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REACTOR COOOLANT PUMP DIFFUSER CAP SCREW DEFICIENCY

FINAL REPORT SUMMARY

Description of Deficiency

When the System 80 Reactor Coolant Pumps (RCP) were disassembled for inspection
after the test runs in the CE-KSB test loop, diffuser retaining cap screws
were found to have failed. The screws failed either under the head, in the
shank or at the first thread. CE has determined that the failure was caused by
hydrogen induced stress corrosion cracking as a result of the heat treatment
condition of the screw material (Type 410 martensitic stainless steel). The
hydrogen induced stress corrosion cracking was accelerated by high stress
levels caused by positioning the diffuser halves in a non-preferred orientation
in the pump casing.

The cap screws support the diffuser-suction pipe assembly when the pump is
jdle. With the pump running, hydraulic forces are sufficient to support the
diffuser-suction pipe assembly. Two cap screws secured each retaining ring
segment and locking devices retained the cap screws.

Evaluation of Safety Implications

The failure of the cap screws has been determined to he not significant and not
reportable under the criteria of 10CFR50.55(e). If the deficiency were to have

remained uncorrected, it would not have adversely affected the safety of
operating the plant at any time throughout the lifetime of the plant.

CF has reviewed the potential failure mechanisms and their consequences,

including a lacked rotor, degraded pump coast down and core flow blockage and
has determined that:

a) During full power operaticn hydraulic forces alone can maintain the
diffuser in place. Only during startup or coast down is there any
potential for arial movement of the diffuser. The design is suzh that the
diffuser-suction pipe assembly is captured radially throughout any axial
movement. The diffuser ran not rotate because it is restrained by two keys
which engage the mating pump casing ledge. With these design features the
potential for impeller binding s remote during startup and coastdown.

The assessment of the effects on the coast down show the RCP maintains
sufficient flow to satisfy the criteria of the safety analysis.

The potential for core fiow blockage has been examined and it has been
concluded that the gap between the impeller and the diffuser is small
enough to prevent the escape of particles that are large enough to cause
local core flow blockage.




Description of Corrective Actions Taken

Threc modifications have been implemented to correct the diffuser retaining cap
screw failures observed as a result of the pump testing at CE-KSB.

1.

3'

The cap screw material heat treatement has been changed to a condition so
that tiie mate'v2! is not susceptible to hydrogen induced stress corrosion
cracking,

The diffuser assembly is a two piece arrrangement to aliow ease of
fnstallation, One side of tre diffuser ha., six vanes and the other side
has five vanes. Tist results show that there is a preferred orientation of
the six vane half versus the five vane half, The preferred oventation has
been implemented.

Wedging devices between the two diffuser halves have been added. These
devices limit movement of each diffuser half within the pump case.

The adequacy of these modifications have been verified by testing of production
purps at CE-KSB,
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The objective of this r2port is to summarize
history of the bolted connection between the
casing on three CE-KSB Reactor Coolant Pumps

the Newington Test Facility.

This summary report highlights the analytical approach and

identifies the conclusiors and recommendaticns resulting from

this 1nvestigation.
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The post test inspection on three of the twenty Reactor Coolant
Pump's performance tested in the CE-KSB Pump Company's
Newington, New Hampshire Test Facility indicated that fi

to-casing bolts were damaged or had failed.

The bolt failure in Reactor Coolant Pump #1 was originally identi
1s failure due to improper mechanical assembly procedures. ng
neering felt, at the time, that a spherical washer, necked down
21t, anda higher strength bolting material would result in a
more conservative bolted connectiun. The original diffuser-to-
casing bolting connection is shown in Figure 1. The bolts were
M20 x 40 made from ASTM A193-47 Grade B

bolts (M20 x 65 Unbrako KS-17 material)

Fifteen Reactor Coolant Pump's were successtully tested with no

evidence of any bolt failures. On Reactor Coolant Pump #17, one

broken bolt was found and again on Reactor Coolant Pump #20, two

Vs

broken bolts were found. A tabulated summary of the diffuser

bolt failures is shown in rigure 2.

After the bolt failure in Reactor Coolant Pump #20, a thorough

review of all bolt fai'ures in the connection was initiated, and
the following facts established:

The bolt failures occurred within a sector

to the discharge nozzle center (See Figure

The belt failures occurred with diffusers su

two different vendors.

3. Failures occurred with virgin bolts.




There were no bolt failures on seventeen out of twenty pumps

] bolt fracture surfaces were discolored.

Bolt failures reported cn Reactor Coolant Pumps #1, #17, and
#20 occurred with the six vane diffuser half positioned on

the right side of the nozzle centerline (viewed from the top
of the pump casing).

Metalurgical investigations of the failed bcits indicated
thet the failure mechanism was characteristic of hydrogen
induced stress corrosion cracking. There were no reported
indications of fatigue failure from the metallurgical
examinations.

The next four Reactor Coolant Pumps (27A, 20%, 20C, and 20D)

were performance tested with the specific objective of attempting
make the bolts fail in order to identify the failure mechanism.

leacter Coolant Pumps 20A and 20C were tested with special attention

to the mechanical assembly procedure with the six vane diffuser half

positioned on the right-hand side of the discharge nozzle center-

line. Post-test inspection revealed diffuser bolt damage in

tests.

Reactor Coolant Pump 20B was performance tested with special

attention to the mechanical assembly procedure with the six vane

diffuser positioned on the left-hand side of the discharge nozzle

centerline. Post-test inspection revealed no bolt damage.

The three recommendations described in Section 5 of this Report
were incorporated into the performance test of Reactor Coolant Pump
an

0D. Post-test inspection confirmed that there was no evidence of
any bolt failure.
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The first effort expended was to review all

loading conditicns expected within the operating

oump, including hydraulic loads and thermal expansion effects.
The ASME Boiler and Pressure Vessel Code, Section III criteria
were used in the design review even though these bolts are not
Code parts.

The second effort expended was to review the dvnam.c
associated with the heatup/coolduwn and starts/stops over the
lifetime of the pump. The cummulative damage for the cyclic
operation over the 40 year lifetime was below one, which satisfies

the requirements of the ASME Boiler and Pressure /essel Code

4
TY
Ahd

ectic:
In summary, the analysis reviewed in Part I confirmed that the
diffuser-to-casing bolted joint design was acceptable and no
stresses could be identified that would have caused the bolt

failures.

The metallurgical examination of the broken bolts indic ted that

the failures were related to hydrogen induced stress corrosion.

However, the location of the reported bolt failures see Fiqure 3},

. |

did not show the randomness expected if the failure mechanism were
initiated by hydrogen induced stress corrosicn in combination with

the normal loadings reviewed in Part I.

These observations led to a further investigatior described 1n
Part 11 where a hypothesis of the bolt failure mechanism is
jescribed and the corrective action recommended to eliminate further

holt failures in the diffuser-to-pump casing connection.




Y ANALYSIS, PART II

While reviewing the analysis of Part I and in particular the
assembly procedure, it was noted cn several Reactor Coolant

Pumps that the pre- and post-test inspection "as-built" dimen-
sions of the diffuser half and the mating inside diameter of

the pump casing showed that the diffuser halves hau moved during
test. Subsequent calculations did in fact, confirm that this
movement was possible.

A more detailed review of tie hydraulic loadings on the diffuser
halves was undertaken. The conclusion of this review was that

it was possible under a certain combination of dynamic loading
conditions and “"as-built" dimensions combined with the assembly
procedure, to cause a significant increase in the diffuser bolt
stresses. Calculations verified the evidences noted in the per-
formance tests, that positioning the six vane diffuser half on
the right hand side of the pump casing discharge nozzle created
higher bolt stresses than with the fivé vane diffuser on the rignht

hand side.

The resultant moments on the diffuser half tended to pivot the

diffuser outermost edges about a keyway in the diffuser. These

-

loading conditions were greatly reduced by physically supporting
as

the two diffuser halves against each other the resulting
moment is directed towards the hydraulic centerline of the
diffuser. This physical support was achieved by using two wedges
(see Figure 4) positioned in the gap between the two diffuser
halves.




5.0 CONCLUSION AND RECOMMENDATIONS

In conclusion, the combination of the hydrogen induced stress
corrosion cracking and the mivement of the diffuser ha'f causing
higher siress levels on certain bolts. reaffirmed the failure
locations documented during the post-test inspections.

The recommendations, based on the metallurgical examinations and
the analysis of Parts [ and II of this report, are:

1. Continue to use Type 41C bolting material with a modified heat
treatment procedure.

2. Position the five vane diffuser half on the right hand side of
the pump casing to minimize the induced stress levels in the

bolts.

3. Install diffuser wedges to 1imit the movement of each diffuser -
half.

Report 83-0002 5
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TAEULATED SUMMARY
DIFFUSER BOLT FAIIURES

DURING MECHANICAL TESTS AT CE-KSB

LOCATICN OF SIX*
VANE DIFFUSER HALF

NUMBER OF STARTS
FROM AMBIENT TEMP.

j Right

Right

Left

Right

NO. OF
BROKEN

Two bolts were found broken and the ring segment was found sitiing on the impelier.

BOLTS

The exact

COMMENTS
See Note 1)
(See Note :
(See Note 3;

(See Note

(See Note 5)

New bolts and
Dif fuser Hedges

location of the broken balts is not certain, but it is thought that they were the “"bolts hridging the gap."
One ring segment bolt found broken on the ring segment "bridqing the gap" oa the six vane diffuser half.
nqe bolt was on the ring segment "bridging the gap” on the six vane diffuser half, and the second bolt was
the adjacent ring segment on the six vane diffuser half.
One bolt was on the ring segment “bridging the gap” on the six vane diffuser half, and the second bolt was
on the adjacent seqment on the six vane diffuser half

Four ring seqment bolts ultimately found cracked on the five vane diffuser half
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Indicated bolt may have been in other hole of the same ring segment.
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sne time on stress relief is shown in Fig. ©.351 of (Z2): for inetance, at
300-650F for one hour, 10% of the residual stresses are removed and arter
<« nours about 15%: however, at 115CF the stress relief treatment is about
20% effective

iarcenec ana tempered martensitic stainless steels can De suseptidDle IC
stress-corrosion under certain conditions 1n environments containin

chlorides, hot caustics or nitrates, or hydrogen sulfige (3). If the

rargness after heat treatment 1S -
immune t0 stress corrosion cracking. However, heat treated to higr
haranesses of »>30Rc, they are susceptil

of their sensitivity to hydrogen embritt

T
grogen sources are usually stee

-
.

atmospheres. But hydrogen can alsc result from corrosion. Therefc

-3
o

ure in a corrosive medium may be the result of either stress

corrosion, hydrogen embrittiement, or both (5). Certain specific

ccmoinations of factors, e.g., presence of stresses, notch sensitivity,

etc. do produce stress corrosion cracking ian 12% Cr steels. The
: potentially most dangerous medium appears to be that wnich promotes

nyarogen emcrittiement (5) (6).

Only tension stresses will produce stress corresion cracking, especially

at the surface which is in contact with the corrocing medium. The

stresses do not have to be only assembly or operational stresses but can
also be residual stresses e.g. from heat treatment. They are most

insidious because their magnitude may not be known (5).
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Based on all! this it was decided during th
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to retemper existing new bolts (A-bolts) at 1100 or 1150F to produce BOits
a

with a hardness of 30Rc (B-bolts). Retempering within this r




tension
aisappointing,
nils and 0% shear acture.

1

The microstructure was similar to that of A-bolts

1

clearly definea grain boundaries, possibly

precipitated during retempering.

-

ScM examination of broken impact specimens
intergranular, following the former austenitic

see also Fig. SA).

Grains or crystals are polyhedral bodies
adjacent crystals of different orientations are ¢
they appear on a polished and etched plane of a micro

boundaries interrupt the continuity of the lattice planes.

visible after etching because of the different chemical reactions

crystal and grain boundary to the etching reagent.

Austenitic grains (and boundaries) e in austenitic
Type 410 stainless steel is fully austenitic (in equilibrium)
about 1700F and Z050F. Ouring hardening (continuous cooling)

begins to transform to martensite at about 600F within the austensi

1.00N"2
s UUVEe




transformation

transformatic

ooundaries appear again after tempering
that particles, most likely carbides, have
tempering treatment. This 1is possible
i2r austenitic grain boundaries are still
orientation of the Jlattice, even

itation or carbides along the former, austenitic grain

affect properties, e.g., fimpact resistance,

above thoughts, 1t was deciced to reheat treat O
of annealing, hardening (from 1750F), and tempering (at

tests with small pieces showed that the

microstruciure was
-

boundaries after annealing and also after hardening.

nowever, produced grain

boundaries with carbide precipitation.
The mecnanical test results of

CipiIL

reheat treated bolts (C-bolts) were as

65-67

(*)broke outside gauge length
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.ateral sxpansion at RT was 3-25 mils, at 40F 1-4 mils; % shear fracsture
at T qas 0-30%, at 40F O%.

A1l reneat treated boits were liquid panetrant and ultrasonicaily examinea
(~ttacnment (3)) and were found to be without defects. Oimensional checxs
oerore ind arter neat treatment did not reveal any unacceptable
limensiconal changes.

One of the broken impact specimens was used for metallegraonic
examination, Fig. 7 shows the microstructure consisting of tempered
martensite with heavy former austenitic grain boundaries and possibly scme
ferrite. The OPH hardness was 270-292 (about 27 Rc).

A1l heat treatment experiments have resulted so far in gcod tension ang
nardness test values but unacceptable impact properties. This can be
axpiained only by the deveicpment of precipitatas along the former,
austanitic grain boundaries during tempering. All experiments ccnsistad
basically of hardening from 1750F and tempering at 1150F. This heat
treatment is recommended in steel specifications not only domestic but
also foreign (e.g., DIN 17 440 "Corrosion Resistant Steels" Grade X7Cri3;
JIS G 4303 “Stainless Steel Bars* Grade SVS 51 B). One would be inclined
t0 suspect that the bolts used for ne heat treatment experiments were
made from a bastard heat. The Test Certificate, Attachment (1), however,
does not indicate anything unusual. A sample was sent to MML Chattanooga
for investigation.

[n the meantime SPS has received more bar material from Carpenter to cover
an order issued by CE-KSB (see Attachment (4)). Pieces of this material,
0.8125" diameter, were used for heat treatment experiments and mechanical
testing. The heat treatment was again hardening frcm 1750F followed by
tempering for 2 hours at 1150F. Following are the room temperature
results ("new" material, see also Table [):

Renert 83-0002 -8- APPENDIX I



with new material are

asked Carpenter

hardening from 16

Qry

water quenching. Thi

h |

Charoy-V, ft-1bs

48-88

Lateral expansion




-

“asts at C-£ Wingsor at room temperature

lew matartal
UTS.ksi ¥S,ks1 Rof AX EX _R¢ Charoy-v, ft-lbs
118.5 102.5 70.6 20 25 80-33
.ateral axpansion 46-36 mils, shear 50-60%
A-00its annealed + heat treated as abcve —=0-30lts
125.2 113.1 n.z 20 25 §9-129
Lateral axpansion 36-71 mils, shear 40-30
SPS also performed Charpy-V tests at 60F and 40F:
Tests (3 specimens) at 60F
Energy, ft-lbs Lat. Exp., mils - X Shear Re
28.5-56 22-39 20-40 24
at 4oF
31-42 21-27.5 20 24

Metallographic examination of ome of the broken impact specimens (0-bolt)

revealed the microstructure to be tempered martensite withou

t former,

austenitic grain'bOundaries (Fig. 8 top - Vilella's reagent etch, compare
with Fig. 7). This micro was also etched electrolyticaily with alkaline
sodium picrate which revealed the presence of about 20% ferrite in the

microstructure (Fig. 8 bottom - white particles).

Penort 83-0NN2 -10- APPENDIX I
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T YA

low 1700F because ferrite present in the martensitic
final hardness. Therefore, o0il quenching is
uncticn with a higher hardening temperature of about

quenching may be used if desired even if the hardening temperatu

reconmended for steels with retained
hardening (low Mf temperature) to prevest untempered martensic
microstructure. Since Type 410 has an Mf temperatu
retained austenite and therefore, untempered martensite
11

c1 \ : AT : 3
occur. However, tempering Type 410 twice will not

.
. - . ” . - .
dnly 1mprove the properties after heat treatment.

water quenching from the tempering temperature is

w

temper embrittiement found in some low and medium
through the temperature range of about

In this report, water quenching after temperi

1

ly improve the impact properties of a sample hardened from
]

As far as cur bolts are concerned, water quenching is harmless

only improve the impact properties after heat treatment,
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The ramaining seven

1

speration broke the dolts.

ributed to stress corrosion cracki
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dated 11-24/82, submitted

head cap screws
were returned from
recent rework activities. One of the eight cap screws

uring the de-staking operaticn (pump S/N1110-2B,

16-1 Thread”). The remaining seven were used

into position pric= tu installing the new
Cap scre: it u this operation which caused the final brea

boits. It was ! L that these bolts

which have never \ through operation at either

P

the eignt ith identifications is
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All aignt boit samoles sh milar f surfaces, i.e.,

1)

incinient crack and a clean final ‘ ‘ i ). Also the surf
shank and :threaa) of all samples was covered with a dark grey oxide,
suggesting that the polts had been exposed to an oxidizing medium such as,
instance, primary coclant (this would be centrary to information received
! tion of this report).
for the 2xamination bolt sampl
iuring the de-staking operaticn, an sample "8109--
3J-1) which is representative
4, in Attachment (1), i.e.,

with the fractured surface

The 201ts came from the same
conseguently ~ere made from

same manufacturing procedur

Fam

€prrm

Met3'lographic examination of the samples 1 and 3-1 revealed the microstructure
0 D¢ tempered martensite with a grain size of about ASTM No. 7 (Fig's 2 and

) and with clearly distinguishable farmer, austenitic grain boundaries (s
. 3 in Report TR-MCM-112, the presence c¢f the former, austanitic

discussed in this report).

The micra hardness of both samples was found to be OPH

corresponding to about Rc 47.

-

'ne fractured surfaces of the two samples were examined on the scannring

(he crack which in*t) ted the failure of the two

wn in the left photographs of Fig's 4 and 5. As can

1

De seen the cracks are intergranular and follow the former, austenitic grain
o

boundaries visible in the photomicregr

an
of the crack surface (left, Fig's 4 and 5) is almost identical with that of

3. 3, Photo A of Report TR-MCM-112, including scme secondary cracking

cetween igdjacent grains.
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ns of Fig's. 2 and 3. The appeara
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Microstructure
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