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THERMOMECHANICAL HISTORY MEASUREMENTS ON
TYPE 304L STAINLESS STEEL PIPE GIRTH WELDS

Ming Li*, David G. Atteridge*, William E. Anderson*, Robert Turpin*, Scott L. West#

ABSTRACT

Thermal and strain histories were recorded by a computerdata acquisition system for three 40-
era-diameter (16 inch), Type 304L stainless steel (SS), schedule 40 (1.27 cm thickness) pipe
girth welds. Two weld groove preparations were standard V grooves while the third was a
narrow groove configuration. The welding parameters for the three pipe welds simulated
expected field practice as closely as possible. The narrow gap weld was completed in four
continuous passes while the other two welds required six and nine (discontinuous) passes, due
to the use of different weld wire diameters. Thermomechanical history measurements were
taken on the innereounterbore surface, encompassingthe weld centerlineand heat-affected zone
(HAZ), as well as 10 em of inner counterbore surface on either side of the weld centerline; a
total of 47 dataacquisition instruments were used for each weld. These instruments monitored:
1). weld shrinkagesparallelto the pipe axis; 2). surface temperatures; 3). surface strains parallel
to weld centerline; and, 4). radial deformations. These instruments were carefully positioned
to record as much information as possible. The results prove that this experimental approach
was feasible and yielded defendable data. The results also show that the weld and HAZ
experienced cyclic deformation in the radial direction during welding. This indicates that the
final residual stress distribution in multi-pass pipe weldments is not axi-symmetric. The
measured radial and axial deformations were found to be smaller for the narrow gap groove
than for the standardV grooves. This suggests thatthe narrow gap groove weldment may have
lower residual stress levels than the standard V groove weldments. This study provides the
experimental databaseand a guideline for further computational modeling work.

INTRODUCTION

Nuclear reactor piping systems fabricated from AISI Types 304 and 316 stainless steels are
susceptible to intergranularstress corrosioncracking (IGSCC). The IGSCC has essentially been
confined to the inner surface heat-affected zone (HAZ) of pipe girth welds. Investigationsof
this cracking phenomenon clearly show that weld tensile residual stresses present on the inner
surface of a pipe weldment is a key contributorto the problem (Ref. 1). Thus one method for
reductionand/or prevention of IGSCC is to control weld residualstresses, requiring studies such
as presented herein.

Thermomechanical history measurement on welds is the first step towards a general
understanding of the nature of residual stress developmentduring the welding process. So far,
very few studies on this subject have been reported. Atteridge and Anderson (Ref. 2,3,4)
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this cracking phenomenon clearly show that weld tensile residual stresses present on the inner
surface of a pipe weldment is a key contributor to the problem (Ref. 1). Thus one method for
reduction and/or prevention of IGSCC is to control weld residual stresses, requiring studies such
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investigated the thermomechanical history of a 60-cm diameter Type 304 stainless steel schedule
80 pipe girth weld. Their experimental data indicate that complex strain and thermal cycles take
place in the HAZ. The HAZ is subjected to the both tension and compression strain
components during each pass. These strain cycles induce work hardening in the HAZ and result
in elevation of the HAZ flow stress above that of the base metal. This work also shows that

cyclic strain is proportional to axial contraction. This indicates that the reduction of axial
shrinkage (contraction) may reduce the final residual stress level on the inner surface of pipe
weldment. The phenomenon that the plastic strain is largely dependent on later welding passes
is also observed in this work. Disney (Ref. 5), in work at the EPRI-NDE center, conducted
research to monitor and document the weld thickness per layer and weld shrinkage per layer for

different welding schedules, joint designs, welding parameters, and welding sequences. His
work indicates that, by the optimization of welding parameters, joint designs, and welding
sequences, the residual stress state on the inner surface of pipe weldment may be minimized.
Jonsson and Josefson (Ref. 6,7) studied both single and multi-pass girth-welding of mild steel
pipes. In the multi-pass case, single U and narrow gap groove designs were used. The transient
strain was measured during welding at different positions. The residual stress was measured
after welding. Deviations from rotationally symmetric strain and stress fields in the pipe
weldment were observed. The measured residual stresses and radial deflections on the outer

surface were found to lae somewhat larger for the narrow gap groove as compared to the single
U groove. In all above studies, relatively small R/t ratio (or thicker) pipes were used. In the
present work, a relatively large R/t ratio (or thinner) pipe was employed. This type of thinner
pipe would be expected to demonstrate different thermomechanical history behavior during
welding. Thus one generic objective of this research was to record thermal cycles and
deformation development during welding of 40-cm-diameter, schedule 40 pipes. A more specific
goal was to document thermal and strain histories using different weld groove geometry designs
and welding parameters. These results would then provide a solid experimental database for
further optimization of welding procedures to minimize weld residual stresses.

EXPERIMENTAL PROCEDURF._

Welding Experiments

Three experimental girth pipe weldments were completed in this study. These pipes have an
outer diameter of 40 em, a wall thickness of 1.27 cm, and a total length of l(g) cm. The pipe
material is AISI Type 304L stainless steel. Two different groove designs were used in this work
as shown in Figure 1. The first weld groove geometry was a standard V design (37.5 degree
bevel). The second groove geometry was a narrow gap preparation (1 degree bevel).

The pipes for the three experiments were machined on both outer and inner surface for about
10 cm from either side of the weld centerline to ensure a constant thickness throughout the
weldments. Axial markings, as well as circumferential lines, were placed every 45 degrees and
certain distance from weld center line on both inner and outer surface during machining. Their
intersections were used to determine where the various deformation indicating devices and
thermocouples were placed, as well as for pipe alignment. The pipes were manually tack-welded
with four tack-welds, equally spaced around the circumference. All pipes were placed in an



I¢

upright position and welded in the vertical (2G) position with pipe welder travelling along the
pipe circumference.

The three pipes involved in this experiment were gas tungsten arc welded using an Arc
Machines' computer controlled automatic pipe welding system. It consisted of a 300 amp Model
215 power supply with a Model 15 weld head and "D" torch. This computer controlled welding
equipment allowed pre-programming of the various welding variables including; 1). current
(pulsed); 2). voltage; 3). welding speed; 4). torch oscillation; 5.) gas flow; and, 6). wire feed
rate.

All three welds were fabricated using as close to expected standard weld parameters as possible.
The main difference between the two standard V groove welds was that the filler wire for one
was 0.09 cm in diameter while the other was 0.11 cm in diameter. Minimum heat input was
used in the 0.09 cm diameter weldment while maximum heat input was used in 0.11 cm
diameter weldment. This change in welding variables resulted in the smaller wire weldment
being finished in nine passes while the larger wire weldment was completed in six passes. The
V groove weld passes were conducted as typical interrupted passes, i.e., each weld pass was
initiated at a given point and stopped shortly after the welding arc had travelled a completed
revolution. The resultant weld bead was then prepared for the next pass welding by wire
brushing, and then the next pass was finished. Each new pass was started 45 degrees beyond
the initiation point of the previous pass. The narrow gap weld was finished in four continuous
passes; the weld was completed without interruption. The weld parameters used for the various
weldments are presented in Tables 1, 2,and 3.

Table 1. Nine-pass standard V groove weldment welding parameters

Current (A) Pulse (s) Wire Speed Feed
(cm/min)

Travel Voltage .......
Pass# Peak Back- Speed (v) Peak Back- Primary Back-

ground (era/rain) ground ground

1 90 50 9.4 8.0 0.35 0.4 0 0

2 130 85 11.43 8.8 0.25 0.3 177.8 139.7

3 155 95 10.16 8.8 0.3 0.3 177.8 139.7

4 180 120 10.16 9.2 0.3 0.3 228.6 177.8

5 200 130 10.16 9.2 0.3 0.3 228.6 177.8

6 200 120 10.16 9.2 0.3 0.3 228.6 177.8

7 195 135 10.16 9.2 0.3 0.3 228.6 177.8

8 140 85 10.16 8.8 0.3 0.3 114.3 88.9

9 140 85 10.16 8.8 0.3 0.3 114.3 88.9
........ , : | . '"
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Table 2. Four-pass narrow gap groove weldment welding parameters

Current (A) Pulse (s) Wire Speed Feed
(cm/min)

Travel Voltage
Pass# Peak Back- Speed (v) Peak Back- Primary Back-

ground (cm/min) ground ground
,,,. ,.., ,,. .,,,. ,,

1 135 80 9.4 8.0 0.35 0.4 0 0
,

2 230 135 10.16 8.5 0.25 0.4 127.0 88.9
., ,.,,.. ,, ,,,, , .,,.

3 185 120 10.16 8.8 0.3 0.3 114.3 76.2
, , , ..

4 190 120 10.16 9.2 0.3 0.3 114.3 76.2
' _ " ,,,, ,,.

Table 3. Six-pass standard V groove weldment welding parameters

d, _ ,,,, ,,.., _ '".', ,,,,, ,,, ..

Current (A) Voltage Pulse (s) Wire Feed Speed

......... Travel (v) (em/min)

Pass# Peak Back- Speed Peak Back- Peak Back- Primary Back-
ground (cm/minl ground ground ground

, i.. , ,, '

1 104 55 9.4 7.7 0 0.35 0.4 0 0
,, ,i

2 105 105 7.62 8.6 7.8 N/A N/A 139.7 114.3
, ,, ,, ,..,. ,

3 188 120 7.62 8.8 8.2 N/A N/A 139.7 101.6
,. ,.,

4 188 120 9.4 8.8 8.0 N/A N/A 152.4 76.2
, ,1

5 200 140 7.62 9.7 8.6 N/A N/A 152.4 101.6
, ,,,..,

6 180 140 7.62 9.1 8.6 N/A N/A 114.3 68.58
, ,, .. ,,,

,,, ,,

OSC Ampli (cm) Out DWL (s) Exc Time (s) In DWL (s)
., ,, , , i ,,,.

1 N/A N/A N/A N/A
,, ,..

2 0.38 0.6 0.4 0.25
., ,,,,

3 0.51 0.75 0.36 0.5
..... ,,,., , .i, , . --

4 0.46 0.85 0.3 0.25
,. . ,,, , .,,,, ,.. .,

5 0.74 0.7 0.7 0.45
, , _ .,..

6 0.33 0.83 0.4 0.45
.. , , .., ,.,,,, , ,,.,
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Instrumentation Setup

The weld instrumentation included thermocouples as well as deformation and strain devices.
Figures 2 and 3 show the layout of instrumentation on the inner surface of the pipe weldment.
Axial and radial deformation measurements were taken during welding. The radial deformation
and strain gages were placed at strategically selected intersections of the circumferential and
axial markings. Thermocouples were placed the same distance from the weld centerline as the
deformation gages, but 0.635 cm in the circumferential direction away from the gage positions.
Placement of the thermocouples and gages in exactly the same place would have allowed
absolute temperature and deformation history equivalency, but this was physically impossible.
The axial deformation gages were attached near the edges of the counterbore symmetrically
across the weld eenterline. The radial strain gages (M&M WK-09-062AP-350) were glued to
the counterbore surface in the circumferential direction. The radial deformation gages were
attached perpendicular to the counterbore surface. The radial gages consisted of deformation
sensing ceramic tips held against the counterbore surface by modified MTS CTOD clip gages.
The clip gages were attached to gage holding "bridges" that were, in turn, attached to a
"floating" instrumentation mandrel. Figure 4 illustrates this gage design and installation
technique. The instrumentation mandrel was slightly longer than the total length of the two
sections of pipes to be welded and was fabricated from 30 cm diameter schedule 80 carbon steel
pipe. It was centered in the pipe sections to be welded prior to welding by a series of bolt
"spacers". The bolts were threaded through the instrumentation pipe wall and pressed against
the inside surface of the stainless steel pipe.

Data Acquisition System Setup

A data acquisition system capable of monitoring thermal and mechanical strain data during pipe
girth welding was developed in this study. The system consisted of a multiplexer capable of
handling 47 channel input at a sampling rate of 2 HZ per channel, A/D convertors, a 486 PC,
and voltage conditioner/amplifiers. This system was controlled by the commercial software
Viewdac 2.0. The data was stored on the computer hard disk in real time, and subsequently
downloaded to a storage disk after weld completion. The data for four narrow gap girth weld
passes was taken continuously while the data for the standard V groove weldments, which took
either six or nine passes, was broken down into an individual file per pass, as the welding
operations were temporarily terminated at the end of each V groove pass.

EXPERIMENTAL RESULTS

This research yielded a large number of experimental data including thermal cycles, transient
strains, radial and axial deformations developed during welding. Figures 5-8 show typical
thermal cycles, transient strains, and radial and axial deformations recorded during welding.
These plots indicate that the experimental system was able to monitor the thermomechanical
history developed in the vicinity of the weld. Figure 5 shows the cyclic radial deformation
developed during welding. This suggests that weld residual stresses are not axi-symmetrically
distributed in pipe girth weldments. Figures 9 and 10 give the comparison of radial and axial
deformations between standard V and narrow gap groove weldments. When all three weldments
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are compared, the results from the narrow groove weldment demonstrate the lowest axial and
radial deformations during welding. As suggested by Leggatt (Ref. 8), the radial and axial
deformations control the final residual stress level in the weldment. Thus, the narrow gap
groove weldment is expected to have the lowest residual stress level of all three weldments.

SUM34ARY

The experimental techniques developed in this research proved to be effective in demonstrating
the development of thermomechanical history in pipe girth welding. The results analyzed from
the experimental data suggest that the residual stress distribution is not axi-symmetrie in pipe
girth weldments. The measured radial and axial deformations were found to be smaller for the
narrow gap groove weldment than for the standard V groove weldments. This indicates that
the narrow gap groove weldment will have a lower residual stress level than the standard V
groove weldments. This study provides the experimental database and a guideline for further
computational modeling work and the optimization of welding procedures to minimize weld
residual stresses.
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