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1 hereby certify that the revisions to this document and the cal-
culations contained herein were prepared by me or under my direct
supervision, and to the best of my knowledge are correct and
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design margins required by the original Code of Construction have
not been reduced as a result of the activities addressed herein.
I am a duly Registered Professional Engineer under the laws of
the State of California and am competent to review this document.
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Registered Professional Engineer
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Registration No. C 027862
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1.0 INTRODUCTION

This report summarizes analyses performed bv NUTECH to
evaluate flaw indications in the Reactor Recirculation,
Residual Heat Removal (RHR), and Core Spray systems at
Commonwealth Edison's Quad Cities Nuclear Power Plant
Unit 1. Ultrasonic (UT) examinations of welds in these
systems since 1984 have identified flaws judged to be
intergranular stress corrosion cracking (IGSCC) in the
vicinity of a total of thirty-one welds. Seventeen
flawed welds in the Reactor Recirculation system were
identified prior to and/or after Induction Heating
Stress lmprovement (IHSI) mitigation of this system
during the 1984 outage. Fourteen additional flawed
w2lds were identified during the 1987 outage. Of these
fourteen welds, six flawed welds were discovered in the
Core Spray and one flawed weld was discovered in the RHR
systems not previously mitigated by a stress improvement
process. Of the remaining seven welds, five welds in
the previously IHSI-mitigated Reactor Recirculation
system were discovered to have only axial flaws. The
locations of all these welds are shown in Figures 1,0-1
through 1.0-5.,

Tables 1.0-1 through 1.0-6 present descriptions of the
IGSCC flaw indications at Quad Cities Unit 1., Table
1.0-1 describes flaws in three Reactor Recirculation
system welds which were overlay-repaired during the 1984
outage and built-up to "standard" overlays during the
1986 outage. Table 1.0-2 describes flaws in twelve
Reactor Recirculation system welds which were overlay-
repaired during the 1984 outage and built-up to
"standard” overlays during the 1987 outage. Table 1.0-3
describes flaws in one Reactor Recirculation system weld
which was "leak barrier" overlay~repaired in 1984 and

CWE-15-203 1.1
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has had a pipe clamping device on it since that time.
Teble 1.0-4 describes flaws in eight Reactor Recircula-
tion system welds IHSI-mitigated during the 1984 outage
and overlay-repaired during the 1987 outage. Only one
of these welds had reported 1GSCC-indications prior to
IHSI mitigation. Table 1.0-5 describes flaws in six
unmitigated Core Spray system welds that were overlay-
repaired during the 1987 outage. Table 1.0-6 describes
flaws in one RHR system weld that was mitigated by the
Mechanical Stress Improvement Process (MSIP) during the
1987 outage. The fifteen flawed welds in Tables 1.0-1
and 1.0-2 having "standard" weld overlay repairs have
been surface finished to permit volumetric inspection of
the weld overlay repair and part of the original pipe
wall. The one "leak barrier" overlay-repair with the
pipe clamping device in Table 1.0-3 was ultrasonically
inspected for bonding between the overlay and original
pipe wall surface in 1984. The fourteen overlay-
repaired welds in Tables 1.0-4 and 1.0-5 have been
surface finished to permit an ultrasonic bonding
inspection of the overlay to the original pipe surface.

The design of previous weld overlay repairs and the
analysis of IHSI-mitigated weld flaws discovered during
the 1984 outage at Quad Cities Unit 1 are described in
NUTECH Report COM-96-202 (Reference 1). The evaluation
of three weld overlay repairs built-up during the 1986
ocutage and the effectiveness of one previously IHSI-
mitigated flawed weld re-examined during the 1986 outage
at Quad Cities Unit 1 is described in NUTECH Report
CEC-47-100 (Reference 2).

The purpose of this report is to demonstrate that the

original design margins of safety for the flawed welds
at Quad Cities Unit 1 have not been degraded by the

CWE-15-203 1,2
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presence of IGSCC flaw indications or repairs. In
addition, it will be demonstrated that all the overlay
repairs initially installed during the 1984 outage and
built-up to "standard"” designs during the 1986 and 1987
cutages are adequately sized to meet anticipated changes
to regulatory requirements, Section 2.0 presents a
general description of the overlay repairs and build=-ups
performed at Quad Cities Unit 1 during the 1987

outage. Sections 3.0 and 4.0 present the evaluvation
criteria and loads used in the analysis of overlay-
repairec and stress-improved weld flaws. Section 5,0
presents the evraluation methods and resuits. Sections
6.0 and 7.0 present a summary of conclusions and the
references used in the evaluation.
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Figure 1,0=1

QUAD CITIES UNIT 1
FLAWED WELD LOCATIONS
REACTOR RECIRCULATION SYSTEM LOOP "A"
(Reference 3)
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Figure 1.0-2

QUAD CITIES UNIT 1
FLAWED WELD LOCATIONS
REACTOR RECIRCULATION SYSTEM LOOP "B"
(Reference 3)

CWE=15-203 1.11

Revision 0 nIJtQQJJ



SEE FIGUPE 102 FOR
CONTINUATION

1080 813

PENTRAT ON
X138

RHR LOOP "“B"
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Figure 1.0-3

QUAD CITIES UNIT 1
FLAWED WELD LOCATIONS
RESIDUAL HEAT REMOVAL (RHR) SYSTEM LOOP "B*
(Reference 4)
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QUAD CITIES UNIT 1
FLAWED WELD LOCATIONS
CORE SPRAY SYSTEM LOOP "A"
(Reference 5)
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Figure 1.0-5

QUAD CITIES UNIT 1
FLAWED WELD LOCATIONS
CORE SPRAY SYSTEM LOOP "B"

(Reference 5)
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2.0 REPAIR DESCRIPTION

The weld overlay repairs implemented at Quad Cities
Unit 1 can be placed into three categuries. The first
category is made up of previous weld overlays from the
1984 outage that were built=-up during the 1986 and 1987
outages to meet "standard" (fullestructural) design
requirements and to enable adequate surface finishing
for nondestructive examination (NDE) of the overlays.
The second category consists of new weld overlays that
were applied during the 1987 outage. The third category
is a "leak barrier" overlay repair that was applied
during the 1984 outage and has had a pipe clamping
device on it since that time.

For all these categories, repairs have been made hv
increasing the pipe wall thickness through the deposi=-
tion of weld metal 360 degrees around and to either side
of the existing weld, The weld-deposited band provides
additional wall thickness to restore the original Code
safety margin., 1In addition, the welding process pro-
duces a strong compressive residual stress pattern on
the inside portion of the pipe wall (as discussed in the
Reference 6 paper), which prevents further crack growth,
The deposited weld mecal is either Type 308L or Type
309L with contro.led delta ferrite content so as to be
resistant to the propagation of IGSCC. As~built
information for all weld overlays is shown in Figure
2,0-1 and Tables 2.0-1 through 2.0-3.

The nondestructive examination (NDE) of each weld
overlay repair applied at Quad Cities Unit 1 consisted
of the following:

CWE=15-203 2.1
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Surface examination of the existing pipe surface at
new weld overlay repair locations by the liquid=-
penetrant testing (PT) technigue in accordance with
ASME Section XI.

Delta ferrite content measurement of the first
layer of new overlays or the first layer to
increase the length of an existing overlav.

Enhanced visual examination of the first weld
overlay layer for evidence of IGSCC flaws for new
and built-up overlays (discoloration, porosity,
etc.).

Surface examination of the completed weld overlay
by the PT technique in accordance with ASME Section
X1,

For the weld overlay repairs listed in Table $.0=1,
volumetric examination of the completed weld over-
lay repair and part of the original pipe wall by
the ultrasonic testing (UT) technique developed by
EPRI,

For the weld overlay repairs listed in Tables 2.0-2
and 2.0-3, UT bonding inspection of the overlay to
the original pipe surface in accordance with
Commonwealth Edison Special Process Procedures
utilizing a straight beam technigue.

All UT examinations were performed by EPRI-qualified
examiners.,

CWE-15-203
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QUAD CITIES UNIT 1

BUILT-UP WELD OVERLAY REPAIR DETAILS

1986 AND 1987 QUTAGES

'A* SIDE *B* SIDE T07AL FIRST

——————eeereeeeenas e LR ' LAYER

LD PIPE WOR (1) COMPOMENT  DIMEN.  [OMPOMENT  DIMEN, TRICK,  THICKNESS
ND. It YWt A1 " TYeE " B (3 %

02':'54 12. ’ ".' 2-]25' t!'o‘ 2~]”. °|‘2‘. 0-“..
020-84¢  12¢ | Pioe 2.128° Elbow 2.12% 0. N/ A
02€-54 12¢ ! Pioe 2.2% Elbow 2.2% 0. 344 N/A
02F-54¢ 12¢ ] Pise .00 Elbos & 0,294 0.073*
026-53 12* 1 Elbon .32 Pipe 32 0.380* 0.1%0°
026-5¢ 12¢ ! Pioe 2.2%° Elben 2.2% 0.331° LI
OM-83  12¢ 1 Elbow L Pige 2.2%¢ 0,434 N/A
O2M-84  32* ! Pioe .28 Elbow 2.2% 0.33" NA
02-Fp 12 ! Sweesolet 1,50 Fioe 2.0° 0.260" LI
02J-83 12* ! Eldow 2.2%° Pipe .23 0.3 WA
02)-8¢ 120 ] Pise 58 Elbos 2.51% 0.3%:* LI
ox-8y 12 ) Elboe 2.2%° Pipe .28 0. 345" L]
-84 12¢ ! Pige .8 Elbow LY 0.31%° Kk
028-87 20 i Cross M Pioe 2.50° 0,959 0.102°
020-810 2 ] Pige 3.378%¢ End Cao 2,378 0,507 NA
NOTES:
Yoo See Frgure 2,01 for weld overlay repair (WOR) detay) types.
20 "R and 'D" Greensions are within 0.12%° accuracy.
I Total WOR thickness on flawed side of weld,
A Furst Laver thickness, tf, 1f low delta ferrite was seasured,

CWE=15-203
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10A-F 11
14a-88
14A-59
1B-F2
140-58

0252

02n-54
020-F)
0295-83
0295-59

NOTES:

Table 2.0-2

QUAD CITIES UNIT 1
NEW WELD OVERLAY REPAIR DETAILS
1987 OUTAGE

At SIDE ‘0 SIDE T0TAL
- ceemcesans 0e
PIPE WOR (1) COWPOMEN!  DIMEN.  [OWPOMENT  DIMEN, T™™ICK,
SITE TYME 1YPE " 0 TPt w2 L
T
10 3 Vilve N/A Elbe: 1,290 0.191°
e 2 Pioe 1,78 Elbos L8 0.2%*
10t 2 Elbow 1.31%° Pioe 1.37%° 0.1
10 3 Pive 2,00 Sate Ene LI 0,184
10 2 Elbow 1.%0° Elbon L% 0.154*
12 2 Elben .28 Pipe 3.2 0. 140"
12* 2 Eldow 2,00 Pioe 2,00 0.188°
iz 2 Eitos 2.1%8¢ Pige 2,128 0.1
12* 2 Elbon 2,128 Pise 2.12%¢ 0,300
12* 2 Pige 2.0 Elbow 2,00 0.301°
a2 3 Pige 4.37%° Vilve A 0.188"
il 2 Pipe 1,90 Tee 1.5 0.231°
an 2 Pise 4% Elbos 4% 0.172°

Lo See Fagure 2,0+1 for wale overlay regair (WOR) dotarl types,
20 ' and CD dreensions are withan 0,128 atceracy.
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QUAD CITIES UNIT 1]
PIPE CLAMPED WELD OVERLAY REPAIR DETAILS
1984 OUTAGE

At SINE ' SIDE TOTAL

...... sessesssssasss ssscssesssssssssasea s

" PIPE w0k ([| COMPONENT  DIMER.  COMPOMENT  DIMEN, THICK,
R, SIE  Tveg Treg "2 TYPE "2 c 4

MAERERAARE SRR SRREERS SRR EAAE SeERaRs - cessesane R

om-83 12* i Elbon 1.62%° Pipe .2 0.137°
MOTES,

1o See Figure 2,0+1 for weld overlay repair (WOR) detail types,
2. A" anc D" cisensions are within 0,129 accuracy.
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Type 4

Figure 2.0~-1

GENERAL WELD OVERLAY REPAYR DETAILS
1987 OUTAGE
(U.S. Patent No. 4,624,402)
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3.0

3.1

EVALUATION CRITERIA

Stress=Improved Weld Evaluation

For the Quad Cities Unit 1 1987 outage, NUTECH has
performed flawed pipe evaluations for Welds 10BD-S13,
02B-F), 02BS=-S5, and 02BS=S9 to justify continued
operation., Weld 10BD-S13 (see Table 1.0-6) was
MSIP-mitigated during the 1987 outage. Welds 07B-F],
02BS=-S5, and 02BS~S9 (see Table 1.0-4) were stress-
improved during the 1987 cutage through the use of
residual stress improvement "leak barrier" overlay

repairs (see Table 2.0-2)., The following criteria were

used in the evaluation:

1. The beginning=-of-fuel cycle (evaluation period)
bounding flaw size used in the crack growth
analysis was the as-measured flaw depth by 360
degree c.rcumferential length (conservative).

I8 The predicticn of end-of-fuel cycle (evaluation

period) flaw depth was based upon a conservative

IGSCC crack growth correlation from NUREG-0313
\Reference 7) as shown in Figure 3.1-]1 for a
combination of dead weight, internal pressure,

differential thermal expansion, and weld overlay

shrinkage stresses (caused by weld overlay repair

of other welds in the piping system).

3, The calculation of IGSCC flaw growth was based upon

conservative original butt-weld, post-IHSI, post~-

MSIP, and under-the-overlay axial throughewall
residual stress distributions.

nutech



4. The prediction of end-of-fuel cycle (evaluation
period) flaw length was based upon the crack length
extension guidelines of NUREG=-0313.

5. The predicted end-of-fuel cycle (evaluation period)
flaw geometry was compared to Table IWB-3641-5
(Reference 8) allowable flaw size values for a
combination of dead weight, internal pressure,
seismic, differential thermal expansion, and weld
overlay shrinkage stresses.

For Welds 02B-F1, 02BS-SS5, and 02BS-S9, the thicknesses
of the residual stress improvement "leak barrier"
overlay repairs were included in the overall pipe wall
thickness used in the flawed pipe evaluations. Because
these three welds also contain axial flaw indications,
the overlay repairs applied to these welds were
evaluated in accordance with the axial flaw criteria
described in Section 3.2.

3.2 Clonventional Weld Overlay Repair Evaluation

The following criteria were used by NUTECH to design/
evaluate all of the weld overlay repairs shown in Tables
2,0-) through 2.0-3 (except circumferential flaws in
Welds 02B-F1, 02BS-SS, and 02BS-S59) that have been
implerented or built-up at Quad Cities Unit 1:

For welds with circumferential flaws, the
circumferertial flaw depth was assumed to egual
100% of the original pipe wall thickness by a
conservative 360 degree length.

2. For welds with axial flaws, the axial flaw depth
was assumed to te a minimum of 1008 of the original

CWE-15-203 3.2
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pipe wall thickness with a depth equal to the
greater of 1.5 times the pipe wall thickness or its
measured length, If an axial flaw was drawn up
into the overlay due to a steam blow=out, the
actual flaw depth was used.

Credit was taken for the first layer if the delte
ferrite content was at least 7.5 FN. If the
ferrite content was below this value, any circum=-
ferential or axial flaws were assumed to extent
through the first layer.

Under-the~-overlay repair fatigue crack growth for
circumferential and axial flaws was calculated for
a 30 year design life based upon a conservative
fatigue crack growth correlation derived from data
presented in EPRI Document NP=-2423-LD (Reference 9).

For circumferential flaws, the weld overlay repair
strength for a combination of dead weight, internal
pressure, and seismic stresses was compared to the
net section plastic collapse criteria of ASME
Section XI, Table IWB-3641~-1, Because this table
has an arbitrary cut-off point at a stress ratio of
0.6, NUTECH has develcped an expanded version
(Table 3.2-19 based upon the Table IWB=3641-]
source equations shown in Figure 3,2-1.

For axial flaws, the weld overlay repair was
compared to “"leak barrier"™ weld overlay repair
criteria presented in Table 3,2-2 from NUTECH
Document COM-76-001 (Reference 10).

3.3
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Table 3.2-1

FLAW DEPTH!!)-TO-THICKNESS RATIO FOR CIRCUMFERENTIAL FLAWS
NOPMAL OPERATING CONDITIONS

Pm + P Ratic of Flav Length, L, to Pipe Circumference ([Note (3)]
S
" 0.5

[Note (2)]) 0.0 0.1 0.2 0.3 0.4 or More
1.5 (4) (4) (4) (4) (4) (4)
1.4 0.75 0.40 0.21 0.15 (4) (4)
1:) 0.75 0.75 0.39 0.27 0.22 0.19
1.2 0.75 0.75 0.56 0.40 0.32 0.27
1.1 0.75 0.75 0.73 0.51 0.42 0.34
1.0 0.75 0.75 0.75 9.6) 0.51 0.41
0.9 n.75 0.75 0.75 0.73 0.59 0.47
0.8 0.75 0.75 .75 0.75 0.68 0.53
6.7 0.75 0.75 0.75 0.75 0.75 0.58
0.6 0.75 0.75 0.75 0.75 0.75 0.63
0.5 (5) 0.75 0.75 0.75 0.75 0.75 0.68
0.4 (5) 0.75 0.75 0.75 0.75 0.75 0.73
0.36 (5) 0.75 0.75 0.75 0.75 0.75 0.75

NOTES:

(1) FPlaw depth = a for a surface flaw
2a_ for a subsurface flaw

(2)

(3)
(4)
(s)

t = nominal thlglno:s

Linear interpolation is permissable.
= primary membrane stress
= primary bending stress
= allowable design stress intensity {in accordance with Section I17)

’-
Py

S
C?r

cumference based on nominal pipe diameter.

INB-3514.3 shall be used,

Der ived using source equations.



Table 3.2=2

LEAR BARRIER REPAIR CRITERIA

FOR AXIAL FLAWS

(Reference 10)

STRESS
RATIO

NONDIMENSIONAL F
L/

W LENGTH

0.00

0% 0.50

1.00 2.00

10
0.50
0.8
0.70
0%
0.90
0es
1.00

Hm

= (W 8-3840

* LEAK BARRIER ONLY REQUIRED

STRESS RATIO = #) /2T 8m

P o MAXIMUM PRESSURE FOR NORMAL OPERATING CONDITIONS
D = NOMINAL OUTSIDE DIAMETER OF TWE PIPE
T = NOMINAL THICKNESS
Ly = ENDOF.EVALUATION PERIOD FLAW LENGTM
R = NOMINAL RADIUS OF THE PiPE

CWE=15=-203
Revision 0
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For a ¢« 8 ¢ 180°

UL _’—5— (racdians)

2772 (5B« 0.8 ~ % (24in 0 - gina) 0

for s+ 8> l80¢
i d-
LI — (radians)
e

2773 (50 - 0.5 =% (2-4) ainbeo

Where:

* half-crack length (radians)
® neutral axis location angle (radians)
* flaw depth (inches)

"e =0

® pipe thickness (inches)
SR * stress ratio « ggig_gg
Pm » primary memdrane 8%ress
Pb » primary bending stress

§» » allowable s:iress intensity
(per ASME Section II1 Appendices)

NA = Meutral Axis
B« Mear Radius

Figure 3,2-]

SOURCE EQUATIONS FOR ALLOWABLE END-OF=-EVALUATION PERIOD
FLAW DEPTH-TO-THICKNESS RATIOS FOR CIRCUMFERENTIAL FLAWS

CWE=158«203 3.8
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APPLIED AND RESIDUAL STRESSES

Various stress combinations are used in evaluating IGSCC
flaws and repairs as explained in Section 3.0. The
purpose of this section is to present the stresses
acting on the weld locations discussed in this report.

Primary Stresses

Primary stresses include the effects of dead weight,
internal pressure, and seismic loads. The design
pressure of 1,250 psi was obtained from the original
piping design specification (Reference 12). The dead
weight and seismic stresses applied to each weld were
obtained from References 13 and 14, respectively. The
primary stresses associated with these various loads are
shown in Table 4.1-1,

Secondary Stresses

Secondary stresses include piping system differential
thermal expansion stresses and through=-pipe wall thermal
gradient stresses caused by piping system thermal
transients; weld overlay shrinkage-induced stresses; and
original butt-weld, post=-IHSI, post=-MSIP, and under-the-
overlay through=wall residual stresses.

1. Thermal Stresses and Transients

The piping system differential thermal expansion
stresses for each weld were obtained from Reference
13 ard are shown in Table 4.1-1.

Reference 1 defines the design transients for the
recirculation systems for Quad Cities Unit 1,

08 4.1
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These transients were conservatively grouped into
three composite transients. The first composite
transient is a startup/shutdown transient with a
heatup or cooldown rate of 100 degree F per hour.
The second composite transient consists of a S0
degree F step temperature change with no change in
system internal pressure. The third composite
transient is an emergency event with a 416 degree F
step temperature change and a system internal
pressure change of 75 psi. Figure 4.2-]1 presents
the number of cycles conservatively postulated
during a 30-year balance-of-plant life design.
These transients cause the through=-wall temperature
gradients detailed in Figure 4.2-2,

2. Weld Overlay Shrinkage-Induced Stresses

Each weld overlay causes a small amount of axial
shrinkage underneath the overlay. This shrinkage
induces bending stresses in the remainder of the
piping system, These shrinkage-induced stresses
are calculated using NUTECH computer program PISTAR
(Reference 15)., The actual as-built shrinkages as
shown in Table 4.2-) are used in the analysis. The
resulting shrinkage stresses are included in the
1GSCC crack growth analysis of stress~improved
welds and are shown in Table 4,2-2.

3, Residual Stresses

Figure 4.2-3 presents the original butt-weld axial
through=wall residual stress distribution from
NUREG-0313 (Reference 7) used in the IGSCC crack
growth evaluation of Welds 10BD-513, 02B-F],
02BS-S5, and 02BS=-S9, Figure 4.2-4 presents the

CWE=15-203 4.2
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post=IHSI t}h--ugh-wall residual stress distribution
from EPRI Document NP=-2662-LD (Reference 16) used
for Welds 02B-F]l, 02BS-SS, and 02BS=-S9., Figure
4.2-5 presents the post=-MSIF through-wall axial
residual stress distribution from an O'Donnell and
Associates document (Reference 17) used for Wald
10BD=-S13,

Figure 4.2-6 presents the under-the-overlay
through=-wall axial residual stress distributions
used for Welds 02B-F1, 02BS-SS, and 02BS~-S9. These
distributions were determined using the WELDS I1I
computer program (Reference 18).

CWE=]15-203 4.3
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QUAD CITIES UNIT 1
TOTAL AS-BUILT WELD OVERLAY SHRINKAGES

ATTAL ATTAL
L 384 KR | Al ¥ MR | ML ASE

L {In,) ", (e
T T S
14A-F || 0.083 02n-83 0,239
144-58 0N 02M-84 0.389
14A-55 0.1 021-F¢ 0.19
N-F2 0.083 02)-83 0.3
140-88 0.112 023-84 0,313
02C-83 0,203 0283 0,480
02C-54 0.31¢ 02-54 0.22¢0
02-53 0.148 02n-§3 01m
020-84 0.197 on-54 0.268
02€-53 0,193 020-F) 0.0n
0254 0.2 0287 0.110
02 -5 0.231 020-510 LI
-5 0.3 ¢ L H) 0.002
026-53 0.270 0205-59 0.008

FTotal of anial sheintages recorded during
1984, 1986, and 1987 outages.
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Table 4.2-2

QUAD CITIES UNIT 1
WELD OVERLAY REPAIR AXIAL SHRINKAGE STRESSES

3
0

Wit
L1 STRESS
0. (P§1)

$0B0-513 892

0-F) el
028853 ]
0288-§9 mn

FWeld overlay shrinkage (W0S) at stress-
1aproved flawed welds only,
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THROUGH-WALL TEMPERATURE
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Figure 4,2-3

NUREG~0313 ORIGINAL BUTT-WELD

THROUGH-WALL RESIDUAL STRESS DISTRIBUTION

(Reference 7)
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5.0

EVALUATION METHODS AND RESULTS

This section presents the evaluation methods and results
used to assess the acceptability of the overlay-repaired
and stress-improved weld flaw indications at Quad Cities
Unit 1.

Stress-Improved Welds

Flaved Pipe Analysis

Table 5.1-1 presents the pipe and flaw geometric
details needed to calculate applied stresses and
predict crack growth in the stress-improved flawed
welds at Quad Cities Unit 1. NUTECH's NUTCRAK
computer program (Reference 19) was used to predict
crack growth. The conservative crack growth corre-
lation shown in Figure 5.1-1 £ NUREG=-0313
(Reference 7) was used where:

da = differential crack size (inches)
dt = differential time (hours)
K = applied stress intensity factor (ksi+ in.)

Table 5.1-2 presents the predicted end-of-fuel
cycle (evaluation period) flaw depths for the
stress-improved flawed welds for the various
trhrough-wall residual stress distributions
discussed in Section 4.2. Table 5.1-3 presents the
predicted end-of~fuel cycle flaw lengths based upon
the predicted flaw depth growth and the flaw length
exteision guidelines discussed in Section 3.1.

CWE-15-203 5.1

Revision

° nutech



Flawed Pipe Evaluation

As discussed in Section 3.1, the predicted end-of-
fuel cycle flaw geometries were compared to the
requirements of ASME Section XI (Reference 8),
Table IWB-3641-5. The results of this evaluation
are shown in Table 5.1-4.

¢ Conventional Weld Overlay Repairs

1.

CWE=15-203
Revision )

Circurferential Flaw Weld Overlay Repair Evaluation

Table 5,2-]1 presents the pipe and flaw geometry
details needed to calculate the applied and
allowable stress ratios for all the circumfer-
entially flawed overlay-repaired welds at Quad
Cities Unit 1 except Welds 02B-F1, 02BS-S5, and
02BS=-89 which are addressed in Section 5.1.
Applie’ stresses are found in Table 4.1-1. Table
5.2-2 presents a comparison of predicted flaw depth
ratios due to applied loads versus the allowable
flaw depth ratios for the circumferential flaws
detailed in Table 5.2-1., As discussed in Sectiorn
3.2, the allowable flaw depth ratios shown were
calculated using the source equations of ASME
Section XI Table IWB-3641-]1 with an arbitrary
maximum allowable flaw depth ratio of 0.75. As a
result, all of the weld overlay repairs shown in
Table 5.2-2 meet NUREG-0313, Revision 2 *standard"
overlay requirements except for Weld 02G-S3.

Because post-overlay repair surface conditioning
grinding provided a final weld overlay repair
thickness below NUTECH's requested "standard”
overlay repair design thickness, this overlay has a

hutech
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predicted flaw depth ratio (0.77) slightly over the
Table IWB-3641-1 maximum allowable flaw depth
ratio. Using the altzsrnate flaw evaluation
requirements of Paragraph IWB-3642, an applied
stress ratio of up to 0.3]1 is permitted for a flaw
ratio fo 0.77 for a net section plastic collapse
failure mode (applied stress ratio for Weld 02G-S3
is 0.26). From NUTECH Report CEC-73-205 for Quad
Cities Unit 2 Weld 02A-S10 (Reference 21) an
applied stress ratio of 0.26 wvill not cauie an
unstable tearing failure in a 360° flaw with a
depth of up to 80% through=-wall (maximum predicted
flaw depth ratio for Weld 02G-S3 is 0.77).

Because the Weld 02G-S3 overlay repair meets
Paragraph IWB-3642 requirements, only requires
0.03" of additional thickness to meet Paragraph
IWB-364]1 regquirements, and has no detected flaws in
its low delta ferrite first layer to date, this
weld should be considered as a "standard"™ overlay
to avoid additional man-REM exposure associated
with either building-up the overlay thickness or
increased UT examinations resulting from the
classification of this weld as NUREG-0313 Category
F instead cf Category E.

2. Axial Flaw Weld Overlay Repair Evaluation

Table 5.2-3 presents the pipe and flaw geometric
details needed to determine applied and allowable
stress ratios for 21l the overlay-repaired welds at
Quad Cities Unit 1 with axial flaws. Table 5.2-4
presents a comparison of stress ratios for the
axial flaws given in Table 5.2-3., The allowable

CWE=-15-203 5.3
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5.3

stress ratios shown were determined using the
leakage barrier criteria presented in Table 3.2=2,

Weld 02B-S?7 Weld Overlay Repair

Figure 5.3-1 presents the axisymmetric linear elastic
finite element model used to evaluate the acceptability
of the overlay repair length for Weld 02B-S7 at Quad
Cities Unit 1. This model contains a 100% through
original pipe wall plus low delta ferrite first layer
crack depth with a 360 degree length, The ANSYS
computer program (Reference 20) was used to perform this
analysis for the applied loads corresponding to the
stresses shown in Table 4.1-1. A comparison of the
maximum applied stress intensities acting through the
weld overlay repair over the assumed crack with ASME
Section I1I (Reference 11), Subsection NB allowaple
stress intensities is presented in Table 5,3-1.

CWE-15-203 5.4
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STRESS-IMPROVED FLAWED WELDS

Table 5.1<-1

CWE=15-203
Revision 0

weld overlay shrinkage stresses from Tadles 4.1-|

and 4,22,

5.5

L (%)
(DEBREES)

380

PIPE AND FLAW GEOMETRIC DETAILS
WO [ WAL 4 (4
WL 0.0 (1 tp () 10 13} vsesvnsorssithaiden
N. {IN.) (1N {IN,) (1 tp) (IN,)
108D-513 16,0 0.722 N/A 20 0.144
028-F) 22,0 1,12 0.18% 2 0.29i
0285-8% 2.0 LA 0.231 2% 0.3
0285-59 .0 1.22 0.1m2 " 0.3
WTES:
1, 0.0, » outside disneter,
2. tp * pipe will thickness.
3. to s weld overlay repair thickness,
4. a1 = deginning=of=fue) cycle (1nitial) flaw depth,
S. L wcrack growth evaluation flaw length,
b, Sustaines stress = deadweight ¢ interna! pressure ¢ thermal expansion ¢

SUSTAINED
STRESS (&)
(P81}

..........
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Table 5.1=2

STRESS~-IMPROVED FLAWED WELDS

PREDICTED END=-OF=-FUEL CYCLE FLAW DEPTHS

at (2)
TR RS, () RETAL R () MSTMR RS (3
LD §i (1) ossvesccsccesesasannas cossesscscsnssesesses soe sessecensescassases
L (1) {IN) (Titpete))  (IN) (Ttpeto))  (IN.) (1(tpete))
TS o e W M m w W
02-F1 0.29) 0.48¢ n 0.291 2 0.293 2
020553 0.3l 0,674 “® 0.3 2 0.3%7 A
0205-8% 0.5%7 0.70% 3 0.597 b 0,897 "
MTES:

1. a1 v beginning-of=fuel cycle (initiral) flaw depth,

2. af « eng-of-fuel cycle flaw depth,

3, WUREG-OIY residual stress (R.S.) distridbution (see Figure 4,2-3),

4, Either 1NS) (wee Figure 4.2-4) or WSIP (see Figure 4.2-3) post-stress
ioprovesent (S.1.) axial resaoual stress (R.S.) distribution,

3. Under-the-overlay residual stress (R.5.) distridutions (see Figure
4.2-8).
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Table 5.1=3

STRESS~-IMPROVED FLAWED WELDS
PREDICTED END-OF=-FUEL CYCLE FLAW LENGTHS

MREE-0313 0.8 (Y) POST-5.1, A3 (Y) POST-N0R R.§, (%)

[ PRSI RSSO SRS A
L8 CowomEYT 4 (1) U Lifes TR (ST Lt () ARTY
w. §in (. . (%) 8.5 14)  at/u () i (in) i ()
1000511 psTREM 0.1M (Ws) (MR | mn A2 | (T3] LH L
et Y L) A Ll Ll ) A L 1) a A Ll LA
LY (tetal) 3.2 (Tr¢) i
0N+ TR A A () A A LI (1) A (] A
S TREM 0. 3.0 10.3 T 1.4 "y 1 3 1,007 1L
Lt (total) "y ) 3.0
0853 P 0.3 1.0 » 1 a1 1.4 1 1.0 1.4 L |
ST (&) a L} Ll L) L) A v LU L)
Lf (tetal) 1. ‘ .08
029850 PSR 0.5 1.0 .Y ! 1.32 1. 1 .0 | Hu
WS TRE 0.408 1. 2.1 | 1.4 7.8 I 12,28 | 1.9
L1 (total) 32.3 .0 N2
WS,
Looai o begunning-ot=1o0] cytle (initial) flaw sy,
i emgeof-tunl cycle flae depth,
2000 # beginning-of-furl cycle (anitial) flow lemgth,
SoLian v anitial flee site aspect ratie,
G Per MBEG-01) (Reterence 7))
L O, sham facter 15.F,) 0 a0t
oIt Lz e 20, 8.F, 0 100,
S 500 Tabie 5.1-2 MOTES for gefinitiony,
. LT v faf/an) VLo 0 8F,
CWE=15=203 -
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STRESS~IMPROVED FLAWED WELDS
ASME SECTION XI TARLE IWB=3641-5

PREDICTED VE, ALLOWABLE FLAW DEPTH RATIOS

WUREG-0313 RESIDUAL STRESS POST-5.1. RESIDUAL STRESS
U e s AT ALE
N0, SRO(1) FLR (2 o (3)(3) et (3) FLR (2] ot 12) (D) at (1) FLR (2)

J Y
028-F) 0.488 0.12 N 60 0.04 2 (1 0.04
028555 0.4%8 0.22 L [ 0.10 2 60 0.1l
020-59 0,43} () b (1 0.2 3% 80 0.2

WOTES:

ISR = K0 ((deadweight + internal pressure + seiseic stresses) +
(theraal expansion + weld overlay sirinkage etresws)/2.77) /50,
Used worst K = |08 for SAAN weloment with 28° outsice diaseter,
50 % 16,950 psi for M stauniess steel pipe and fittings at
350 degree F op.. ccing tesperature,

2. FLR = flaw length ratic = predictes end-of-fuel cycle flas length, L1,
Givided by nominal pipe circustference,

3. Predicted end-of-fuel crele ‘low depth, af, tros Tadle 5.1-2.

CWE=15-203 5.8
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POST-WOR RESIDUAL STRESS

-----------------------

PREDICTED  ALLOWABLE
of (1) (3) i

/A L
e 60
3 60
3 60
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.%‘L vs K for Intergranuier Stress Corromson Cracking

P
-
-
=

98 Ginchihour)

0%

159 x 10¥ k20

3x10% 1 1 L1 1 SN TR Y WA
10 15 20 2% X 40 5 60 70 80 %100
K, (ksi + ViRl

Figqure 5.1=-1

IGE2C CRACK GROWTH CORRELATION
(Reference 7)
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Table 5,2~1

CIRCUMFERENTIALLY FLAWED OVERLAY-REPAIRED WELDS
PIPE AND FLAW GEOMETRIC DETAILS

LILH TS
18] 0.0. It te '3 o t (5 tr o e (N L
W, () (I8, na,) () (1) () () (DEGREES
14A-52 10,78 0.32 0.2% 0.000 0,060 0.2% 0.0 le0
084 1.7 . 1 A 0.089 1.010 0.4 0.4 e
020-54 12.7% 0400 03N 0.00¢ 0./ 0.3 0.40% pTY
0284 12,78 0.4l 034 0,000 0.9 0.4 0014 a0
0%-5) 1.7 0.5% 0.300 0.000 0.%02 0.3 0.0 le¢
05 12.1% 0.5 .M 0.073 0.0 0.I1% 000l M
02%-4) 12.73 0. 604 0.3% 0.1% 0.9%4 0.10 0.7 0
028-54 12.7% 0.4 0.0 0.000 1,010 0.3% 0,084 30
(7. B M n.r 0.5% 0 AN 0.0 1,032 0.4 ¢80 b
OM-54 12.7% 0.8 0.330 0,000 1.017 0.3% 0.4 30
02)-Fp 1,78 0. 584 0.2 0.000 0.0 0.260 0.509 W0
0243 12.78 0,001 0.}y 0.000 0.m™m o.M 0004 £'Y)
0244 1,78 0.3% 6.I% 0.000 o 0.1% 0.4 W
0x-53 12,73 0.5 0.348 0.000 0.9 0.500 0.593 0
0x-54 12,78 0.5 0.31% 0.000 0. 0.319 0.509 340
025 2.0 1.on 0.%% 0. 107 1L.eR 0.9 1L 0
Lrd B 2.0 1.019 0.3 0.000 1.5 0.307 1,024 L0
ROTES:
Lo 0h v cutaidy suaneter,
2,00 % pipe mall thickaess,
Jote v weld overlay resair thickaess,
Goth o Tom gelta ferrite firet Jayer thizkness (14 mliceln,
S, sty ety
b tr wminiens reaainig [igasent from UT mamination for cire, fles.
Toa v evaluation flax depth
TAreater of by ¢ L 0,000 bowading fatigus crach growth
o
(= tr) « 0,008,
oL v evaluation flan lemgty,

CWE=15=-203 5,10
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CIRCUMFERENTIALLY FLAWED OVERLAY=-REPAIKED WELDS

Table 5.2-2

CWE=15-203
Revision 1

PREDICTED VS, ALLOWABLE FLAW DEPTH RATICS

®L 1-30d1-1 PREDICTTN
n. AR D SR (D) FOR (D R (0
s e enem o en
-5 1.0 0.2 0.7 0w
0254 1.0 L5 0.7 LAY
02 -84 1.0 0.2 0.73 0.
0253 1.0 0.2 0.7% ()
0 -4 1.0 o om on
-8 1.0 0.2 (3¢ ] on
0354 1.0 o 0.7 0.
™ 10 (24 0.7 0.5
0234 1.0 0.2 0.7 L)
02i-F4 1.0 0.3 0.7 0.70
02i-8] 1.0 0.2 (2] el
02384 1.0 0.2 0.7 0.4
-0 1o L 0.7 0.0
- 1.4 4l wn L)
7i S 1.0 o on N
0-310 1.0 0.2 o7 (aY
L J13Y)

JoFLR® flam lomgth ratio » 1.0 for 360 doqrov assused

flas leegta,

20800 v daad waight ¢ ointernal pressee ¢ selsaic
stranses from from Table 4. 1<] divided by
Allomadle stross (atemsity, Sa, defined in
WTES of Tadle 5.1,

SOFDR o allonadle flaw émth ratie ta/t) froe ADE
Section 1] (Reference 1), Tadle 1W0-3441-1,

G Prodicted FOR v bouading evaluation flaw dmpth, 4,

from Tadle 5.2¢1 divided by pipe ¢
verlay thickaens, t, from Table
3.2-1
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Table 5.2-3

AXIALLY FLAWED OVERLAY=-REPAIRED WELDS

PIPE AND FLAW GEOMETRIC DETAILS

L LN T O | A
my B @ Lt W o0b
LY ) () LA tn) ®. )
1-F2 10,73 0.30 (2 N - 1.7
=51 10,78 0.431 Ly b1y =5 n.”»
158 10,78 [ NS 1.% oN st 12,78
- wn 0401 "y o1 0i-fs 1073
10-F2 10,73 0.570 (A ) 0.1 02)-83 1,78
-5 107 050 (N ] 0.13 - 1278
-8y 1.1 0,401 0% 0. 04 0A-83 12,73
-8 1.7 0. 58 1,00 (X a-4 1.7
020-83 12,78 0.9% on 0.1 -5 1.7
-84 1273 0.0 112 (B =54 12,73
-8 1278 0,800 1. 0.18 020-F1 o0
-5 1.7 0.0 1.1} (I 025 n.e
02F-83 1.7 0.5 o.n 0.3 02-510 2.0
0284 12.7% 0.6% 1 0.3 05t A0
053 12,78 0.40¢ 113 LN 0205-5¢ 8.0

WTES:
o0 outeide diaseter,
2088 ¢ piow wall thickaess,
3oL v flaw evaluation 1eagth

fgreate o Measwred wial flae length

1.9 :'u.
Gotr v Tesser of: Resaining Ligaseet thiceness
L) !.‘:nm (teo),
CWE-15-203 9:12
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t (D)
()

e
0.9
0.4
0.5
0.401
0.3%
0.5
0.5M
0.50
0.040
1.
1o
1,019
L2

12N

Lty
()

1.0
%
N M)
1.2
(2]
110
(A
“e
0.%
1

LM

tr
()

0302
0.8
(233
(B
()
(8 ]
0.3
en
(B
R
6.1
0.5%
(AL}
n

0.1
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¥l STRESS
L RATIO (1)
144-F2 b8
14A=F 1] 0.0}
14A-58 2.8)
14h-59 0,66
1432 0.70
140-5¢ .08
0283 0.7%
0N-84 .80
020-5) 0.7%
020-54 0.78
02¢-83 0.7%
02 -84 oM
0%-5) 0.7
05t 0.8
026-53 6.7
MOTES:

Table 5.2-4

AXTALLY FLAWED OVEFLAY-REPAIRED WELDS

APPLIED VS,

ALLOWABLE STRESS RATIOS

MPLIED  ALLOWARLE
STRESS
RATIO (2)

SRt ssseEEs MESEERRAEE SssARAssEs S sesssees

0.9
0.%0
0.80
%
0.9
0.9
0.%
0.0
0%
0.0
0.8
(A
0.
0.80
0.0

STADARD
ts (3

()
0D
0123
0123
0N
0.2
0.12%
0.12%
0.12%
0.1
0.12%
0.2
0.123
eAn
0.12%

0.12%

PREDICTED

tr (4)
RL I

0.18%
o.M
0.22%
0.7
0.7
013
0.14%
0.38%
0.17%
0.3%
0,148
0.33%
LYo 0]
0.3%%

0,33

Lo Applied stress ratic 1 calculoted for interna)
pressure of 1,25 p3i wsing oeoeatric propertiins
fros Tadle 4.2-7 and formula ; oaented in Table
3.2°7 footnotes.

2. Allowable stress ratic per Tebie 3,2-2,

3. Standard dear barrier overldy repair ainieue

thickness,

G Progictes tr v tr' from Table 3.2-3 = 0,01%" dounding
fatigue crack gromth,

CWE=15=203
Pevision 0

5.13

MLD
.

026-54
om-8)
084
021-F
02i-83
02)-84
0x-83
02-54
0m-53
o02m-54
020-F1
-5
029-510
0295-53
0Ms-59

WPLLED
STRESS
MTI0 (1)

FEALENASES BESARssReE SESSRessEs RS-

0.6%2
0.'%
0. 084
0.80%
[ ¥
0.783
0.800
¢.00%
0.7%7
0.7
0.7
0.7%
0.7%
L8 A
¢.0%8

ACLOWABLE
STRESS
ATI0 (2)

0.8
(AL
0.8
0.80
0%
0.0
0.9
0.8
0.%
0.80
0.9
0.%
0.%
0.%
0%

STANDARD
te (3)
(In.)

0.12%
0,123
0.1
0128
0.12%
0.12%
0.12%
0.12%
0.12%

0128
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Table 5.3-1

WELD 02B-S7
ASME SECTION IIl1 CODE RESULTS

APPLIED ASRE
STRESS STRESS USABE SECTION 111
CATEBORY INTENSITY FACTOR ALLOWABLE

FeAsRERsim R RaE . amsEsssseees B e L

PL (1) 12,770 p8i N/ A 25,42% i

PL+ 0 (2) 21,820 ps. N/A 9,85 psi

PLeQoF (3N
L)
Cycle | (4) 13,700 pss 0
NA
Cycle 2 (%) 35,770 psi 0.0003
NA

Cycle 3 (&) 219,000 psi 0.00%9

COPBINED USABE FACTOR: 0.0062 1.0
NOTES:

Lo PLow primary local sesdrane stress intensity,

2. % v discontinuity bending stress intensity,

3.0F % peak stress intensity,

4. Cycle | = noreal startup/shutdown *heraal transient,
5. Cvele 2.0 50 dogree F stop change thersal transient,
b Cycle 3 v 46! degree £ atep change thersa) transient,
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Figure 5.3=-1

WELD 02B=-S7
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6.0 SUMMARY AND CONCLUSIONS

Ultrasonic (UT) examinations performed during the 1984
outage at Commonwealth Edison's Quad Cities Nuclear
Power Plant Unit 1 identified flaws judged to be IGSCC
in the vicinity of seventeen welds, Fifteen welds were
overlay repaired , one weld was shown to be acceptable
with only IHSI mitigation, and one weld was both overlay
repaired and covered by a pipe clamping device.

During the Quad Cities Unit 1 1986 outage, three of the
original fifteen overlay-repaired welds were built-up to
"standard" design thicknesses and volumetrically
inspected by the UT technique developed by EPRI. The
previously IHSI-mitigated weld was also inspected and
found to be acceptable for continued operation. None of
the other overlay=-repaired welds were !nspected.

During UT examinations performed during the Quad Cities
Unit 1 1987 ocutage, fourteen new welds were identified
as possibly containing IGSCC., Seven of these welds were
in systems not stress~improved prior to the 1987

outage, Of the remaining seven welds which were IHSI-
mitigated during the 1984 outage, five welds contained
only axial flaws which have proven difficult to detect
in the past, The last two welds contain relatively
minor circumferential indications.

Evaluations presented in this report of the thirty-one
Quad Cities Unit 1 welds believed to contain IGSCC
demonstrates that the applied stress levels are
acceptable for all design conditions. The analyses
performed in the evaluation demonstrate that the welds

CWE=15-203 6.1
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having "standard" weld overlay repairs are acceptalle
for the balance-of-plant life while all the other flawed
welds are acceptable for a minimum of one additional

fuel cycle based upon conservative NUREG=0313
(Reference 7) criteria,

CWE=15=203 6.2
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