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ENGINEERING REPORT

1.0 INTRODUCTION

Prior to receiving the coperating license for Comanche Peak Steam
Electric Station (CPSES) Unit 1, a four-inch, nonsafety,
Borg-Warner swing check valve in lake water service experienced a
swing arm failure. TU Electric determined that the failure was
caused by stress corrosion cracking (8CC) in a poor gquality swing
arm. An extensive evaluation was performed to determine whether
or not this failure was an isolated event or if there was reason
to question the reliability of the swing arms .n other
Borg-Warner check valves.

The swing arm in every Borg-Warner check valve installed in Unit
1 and Common systems was subsequently evaluated to identify and
remove from service any suspect swing arms. The inspection
procedure that was developed to find suspect swing arms assessed
the arm's overall quality. Dimensional checks and tests of the
magnetic permeability identified some of the poor quality swing
arms, but the most detrimental attribute in overall swing arm
guality was determined to be the presence of surface-connected
flaws. Three techniques (10X visual, Liquid Penetrant (LP), and
replication) were used to evaluate the surface for such flaws.
Indications discovered using these technigues were evaluated
against acceptance criteria which were based on the maximum
calculated value of service~induced stress and the lowest
expected value for fracture toughness. In addition, the
microstructure of the material was subjectively evaluated as an
indicator of proper heat treatment.

Since SCC had been determined to be the cause of the observed
swing arm failure, TU Electric replaced the original
commercial~grade swing arms with investment cast swing arms of
upgraded quality in systems that contact lake water. Installing
the investment cast swing arms provides additional margin against
failure in lake water systens by reducing both the material's
susceptibility to SCC and the likelihood of high residual
stresses. These actions mitigated two of the three basic
elements associated with SCC. The third element, a corrosive
environment, is not practical to change in the case of an open
system like lake water.

Results presented to the NRC in the fall of 1989 demonstrated
that the sw .ng arms were adequate for service. However, the data
collected prior to licensing was insufficient to conclusively
demonstrate the long-term reliability of the original swing arms
that remained in other plant systems, TU Electric therefore
committed to replace the remaining swing arms over three
refueling cycles and as they are removed from service, to
reevaluate the arms for any evidence of degradation since the
original screening.



B e s S e o B - ——— - — R ——— R R R R R RO,

ER-ME~057, Rev. 0
Page 4 of 25

As an extension of the post-removal reevaluation effort and to
fully address the issue of long-~term reliability, TU Electric
contracted with Southwest Research Institute (Swkl) to evaluate
the mechanical, chemical, and metallurgical characteristics of 16
additional swing arms. Thic group of swing arms was selected to
represent the population of original commercial-grade swing arms
that are now installed in Unit 1 and Common systems.

The fracture toughness and the actual dimensions of preexisting
flaws were measured for the 16 arms. The results clearly
demonstrate the original swing arms which remain in Unit 1 and
Common systems will withstand a design basis accident which
results in a check valve slam. In addition, SwRI conducted
extensive metallurgical cross sectioning that showed no evidence
that service conditions have initiated cracks or induced crack
growth from preexisting flaws.

TU Electric has concluded, from these findings, that there is no
technical basis for early replacement of the original
commercial-grade swing arms now remaining in CPSES Unit 1 and
Common systems. Furthernure, the test data shows there is encugh
intrinsic margin in these swing arms to justify leaving them in
service for the life of the plant.
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2.0 BACKGROUND ON SWING ARMS

Borg-wWarner supplied TU Electric with swing check valves of
various sizes for low pressure (bolted bonnet) and high pressure
(pressure seal bonnet) applications at CPSES., The original swing
arms were purchased as commercial-grade parts because the swing
arms were not considered part of the valve pressure boundary.
These swing arms were apparently cast at several different
foundries during the early 1970's. Records that document the
as~-cast chemistry, NDE inspection results, weld repair
procedures, and heat treat furnace time/temperature can not be
found. Consequently, there is no documentation basis for
establishing their quality.

The Borg-Warner check valves had been subjected to various
maintenance and inspection activities which included the
disassembly of individual valves.

2.1 Metallurgical Characteristics of 17-4PH

Borg-Warner drawings show the material for the swing arms is
17=-4PH (H1100), which is a high strength stainless steel. The
swing arms were to be produced in accordance with the chemistry
requirements of Aerospace Materials Specification (AMS) 5398 and
heat treated to the H1100 condition per Military Specification
MIL-H-6875. Alloy 17-4PH is very popular for casting and is
often selected for applications where high strength, high surface
hardness, and good corrosion resistance are needed. It can be
rough machined with relative ease in the as-cast condition and |
then, by proper heat treatment, the part can achieve high
strength and good corrosion resistance.

The nominal chemical composition for 17-4 PH is 17% chromium, 4%
nickel, and 4% ccpper. The chromium provides resistance to
general corrosion similar to that of the 300-series stainless
steels. The relatively low nickel conternt allows the mirtensitic
structure to form so this alloy is capable of achieving much
higher levels of tensile and yield strength than the austenitic
structure of the 300-series stainless steels. The copper is
invelved in “Precipitation Hardening (PH)," which is another
strengthening mechanism. The copper coalesces in sub-microscopic
zones creating local stress in the metal matrix which strengthens
the alloy. However, these local variations in the chemical
composition and stress level offset some of the corrosion
resistance provided by the chromium. This alloy exhibits a
slight susceptibility to certain forms of local corrosion attack,
such as stress corrosion cracking (SCC), but 17-4PH with an
appropriate heat treatment would be expected to perform
satisfactorily in the Squaw Creek Reservoir environment,
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The heat treatment for 17-4PH is relatively complex and must be
followed careful.y to produce the desired results. There are
four basic steps:

1) Casting -~ to form the approximate shape.

2) Solution annealing - to break up the segregation of
alloying elements that occurs during solidification of the
casting.

1) Quenching -~ to form a uniform martensitic structure.

4) Aging heat treatment - to temper the martensitic
structure and precipitation harden the material.

The properties of this material can vary significantly depending
on the aging temperagure selected for the final heat treatment
step. The H900 (900" F aging temperature) heat treat condition
produces the ltron?ost combination of tempered martensite and
strengthening precipitates (190 ksl tensile / 179 ksi yield)

but is more susceptible to SCC. The H1100 (1100° F a7ing
temperature) heat treat condition (referred to as overaging) is
appropriate in applications where a larger margin for corrosion
resistance is desired and lower strength (140 ksi tensile / 115
ksi yield) is acceptable.

2.2 Description of the Failure

On May 31, 1989, a four inch, 150 1b. class, Borg-Warner swing
check valve (15W~048) installed in the Service Water system at
CPSES exhibited excessive backleakage. Subsequent inspection of
the valve revealed that the swing arm disk boss had fractured
radially in two places and that the disk was detached. The disk
stud assembly is attached to the swing arm through the disk boss.
When the swing arm and disk are properly assembled the disk will
gimbal slightly in the disk boss,

At the time of the fail're components in the Service Water
system had been exposed to Squaw Creek Lake water for about seven
years.

2.3 Preliminary Evaluation of the Failure

The broken swing arm from 1SW-048 was visually examined by site
Engineering personnel and then the parts were taken to Hurst
Metallurgical Research Laboratory, Inc. in Euless, Texas for
additional visual examination and photo documentation. Roth
parts of the broken swing arm were then transferred to Stcne and
Webster Engineering Corporation (SWEC), Boston for furti.sy
examination and testing. Analysis of the chemical cumposition,
metallurgical structure, hardness, heat treatr-nt, and fracture
surface was performed. Two additional intac’ ‘ing arms from
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valves 28W~048 and 2CT-0148 were supplied to SWEC to provide a
basis for compariscn, The material in these swing arms was
believed to be metallurgically sound.

SWEC observed that the fractures apparently initiated at small
surfacn cracks then propagated along interdendritic formations in
this material. The presence of the surface cracks and the
interdendritic microstructure are clear indications that

the casting and heat treatment were inadequately controlled.

SWEC reported that hydrogen assisted cracking may have
contributed to the fracture propagation., The typical source for
the hydrogen is a corrosion reaction, which suggests that
corrosion was involved in the failure. Finally, it was

observed that the fractured ends of the portion of the disk boss
that had broken off were displaced inward. The magnitude of this
displacement suagests that a significant residual stress had been
present in the disk boss.

2.4 Probable Cause of the Failure

Stress corrosion cracking was determined to be the most likely
cause of the failure, Three prerequisite factors are involved in
§CC: 1) chronic stress; 2) a corrosive environment: and 3) a
cusceptible material. The preliminary evaluation noted that all
of these factors were present, First, there was chronic stress
in the disk boss based on the observed spring (displacement) in
the broken part of the disk boss. Second, raw Squaw Creek lake
wvater is known to contain enough chlorides to promote SCC,

Third, the material in this particular swing arm was susceptible
to cracking because it exhibited preexisting, casting-related,
surface defects and an undesirable metallurgical structure,
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3,0 APTECH'S PRELIMINARY ANALYSIS

Due to the complexity of the issues and the generic implications,
TV Electric retained APTECH to perform an independent review of
the failure and the failure analysis. They were also tasked with
evaluating the likelihoed of a similar failure in the other swing
arms installed in Borg-Warner check valves throughout the plant.
APTECH's scope was then expanded to include development of an
action plan to determine the acceptability of the swing arms for
service,

APTECH undertook an extensive study of the fracture surfaces and
the material in the failed swing arm. They also performed
laboratory tests on material from several intact swing arms and
calculated the loads and stresses to which the swing arm is
subjected during a design basis accident which results in a check
valve slam., This work led to an inspection procedure that was
used to evaluate the swing arms in 100% of the Borg-Warner swing
check valves installed in Unit 1 and Common uystems.

The APTECH work provided additional evidence that confirmed

SCC was the failure mechanism. As previously stated, SCC
typically occurs in the combined presence of a chronic stress, a
susceptible material, and a corresive environment.

3.1 Observations on Intact Swing Arms

The original commercial~grade swing arms were apparently produced
as ordinary sand castings with no special guality requirements.
In sand castings, zones of porosity are common (especially in
larger castings) and it is standard practice to grind out these
porous areas and "repair" them with weld metal. Zones of weld
repair were evident in these swing arms. Most of the weld
repairs were shallow but a few weld repairs in some of the larger
arme were through-wall in the area of the disk boss.

These welds were determined to be sound.

The rough castings were probably machined to the approximate
final dimensions before they were heat treated to the specified
H1100 condition. Other than the cize of the casting there were
no intentional differences in the manufacturing process for the
swing arms and therefore, from the standpoint of materials the
swing arms were expected to be a homogeneous group.

Evaluation of the metallurgical structure of several intact swing
arms revealed that some arms were not given an appropriate heat
treatment. This was demonstrated when the material from a swing
arm with a poor metallurgical structure showed a significant
improvement in fracture toughness when an appropriate heat
treatment was applied. Had the original heat treatment been
correctly performed, little or no change in fracture toughness
would be expected when the heat treatment was rejpeated. However,
a swing arm that was not cptimally heat treated may still perfornm
adequately in service depending on the conditions in the service
environment.
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Residual stress in the disk boss was evaluated by APTECH in three
(3) of the intact swing arms and estimated stresses ranged from
slightly compressive to almost 20 ksi tensile. The evaluation
cechnigue involved marking two adjacent locations on the disk
boss, cutting the disk boss between the marks, and measuring the
relative displacement in the marks. APTECH did not expect the
residual stress in a properly heat trcvated casting to exceed
about 15 ksi. Stress corrosion failures can be strongly
influenced by residual stress. APTECH concluded that "residual
stress may be the most variable [of the] important attripute(s]
of the investigated failure mode."

Fracture toughness tests were conducted on the material from
several of the intact arms. Charpy tests were conducted

the results were converted to K values using published
correlations. Compact tensile éi-t- were later conducted on
several larger arms to confirm the Charpy results. These tests
established the fracture toughness values used to determine an
"acceptavle" flaw size. (See Section 4.2, Basis for Acceptance
Criteria).

3,2 Observations on the Failed Swing Arm

The swing arm dick boss in valve 18W-048 failed radially in two
places. Examination of the two sets of fracture surfaces
revealed one pair of the surfaces had thicker corrosion deposits
than the other. The fracture surfaces with the thicker corrosion
deposit exhibited two distinct zones. The outer zone formed a
narrow border of corrosion products around the cross section.
APTECH reported that the corrosion products and the surface
topography seen in the outer zone were characteristic of SCC.

The inner zone was relatively free of corrosi~n products and the
fracture surface was characterized by interdendritic cleavage
(brittle) and small areas of dimple rupture (ductile). The other
pair of fracture surfaces did not have a similar "corrosion
perimeter" and were dominated by interdendritic cleavage.

The metallurgical structure in the fuiled arm gives ample
evidence to conclude that this material was susceptible to SCC.
An optical examination revealed "severe" surface and subsurface
casting defects that are potential crack initiation sites. The
metallurgical structure revealed strong remnants of the dendritic
structure and coarse carbide particla2s arranged along prior
austenite grain boundaries. The relatively weak areas at
dendrite interfaces provide crack propagation paths, and the
local variations in chemical composition provide sites for
corrosion attack. A proper heat treatment would have broken up
the dendritic structure and dispersed the carbide particles thus
producing a swing arm of material less susceptible to
interdendritic cleavage.
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The residual stress prior to failure was estimated based on the
inward displacement (closing) observed on the free portion of the
broken disk boss. Tne postulated operational loading mechanisms
that could impose significant stresses capable of deforming this
section of the disk boss would cause it to spring open (e.qg.,
wrenching of the disk stud in the boss with one side of the boss
fractured.) APTECH estimated that the residual stress in this
disk boss was between 40 and 95 ksi tensile. A more precise
estimate was not possible because the break did not occur under
controlled conditions.

Charpy impact tests were used tc measure the fracture toughness
of the material in the failed arm. The Charpy results were then
converted to K values using publisied correlations. The
resu.ting K f?acturo toughness values were significantly below
what would 58 sxpected for this material.

The evidence suggests that the direct cause of the failure was a
stress corrosion crack initiated at a surface flaw. As the
stress corrosion crack grew it became a more significant stress
concentrator, and it also decreased the cross section of the disk
boss, Eventually, when the swing arm was subjected to a typical
operational load, the concentrated stress caused a predominately
brittle failure in the remaining ligament in the disk boss.

Several factors contributed to this failure. Poor control

of casting quality resulted in surface defects that provided
crack initiation sites. Inadequate heat treatment failed to
eliminate the as-cast interdendritic structure which typically
exhibits poor fracture toughness and poor corrosion resistance.
These factors resulted in a more susceptible material condition.
The large residual stress provided the driving force for ScCC.
Although there is no conclusive evidence that identifies the
cause of this high residual stress, indentions that may be
evidence of prior mechanical deformation were cbserved on the
disk boss.

A weld repair was present on the disk boss of the failed swing
arm. Areas of porosity can be seen in the casting along the
margirs of this weld, but the fracture faces do not intersect the
area of weld repair or its heat affected zone at any point. Weld
repair was considered as a possible source of residual stress,
However, stresses caused by welding would be expected to result
in an opening displacement of the broken disk Loss due to weld
shrinkage rather than the closing displacement actually observed.
The evidence therefore suggests that the weld repair observed in
this boss did not contribute %o the failure.
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3.3 Corrective and Exploratory Actions

As a result of the evaluations performed by APTECH and others,
the following actions were taken:

= All arms in the lake water environment of the Service Water
system [six per unit) were replaced with arms of upgraded
quality which are expected to provide additional margin
against stress corrosion attack:

- The critical attributes were determined which would
conservatively identify the arms with the lowest margin to
failure and appropriate acceptance criteria were established
for those attributes;

- An inspection program was developed which employed
established nondestructive inspection techniques with
resolution capabilities commensurat. with the acceptance
criteria;

= All remaining arms in Unit 1 and Common systems were
inspected and only arms that met the acceptance criteria
were returned to service.

These actions were intended to minimize or eliminate the
potential for such a failure to recur by addressing as many of
the contributing factors as was practical. Changing the lake
water environment is difficult at best and detecting the presence
of residual stresses in the disk boss does not lend itself to
field-applied nondestructive methods. However, by screening the
arms using appropriate nondestructive techniques, TU Electric has
been able to remove from service any arms exhibiting casting or
microstructural features that are indicative of an increased
susceptibility to corrosive attack.

The swing arms of upgrad.d quality were produced in accordance
with ASTM Specification A-747, C.7'CU~1 using the investment
casting process with a comprehe ..ve QA program applied through
final shipment. Each upgraded arm received a surface examination
by ligquid penetrant or magnetic particle technigues and was
radiographed. Full traceability was maintained and hardness and
tensile tests were performed for each heat treatment furnace load
of each heat of material. Although these arms are fundamentally
the same as the original commercial-grade arms, the upgraded
guality provides greater margin against the corrosive attack
experienced in the failed arm. Installing these arms in the lake
water service applications was deemed to be an appropriate
enhancement tc assure reliability.
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4.0 EVALUATION OF ALL UNIT 1 AND COMMON SWING ARMS

APTECH worked in cooperation with site Engineering to identify
the important inspection attributes, define appropriate
acceptance criteria, and develop an inspection procedure. The
inspection procedure was incorporated into the disposition of NCR
89~7476 and was used to screen all of the swing arms installed in
Unit 1 and Common systems Swing arms which failed any part of
the screening criteria were removed from service.

Following completion of the screening process, APTECH reviewed
all of the results obtained from the inspections, analysis, and
materials testing in order to make a determination regarding the
acccgtability of the remaining original swing arms for continued
service,

4.1 Important Inspection Attributes

The important inspection attributes for the original arms were
selected based on the observations and conclusions of the swing
arm destructive tests. These attributes were determined to be
the presence and size of surface-connected flaws, the adequacy of
heat treatment, and overall manufacturing quality.

Both fracture toughness and susceptibility to SCC can be severely
degraded by a poor heat treatment in 17-4 PH and cracks which
exceed certain critical dimensions. Inspection of the
microstructure of the material was included as an indicator as to
whether the heat treatment history of the swing arm appeared
appropriate for 17-4PH in the H1100 condition.

Dimensional and other acceptance criteria related to the overall
manufacturing quality were also established to ensure that all
aspects of the swing arms were considered in the evaluation of
their acceptability for service.

4.2 Basis for Acceptance Criteria

Fracture mechanics may be used to determine the potential for
growth of a preexisting flaw given the material's fracture
toughness and the stress in the vicinity of the flaw. Fracture
toughness is a material property (like tensile strength) which
may be affected by chemical environment, strain rate, or
temperature. Stress in the area of the flaw is the combination
of residual stress and stress from service~induced loads.

Flaws can be expected to occur in these swing arms but most flaws
are harmless and remain harmless throughout the life of the part.
By determining the lower bound of fracture toughness and the
upper bound on stress (along with its lclation), it is possible
to determine the size and location of the "critical" flaw. This
"critical" flaw may then be used as a benchmark for evaluating
knowii or discuvered flaws.
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4.2.1 Calculated Service Stresses

APTECH performed finite element analyses to evaluate the
intensity and distribution of bending stress in a swing arm
subjected to the check valve slam resulting from a sudden pipe
break. Other less severe operational loadings were also
evaluated. The bending force is a function of the angular
velocity (inertia) of the swing arm at the time of impact of the
valve disk on the valve seat. A pipe break-induced valve slanm
produces the maximum operational bending stress that can be
imposed on a swing arm and is considered to be the design basis
accident for the purpose of this analysis.

The finite element nodel provided the surface stresses that act
on surface-connected flaws. The surface-connected flaws were
considered the most important in the analysis because in bending,
stresses are greatest at the surface and decline rapidly at
deeper locations in the part. No significant stress would be
expected near the center of the swing arm since bending forces
are balanced at the neutral axis.

A conservative estimate of residual stress was then added to
arrive at a combined stress value as the basis for determination
of an acceptable flaw size.

4.2.2 Fracture Toughness

Fracture toughness was measured using Charpy V-notch tests with
material from five intact swing arms from Units 1 and 2. These
arms wer. used to aid in development of the inspection procedure
and were expected to be representative metallurgically of the
population of swing arms installed in the plant at the time of
the failure.

Both full-size and sub-size Charpy V-notch specimens were tested.
The Charpy data was converted to K o values using published
correlations and the results rangoa from 13 to >100 ksi/in. The
fracture toughness value for the failed swing arm was 20 ksi/in
and values over 100 ksi/in occurred in arms that had a
predominately austenitic structure.

Fracture toughness testing is potentially strain rate sensitive.
The very high strain rate of the Charpy test is extremely severe
and tends to produce low toughness values. Theve is also
uncertainty in the empirical correlation of Charpy and K

values. Compact tensile tests were later run on matoriaicfrom
three large swing arms from Unit 1 and Unit 2. The relatively
slow strain rate in compact tens.on tests performed under
standard conditions tends to result in higher toughness values.
This s!ow strain rate may not adequately represent conditions
postulated for the design basis accident, and therefore a factor
was applied to correct for strain rate.
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The very high strain rate of the Charpy test provided a
conservative measure of the fracture toughness for the
development of acceptance criteria. The resulting data was also
compared to relevant results found in the literature for similar
material as a validity check.

4.2.3 Critical Flaw Size and Location

Surface-connected cracks were considered the most like. type of
flaw to cause a swing arm failure. Using estimates of the
material's fracture toughness and the anticipated maximum
combined stress, Linear E.astic Fracture Mechanics (LEFM)
analytical methods were then used to determine the maximum flaw
size which would be acceptable. This postulated flaw was also
further evaluated as to depth, orientation, and shape. The
results were then used to establish an appropriate set of
acceptance criteria for flaws in the remaining swing arms.

4.2.4 Other Attributes

Heat treatment acceptability was determined to be adequately
represented by the extent of austenite~to-martensite
transformation within the material. Dimensional requirements for
minimum wall evaluations were established on the basis of the
finite element evaluation of the swing arms performed by APTECH.

4.3 The APTECH/TU Inspection Procedure

The inspection procedure developed was detailed within the
"Exploratory" disposition of NCR 89-7476. The inspection effort
was focused on surface-connected flaws since such flaws were
found to be crack initiators in the observed failure and
subsequent analyses supported this conclusion. Additionally, the
surface is where the maximum bending stress and the relatively
aggressive lake water environment coexist. Three different
techniques were selected to afford a range of resolution from
relatively large to extremely tight flaws. A 10X visual
inspection of all accessible surfaces was intended to reveal
larger flaws and the general guality and condition of the
casting. Wet Fluorescent Liquid Penetrant (LP) testing was used
to locate and size surface-connected flaws. Replication of
specific areas was used to detect common features such as tight
or debris~filled flaws, assess metallurgical structure, and
provide a record of these findings.

Although the most critical swing arm quality attributes were
related to the condition of the surface, additionasl attributes
were evaluated to screen for unacceptable swing a ms.
Dimensional checks, particularly in the area of tne disk boss,
were used to to verity adequate manufacturing practices.
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Two tests were used to determine the adequacy of the heat
treatment. First, the magnetic permeability was measured and if
it was too low (i.e., the magnet would not stick), it was assumed
that the martensite phase had not formed and the arm was
rejected. This test was performed but was not rormally described
in the NCR, Second, a metallurgist would subjectively interpret
the replicas and determine whether of not th: wicrostructure
appeared to be appropriate for 17-4PH in the 1100 condition.

The swing arms were inspected with the disk assembly attached.
The disk stud retainer nut is welded in place and the risk of
mechanical damage and weld-induced sensitization of the disk stud
as a result of disassembly/reassembly was judged to be
significant. 1In addition, APTECH determined that inspection
results from the approximately 70% of the accessible surface
could be extrapolated to the surface hidden by the disk assembly
and leave only a 2-4% risk of missing a flaw.

4.4 Results of the Inspection

The swing arm in every Borg Warner check valve installed in Unit
1 and Common systems was inspected using the procedure described
in the disposition of NCR 89-7476. The swing arms that passed
this screening were determined to have ample margin against
failure and were returned to service. Swing arms that failed the
screening may have performed satisfactorily in service but were
conservatively replaced either with an arm which had passed the
screening or with a new arm of upgraded quality.

4.5 Acceptability-for-Service

Following the examinations and testing of the failed swing arm
(15W-048), it was concluded that this particular casting was of
extremely poor quality. This was a major factor in a unique set
of circumstances that led to the observed failure. The 100%
screening performed on the swing arms in all Borg Warner swing
check valves in Unit 1 and Common systems demonstrated that this
combination of undesirable attributes was unique to the failed
arm. While the screening process resulted in several arms being
rejected for various reasons, none exhibited the combination of
factors that resulted in the failure of the 1SW-048 swing arm.
The screening was intended to identify swing arms with attributes
indicative of a redvced margin to failure and ensured that only
swing arms with ample margin to failure were reinstalled.

APTECH's acceptability-for-service evaluation considered the
collective results of the failure analysis of the failed arm, the
destructive examination of a number of intact arms, literature
surveys for reference materials properties, the finite element
stress calculations, and the screening program. In addition, a
detailed analysis of the operational requirements for each valve
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was also performed to assure that applicable operational
requirements were appropriately considered. Having both
determined the critical characteristics required of an acceptable
arm and inspected all of the subject arms in accordance with
those requirements, APTECH concluded that the swing arms returned
to service could be be expected to perform reliably. TU Electric
concurred in this assessment.

These efforts had however, produced insufficient data to
positively conclude that the remaining arms exhibited sufficient
margin against to corrosive attack and that the arms were
therefore suitable for long-term service. Consequently, TU
Electric committed to early replacement of these remaining arms
coupled with post-removal reinspection of the arms for evidence
of degradation since the initial screening.
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5.0 SWRI SWING ARM TEST PROGRAM

TU Electric initiated a program with SwRI to addrers the issues
of service~induced flaw growth and the stability of existing
flaws in the event of a design basis accident. A representative
sample of owin? arms that was large enough to provide / h’'7h
degree of statistical confidence was destructively e:a: 123 to
determine the fracture toughness and establish the ci .~ or
preexisting flaws. 1In addition, certain other chemica

physical, and mechanical properties and material condik‘c.s >re
evaluated to fully characterize the population of ~“ving ‘'ras.
These results were then combined with the previous ntress
analysic by APTECH to evaluate the long-term
acceptability~for-service of the remaining swing arms.

5.1 Statistical Design

A total population of 56 original commercial-grade swing arus
remain in Unit 1 and Common systems. Each of these arms has been
inspected and accepted in accordance with the inspection process
described in NCR 89~7476. This current set of swing arms is
therefore considered to be fundamentally different from the
original set of vendor-supplici swing arms because the arms wnich
did not meet the screening acceptance criteria were removed from
service and are no longer part of the population.

In order to obtain a representative sample for this population,
several assumptions and constraints were imposed. These included
the following:

= Minimize hardware and operational impacts on Unit 1;

- Unit 2 arms may be considered to be representative of the
Unit 1 population if they have been inspected and accepted
in accordance with the NCR requirements:;

- Swing arm size is not a metallurgically significant
variable, however a representative distribution nf sizes
will be included:

- All previously screened arms which have seen subsequent
service shall be re-screened for evidence of flaw
initiation/propagation occurring since the initial
screening;

- If any readily available arms have seen service, attempt to
inciude arms from a representative set of system
environments:

A "target" of approximately 15 arms was established.
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The distribution of sizes and represented systems uf the
remaining installed original commercial-grade swing arms was
reviewed and a list was developed of the desired number of swing
arms of each size and where appropriate, the vreferred systens,
If arms of the desired sizes or systems were not readily
available from Unit 1 or Common systems, then the arms were
obtained from Unit 2.

A sample set of 16 swing arms wae finslly selected with the
following distribution:

Nominal Valve Size Number of
(inches) Sw ms
16 2
10 1
3] 2
€ 3
4 4
3 4

This distribution included valves from the fcllowing systems:

Containment Spray: Component Cooling: Auxiliary Feedwater:
Feedwater:; Chilled Water; and Demineralized Water.

Systems with original commercial-grade swing arms installed but
not represented in the sample included:

Service Air: Instrument Air; CVCS/Boron Recycle; Main Steam:
Spent Fuel Cooling; Heating and Ventilating; and Waste
Processing.

Other than the requirement that the arms selected must have been
accepted in accordance with the NCR screening prccess, and the
emphasis on arms which had seen service, no metallurgically
significant variables were intentionally employed in selecting
the sample arms for testing.

5,2 Fracture Toughness Evaluation

Fracture toughness for the sixteen swing arms was measured using
compact tension specimens. Each specimen was fabricated and
tested in accordance with the requirements of ASTM E399 (KI ) and
ASTM EB13 (JI ). The material was expected to exhibit .
sufficiently ﬁiqh toughness characteristics that testing using
the more complex J test was selected over the simpler K
methodology. A va{ﬁc for KIc was then calculated from th;c

results.

Tests were run with duplicatg specimens from two large arms at
both room temperature and 40  F to evaluate the effects at the
lowest expected service temperature. Based on negligible
differences in the results at the twu temperatures, all
subsegquent tests were conducted at room temperature.
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The 308 8S filler metal properties reflect significantly lower
strength than 17-4FH but also significantly higher toughness.
Since the calculated maximum surface stresses in the disk boss do
not excead the yield strength for 308 8S, it can be concluded
that the filler material is sufficiently strong to perform
satisfactorily in service. Therefore, the through-wall weld
repair observed in the disk boss will not result in degradation
in the performance of the arm.

SwR1 observed that a martensitic microstructure dominated the
base metal of every arm as evidenced by the macroetching response
of the exterior surface and as a feature of the metallurgical
sections used in the flaw evaluation phase. No consequential
variations in the basic martensitic structure were observed by
SWRI within a given swing arm. From this it may be concluded
that no significant differences in properties, such as fracture
toughness, would be expected at different locations in the arm.

Reliability of the commercial-grade swing arms is further assured
since two of the three factors associated with SCC have been
mitigated. The commercial-grade swing arms have all been removed
from systeme in contact with lake water and replaced with arms
with gr:ater margin against SCC. Furthermore, the negligible
residual stresses reported by SwRI in all of the sixteen arms
they examined clearly indicate that damaging levels of chronic
stress are not likely in the swing arms remaining in the plant,
Based on these factors it is reasonable to conclude that SCC will
not be a problem for the remaining commercial~grade swing arms.

Extensive metallurgical sectioning wrs performed at SwRI to check
for flaws that the nondestructive methods failed to detect. All
sixteen of the cwing arms were examined for evidence of cracks
and crack propagation. The valves containing the swing arms have
been installed for a number of years and while some of these
valves were exposed to actual service conditions, others may have
seen no service at all. However, all of the flaws observed were
associated with fabrication processes as opposed to being
service-inrduced, and there was no evidence of in-service growth
of any flaw. This indicates that service-induced degradation is
not occurring.

On the basis of all of the evidence presented, TU Electric has
concluded that the commercial-grade swing arms remaining in
sorvice in Unit 1 and Common systems at CPSES will perform
rel.ably for the life of the plant.
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7.0 CONCLUSIONS

Since the initial discovery of the failed swing arm in the
Service Water system in May of 1989, TU Electric has devoted
significant resources to determine the cause of the failure and
ensure that such a failure doesn't reoccur in any of these check
valves. Each of the original commercial-grade swing arms
remaining in Unit 1 and Common systems has been subjected to and
passed a detailed screening inspection. The inspection
techniques employed were selected to specifically identify those
arms with attributes indicative of a reduced margin to failure.
Every arm that failed this screening inspection has been replaceu
with either ansther that did pass the screening or more likely,
with a new swing arm of upgraded quality.

Recently, additional metallurgical testing and evaluation was
completed. The results have demonstrated that the earlier
decision to return these arms to service was technically correct.
Additionally, the results clearly demonstrate that there is a
sound technical basis for allowing them to remain in service for
the life of the plant.
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