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This paper presents results of finite element analyses of 4-inch and 26-inch diameter
BWR welded pipes (type 304 stainless steel) under loads representative of operating and upset
conditions. The models included the residual stresses caused by welding as an initial condi-
tion. Different residual stress distributions in the weld metal and heat affected zone (HAZ)
were considered. Different material properties (yield stresses) were used to model the weld
metal, HAZ's and base metal. A 4-inch diameter pipe with Induction Heating Stress Improvement
(IHSI) was analyzed and compared to the as-welded pipe. It is concluded that IHSI will provide
a definite improvement in the state of stress over as-welded 4-inch diameter pipes. The com-
pressive residual stresses along the inner surface, produced by IHSI, will be slightly reduced
if an upset loading occurs, but, during operating loads, residual stresses are unaffected.
Furthermore, it would require a very large overload (39ksi) to completely obliterate the
beneficial compressive stresses along the ID. The 26-inch diameter as-welded pipe has through-
wall axial stresses at operating load that become compressive a short distance from the inner
surface which is under tension. This compressive stress prevents the growth of a crack. The
situation is different for the 4-inch as-welded pipe, which will be predominantly under
tension for the same operating stress. It is concluded that the weld parameters of counter-
bore length, weld crown, drop through or suck up have only minor influence on the redistri-
bution of stress. In all cases examined, yielding commences in the pipe at about the level
of operating loads, and the pipes would be fully plastic at 136% of yield load.



1. Introduction

Beginning in fall of 1974, a number of cracks were found at the welded junctions of
type 304 stainless steel piping systems that are used in boiling water reactor (BWR) nuclear
plants. Prior to 1974, isolated cracking incidents had occurred. Cracking was initially
observed in sm%]] diameter pipes, such as 4-inch diameter recirculation bypass lines. There-
after, progressively larger and larger pipes experienced cracking. Analysis of these failures
[1,2] indicates that cracks were caused by intergranular stress corrosion (IGSCC). Austenitic
stainless steels are susceptible to stress corrosion cracking because of microstructural
changes known as sensitization which occur during welding. The welding process also generates
high tensile residual stresses, particularly in the heat affected zone (HAZ) where many of
the cracks occurred.

The object of this work is to investigate the redistribution of stresses in BWR pipe
weldments under applied loading conditions when residual stresses are present. Since IGSCC
cannot occur in the absence of sustained tensile stresses, the determination of stresses and
strains is an important step for the analysis and understanding of stress corrosion cracking
phenomena occurring in welded BWR pipes. In this paper, 4-inch and 26-inch diameter welded
pipes (type 304 stainless steel) have been analyzed, using the finite element method. The
residual stress distribution has been included as an initial condition in the weld metal and
the heat affected zone (HAZ). Both as-welded 4-inch and 26-inch diameter pipes and a 4-inch
diameter pipe with residual stress improvement by means of induction heating (IHSI) are
analyzed. The object of IHSI is to produce compressive residual stresses along the inner
surface of the pipe. Compressive stresses prevent crack growth.

2. As-Welded Pipes

2.1 4-Inch Diameter Welded Pipe

0f all the BWR piping systems, the 4-inch diameter (as-welded) pipes have been most
extensively studied and documented because cracking was initially discovered in 4-inch piping.
Eason, et al. [3] has recently compiled a data base for BWR pipe cracking incidences, which
shows that cracking in small Tines continues to dominate the problem.

Measurement of residual stresses in 4-inch pipes by General Electric and Argonne
National Labs., indicates that stresses are nonaxisymmetric [1, 4]. Also, counsiderable
variation occurs from one weld to another. Instead of analyzing here a pipe with three
dimensional state of residual stresses which would require a large computational effort, an
axisymmetric state of residual stresses will be analyzed as an approximation. A typical
finite element model of a 4-inch diameter welded pipe used in this analysis is shown in Fig.1,
where symmetry conditions are implied at the weld center line. 4-Node isoparametric elements
were used in the MARC [5] program. Different element properties are used to model the weld
metal, the heat affected zone (HAZ), and the base metal (304 stainless steel). The HAZ is
subdivided into elements with different properties to reflect the varying yield strengths in
the HAZ. The difference in the yield strength in the HAZ is a consequence of the differences
in the temperature during welding, cooling rate, and strain experienced within the HAZ during
welding. Stress-strain curves were developed for each material type at the operating temper-
ature 550°F, based on the results of tension tests on small samples taken from separate
regions in the HAZ [6] of a 26-inch diameter pipe. Some recent experimental results by Diaz
at General Electric [7] indicate that yield strength in the weld metal and HAZ for a 4-inch
diameter pipe are lower than the 26-inch diameter data. Fig. 1 indicates the yield strengths

2 F 3/5



for 4-inch as-welded and IHSI pipes. The strain hardening slope is assumed to be the same as
the 26-inch pipe data, which is 400 ksi for € <2.5% and 110 ksi for € >2.5% where & denotes
the equivalent total strain.

Weld crown and drop through or syck up were not modeled in this mesh. These para-
meters were found by Derbalian et al [8]4 to have only slight significance in the stress
analysis.

Residual axial stresses of the form o, = F(z)G(r) were included in the pipe as an
initial condition. At each cross-section, axial equilibrium is satisfied i.e., |o,rdrde = 0
where A is the cross-sectional area at constant z, r is the radial distance. A
Circumferencial stresses were assumed to be the same as axial stresses i.e. oe(r,z)= cz(r,z).
Shear and radial stresses are an order of magnitude smaller and thus are assumed to be zero.
The profile of the residual stresses is shown in Fig. 2 where a cosine through thickness
distribution is assumed. The maximum residual stress in the HAZ is 24 ksi.

A uniform tensile stress was applied at the end of the pipe and increased up to 136%
of the base metal yield at 550°F, i.e. 31.28 ksi. The quantity 1.36 represents the fully
plastic moment of a 4-inch diameter pipe divided by the elastic T1imit moment. Internal
pressure equal to 1100 psi was added similar to the experimental procedure used by General
Electric in their pipe test 1lab.

At 14 ksi applied stress (this load corresponds to an operating condition).some
yielding along the ID in the HAZ and weld metal occurs but the plastic strains are very small;
maximum values are 0.03%. Stress contours are shown in Fig. 3, maximum axial stress is 35 ksi
at the ID in the HAZ. Note that the axial stresses at 1/3 inches away from the weld metal
and in the HAZ are completely tensile.

When the load was increased to 1.36 times the base metal yield, the pipe was fully
plasticized. The maximum plastic strain equals 1.7% and occurs in the HAZ at the ID. The
pipe is completely under tensile axial stresses ranging from 26.3 ksi to 43 ksi. Axial
strains are about the same magnitude as the total (equivalent) plastic strain meaning that
axial strains are the predominant strain component. Hoop stresses in the HAZ at the ID range
from 2 ksi to 9 ksi. Recall that residual hoop stresses were 24 ksi in the weld metal. This
indicates that the loading produces compressive hoop stresses. When the load was removed,
the residual stresses were significantly reduced (see Fig. 4). Along the ID in the HAZ,
maximum axial stresses are 3.8 ksi, and in the weld metal at the ID, were nearly zero.

2.2 26-Inch Diameter.Welded Pipes

Unlike the smaller 4-inch diameter pipes, the 26-inch pipe has residual stresses

which are somewhat axisymmetric. The throughwall residual axial stress distribution is shown
in Fig. 5. This shape was obtained from Shack's measurements [4] and analytical FE results
of Rybicki [2]. Residual stresses are tensile at the ID, but they become compressive a short
distance away from the ID. Material yield stresses in the HAZ vary linearly (with distance)
from 50 ksi to 27 ksi and the yield stresses for the base metal and weld metal are taken to
be 23 ksi and 53 ksi, respectively, at 550F. Work hardening slopes are the same as the 4-
inch pipe. Circumferential residual stresses are assumed to be the same as axial stresses.
For reasons previously given, radial and shear residual stresses are assumed to be zero.

A tensile stress was applied to the end of the pipe. At 14 ksi applied stress, the
pipe is mostly elastic; only a small part of the pipe in the HAZ and near the counterbore
yielded. The plastic region and axial stresses are shown in Fig. 6. The maximum plastic
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strain was 0.04% and maximum axial stresses along the ID are 33 ksi. At 0.4 inches from the
weld centerline, the throughwall axial stresses are plotted in Fig. 7. Stresses at the ID
start with tension (33 ksi), at 0.2t from the inner surface of the pipe (t = thickness), axial
stresses become compressive. This compressive stress can prevent a crack growth through the
wall. It is believed that the crack discovered in the German KRB unit A, 26-inch pipe was
retarded because of the compressive stress field. Harris [9] computed the stress intensity
for an operating 1oad*'and found that the stress intensity at some distance away from the ID
becomes compressive, hence inhibiting the crack growth.

The applied stress was increased to 1.3 times the base metal yield at 550°F, i.e.,
1.3 x 23 = 29.9 ksi. The factor 1.3 represents the fully plastic moment divided by the
elastic 1imit moment for a 26-inch pipe. At this load, the pipe is fully yielded. Maximum
plastic strains in the HAZ are of the order of 1%. Maximum axial stresses in the HAZ are 50
ksi. The pipe is fully plastic at this load

3. Induction Heating Stress Improvement

In Section 2 of this paper, welded pipes in their as-welded condition were investi-
gated. These pipes were under tensile residual stresses along the inner surface of the pipe.
The combination of such tensile ID residual stresses with dissolved oxygen in the water and
material sensitization of the 304 stainless steel have’'been identified as the cause for inter-
granular stress corrosion cracking in the BWR welded pipes.

A logical measure against cracking is to adopt countermeasures that will alleviate
every single cause of cracking. That is, 1) improve the residual stresses, 2) improve the
water chemistry, and 3) use a material which does not sensitize. This is basically the
approach that the Electric Power Research Institute is pursuing. This part of the paper
describes stress analysis of 4-inch diameter pipes which have had residual stress improvement
(RSI). The object is to quantify and assess the improvement that RSI pipes provide over the
reference/as-welded pipes.

One of the promising residual stress improvement techniques pioneered by the Japanese
nuclear industry is the Induction Heating Stress Improvement (IHSI). This technique is al-
ready implemented in Japanese plants. Briefly, the object is to produce compressive residual
stresses along the inner surface of the pipe. IHSI is achieved by heating the outer surface
of a pipe with an induction coil while cooling water passes through the pipe, as shown in
Fig. 8. The high temperature along the OD produces plastic flow on the surface and, upon
cooling, the ID will be under compression and the OD will be under tension.

It was illustrated in Section 2.1, that if a large load is applied to the pipe such
that the pipe becomes fully plastic, the residual stresses will be significantly reduced. If
this is the case with IHSI pipes, the favorable compressive residual stresses produced by IHSI
may be effaced if an increased or upset loading condition occurs. One of the aims here is to
determine the fraction of remaining residual stresses as a function of the maximum applied
load in the pipe.

*The stress intensity computed in Ref. [9] used an arithmetically summed stress due to residual
and 14 ksi applied Toad. This is approximately true for a linear elastic stress load, but the
procedure does not take into account the stress redistribution due to primarily geometric
effects (counterbore) and, secondly, due to some plasticity. For higher loads, plasticity
should be accounted for.
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3.1 Analysis of a 4-Inch Diameter IHSI Pipe With Internal Pressure
A 4-inch diameter welded pipe with IHSI (see ng. 1) was loaded in tension
and then unloaded from several load levels to determine the remaining residual stresses. In
these runs, an 1100 psi internal pressure* was included. Yield stress values in the pipe
used in the analysis are shown in Fig. 1. These values are obtained from GE's experimental
results [7]. IHSI residual stresses used in this analysis were obtained from Ishikawa Harima's

report [10] and are shown in Figs. 9 and 10. As expected, when the applied stress was
below the initial yield point, the residual stresses remained unchanged, but when the tensile

Toad was increased, causing plasticity in the pipe, the residual stresses were redistributed
and, upon unloading, they diminished in magnitude along the inner surface of the pipe. Fig.1l
shows the percentage of recoverable residual stresses along the ID in the HAZ as a function
of the stress from which un]oadingftook place. Up to 15 ksi applied tensile stress, the
residual stresses remain unaffected. Beyond that load, the remaining residual stresses
diminish. Unloading from 35 ksi tension Teaves only 15% of the original compressive stresses.

At 14 ksi applied stress, part of the pipe yielded near the OD. Fig. 12 shows the
plastic region-and axial stresses. Plastic strains are very small (0.017% maximum). Along
the ID in the HAZ, axial stresses range from 0.9 to 5.5 ksi compression. This shows that the
ID of the pipe (in the HAZ) at operating loads is under compressive stress, which is desir-
able from a stress corrosion cracking point of view.

At 31.28 ksi stress (1.36 x 23 ksi), the pipe is fully plastic. The HAZ has plastic
strains ranging from 0.07% near the weld metal to 0.23% near the base metal. Maximum plastic
strain in the base metal is about 0.55%. Axial strains range from 0.18% near the weld metal
to 0.4% near the base metal. The entire pipe is under tension. Throughwall axial stresses
in the HAZ along the fusion line range from 28 ksi at the ID to 43 ksi at the OD. These
stresses compared to the as-welded pipe are lower.

The remaining residual axial stresses after unloading from 31.28 ksi are shown in
Fig. 13. In the HAZ along the ID, remaining residual stresses ranged from 10 ksi compression
near the weld metal to 6 ksi compression near the base metal.

4, Conclusions

In this paper, 4-inch diameter as-welded and IHSI welded -pipes and a 26-inch diameter
as-welded pipe were analyzed, using the finite element method. Residual stresses that
are generated during the welding process were included in the finite element analysis as an
initial state of stress. The pipes were loaded in tension beyond the yield point of the base
metal to investigate the redistribution of residual stresses. Cyclic loading (load in tens-
ion and then unload) was analyzed for the IHSI 4-inch diameter pipes to determine if the
beneficial compressive ID residual stresses were removed during an increased loading.

Measurements of residual stresses in 4-inch diameter as-welded pipes indicate circum-
ferential and radial variation of stress. Instead of analyzing a pipe with this 3 dimension-
al state of residual stresses, which would require large computational effort, axisymmetric

Pr

7% stress was not.added. (P=pressure, t = thickness of pipe,

*Note that an equivalent axial
r = radius of pipe.
TAdditional Toad cycles do not change the remaining residual stresses because of shakedown.

Kinematic hardening was assumed in the incremental plasticity formution.
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states of residual stresses were analyzed as approximation. 26-inch diameter as-welded pipes
and 4-inch diameter IHSI pipes have residual stresses which are nearly axisymmetric. There-
fore, the axisymmetric finite element models used here were a good representation for those
welded pipes.

4,1 Specific Conclusions

The following conclusions were derived for:

4-Inch Diameter .IHSI Pipes

Up to 15 ksi applied stress, the residual stresses are unaffected (i.e., upon un-
loading, the residual stresses are recovered). This load is above the normal operating
stress level. (Plasticity begins at this load level.)

Residual stresses in a welded pipe will be removed (under a cyclic load) if a suffi-
ciently large force is applied to the pipe, such that the pipe is fully plastic.

The residual stresses (along the ID in the HAZ) will be completely removed if a ten-
sile load up to 39 ksi is applied to the pipe and then unloaded.

If the pipe is partially yielded, some of the residual stresses are recovered upon
unloading. For example, a 25 ksi tensile cyclic stress load will remove only 30% of the
compressive ID stresses in the HAZ.

At operating Toads (14-ksi axial. tension), the pipe IB is under compressive axial
stresses ranging from 7.5 to 2.5 ksi in the HAZ. (An 1100 psi internal pressure is included.

Axial strains along the ID in the HAZ at operating loads (14 ksi stress) are small
and fairly uniform ~ 0.05%.

At 31.28 ksi tension load, (i.e., 1.36 cy, where 0y= 23 ksi is the base metal yield
at 550°F) the axial stresses along the ID are tensile, ranging from 27 to 35 ksi in the HAZ.
Axial strains range from 0.24% to 0.34% in the HAZ.

4-Inch and 26-Inch As-Welded Pipes

At operating Toads (14 ksi tension), the throughwall axial stresses in a 26-inch pipe
are tensile at the ID surface in the HAZ, but they become compressive at 0.25 inches from the
surface (i.e., at 0.2t where t = pipe thickness). These compressive stresses can prevent
crack growth.

For the same load (14 ksi tension) the throughwall axial stresses in a 4-inch dia-
meter as-welded pipe with internal pressure are tensile along the ID and remain tensile

through most of the thickness. Along the fusion line, tensile axial stresses in a 4-inch
pipe extend through 70% of the thickness compared to 20% for a 26-inch pipe.

The peak stress . at 14 ksi load along the ID in the HAZ is 38 ksi for the 4-inch
pipe and 26 ksi for the 26-inch pipe.

Maximum stresses and strains along the ID are larger for a 4-inch diameter pipe than
a 26-inch diameter pipe at the corresponding fully plastic loads.

4.2 General Conclusions and Recommendations

From the finite element analyses, it was concluded that IHSI will provide a definite
improvement over as-welded 4-inch pipes. For example, at operating Toads, the inner surface
of the 4-inch pipe is under compression with IHSI but without IHSI will be in tension with a
peak stress of 38 ksi at the ID. The compressive residual stress along the ID in the HAZ will
be slightly reduced if an upset loading occurs but, during operating loads (up to 15 ksi
tension), residual stresses are unaffected. It would require a very large overload (39 ksi)
to almost completely remove the residual compressive stresses.
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In addition to having compressive stresses along the ID which prevent stress corrosion
crack groth, the IHSI pipe will, in general, have lower stresses than the as-welded pipe, and
also a larger load is required to yield the IHSI pipe vs. the as-welded 4-inch pipe.

The 26-inch diameter as-welded pipe has throughwall axial stresses at operating load
which become compressive a short distance from the inner surface which is under tension. This
compressive stress prevents the growth of cracks. Whereas the 4-inch as-welded pipe will be
predominantly under tension for the same load. The important question here is, will the 26-
inch pipe benefit from IHSI? It is believed that the crack discovered in the German KRB plant
26-inch as-welded pipe was retarded because of the compressive stress field. It is then re-
commended that a 26-inch pipe with IHSI be analyzed and compared to the as-welded pipe. It
is also worth commenting that the residual stress data for a 4-inch diameter as-welded pipe
is not axisymmetric and, therefore, the finite element model which used an axisymmetric for-
mulation (to reduce computational éost) should be regarded as approximations to the actual
case. Certainly, a 3 D pipe analysis will be needed to properly model the residual stresses,
but-the computational effort may be somewhat costly.

ACKNOWLEDGEMENTS

The authors express gratitude to Dr. Robin Jones of the Electric Power Research
Institute (EPRI) for his technical guidance and project management of this research contract
funded by EPRI under contract RP700. We also thank other colleagues at EPRI: Dr. Joe Danko,
Dr. Richard Smith (formerly with EPRI) and Dr. A. J. Giannuzzi who supported this program.

References

[1] Giannuzzi, J. A., "Studies on AISI Type 304 Stainless Steel Piping Weldments for Use
in BWR Application," General Electric Company, San Jose, CA, EPRI Contract
NP-449-2, December 1978.

[2]1 Rybicki, "Effect of Weld Parameters on Residual Stresses in BWR Piping Systems,"
Battelle Columbus Laboratories, EPRI Contract RP-1174, Columbus, OH, 1979.

[31] Eason, E. D., Brown, S. B., Thomas, J. M., "The Cost-Effectiveness of Countermeasures
to Intergranular Stress Corrosion Cracking in BWR Pipes," Failure Analysis Associates,
EPRI Contract RP-700, Palo Alto, Ca, April 1980.

[4] Shack, W. J., "Measurement of Residual Stresses in Type 304 Stainless Steel Piping
Butt Weldments,"  Argonne National Laboratory, EPRI Contract RP-449-1, Argonne,
IL, June 1980.

[5] MARC "Nonlinear Finite Element Analysis Program Version H-3," Palo Alto, CA, 1978.

[6]1 "Evaluation of Near Term BWR Piping Remedies - Second Semiannual Progress Report
October 1967 through March 1977," General Electric Company, San Jose, Ca, May 1977.

[7] Diaz, T. P., "Parametric Studies for Stress Corrosion in Type 304 Stainless Steel
Pipe, First Semiannual Progress Report September 1978 through March 1979," General
Electric Company, EPRI Contract RP-1169-1, San Jose, Ca, 1978.

[8] Derbalian, G., Egan, G. R., and Aboim-Costa, C., "Finite Element Axisymmetric Stress
Analysis of 4-inch Diameter Welded Pipe With Prescribed Residual Stresses," Failure
Analysis Associates. PROCEEDINGS: American Society of Mechanical Engineers Pressure
Vessels and Piping Conference, August 1980.

[9] Harris, David, "The Influence of Crack Growth Kinetics and’Inspection on the Integrity
of Sensitized BWR Piping Welds," EPRI Project 1325-2, Science Applications, Inc.,
Palo Alto, CA, 1979.

[10] Tanaka, T. & Umemoto, T., "Residual Stress Improvement by Means of Induction Heating,"
PROCEEDINGS: Seminar on Countermeasures for Pipe Cracking in BWR's, V 1, Ishikawajima
Harima Heavy Industries Co., Ltd. Japan, January 1980.

7 — F 3/5



S-T-18-H-Vv4
*ONIQVOTIN ¥3L4Y SSIULS IVIXY GITIH SY - b 3WNOI4

AVIXY

viavy

€362° 5 =01
= _Illlh €38L° € =

H €z z -
[ St T 23e9” L =

[
'

z3gh L~ =
€392°2- =
€3gL e~ =
€3Lz°s- =
€38L°9- =

A1)

B N I RS}

e362°0- =
3d1d YNG uh (15d) %0

S-T-18-H-Wvd
*(3UNSSA¥Y '] HLIM) ISH O'HT LV SSIULS WIXY :C3CTIY SY - ¢ 3¥noly

3JYIH NMOHS ST HS3W 34 3JWILNI 3HL 40 INIW9IS V AINO Wixy

NIVWOQ J1LSY1d 3HL XM
< __ S3ILVNOISIA NOI93Y GIAVHS IHI- ISY G5 =

1 1 [

' | i -~

oo mdm b B ]
1 [ X~

7 1
|

femmmrm—m—

'

viavy

h3sR" € =01
n3s0° € =
LEICRNE

I ! 1 1 !

[P S g1

13
8
h3LTT 2 = L
n3ZL 1 = 9
LT A )
€36€° 8 = N
€3L6° € = €
23Lhh- = 2
€3L8°h- = 1
3414 WG Wb (159’

*3d14 030734 Y3LIWVIQ HONI-h NI S3SSIULG WNAISIY - Z YN9I5

(STHONT) INIT¥IINZD Q13M WOHA AVMY IONVLSI(
50 20

Q'] ONOTY SSIULS
WNAISIY = 4 “SNVIOVY T968HTSO'0 = @

@- (e psoi=t

Q'] 9NOTY (ISM) SSIYLS WIXY WNaIs3y

~ 1$3SSIYLS TIVMHONOYH|
§-1-18-H-¥V4

S-T-18-W-Wvd '3d14 YMG ¥ILIWVIQ HONI-h - T 3¥noly
B e e — VIXY
o
g
gl» 3
NIVYLS s
V101 INIIWAINGI = 2 El
26'2<2 IS QTT = H g
ﬂjmﬁmnmwwwnm 45'2>2 1% Q0h = H B !
$3d07S ONINIAYVH HAOM ..J.m
‘Tl 5]
 —
= B =
- i i 5 0 Y O
I
1171777
I 11777
SR T 111717
oo WLT ISVE| 7Y H | o
*N3WID3dS G31V3¥] -JSH] GNV 3ON3y343Y 3HL ¥Od !
INTTYILND) Q3N WO FONVISIQ SNS¥3A SS3HLS @314 u
3INITY3LINID @134 WO¥d SIHON] 1
h'e \ 0z 91 [ . 0 . ocu
T T T T T T T T T T
-
= o~ H_
- -~ ~—
~-~_
4
™ —— —_ ~~ -~ 14
- ——— ~—~_ -
———— -~
= —_—_——— - B
—_) 1
0
-0¢
- E
- *1'Q 39N3¥3AAY o —s¢
- '0'0 ISHI O -
L Q'] 3ONIWIAIY @ #
L ‘01 ISHI = -
1 ! L L 1 1 1 L 1 i oh

IS fs$S3yLs @I,

F 3/5



YIELD STRESS (KsI)

26" BWR P1Pe

8 8L8R 2
i 0.,
WELD
METAL
L
BASE METAL b
L 5,50 I.D. |
>
0.80"
[ | OUTER RADIUS(R,)
L R oo B 4 ;
|| | o = 7 g cos] T RoRy ] +
~
| | | RESIDUAL o ~—_1
[ STRESSES | ¥ = 60 S~
46 l 00 = 0 N
7 -
op(ks1) I /)
< |-
an P LINNER RADIUS
= (IN
0.25 0.50 0.80 4 20 0 -2 -40 (Rp)
THROUGHWALL DISTRIBUTION
OF RESIDUAL STRESS
F16uRE 5 - REsIDUAL STRESSES IN 26" BWR P1PE,
FAA-M-81-1-5
l’\ - 26" BWR P1pe
0.D.
% (ps1) (IncHEes)
1 = -2.32E4
2 = -1.SIEY 1.2
3 = -6.9BE3
U = 1 .13€3
5 = 9 .2uE3 Lo
6 = 1 .73EM4
7 = 2 .S5E4
8 = 3 .36E4 081
8 = U .17E4 1 1 1 I i
1 1 I 1 | 1
10= 4 .98EY e e e A ot &
[ R ] )
AXIAL STRESSES BECOME TENSILE
0.2T ABOVE THE INNER SURFACE
041 OF THE PIPE (T = THICKNESS)
0.24
e 7
——a_ | l ~—
3 E's'gxim?é ?Eglgbsnc DOMAIN | T =4 — L LDy SR L it I
3 _ -20 -10 0 10 20 30 D
s ONLY A SEGMENT OF THE ENTIRE FE MESH 1S SHOWN HERE CoMPRESSION TensToN Ks1
AXIAL Fi6ure 7 - THROUGHWALL AXIAL STRESSES IN A 26-INCH PIPE AT
115 FIGURE 6 - As WELDED: AXIAL STRESs AT 14,0 ksi PuLL. 0.4 1ncHES Away From THE WeLD CenTER LINE AT 14 kst Loap,

FAA-M-81-1-5

F 3/5



*ONIGVOIN)) ¥3Ldy SSIULS WIXY :[SH[ - T 3¥norg

3d1d ¥3ILIWVIA b

*ISY O'HT LV SSIWLS WIXY :[SH] - ZT 3un9ly

3¥IH NMOHS ST HS3W JJ IWILNI 3HL 40 INIWOIS V ATNO IWIXY

1% 5°0- = % 19 G'g- =%

D
B 1 [ | !
dn‘cx,i._wnva‘.»f ,:+.--+|-»+|4/|\wujnﬂrn~.h.‘

. o Sty

L S e

B e bk

A e

NIVWOQ J1LSV1d 3HL S3LYN9ISIA NOI9IY GIAVHS 3HL
3d1d ¥ILIWVIA

*INOINHII] ([SH]) LNIWIAOHIW] SSIULS
9NILV3Y NOILONGN] 40 JILVWIHIG - § 3unol4

—
YILVM

9N1700)
—_

1
IRAR

3d14

SUEQET)

7102 NOILONGN]
S-T-18-W-WV4

S-1-18-H-WV4

*370A) ONIQVOT] V ¥3Ldy

(*Q'19NOTY) ZWH NI S3SSIULS TVNAIS3Y ONINIVWIY 40 39VINIOY34 - [T 3unoly

0g

Iavy

€38€° 8
€31 9 =
€302 b =
€391 ¢ =
1391 6 =
€386°1- =
€350°h- =
€3e1°9- =
€302°8- =

~a Mz 0 e ® o0

§-1-18-H-v4

vTavy

h39s° € =01
LECTRNC
h3sg" z =
nIsI 2z -
LELVASE S
h3gz 1 =
€3€2" 8 =
CETCRE
23L6"8- =

~ MW e~ oo

€3gh’s- =
Z,
(1sdy %

*3dIg (ISHI) .h NI NOLLNGI¥LSI] SSIULS WWNAISIY - 6 3unoly

3414 1537 1

7100 ONILYIH— H

SISATYNY 34 02z
NI a3sn
ssauLs MAISH~_ ot-
F . L o
| -
€ 2 1 GR “‘
ot
(S3HONI) %) 10D Wo¥d 3ONVLSIQ
S-1-18-H-W4

(18%) 30vuns
*Q'] SS3¥LS WNGISIY WIXY

(IS3) S¥NOJ0 ONIAYOTINN HOTHM WO¥4 SSIVLS

14 0z St ot
T T o

w
o

1 1
~

o
(9—NIGVO1Nﬂ ANV ONIQVOT ¥3Ldv) ‘('] LV SS3yLS

3d1d HONI-f - [SHI A‘

*SS3NMOIH]| JHL SSO¥IY NOILNEIYLSI]
$S3YLS WNAISIY 3HL 20 3T140¥d - QT 3WN914

(ISY) ss3WLg
of 0z o0l 0  Ol- o0z 0t
uu«m%mmm:.n.:.'._llﬂlll

1

$S3Y1S dOOH -o-
S$S3YLS WVIXY o

(S3HONT) SSINNJIH|

.ﬁ s
L,

30v3uns 3d1d 'Q'0

S-1-18-W-WVd

VNAIS3Y AISSIYAWOD ONINIVWIY 40 IOVINION3Y

F 3/5

—10 —



