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0. Mr. Hazelton, please state your name and position with the NRC.

A. Mv name is Warren S. Hazelton. I am Section Leacder of the
Materials Application Section in the Materials Engineering Branch
of the Division ot Enagineering within the Office of Nuclear Reactor

Requlaztion of the Nuclear Reculatory Commission.

Q. Have you prepared a copy of your professional qualifications?
A. Yes. A copy of mv professional qualifications is attached to this

testimony.

0. Mr. Sellers, please state your name and position with the NRC.

A. My name is Clifford David Sellers. I am & Principal Materials
Engineer in the Materials Enginee~i1g Branch of the Division of
Engineering within the O0ffice of Nuclear Reactor Reaulation of the

Nuciear Regulatory Commission.
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attention of the Appeal Board. Specifically, cracking of turbine
discs had been uncovered at a number of facilities employing equip-
ment made by the same manufacturer that supplied the North Anna

turbines,

Upon reviewing submittals from the Staff ard Applicant on the

disc crackino problem, the Board concluded that the submissions
Justified continued operation of North Anna 1, that an inspection

of its turbine should take place, and that the parties should
provide further information regarding the long-term significance

of the disc cracking phenomenon. Specifically, the Appeal Reard
requested *the parties to address what has been ascertained regarding
the causes of the earlv cracking, as well as the steps being taken

to correct the problem. This testimony addresses these concerns.

What prompted the investigation into the Westinahouse turbine disc
cracking problem and the related actions taken bv the Staff?

The NRC was informed in November, 1979 that stress corrosion cracks
were found in some Westinghouse turbine discs during refurhishing
operations, and that Westinghouse was recommendino that turbines
with significant service experience should be inspected for
cracking at the earliest convenient opportunity. At that time, the
turbine at Zion Station U'z:i* No. 1 was being inspected, and some

cracks were found and reported to the NRC.
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On Dec. 17, 1979, Westinghouse made a presentation to the Staff
regarding the cracking, and provided additional information on the
Westinghouse recommendations and inspection sch~dules. At the
Staff's request, Westinghouse formed an owners group to address the
turbine disc cracking incidents. Westinghouse established a
support team with a full time cognizant manager to provide a
communication Tink between the company and the owners group and to

provide timely responses to Staff requests.

khat was the basis for these inspection schedules?

Westinghouse used their judgement to determine which turbines had
¢iccs that were likely to crack, estimated how fast these cracks
would arow, and proposed to inspect before such postulated cracks

would grow to the critical size to cause failure.

Did the Staff review this basis and find it acceptable?

The Staff did perform their own evaluation of the postulated crack
growth rates and critical crack sizes, using information provided
Ly Westinghouse as well as other technical information available.
frequent meetings were held with Westinghouse and the owrer's qroup
(. apply the data being developed from the ongoing inspections.
This activity provided a progressively improved basis to quantify
crack growth rate estimates. Althouah criteria used by the Staff
were generally somewhat more conservative than thoce used by

Westinghouse, we were in general agreement.
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Did this inspection program prevent disc failures?

Yes, with one exception. According to calculations, the Yankee
Rowe discs could have cracks large enough to cause failure, and
therefore an immediate inspection was deemed by the Staff to be
very desirable. Unfortunately, specific design details of this
early model turhine precluded inspection of the suspect area with-
out an extensive outage, so the utility decided to postpone the
inspection until the next refueling outage. The turbine failed
during start-up. Examination of the failed disc showed manv stress
corrosion cracks of a size consistant with our crack growth and

critical crack size calculations.

What is the current status of the turbine inspection program?

As more turbines were inspected, and more data on crack sizes was
obtained, both Westinghouse and the Staff continued to refine their
criteria. Further, after all turbines with significant service

life had been inspected, enough data had been accumulated to permit
Westinchouse to derive crack growth rate predictions using statisti-
cal methods. Thev have prepared a proprietary report, "Criteria

for Low Pressure Nuclear Turbine Disc Inspection," MSTG-1-P (VEPCO's
proposed Exhibit V-1), covering their current crack growth rate and
critical crack size calculational models. The Staff has reviewed
this report and has found it to be an acceptable basic for setting
inspection schedules. We have informed all affected utilities that
inspection schedules in accordance with the Westinahouse criteria

are acceptable to the Staff.
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What conservatisms are applied in setting inspection schedéles?

Using the best estimates of the maximum expected rate of cracking of

each turbine disc, and calculated critical crack depths, the basic
requirement is that turbines be inspected before any crack would
grow to one half of the critical «ize. In cases where inspection
has revealed small cracks, additional conservatism is applied by
permittino further operation for only one half of the time calcu-

lated for the crack to arow to one half of its critical size.

it appears that the effeciiveness of this approach depends highly
or the effectiveness and reliability of the inspection procedure.
Have veu made any evaluation of this?

Yes we have. We realize from the beginning that this would be
vitdl to any effective program. To augment our expertize in this
area, we encaged several expert consultants from the Sandia and
Oak Ridge National Laboratories to review the inspection procedures
in detail. Further, these consultants accompanied us to observe
actual inspection being performed to better understand technical
details and evaluate the reliability of the inspections. We are
particularly interested in having a high probability of detecting
a crack that is large enough to be a threat to disc integrity, or
with continued operation, could grow to such a size before the
next inspection. A crack about one inch deep would be in this
category for most operating turbines, so we specifically asked our

consultants to estimate the probability of detecting a one inch



deep crack.
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They concluded that the reliability of detection of a

one inch deep crack is very nearly 100%, which is in line with our

own estimates,

include:

a

Reasons for believing in such a high reliability

The inspectinn method used is ultrasonic
examination, which, when especially tailored for
specific conditions and geometrv can be nearly
fool-proof.

The procedure and equipment used was specifically
develnped by Vestinghouse for this purpose, and has
been extensively checked out in their laboratory,
Flaw orientation problems, often the cause for not
finding defects by ultraconic means, are minimized
because the disc cracks are usually multiple and
highly tranched. This mears there is alway a
reflective surface with favorable orientation
present,

The specific Westinghouse procedure, unlike others
commenly used, makes use of very high amplitude
durinag search modes. "Noise" from the searched
surface is always present, but indications from
cracks have highly distinctive and instantly
noticeable characteristics. The necessity for
operator judgements or a constant nigh level of

operator concentration is minimized.
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What are typical critical crack depths for Westinghouse turbines?
The actual value of calculated critical crack depths for operating
turbine discs is considered by Hestinghouse to be proprietary
information. However, we can note that the deepest crack found

in the failed disc in Yankee Rowe was around 14 inches. On the
other hand, several cracks about 3 inches deep were found in &
number one disc in the Cooper Station turbine. These cracks did
not cause failure of the disc and, therefore were not yet of

critical depth for normal operating speed.

How do vou estimate the size of crack necessary to cause disc
failure?

The crack size (A crit) that could cause disc failure depends on
several parameters. The calculations relating these parameters use
the well proven concepts and methods of linear elastic fracture
mechanics (LEFM). It is important to note that a critical crack
for failure could be a lonag, shallow one, or a short, deep one.
The shape of the crack is, therefore, very important. Accordingly
we first note the shape of the real cracks and then perform our
calculations to determine what the critical depth would be, for

a crack with such shape. This is discussed in more detail later,
but it should be noted that cracks are found in two typical
locations, in the keyways cut into the disc bore, or in the bore
away from the keyways. A schematic drawing of a typical turbine

disc showing these locatiors is provided in Fig. 1.
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In the case of turbine discs, 0 varies from 1.0 for a crack 20
times as long as it is deep to 2.3 for a crack twice as long as it
is deep. Because (Q affects the critical crack depth in a linear
manner, it is important to know the probable shape if the
calculation is to be meaningful. Westinghouse originally
calculated critical crack sizes using a postulated shape of 10 to
1. This now appears to be overly conservative, as it results in
calculating critical crack depths less by a factor of 2.3 (the
ratio of the Qs) than if a shape of 2 to 1 is assumed, for
example. Now that many cracks been found, more realistic shapes
can be used. Based on evaluation of all cracks found to date, we
now consider that the critical depth of keyway cracks should be
calculated assuming they are four times as long as they are deep,
but cracks in the bore awav from keyways should be considered to be
only twice as long as they are deep. The determination of KIC
value for each disc is done in a very simple manner. Actual KIC
measurements are not practical, so standard correlations with the
results of the Charpy V impact tests performed on each disc are
used as a basis. The correlation we and Westinahouse use was
developed some years ago by Rolfe and Novak of the U.S. Steei
Research Laboratory. It is an empirical expression that has been
shown to be sufficiently accurate for steels of the type used for
turbine discs. Parameters of interest are the yjeld strength of
the steel and the absorbed fracture energy measured by standard

Charpy V impact tests: o

5 Charpy V Ener -0.05
K = Yield Strength x YTelg strengfa )

IC
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As each disc has different strength and Charpy properties, the

calculation is performed for every specific disc of interest.

Have stress corrnsion cracks been found in turbines made by other
companies than Westinghouse?

Yes. As a result of the concern developed by the Westinghouse
cracks, General Electric has been performing turbine inspections
during the past several years. Up until recently, no clear
evidence of cracking was found, although some questionable
indications described as "water-cutting" were reported. Recently,
larae indications were found in a wheel (GE calls them "wheels"
instead of "discs") at the Monticello plant. The wheel was
removed, and the indications were verified to be stress corrosion
cracks., General Electric now believes that many of the indications
found earlier in other turbine inspections were also from stress
corrnsion cracks. They have initiated a stepped up inspection
schedule for turbines with long service life. We are now
evaluating th's new information, but at present, we believe that
it only confirms the validity of our current understandina of the

problen.

What is the cause of the cracking, and how is the postulated rate
of cracking determined?

The mechanism causing the cracks is usually referred to as stress
corrosion cracking. Simply described, this refers to a phenomenon

that occurs when a specific material, often in a specific



e 12 -

metallurgical state, is subject to cracking when stressed while
beina exposed to a specific environment. Studies of stress
corrosion cracking phenomena aim to quantify these various
factors. & typical study would be to determine for a specific
material, how much stress it could withstand without crackina when
exposed to a specific environment. Others might be aimed at
findina out how fast a crack will grow under a specific set of

conditions.,

In gereral, we are talking only about aqueous envircnments, or at
least environments where moisture is present. High strergth steel
élloys are subject to stress corrosion cracking in many wet
environments; and the interartions between strenath levels,
composition, heat treatment, stress levels and literally hundreds
of environmental conditions have been and still are being studied

intensively.

In 1969, the turbine for the British Hinkley Point Plant failed.
The British determined that the cause was the growth of stress
corrosion cracks to critical size. In the major investigations
that followed, they discovered that many turbines had cracked
discs, and over the next decade performed many laboratory test to
try to pinpoint the problem, and to sort out the importance of the

many parameters.
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A1l turbine manufacturers were vitally interested, and launched
their own studies. Most of the results of the British work has
been published, and much of the work of others has also been made
public., Nevertheless, a great amount of information has been kept
proprietary and Company Confidential. The situatior can be
summarized by saying that in most importart areas, there is general
agreement, but there remain some areas of disagreement. Because
these areas of disagreement are relatively unimportant, they cause

ro problems to us in our regulatory role,

The major parameters, and where there is 1itt.o disagreement, are
these:

1. For cracking to occur, there must be moisture present.
Dry discs don't crack.

2. The higher the temperature, within ¢ime limits, the
greater will be the tendency to crack, and the faster
the crack growth rate will be.

3. The higher the strenqth level of the steel, (and also
therefore, the higher the stress level) the greater will
be the tendency to crack, and the faster the crack growth
rate will be.

4. Certain impurities, like caustics, some acids, and
sulficdes, will increase the tendency to crack, and/or
cause cracking sooner,

5. After cracking has started, it proceeds at a generally

constant rate until the crack becomes deep. At this
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point it may slow down its rate of progression, or
increase it's rate of growth, possiblv depending on the
stress level or enviromental conditions. For the types
and depths of the turbine cracks we are concerned about,
constant qrowth rate models best fit the service data.

6. Not all hot, wet discs crack., If they do crack, they
apparently don't qrow at equal rates, even at identical
strength and stress levels, and at identical temperatures,
It is not known whether this is due to minor differences
in metallurgical state, stress state, or minor

differences in the local environment.

One of the most striking examples of this was shown by the Yankee
Rowe failure. The two numbe, one discs were of identical design,
were manufactured accordino to the same procedures, were made form
the same steel incot, and of course were subject to as similar
temperature and environmental cinditions as we could possibly hope
to have. Yet one suffered hundreds of sianificant stress corrosion

cracks, and the other had none.

Although it would be of enormous help of we could learn the reason
or reasons for such differences in behavior, we make the assumption
that every disc will crack as fast as the worst ones. Therefore we
almost always "over predict" the size of anv actual cracke, and are
not surprized when an inspection shows that discs postulated to

crack are found to be completely free of cracks. To make sure that
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turbines would be inspected before cracks grew to critical size,
some crack growth rate model was needed, The Staff took the same
type of approach that Westinghouce and the British did. We divided
the depth of e2ch crack found by the lenoth of service on the disc
to obtain an average rate of growth with time. We plotted this
crack growth rate for each crack found on qraph paper, as a
function of the temperature at the crack location (furnished by
Westinchouse)., The "scatter band" covered most of the chart.
Neverthless, an “upper bound" could be drawn, so at any given
temperature there would be a rate above whirh no cases were found.
Wher the crack growth rate data were separated according to the
strergth level of the specific disc, the "upper bounds" sorted out
fairly well. While we were doing this evaluation, Westinghouse

was taking the same general approach, and we often compared graphs
and discussed various ways tu ‘rprove them. As more and mare crack
growth rate data came from field inspections, most cases were
enveloped by our upper bound curves. A very few times cracks

were found that exceeded our "upper bounds", resulting in appro-
priate modifications. On the whole, however, the great majoritv

of cracks were smaller than the maximum depth postulated.

Will you describe the Staff's activities in thic regard for the
North Anna 1 turbine?

We performed calculations for critical crack depth, using
information from Westinghouse supplied by the utility, for all

operating turbine discs. We then used our maximum expected crack
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Mile Island No. 2. This rotor was inspected, found free of cracks,

and installed at North Anra.

What are the Staff's criteria for reinspection of the North Anna
No. 1 turbine?

Our basic criteria remain unchanged. These are: a new disc, or a
disc found free of cracks by inspection, can operate until the time

calculated for a new crack to grow to one half of critical depth.

What crack growth rate should be used for this calculation?

The utility should follow Westinghouse's recommendation, as
indicated in our answer to an earlier question. To repeat,
Westinghouse prepared a report describing the results of a
statistical analysis of crack growth rates, crack shapes, and
critical crack depth calculational models (see VEPCO's proposed
Exhibit V-1). We have reviewed this report, and conclude that the
inspection schedules derived by its use are consistent with our
past criteria and current understanding of the cracking problem.
These schedules provide the same margins in postulated crack size
to critical crack size as we have been using and take no credit
for containment of discs in case of failure. Adherence to these
inspection schedules will provide an acceptably high degree of
assurance that discs will h> inspected before cracks can grow to

a size that could cause disc failure.
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WARREN S. HAZELTON
PROFESSIONAL QUALIFICATIONS

My name is Warren S. Hazelton. In my capacity as Section Leader,
Engineering Materials Application Section, in the Division of Engineering,
[ am responsible for reviewing materials related aspects of operating
nuclear power plants. In conjunction with this work, I am also respon-
sible for aiding in the preparation of Federal Regulations and Regulatory
Guides relating to materials, inservice inspection, and operational
limitations important to the safety of nuclear power plants. Another
primary responsibility is reviewing research programs on reactor safety,
evaluating results of these programs, making recommendations for new
programs, and factoring the results of these programs into our other re-
view activities.

[ was born in Cutler, Minnesota on October 20, 1916, and attended
public schools in Duluth and Wahkon, Minnesota. After attending the
University of Minnesota intermittently, I joined the Armed Services in
1941. 1 was discharced in 1945 after serving as an Army Air Force Pilot.
[ then resumed my education at the University of Minnesota, was honornd
by being selected for "Plumb Bob," and graduated in 1949 with a Bachelor
of Metallurgical Engineering degree, with distinction.

From 1949 to 1960, I was employed in the Westinghouse Aviation Gas
Turbine Division, at South Philadeiphia and at Kansas City, Missouri.
From 1954 to 1960, I was manager of the materials application and develop-
ment activity, responsible for the materials aspect of design, materials
properties, failure analysis, and the development of new materials.

From 1960 to 1963 I was Supervising Engineer of the Materials Develop-
ment Section at the Westinghouse Bettis Atomic Power Laboratory. In this
capacity I was responsible for development programs in the fields of stress
corrosion, brittle fracture prevention, and radiation damage.

From 1963 until 1972, when I assumed my present position, 1 held
various management positions in the Westinghouse PWR Systems Division. My
respnsibilities included the development and application of improved
fracture prevention technology, evaluation of radiation damage, stress
corrosion prevention, and involved close interface with design groups.

[ was responsible for the detailed failure analysis performed on the inter-
nals at the Yankee Rowe, Connecticut Yankee, Trino (Italy), and SENA
(Franco-Belg.) plants. [ also participated actively in the redesign and
repair work performed for these plants.

I have been active in the preparation of Codes and Standards relating
to reactor safety. Specifically, I am a member of several ASME Boiler and
Pressure Vessel Code committees, the Pressure Vessel Research Committee
Task Group on Fracture Toughness Requirements, and several ASTM committees
developing standards for evaluating radiation damage of metals.



CLIFFORD DAVID SELLERS
PRINCIPAL MATERIALS ENGINEER - MATERIALS ENGINEFRING BRANCH
DIVISION OF SYSTEMS SAFETY

PROFESSIONAL QUALIFICATIONS

In my presert position as Principal Materials Engineer in the
Materials Enqgineering Branch, I am invalved in safety review and eval-
uation of materials used in the corstruction of nucle: power plants.

The Materials Engineering Branch is responsible for materials appli-
cation, metallurcical investigative studies, fabric.t‘on problems, and
inservice dearadation processes such as stress corrosion and radiation
effects. Other responsibilities of the branch include materials
integrity, fracture toughness criteria, inservice inspection requirements,
and potential inservice degradation processes such as crack growth,
material creep and fracture for the wide range of materials used in the
coastruction of nuclear power plant components. In addition to the normal
casework review responsibilities, I have been involved in problems in many
of the areas enumerated above.

I have a BS deqree in Metallurgy (Penn State 1951) and have done
oraduate work at the University of Delaware and University of Idaho.

From 1968 to 1973 1 was a Senior Engineer with Westinghouse Nuclear
Energy Systems-PWR Systems Division in Monrceville, Pennsylvania.

In this position my duties involved design assistance and trouble-
shooting on reactor internals, control rods and instrumentation, and
reactor pressure vessels, These duties and other field problem investi-
gatory activities led to preparation and use of a field metallography lab.
In this and other connections, I have been involved in various activities
at Beaver Valley, Cook, Zion, Turkey Point, San Onofre, Ginna, Yankee Rowe,
Haddam Neck, Indiean Point, Salem, and SENA.

During the vears 1964 to 1968, I was emploved as a Quality Engineer
at the Naval Reactors Facility located near ldaho Falls, Idaho and served
ac site materials engineer. In my capacity of oquality assurance engineer
I prepared procedures, reviewed procurement documents and performed audits.
My major accomplishments were the establishment of materials receiving
inspection end a verification program,

From 1961 through 1963 I was a senior metallurgical engineer at the
Bettis Atomic Power Laboratory. In this position I was a "cognizant
engineer" for various hich strength structural alloys such as 17-4 !H;

12% chromium steels; low alloy (bolting) steels; Inconel X; Haynes 25,

etc., with responsibility for specification preparation and troubleshooting.
Additionally, I was involved in failure analysis of comporents fabricated
from these alloys. I performed field and in-plant inspection of 17-4 PH
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control rod drive mechanism components. Additionally I was involved in
testing of specimens prepared from irradiated compocnents and preparation
of irradiation programs or high strength bolting materials.

From graduation in 1951 I was employed in various degrees of in-
creasing responsibility at the Westinghouse Electric Corporation Aviation
Gas Turbine Division until that Division's dissolution at the end of 1960.
[ initially was responsibile for the radioaraphic inspection of and shop
contact on aluminum and magnesium base castings and investment cast re-
fractory alloys and fabrications. Subsequently I was involved in shop

ontact and troubleshooting of our in-house casting and forgina shops.
Later T was responsible for development of and applications for improved
light-alloy and refractory alloys, includina preparation of design data
and testing of enqgine hardware. Near the end of my service with this
division I performed extensive failure analysis work on both engine and
test rig failure, both in-house and in the field. During this period I
received 13 patent disclosure awards and was involved in training of
personnel,

In my last year of college and the preceeding summer | worked at Penn
State as an undergraduate lab technician in the Metallurgy Department with
responsibilities for fabrication, testina, and photography of equipment
and specimens and for the metallurgy of test specimens. The project was
a joint Metallurov/Ceramics Department project on the vitrecus enameling
of steel.



