes were modeled analytically.

In this section, the modeling of the two-pass pipe is discussed. This
pipe was used for most of the sensitivity studies rather than the six-pass pipe
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The finfte element grid which has been generated for the two-pass
pipe (BCL Model Number 2) is shown in Figure 46. The finite element model has
212 elements and 243 nodes. Calculations for the model included elastic-plastic
material behavior with strain hardening and all the material propert. s were
included as functions of temperature as shown in Figure 41.

Temperature Calculations

The temperatures which were used in the stress anlaysis model, were the
only reans of loading. The centroids of the elements for the finite element model
were inputs for the temperature analysis model along with the welding parameters
for the pass and the time at which the temperature distribution was selected. The

welding parameters used for this model are shown in Table 8.

Residual Stress Calculations

In order to assess the sensitivity of the calculated stresses to the
manner in which the thermal loading was applied, several different techniques
were used. These are based on different reference temperatures and different

ways of representing the intermediate temperature.

The Effect of Reference Temperature. One aspect of the analysis which

was considered, was the effect of using two reference temperatures to depict that
the new weld bead is cooling from another state while the rest of the material
is being heated from the ambient temperat.ure. The reason for needing two reference
temperatures is clear from the description of the physical problenm. However, the
problem of applying ‘his approach to a weld which cannot be sectioned for st dy
is not known. Since ctnowledge of the size and location of the weld puddle is
necessary to apply the two reference tempera“ure technique, a study to determine
the sensitivity of the :tresses to neglecting this aspect of the problem was
conducted.

One analysis was made in which only one reference temperature was used.
This one reference temperature corresponded to the actual reference temperature
of the pipe material. The other analysis assumed that the weld material had
a reference temperature of 2100 F. For these anslyses, one temperature dis-

tribution corresponding to the time at which the weld material had cooled to
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2100 F was used as the intermediate distribution between the reference tempera-
ture and the final uniform temperature. The comparisons of results from these
two techniques are shown in Figures 47 and 48. Also included in these figures
are the experimental data. Though it is believed that the solution obtained

with two reference temperatures is a better representation of the physicil manner
in which the residual stresses are created, this solution did not differ signifi-
cantly from the solution using one reference temperature. Therefore, the results
for this case show that the knowledge of the exact weld puddle size is not a
prerequisit to making meaningful residual stress calculations. The effect of
using one or two reference temperatures on residual displacements is shown in
Figure 48. The fact that the use of one reference temperature had little affect
on the results makes the possibility of developing a simplified (nonfinite

element) girth weld rodel seem more probable.

The Effect o Increasing the Number of Intermediate Temperature
Distributions. To further verify that temperature distributions occurring
shortly after the bead is put down have the greatest effect on the final residual

stress state, an analysis was made using one intermediate temperature distribution
and an analysis was made using two intermediate distributions. Intermediate
distributions here refer to those between the reference temperature distributicon
and the final uniform temperature distribution. For the case of one distributionr,
it corresponded to the time at which the weld matcrial had cooled to 2100 F. For
the case of two intermediate temperature distributions, the first was specified

at 2100 F and the second one corresponded to the time at which the weld material
had cooled to 1500 F. For brth cases, the calculations were made with using only
one reference temperature.

The results of these two analyses are shown in Figure 49 along with the
experimental data. Although the solution involving the two intermediate distri-
butions more closely approximated the actual changes in temperatures, it did not
yield significantly different results. This reinforces earlier results, which
indicate that the temperature distributiony shortly after the application of
the bead as being the most important in terme of final residual stresses.

Some indication of why this is true can be gained by studying the tem-
perature information for a typical girth-butt weld pass in Figure 42. This

figure shows a temperature distribution corresponding to the time at which the
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weld mat-rial begins to gain stiffness (2100 F) and a distribution based on the
maximum temperature that the points experience. The maximum temperature distri-
bution is in fact, the envelope within which all the tempe "ature distributions
must fall during the application of the pass. As can be s:en from Figu'e 42,
the gradients of these two curves are not significantly . fferent. This indicates
that a sizable portion of the maximum temperature distribution is defined by the
temperature distributions that are close in time to the one corresponding to 2100 F
in the weld bead. Also, since the weld centerline temperature decreases, the
gradients will have to become smaller at later times and may in fact cause portions
of the pipe to undergo unloading.

In summary, it appears that most of the plasticity which occurs close
to the welds, occurs early in time while the weld bead is still relatively
compliant. As the weld bead temperatures continues to decrease, unloading occurs
in the material adjacent to the weld while loading continues at locations further
from the weld. Since it is the continued loading at these remote locations that
is not modeled when only one intermediate temperature distribution is used, it
appears that it is relatively insignificant in determining the residual stresses

in and near the weld zone.

Additional Ccnsiderations. Two additional methods of modeling the

BCL two-pass experiment were considered. One method considers the possibility
of using the maximum temperature distribution as the one intermediate profile
instead of the distribution occurring when the weld cools to 2100 F. The other
considers the possibility of modeling the two-pass pipe as having only one pass
and at the same time considering only the cooling portion of the thermal cycle.
For this analysis, the welding parameters for the second pass were used to
generate the temperature distribution.

The use of the maximum temperature distribution instead of the distri-
bution at any one time was selected because it seemed likely that the widened
bell shape of this curve relative to the 2100 F curve could possibly result in
widening the bell shupe of the calculated stress distributions. As Figures 47
and 49 indicate, this would generally result in better agreement wfth the experi-
mental data.

The study treating both passes as though thev were put down together
and modeling only the cooling phase, was conducted in order to determine the
sens‘tivity of the model to this procedure since this represents the most

economical manner in which the analysis can be run. For example, this analysis
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took four incremental solutions, while the analysis for two individual passe:
considering both the heating and cooling passes, took twenty-two incremental
solutions.

The results of both of these alternative methods of calculations are
included in Figures 50 and 51. As the figures show, the differences between
these three different approaches are not significantly different. This also
tends to indicate that for thin pipes, that a simpler approach to modeling girth
welds may be possible.

The results for the maximum temperature distribution analysis did not
tend to widen the bell shape of the stress distributions as had been expected.
The dieplacements from this analysis also tended to be smaller than for the other
analyses. Both of these results are believed to have resulted because the dif-
ference in temperature between the weld and the portion of the pipe remote to
the weld was smaller for this distribution than for the 2100 F distribution.
This difference can be seen in Figure 42.

The analysis in which both passes were modeled as being applied at the
same time is believed to have given similar results to the other analyses
parimarily because of the thin-walled pipe geometry. Because of the thinness
of the pipe, the isotherms are very nearly radial at all points in time. This
indicates that most of the heat is forced to flow axially and also indicates
that during the application oi the second pass, the first pass became hot enough
that its stiffness dropped significantly. It is pointed out that for pipes in
which the isotherms are not radial, this method is analysis would most likely
give results that are not representative of the measured residual stress. Models
for the case where the isotherms are not radial are described in the six, seven,

and thirty-pass welds.

Modeling BCL Experiments, Six-Pass Weld

The finite element grid which has been generated for the six-pass
pipe (BCL Model Number 3) is shown in Figure 52. The model has 212 elements
and 248 nodes. The material is 304 stainless steel with the assumed temperature

dependent mechanical properties shown in Figure 41.
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Temperature Calculations

Temperature distributions for the six-pass pipe were modeled based
on the maxiaum temperature profile with the simplified analysis procedure of one
cooling phase per pass. The reference temperature for all the weld and pipe
material was taken as the same. The welding parameters used for this model are
shown in Table 8. The six passes (counting the root pass) were mcieled as three
layers which were symmetric about the weld centerline. The root pass wa. modeied
as the first layer. The second and third passes were combined to form the second

layer. The fourth, fifth, and sixth passes were combined to form the third layer.

Residual Stress Calculations

In Figure 53, the experimentally letermined stresses are compared to
the calculated values for the inside and outside surfaces of BCL Pipe No. 3.

The discrepancy between the open and the solid experimental points is believed
to illustrate the effect of the unsymmetrical weld pass geometry. The effect of
the centroid of the girth-butt weld being shifted toward the left is seen to be
that both the axial and hoop components of stress are larger on the left side
than the right side. Another contributing factor to the increase in stress on
the left side could “e that the last pass was placed on the left side. Since
the stresses were ci.culated under the assumption of symmetry, this effect

was not present in the model.

The analysis results for the hoop stress can be seen to start in tension
at the weld centerline and then reverse to compression at approximately 0.3 inches.
In the measred stress distribution, this reversal in hoop stress occurs at a
point further from the weld. Since this discrepancy is larger for the six-pass
model than for the two-pass nodel? the number of passes is expected to be a con-
tributing factor. The width of the weld on the six-pass pipe is significantly
wider than for the two-pass pipe, and the centroids of the individual passes
are not on the weld centerline. In the analysis, the weld application was ap-
proximated by a point heat source at the centerlne centroid of each of the three
weld layers. It is believed that a better method of determining temperature,
(when the individual passes are combined into layers) would be to assume that

* See Figures 48, 49, and 50.
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the heat is being supplied uniformly over the entire weld layer cross section.
This would be more realistic and would tend to cause the hoop stress reversal
to be shifted further from the weld. In a similar way, this change would also
tend to shift the axial stress reversal further from the weld.

The calculated residual displacement at the weld centerline for this
model was approximately half of that which was measured experimentally. Based on
the results of the two-pass m¢ '~ | for the maximum temperature profile (Figure
42), it is likely that this low predicted value of the displacement wis at least
in part due to the use of the maximum temperature profile. However, it is also
believed that this is in part due to the use of the concentrated heat source
at the centerline of each layer. If the heat had been ¢ .lied throughout the
weld layer, there would have been more material at a higher temperature with
the result being that more radial shrinkage would occur as the weld layer

cooled.
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Modeliug Argonne National Laboratory (ANL)

Experiment, Seven-Pass Weld

The data for this girth-butt welded pipe war obtained from measurements
taken by ANL. The weldment is denoted by W 27A and was selected because of the
relatively small pipe diameter. This pipe is Type 304 stainless steel with an
outer diam:ter of 4.5-inches and a thickness of 0.337 inch. The cross section
is shown in Figure 54.

The finite element grid generated for the seven-pass pipe is shown in
Figure 55. The model has 314 elements and 350 nodes. The material was 304 stain-

less steel with the assumed temperature dependent properties shown in Figure 41.

Temperature Calculations

Temperature distributions for the seven-pass weld were modeled based
on a representation consisting of four weld layers. The root was the first
layer. Passes two and three were combined to form layer two. Passes four and
five were combined to form laver three and passes five and six were combined to
form layer four. For this pipe, the analysie procedure included one heating
phase and one cooling phase. The intermediate temperature distribution corres~-
ponded to the time which the weld bead cooled to 2100 F. The reference tem—
peratures for the pipe and i.. weld bead materials were assumed to be 70 F and
2100 F, respectively.

Welding parameters were based on values reported in References [42]
and [43]. Table 8 summarizes the data used to calculate the temperature distri-
butions. The initial temperature for each layer wis assumed. Note that a weld-
ing efficiency factcr is included in the heat input parameters reported in this

table. This factor was not given in References [42] or [43], but was determined

by fitting the calculated and experimentally measured maximum temperature profiles.

The agreement between m~ssured and calculated values is shown in Figure 56.

Residual Stress Calculations

Figure 57 shows a comparison of experimentally determined stresses and
values computed from the model for the inside surface of the ANL seven-pass welded

pipe. The bars on this figure indicate the effect of taking data at different

angular positions about the pipe circumference. Ttz effect of nonsymmetric

2191 113




104

o

Root

FIGURE 4. CROSS SECTION OF SEVEN-PASS ANL EXPERIMENTAI
GIR™H-BUTT WELD W 27A



105

l 45| inches

. .

0.337

inch

R = 1913 inch
N ~«— Passes 6 87
N\
J N ANN
/ k
A <
«— Passes 4 85
/
-
<— Pgsses 28 3
&£
/ '4,1 ~— Root
W 7 7
1 o o
FIGURE 55. SEVEN-PASS FINITE ELEMENT MODEL FOR ANL EXPERIMENT W 27A

™D
—
~0O
Al

-
= i

J



Maximum Temperature, £

106

2000 - 2 i

500

Calculated Temperatures

e Layer 4
e— Layer 3

fe—_ayer 2
e—_ayer {

Measured Temperatures

OO0 4«

«
ol | |
0

02 04

06 o8

Distance From Weld Centerline, inch

FIGURE 56. COMPARISON OF MEASURED AND CALCULATED MAXIMUM
TEMPERATURE PROFILES ALONG INSIDE SURFACE FOR

SEVEN-PASS ANL WELD W

27.’\




Axial Residual Stress, ksi

Hoop Residual Stress, ksi

107

Eg?e T ——Average }

Range of Experimental Measurements

1 value o

_-__.__..k..__..-_

3

| | | | | | l ]

01 0.2 03 04 05 06 0.7 08 09

Axial Distance From Weld Centerline, inches

40

30
20

iy i

weld

Left Right

O FLx—q
kY

F—O0—{r—x—
e —

—————— ——

| | | 1 | | | |

FI(

URE

(o} 02 3 04 05 06 07 0.4 09

57.

» » From Weld Centerline, inches

COMPARISON OF CALCULATED AND EXPERIMENTAL DETERMINED
RESIDUAL STRESSES FOR THE INNER SURFACE OF T“EVEN-PASS

ANL. EXPERIMENT W 27A

2191 11/



108

behavior about the weld centerline is indicated by the right and 1ift symbols.
Again, the side of the pipe on which the last pass was applied showed the
largest experimentally measured stresses.

The seven-pass analysis results are very similar to those of the six-
pass analysis in terms of the comparison of analytical predictions and experimental
data. In both cases, the axial stress agreement is better than that for the hoop
stresses. Also, in both cases, the predicted reversal in the sign of the hoop
stress occurs before the location indicated by the experimental data. Since the
seven-pass analysis differed from the six-pass analysis in the use of the 2100 F
profile rather than the maximum temperature profile and in the use of two reference
temperatures rather than one, these two aspects of the analysis are shown to have
a secondary effect on this result of the analysis. This agrees with the findings
in the sensitivity study with the two-pass weld model.

Two characterisitcs of the seven-pass analysis and the six-pass analysis
were similar and are believed to be con*ributing factors to the similar manner
in which the analyses compared with data. One is the way in which the passes
werc grouped into layers. The other is the way the generated temperature dis-
tributions were calculated with the concentrated heat source at the weld center-
line. Again, the concept of spreading the heat input over the entire weld layer

appears to be an effective representation.

Modeling General Electric Company
Experiment, Thirty-Pass Weld

This girth-butt welded pipe was fabricated by GE and selected because
of the relatively large number of weld passes. The pipe material is Type 304
stainless steel with an outer diameter of 28 inches and a thickness of 1.3 inches.
The cross-sectional geometry of the thirty-pass weld was obtained from Figure
58 which was obtained from the GE report describing the experiment.lal]
The finite element grid for the thirty-pass sipe is shown in Figure
59. The m.del has 214 ¢.ements and 248 nodes. The material properties used

with this model are shown in Figure 41.
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Temperature Calculations

Temperatures for the thirty-pass welded pipe were modeled analytically
as having nine weld layers. These layers are shown in Figures 58 and 59.

For this pipe, the analysis procedure was based on one heating phase
arnd one cooling phase with the intermediate temperature distribution correspondiag
to the time at which the weld bead cooled to 2100 F. The reference temperature
for the pipe material w .umed to be a uniform ambient temperature and the
referenco temperature for the weld bead material was assumed to be 2100 F. The
approach used tc determine the temperature profiles for each layer of this model
was different from that used for the previous models.

In the earlier models, the temperature distribution for each layer was
calculated with the heat source located at the centerline of each weld layer.
This resulted in temperature distributions which cerresponded to the broken line
curve of Figure 60. In order to more accurately represent the temperature dis-
tribution which occurred between the weld bead and the pipe material of each
layer, the assumed temperature distributions used for this model were based on
the envelope of the temperature distributions of all the passes contained in the
layer. This is illustrated in Figure 60.

The welding parameters used to calculate the temperature distribution
are given in Table 1. With the exception of the initial (interpass) temperatures,
all of the parameter values are reported in Volume 2 of Reference [41]. The
initial tempcratures were found by comparing the experimentally measured maximum

temperature profiles with the computed values.

Residual Stress Calculations

The computed residual stresses for the inside surface of the thirty-
pass model are compared with experimental measurements in Figure 61. The bars
on this figure indicate the effect of taking measurements at different angular
locations around the pipe circumference. Though experimental measurements were
made on boih sides of the weld centerline, data points from both sides generally
fell within the same range.

The calculated stresses in both the axial and hoop directions agree
quite well with the data. Since for this model, the axial stress sign reversal
agrees with the experimental values better than for the six and seven-pass pipes,

it appears that the method of using the temperature distribution envelope had
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a beneficial effect on the accuracy of the model. This is especially significant

because of the increased number of passes per laver which was used in this pipe
as compared to those in the six and seven-pass pipes.

One aspect of the modeling of pipes with large numbers of passes, that
was briefly addressed during the study of the thirty-pass pipe, is the possibility
of grouping layers of passes in the analysis procedure. In this study, the
thirty-pass welded pipe was modeled by grouping the thirty passes into three
layers. The results of this model did not agree with the experimental data.
Though the method of calculating the temperature distributions did not use the
envelope approach, it did tend to distribute the heat input over the entire weld
layer region. Therefore, it is believed that the major reason for the three layer
representation not giving satisfactory results was that too many passes were put
in each layer. At this time, this question of how many passes can be represented
by one layer in the model cannot be fully answered. However, results indicate
there is merit to the modeling concept of using a layer that contains one row

of weld passes.

Preliminary Application of the Residual Stress Model
to A Weld Repair of a Pressure Vessel

The residual stress model described here has many potential applications
to welds of pressure vessels and pipes. One such application is to understanding
the residual stresses resulting from a weld repair of a pressure vessel. It is
emphasized that the model, in its present form, would require some extensions
before accurately representing several aspects of the problem. Nonetheless, it
is of value to apply the model to this problem with the intent of obtaining
qualitative results. The following contains a description of the vessel, the
weld repair cavity and the model. A comparison of residual stress data and

results obtained from the model is also presented.

Description of the Weld Repair

The weld repair of interest was done on the HSST intermediate vessel
V-8. The same weld repair procedure was applied to a two foot long prolongation
cylinder with comparable dimensicans to che cylindrical section of the vessel.

The dimensions of the weld ca . and the cylindricoel section of the pipe are
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shown in Figure 62. The vessel material is ASTM A533, Grade B class 1 carbon
steel. The size of each weld bead is about .1 inch by .1 inch. Thus, it is
estimated that close to 900 weld passes were required to fill the weld cavity.

Results of Residual Stress Model

The residual stress data for this weld repair was available along a
line around the circumference of the cylindrical section of the vessel. The
model is not three dimensional and cannot represent the three-diuensional
aspects of the weld cavity geometry. A model was selected to represent a sec-
tion of the vessel in the hoop direction through the center of the weld cavity.
Another approximation in the model concerns modeling the large number of weld
passes. The total number of filler passes were modeled as a single deposit of
material. Because of these approximations in the model, quantitatively accurate
results were not expected. However, qualitative comparisons with the data should
be attainable because the model does include some aspects of the geometry and
the material properties. Figure 63 shows the comparison of results obtained by
computations with the model and residual stress data obtained at Oak Ridge
National Laboratory. The model exhibits good agreement with the hoop stress
data as shown in Figure 63 solid and dotted lines. Hoop and axial stress dis-
tributions form the model are on the outer surface of the vessel. The Oak
Ridge data were obtained on the outer surface and from points just below the
outer surface. Axial stress data ie shown at one location and is also in
agreement with the results of the analysis. These comparisons are very encour-
aging and suggest that the model can be a use”.l tool for residual stresses in

weld repair.
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ILLUSTRATION OF WELD REPAIR CAVITY
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VI. SIMPLIFIED MODEL FOR RESIDUAL STRESS IN GIRTH-BUTT WELDS

The models described in the preceding are capable of producing accurate
evaluations of residual stresses at girth-butt welds. However, at the present
stage of development, the time and cost involved in conducting an analysis with
these sophisticated models can be quite high.

It would be desirable to run parametric studies on girth-butt welds to
determine optimum conditions to minimize residual stresses and radial displace~
ments. The parameters involved are quite numerous, e.g., heat input (welding
voltage and current), weld torch speed, number and size of passes, cooling time
between passes, the weld bead material, the pipe diameter, wall thickness, and
pipe material. Such parameteric studies would involve many hundreds of individual
residual stress calculations and would be very expensive if carried out with a
sophisticated model. The purpose of seeking a simplifiecd model is to provide a
tool for running parametric studies at reasonable cost.

A simplified model has been proposed by Vaidyanathan, et al.(zsl
This model makes use of cylindrical shell theory and a simplified methud of
estimating the maximum temperatures during the welding.

The pipe ic assumed to be subjected to uniform distributed hoop-
direction stress as seen in Figure 64. Conceptually, these hoop-direction
loading stresses arise from the theory of residual stresses at welds between two
flat plates. The three regions shown in Figure 64 are quantified by the follow-
ing relationships:

Distance From Temperature, Loading Hoop Stress,
Weld, X g
< X >(T+ 2 1) S,
> Xp» < X, <«(T+21),>1 8,(T - T -1)/1
> X, < 1 - Sy(T/T)

In th2 above, Sy is the yield strength of the pipe material, T = Sy/Ea, where E
is th: modulus of elasticity and a is the coefficient of thermal expansion of the
pipe material. T is the maximum temperature* at a distance X from the weld and
is evaluated by the equation:

* Temperatures are actually changes in temperatures from i uniform reference temperature.
For comparison with test data, the reference temperature can be considered to be

ambient temperature. 2 ]9 ] ] 28
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T=0Q/[8k (0.2 + VX/2d)] , (3)

where Q = heat input per unit time per unit pipe wall thickness
V = welding travel speed, length per unit time
k = thermal conductivity of pipe material
d = thermal diffusivity of pipe material.

The value of T (equilibrum temperature) can be estimated by the equation:

T (4)

.,
2Ve Wp .

whe:e Q and V are as defined above, and
¢ = specific heat o” pipe material
W = axial length of welded assembly
p = density of pipe material.

The value of T is subject to considerable uncertainty. However, it appears that-
the value of T is usually between 0 and 40 F and that the stresses and displace-
ments at and near the weld are only slightly changed by T within this range.
The theory of Reference [28] covers two cases; when the plastic zone
around the weld is small and when the plastic zone is large. The plastic zone
is considered small when it extends in the axial direction from the weld not
more than 0.67vfiE: where R = pipe radius, t = pipe wall thickness. In this case,
an equivalent concentrated radial load is assumed to act on th. weld, leading
to a very simple solution. If the plastic zone is large, the solution is more
complicated and numerical integration is required. However, even this solution
is relatively simple compared to the elastic-plastic, finite element analysis.
The theory of Reference [28] is limited in application to a single pass
weld. Reference [28] describes . .est in which a girth-butt : 'd was made to
joint two 0.080-inch-thick, 4-inch-radius hemispheres*. The material was 5083-0
aluminum. Welding was done with an electron beam with arc voltage of 65 KV, weld
current of 15 mA, welding travel speed of 120 inch/minute. Residual stresses
were determined on the outside surface. The calculated and measured residual

stresses are shwon in Figures 65 and 66. Reference [28] gives calculated residual

In the region of the weld, the difference between the spherical shell geometry
and cylindrical shell geometry is not significant.
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stresses only for the outside surface; we have calculated residual stresses on
both surfaces, usirg the "large-plastic zone" solution which involves numerical
integration. Ou" results are slightly different than those shown in Reference [28]
for the outsid. surface, possibly due to differences in the numrical integration
technique.

It can be seen in Figures 65 and 66 that the calculated and measured
stresses are in reasonable agreement with each other. Figure 65 indicates the
presence of a high residual tensile stress in the axial direction on the inside
surface but, for this particular model, the stress is not as high as the residual
hoop stress on the inside surface.

Burdekinlaal gives residual stress measurements at girth-butt welds
made in 30-inch outside diameter, 0.438-inch wall thickness, carbon steel pipe.
Unfortunately, the welding parameters are not described. Reference [44] only
states that: "The circumferential weld was made by the submerged arc process
with one run outside, and a manual backing run." Residual stresses after welding
were measured on both the outside and inside surface, using the Gunnert gage
method. The measured residual stresses from Reference [44] are shown in Figure
67 along with our calculated residual stresses using the simplified model. The
calculations are based on estimated welding parameters of 30 volts, 800 amps,

30 in./minute welding travel speed, 50 percent heat Input efficiency. As might
be expected from the use of the Gunnert gage method, the experimental data
(Figure 67) shows wide scatter. However, the calculated residual stresses are
generally in rough agreement with the measured residual stresses.

As previously mentioned, the simplified model is applicable to single
pass welds. However, if cooling to ambien. temperature occurs between passes,
we would expect the maximum temperature at a distance x from the weld to be
given by Equation (3). Figures 68 and 69 show comparisons between Equation (3)
measured temperature and the temperature calculated by Equation (1). It should
be noted that Equation (3) is intended to give the maximum temperature; it does
not indicate how long it takes to reach that temperature. Accordingly, Equation
(3) should form an upper bound to the specific time lines from Equation (1); it
can be seen in Figures 68 and 69 that this is approximately true.

Vaidyanathan, et al.,las] consider the analysis of a multipass weld,
using a filler metal different than the base metal and with a partial penetration.

Certain of the concepts may be useful in extending the simplified model to cover
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multipass welds; in particular, the use of a more sophisticated temperature evalua-
tion which would account for temperature at the end of successive passes. In
addition to the aspects considered in Reference [45], it would appear necessary
to consider the pipe as joined by the existing passes at the end of each pass,
and the annealing effects of each pass on the preceding passes. This will make
the "simplified model" more complex but it still would probably be a very
econvmical tool for parametric studies, as compared to the elastic~-plastic,
finite element model.

At the present time, extension of the simplified model to represent
multipass welds has not been done.

As a kind of "ball-park" comparison, the simplified model has been
used to calculate the residual stresses in two-pass girth-butt weld denoted by

BCL Model r:mber 2. The simplified model was based on the following:

(1) Because the second pass is considerably mure massive than the
root pass, it was assumed that the second pass "anneals-out"
the residual stresses due to the first pass.

(2) The work-hardened yield strength of the pipe material is 60,000
psi. This is consistent with the work-hardening aspects
encountered in the elastic-plastic finite element analysis
where stresses above 60,000 psi were calculated.

(3) The welding parameters (amps, volts, efficiency, and velocity)
shown in Figure 69 were used. Also, the thermal conductivity,
density and specific heat shown in Figure 69 were used; these
are properties of austenitic-stainless steel at 1300 F. The
simplified model also uses the modulus of elasticity and
coefficient of thermal expansion; these (at 1300 F) are
20.1 x 106 psi and 12.04 x 10-5/F, respectively.

Comparison of calculated and measured axial residual stresses are
shown in Figure 70. Other than directly at the weld, the agreement between
the "ball-park" calculated and measured stresses is encouraging, but needs
improvement. It is noted that the axial force is zero, hence, by shell theory,
we obtain only linear thru-the-wall bending stresses; the surface stresses must
be equal and opposite in sign. It is also noted that the test data does not
show this balance, hence there must be either nonlinear variations in stress

thru-the-wall or variations in stress arouna the circumference, or both.

2191 137




Test Calculated,

60
Seriace Data  Simplified Model
Inside x

- 490
w
Q
8 30 |— - X
O — — Pr— s
© PR
s 20 ‘-.__‘
(7] —~—
8 h s 1y — —
L X T
o
<
a4 0
°
=] ‘ (=)
. J & o 0
[«3}
& o

-20 =

_30 —

-40

o | | | | | ] | |
s 01 02 03 04 05 06 07 08

Axial Distance From Weld Centerline, inches

FIGURE 70: COMPARISON OF AXIAL RESIDUAL STRESSES

871



129

Comparisons of calculated and measured hoop residual stresses are
shown in Figure 71. Again, other than directly at the weld, the agreement is
encouraging but needs improvement.

The measured radial displacement of the pipe surface of BCL Model
Number 2 is shown in Figure 72. This consists of an averaging of the data
shown in Figure 15 with smoothing out of the "bump" due to the weld reinforce-
ment. The radial weld shrinkage is a significant aspect of girth-butt welds
in thin-wall stainless steel pipes. It commonly occurs and has been a source
of concern in the Rancho Seco nuclear power plant piping and in piping for the
FFTF. The significance and concern arises because this geometrical shape can
lead to substantial increases in stress, as compared to welds without the
shrinkage, for both pressure loading and bending moment loading. The radial
weld shrinkage of BCL Model Number 2 is about 25 percent of the thickness.

This is a relatively small shrinkage (shrinkage of up to 100 percent of the

wall thickness have been encountered in the field) but even with this small
shrinkage, according to Reference [46], the axial stress is increased by 18
percent for pressure loading and by 72 percent for moment loading. Accordingly,
a significant aspect of the study of residual stresses in girth-butt welds should
include the geometrical effect. Indeed, in the absence of stress corrosion,

the geometrical effect is more significant than the residual stresses as such.

Figure 72 also shows radial displacements calculated using the
simplified model. For displacements, however, the first pass cannot be ignored
because while the second pass may "anneal-out" the residual stresses, the dis-
placements of the first pass will remain, or even increase slightly, dve to the
second pass. Accordingly, for a "ball-park" estimate, the calculated displace-
ment due to the first pass have been added to those due to the second pass.

As can be seen in Figure 72, except at the weld, the agreement is quite good.

A computer program called WELDS has been writtea to implement the
simplified model. A listing of the program is shown in Appendix A. A series
of comment cards at the start of the listing gives input instructions and
describes the output. The input data consists of title card and cards containing
welding parameters, material properties, and pipe radius and wall thickness;

a total of 12 numbers. Options are provided for using either the "small plastic
zone" or "large plastic zone" method. Options are also provided for the number

and spacing of axial locations at which results (radial displacement, stresses,

temperature) are printed out. The computer running time (CDC-6400 computer)

for print out of 20 locations, is a fraction of a second for the "small plastic

zone" method and about 2 seconds for the "large plastic zome" method.
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VII. SUMMARY

A research program directed at developing a model or models to pre-
dict residual s*ress distributions due to girth-butt welds in pressure vessels
and pipes has been described. The prograw consisted of three tasks. In Task 1,
a critical review of the literature was conducted to obtain relevant information
for developing and verifying the residual stress models. The review provided
information that was utilized in developing the temperature model and residual
stress model. In addition, data on two girth-butt welded pipes was obtained
from the literature to provide test cases for the residual models.

The purpose of Task 2 was to provide specific experimental data for
the purpose of checking the model capabilities and identifying characteristics
of residual stress distributions in girth-butt welds. Two pipes were welded;

a two-pass weld and a six-pass weld. Temperature data were taken duriag the weld-
ing procedure for both pipes. Strain measurements were taken during welding on
the two-pass weld. Fostweld measurements were made to obtain residual stresses

and residual deflections of the pipe. Residual stress data were obtained by
placing postweld strain gages on the pipe in the vicinity of and on the weld.
These gages were removed by a trepanning technique and residual stresses were
inferred from the change in strain gage readings. The temperature data during
welding, the residual stress data and the residual deformation data were used

to test the capabilit®as of the model.

In Task 3, residual stress models were developed. Because of the
thermal nature of the residual stress problem, two models were needed. One
was a temperature model to predict the temperature distribution. The other was
a stress and deformation analysis model that utilizes the temperatures as
input information. The temperature analysis model was develcped based on a

mcving point heat source. It includes parameters of the weld process such as
heat input, torch speed, weld pass, location of pipe thickness, and pipe material

properties. Good comparisons between results of the model and experimental data
for each pass of two-pass and six-pass girth-butt weld were obtained.

The residual stress and deformation model was based on a finite
element analysis. The model includes elastic-plastic temperature dependent
material behavior for the weld and the pipe, elastic unloading from an elastic-

plastic stress state, the effect of geometry changes due to welded distortions,
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the number and size of weld passes and the parameters included in the temperature
analysis. Good comparisons between experimentally obtained residual stress data
and computed values from the finite element model were obtained for the two pipes
welded during the program and for two pipes reported in the literature. The
number of weld passes in these pipes ranged from two to thirty. A comparison of
residual stress data and preliminary results obtained for a weld repair of the
HSST-Intermediate Pressure Vessel (ITV-8) indicate that the model can, with modi-
fications, be applied to studying weld repairs.

The feasibility of developing a simplified model was considered and re-
sults demonstrated the practicality of doing this. Good comparisons between re-
sidual stress data and numerical results of the ;;del were obtained for one-
and two-pass girth-butt welds.

All models, except for the weld repair model, were developed for axisym-
metric representations. Some discussion of thi- aspect of the model is in order.
Residua! stress data taken in the circumferential direction of girth-butt welded
pipes have been known to display considerable variations. Huwever, these variatiors
do not seem to follow a consistent pattern, The contention here is that the ob-
served circumferential variation in residual stress is explainable in terms of
the bell shaped axial distribution of residual stress. In particular, variations
in torch speed, heat input and location of weld pass will change the size and
location of the bell shaped distribution., This coupled with the steep gradients
found on the bell shaped curves lead to one possible explanation for the circum-
ferential variations in stresses. That if, moving the bell shaped distribution
of residual stress just a little to the right or left, (as could easily happen
in welding around the pipe circumference) causes noticeable variations in the
circumferential distribution of residual stresses. This would lead to circum=-
ferential variations in residual stresses, but the axial distributions would still
have similar shapes. Thus, it appears that axial distributions of residual stresses
are more revealing than circumferential distributions. Therefore, an axisymmetric
model can be an important tool for obtaining an understanding of residual stresses

at girth-butt welds in pressure vessels and pipes.
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APPENDIX A

COMPUTER PROGRAM FOR SIMPLIFIED MODEL




A-1

POOR ORIGINAL

FalGRa” nokh0S (I4PULCUIFUT «JAPLEQ=1INPUT)

C KREVISLO /23777
L EESI0UAL aTAcLSAS IN GISTIM AL BELADE AR EERE i P SIS
C 0 = H-AT iNFUTe BTU / HOUKk=(FT OF WALL THICKN: SS)
b 0.8 3,6125°%YulLIZ*ANFSS eLPF o127 EALL THICKS XN INCHESY
C V = WelDING SF.eCe FT 7 hk
C X< = TH:R-AL CCHKOUCTIVIIY. BTU / FI=H&E=CLG F —— i i e i e

€ Coh = CLALITY CF FIF. MAT. RialLe LB /7 CUEIC FT
. £ en s 3PECIFIL M AT o BIL 7 L3-LEG F o ———————————————
C SY = hTe<lib YIELD STRLHGTH. FS1
L r s EOLULUS OF PLASTICIIVe FSI = Sarist) e et
C AL = LOLFFILIUNT UF THi=MAL oXPANSICwe PER DG F
Lk " bR caTU o D o F
C LETIMATL CF TEBRR Tohi = G/(2._"V*SH*W*DeN)y WHERE W = TOTAL AXIAL
C LENGIH OF melD.0 PIP. A3SEMBLY a i Y
C FR = PLISLOUNS wATIO
— L k. = PIFt nALIUS, INCH
C Tw = PlFp Wall THICKNLSSe INCH

OM meli CehTeke INCH (CUTPUT) .
C  INK GIVES L_NGTHM OF 31iFe = o32% INK ¢ X STePS IN INCHES
L 1GPY = Le SKGRT P T4I0e 1GPT=24 INCLUDES Y3a SAude I0PT=4e DOES NOT INCLUDE

C ¥3 AnNQ $£A83
L 1S s uuLBk LF ST ES UF L02¢l4K*{1Se-t) e S
C OUTFUT (CN3ISTS CF VARIAL CISPLACEMENT (V) INCHe STRESSES (PS1)e AND
i e RES B LR AT S 16 Fe AT X LOCATICM SHUWN IN FIRST COLUMN REPEIMIENY .
C SHM = FLRTiuw CF ~ut 3RAI: HOQP STFESS OUE TG FIPE ReSFONSL
L SAH = AX1AL G NGING SI1RtSCe AXIAL PEMBRANC STRESS =2 Le AXIAL SURFACE sty
C €T2.85:S AF. +SAre INSICts =SABe QUTEIOE
L _SHMI = PpAGRANE ROCE STEeSS h - —~
C SHO = WOCP LTFELS CN OUTS1Ot SURFACE |
C SHF = FCRTION OF HLCP STrReSS DUE TC PLATE LOADINGs SHMT=SHM+SHF |
—  LOANCN Go XKs Ve DLfe Xo TBAR. ThU. EETA, 16+ 3T s e
YFUN(FLeF2eF34FueFt) = F1%R/(2,%)" (F2=EXP (=BETA*F3)*COS(BETA®F3)
i AL, ¢ Fu* XPl=HETA®FE)*COS(BETA®FS) ) T LN ——— s
CEUNIFLeF2¢FTeFLoaF5) = (TH®BLTA®S2%RY1L / (2% (1,~FR*PR))) * |
s (F2% Xil=GETA®F3)*SIN(BETA "31 ¢ Fu®EXP(-BETA®FS)*SIN(ASTACFS) ) e
rRINT 99
——— %S9 FOsLaT Mgy S e
5 Fc Al 7
e bR DR BAY  LESH. P - - — - o TACLICE EWER
i
A S SR IO REERSE D Sl al s il
2 C.sTINY
SRS T | 1 % B SN RS = R - . o — i e g e e e e et
FwibY 71
21 FLRHAT (1HJ) i e =S - T o ¥ e o S e e el
FEAL 1e Qe Ve XKg DENg SHe 3Ye Eto AlLe THBAKe PRe Re THe INKGIOPT
ST TN RS S R el C N e SN - —— o oot
1 FORPMAT (ot ice/0t10e8e315)
= _BPRINT 19 - R e i . ttences 2
19 FURMAT (G8H n v XK DEN S
o i 3 I -, . S e e il e s St Pt -~ -
FRINT +¢ Q¢ Ve XKo DENe SHe SYo Eo AL
e h FORFAY (iPBELZ.3/).
F<INT L7

T A A P oy 2\0“*1“171‘?

o




- gn____TAAR PR R ™ 1
1INK 10PT Is )

o —BRINT 15 TEERs PRe Ra THe INKe IOPT, IS -
15 FORMAT (1P6k12.34311G//77)
.

DUF = XK/(DEN®*SH) '
XXe AND XLO AK RITICAL LENGTHS IN INCHES

XY = (Q/7(2.%TAU ¢ TBAR) = 146%XK) /(.66667*XK*V 7 (2. *DUF) )
=l HMAMJMELL&SWL )

XLO = XY ¢ (XX=XY)/&,
il L 3a 13 s = 'ROFR) ) *%,25 / SORT(R*TH)
c PRINT 3

9 FCRMAT (8QH  TAU QUF XY W XL0

- —

——————————————— ————

e U ———

1 BLTA ) ) T

AUs UUFe XYo XXy XLOe BETAH
& FORMAT (1PREL2.3777)

st - . SE——
8 FORMAT (118m X Y SHM SAB SHM

1T | Skl __SHP TEMNP =
00 3 I=1.1°
it 0154) * 82 * INK
T = 0 /7 (8.%XK® (424,)6167%V*X/0UF ) )
——AiF SJOPT) 35e30e33
30 BX = B.TL * »
EX = EXP(=EX)

CX = COStex)
SRR ¢ O W TV 1) O e i i
Y = (BoTA®ROSY®*XLO /7 E) *EX ® (CXeSX)
SAJ = (TH®UL1A®*3*R*SY*XL0 / (1.-PR*FR) ) *EX*(CX=-SX)
GO TC 32
SIREEEE | Ay L S T
IF(XeleoXY) Llobi
bd YL = YFUNISYs Z2as XY*Xe =103 XY=X)
SA%L = SFUNISYy 140 XY4Xe 160 XY=X)
WSCHTIEERE 1 B T S o
bl Y1 = YPUN(EYelow XYeXo 160 X=XY)
——SA3] = SFUN(SYe 1ae XY¢Xgel,a X=XY)
L2 CONTINUZ
1F (XalbaXY) Blietd
€. 1T=1G=1
CALL GAUSS(1e1eSeleallalan XY=X, XX=Xe GINTQICALCSTEMPL4FU )
GINTL = GINT
USRS - & B R L S
CALL GAUSS(1ele502eellaCee XYSX, XX4Xy GINTGICALCSTEMPL4FU )
Y2 = SY*LULTA®R/(24%E) * (GINTL ¢ GINI) o
Y 5 V%L % ¥2
IT = 1
16 = 2
oAU GAUSS (1010541 00Dledas XY=Xa XX=Xe GINT«ICALCoT*#MP1.FU )
GINT1 = GINT
< 11 = 2 - e : »
CALL GAUSS(1ele5eteelloley XY4Xq XXX, GINT QICALCSTEMPL4FU )
SA32= (TH®ErTA®®*3°R*SY/(2.% (1.-FR*PR1)) * {GINTL ¢ GINT)
SAQ = SABL ¢ SAB:
SN W [ W e
61 IFIXeLEaXX) €364

e e ————— e ——————————————————— el +

* GAUSS 1s a numerical integration subroutine, incorporated in Battelle's computer
library. 1It, in turn, uses the subroutine FEVAL shown on Page A-4. An equivalent
numerical integration subroutine, from the user's library, should be subq(?s@}ed.
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CALL GAUSS(1e3e5eteec.louee 0o o XX=Xy GIthIC‘LCQT‘ﬂ’i;'U )

P00 5 ST 3 () S—— .
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.53 CONTINUe S P L SRR, e iapisaspenebesintety e el g s i ashaloa e S
IF(XeloeXxXx) bc.‘l
54 S5YS z =SY*TEBAR/TAU
Y3 = YFUNISYSquee Po®XXeXqy 1e9¢ XX=X)
SAu3 = SFUNISYSe=1ae 84%XX=Xe 1as XX=X) PRSI e L e 0 W T L i el
GUu TL %2
.81 SYS s =3Y*TEAR/ZTAU — e S S = TS SUSE L= SR -
Y3 = YFUNISYS e 240 Go'llﬁlo '1.0 X=XX)
e nSA33 5 SFUNMISYSe “las B.%XXeX, =1s4 X=XX) s . = =%
82 ¥ 5 ¥ ¢+ Y}
T SAJ 3 ko ¢t SAG3
Se CONTINUL
.32 CONTINUL
SHM = =c*Y/R
——e b ARl EaXY) 2hed)
1) SHP = 3Y




SHMT = SY » SHM

60 TO 14 1
e 33 IF (XaLEXK) 12413
12 SHP = S5Y * (T = TBAR = TAU) / TAU
M+ SHM

GO TC 1s
13 SHP = - s
SHMT = SHP + SHM

;1
SHI = SHMTY ¢ PR * SAB
—

23 FOSMAT (1P GL12437)

-3 _CONTINJE
FRINT 39
SNSRI R T e
160 CALL exIT SEr

A R | U N

SUSRCUTING FLVAL (Us FUs JF, ICALC) ¥
! XKe Vo CUFe Xo TEARe TAUs BETAs IGe IT o -

GO TU (1243 17

LT8G/ (N SXKSL200iblbIoVOVE & WeX) b ) . -
GC TO &

A _L%?F_Tﬂ. £ 132%KK2 (22440607 V/0UF % (U=Xx) ) )
: L&

31 = QU / (34°XK® (42400 0l07 V/OQUF  * (X=y) ) )
e GO TC (5.6) 16

PRESESEEE. 4 E_‘I; <;_ (;.'..I CAR=TAL) /TAU * LXF(-BETA®U) * (COS(EETA®U) ¢ SIN(BLTA®U))
G C
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