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ABSTRACT

bushing from an auxiliary feedwater pump were examined to determine the cause
of failure. The sleeves oplit in the keyvay and the bushing was completely
stuck to the sleeve, The results of chemical analyses, hardneps tests,
metallographic examination are presented., Evidence for stress corrosion
craccing/hydrogen embrittlement in the sleeves being responsible for the pump
failure is discussed. Recommendations for elternative materials for the
sleeves and wvear rings are included,

\
|
Two Type 420 stainless steel shaft sleeves and one Type 440A stainless steel
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FAILURB ANALYSIS OF
SHAPT SLEEVES IN AN AUXILIARY FEEDWATER PUMP
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1.0 INTRODUCTION

|
An auxiliary feedwater pump for STP Unit | failed on Pebruary 28, 1988, ‘
Thio is an all-stage turdine driven 3560 rpm pump (Serial No. 1A137), bduil: by
Binghamwillamette (B-W) in Portland, Oregon. This pump wae xnltalled in
1985, It is run intermictently (15 minutes to 2 to 3 hours 8C & time) mostly
for testing purpoces) otharwiase it 19 an standby,
Jn February 28, 1988, the pump was run £or adout three hours when tha
speed dropped, It continued to drop even after the governor was adjusted, No
excessive vidration was noticed. An inspection of the pump after opening the
casing showed that the following parts were damaged: the shaft center bearing
next 25 the Sth-stage impeller any the shaff %hrottle bearing next to the
Sth~stige impeller, as follows’

(1) Shaft Center Bearing

The shaft center sleave <.lit at cthe keywav. The inside and the
outside surfaces showed friction marks and cracks.

The shafc center sleeve appeared to have sheared off the cemon key
with the Sth-stage impeller. The portion of the key in the shafc
center sleeve abracded the sleeve inside surface and the chamfered
end of the sleeve cut into the Sth-stage impeller hub for adout
5/16=inch,

2) Shaft Throttle Bearing
> The sleeve seized (o5r friction welded) to the bushing.

© The sleeve split axially at the keyway (with the key still in
place),

0 The bushing outeide surface discolored elmost black with heavy
abrasion marks and metal deformation,

The shaft was found to be straight (0.0015 inch maximum TIR). The
{mpeller wear rings and hud rings showed no signs of .bnormal wear or galling.
Both the shaft center sleeve and cthe throttle sleeve were shrunk fit
(0.0005/0.002 inch intarference) cnto the 2,640 inch d{ameter shaft, The
radial clearance between the sleeve and the bushing was 0.004 to 0,008 inch per
side in bcth cases. Water flows into this clearance acting as & lubricant

during operation.

The fluid is steam condensate with a pH from 9.0 to 10.5. The oxygen
sontent is 100 ppb maximum and hydrazine added to three times the dissolved
oxygen content. The temperature is 120°F maximum,

The Bechtel-M4QS Laboratory received one-half of the throttle -leeve(
sushing and the shaft center sleeve (Figure 1) for a failure analysis. This

(1) Meamorandum from P. J, Evans to Don Ashton, March 18, 1988,
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report >resents the results of our ladorateory analysis on the sample parts
received and the prodable cause of the cracking in the gleeves based on the
properties and performance of the sleeve materials in the gervice environment
mentioned above.

2.0 CONCLUSIONS AND RECOMMENDATIONS

(1) The shaft center sleeve and the throttle sleeve are made of Type 4.0
stainless steel, heat treated to 51 MRC. The throttle dushing is
Type 440A stainless steel, heat treated to 32 HRC,

~
L
N

Boch sleeves splic axially in the keyvay. The splice in these
sleeves were cauded by stress corrosion cracking/hydregen
embritclement, which initiated at or near a cornar of the keyway.

(1) The split in the throttle sleeve was not caused by metal particles
from abraded Sth-stage impeller hub being lodged between the
throttle bushing and the throttle sleeve,

(4) Wear rings and other hardened steel parts in the failed pump should
be examined for signs of corrosion and cracking.

(¢) Alternative materials of construction should be considered,
Candidate materials include 420 stainless steel (temperead at 1100°F
minimum), Type 316 stainless with Stellice hardfacing and
Nicronic 50,

3.0 MATERIALS

"he chemical composition of the two sleeve materials and a ey were
checked, The results presented in Table 1 indicate that both sleeves are
Type 420 stainless steel and the key is Type 416 atainless steel. The
sateriales of construction of the pump according to Referance (1) are as followe:

Dump cacing!  AANM

Pump ehafg: Type 410 stainless ateel (240 - 302 ®B)

Pump impellers: CASNM

Shaft center sleeve! Type 420 stainless steel (430 = 325 HB)

Shaft center stage piece: Type 440A stainless steal (275 = 350 HB)
Shaft -hrottle sleeve: Type 420 stainless ateel (430 = 525 ¥B)

Shaft throttle bushing!: Type G4UA stainiess sceel (273 = 350 HB)
Reye ! Type 416 stainless stesl (96 ¥RS)

4.0 EVALUATION PROCEDURE
acl 7isual Examination

™ e shaft center sleeve with a key and one-half the throttle bushing and
{ts sleave are shown in the as-received condition in Figure 1. These samples
show sracks, discoloration, and friction marke. The throttle bushing and ite
sleeve were stuck together except for & segment that separated a» shown i
Fig\lrﬁ l(b) '

rhe fracture faces of the throttle slesve are ghown in Figure 2., One of
them occurred near a corner of the keyway. T™is fracture face wap discolored
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except for a ghore distance (3/8 {nch) from the end. The other lracture face,
mating to the remainder of the throg:lea sleeve stuck ¢o the bushing, was not
discolored., It thoved fracture origin at the Qutside surface, aboyr midpoine
of {28 ‘ength, where the graing coarsened due :o recryatclliza:icn, dpparent]y
causec by the friceion heat,

he shaft cencep sleeve oplit 4140 in the Keyway (Pigure 3), It appeared
'2 vave scarred 4T 4 corner of the Keywvay near the chamtered end, The splic
Cdused the sleeve 5 1pring open by about 0,053 inch, indicating 4 high
vesidual stress (adout 150 Koi). The inside and outgide surfaces and the
Chanfered and (toward rhe SCh‘l!l'! impeller hub) vere abraded, diacclc:cd, and
Cratked, Only 4 narrow band on the outside surface Near the chamfered end
retaired the driginal ground surface [Pigure Id) ), Figure 4 ghoyy the {ngide
surface of e shaft center gleeve with the two mating fracture faces put
cogetrer. It can bde seen that the gepli: veered off slightly from she corner of
the keyvay rowged the rounded end of the xevway [Figure “(a)]. The
oafiguration of the abraded porlicn of the ey and the shaft cencar sleavea
ineide surface seemed to fit together, 44 shown {n Figure 4(e). 1In contrast,
the irside surface of the throttle sleeve shoved no friction marks,

The fraceure faces of Lre tWo mating pieces of the shaft cenrar sleave
are shown in Pigure $(a). A change in fraceure 4Ppearance occurrad tovard :the
end cpposite the Keyway., This is marked by an grpoy in Figure $(b), Smail
Gress of rust vere found on the fracture faces neer the corner of the keyway
(Figures S(a), (b)), and (d)]. The fractura 4PPearance of the ghaf: center
sleave i3 comparadle to that of the throcele sleeve ghown in Figure 6,

4.2 Scanning Zlectron Microscopic Examination
Scanning electron microscopic exanination of the fracture faces of doth
slesves showed thee the principal mede of the fracture i {ntergranular,
Figuras ? through 10 show SEM Photographs of the fracture faces of the splicy
in :he “eyways of bosh sleeves, T octher fracture face (withour heat
discoloration) of the thrattle sleeve showed intergranylar cracking in the
fracture origin; the fracture mode changed to dimply away from the origin,

Figure 7(a) shows tha ares with ruse on the fracture face of the shaft
cencer sleeve. The qrea Sounded hv white vectangle {s shown ar 4 higher
nagnification ina Figure 7(5), The granular appearance i, typical of
intergranular cracking. Figure j(o) 18 typical for the fracture face near the
rounded end of the Keyway, I: shows no corrosion products on the fracture
face, This intergranular mede of fractyure Pereisted until the transition line
indicated {n Figure 5(b), The finer fracture ippearance below the transicion
line resulted from & change in the fracture mode o 4 dimple fractyre, This
shange in the fraceyrs mede {n a microsccpic scale is shown {n Figure 8, (4
fpecizen cut from the shaft centar tleave and Sroken frash at room temperature
in tha ladoratory showed a dimple fracture mode, )

Typical SEM photographs of the {ntergranular mode of the fracture face in
the keyway of the throttle sleeve are ghown in Figure 9. The keyway land,
adjoining the fracture face (in the area marked by the arrow {n Figure 6) vay
corroded and cracked a8 evidenced by intergranular attack (Figure 10). The
lower nglves of the SEM photographs of Pigures 10(a) and (®) are a 5x
magnification of the areas bounded by the white Tectangles. The white arrows
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{n 7igure 10 point to the edges of the fracture face. So, the areas belov the
arrows are the keyway land. The corrosicn in these areas delineated the grair
poundaries.

T™e oblong area at the end of the key in Figure 4(%) revealed a
characteristic shear fracture,

Figure 11 shows SEM photographe of the smeared or cbradca surfaces of the
sleeves, Cnergy dispersive X-ray spectra of the areas shown wvill de presented
lator.

4.3 Hot Acid Etch Test

ceveral specimens from the dushing and the sleeves were etched in dilute
hydrocaloric acid around 140°F. The results are shown in Figure 12, The heat
«[fected zones from frictional heat are clearly outlined {n Flgures 12(2) and
‘%), The heat affectad zone in the throttle sleeve extends through the wall
thickness, except for a short distance at the end with the keyway (toward the
sth-scage impeller). This end stuck out of the bushing in the final seized
conditicn. A thin layer at the inside surlace sf the bushing appeared to have
melted and squeezed cut to the ends, Grain growth occurred in the outside
layers of the throttle bushing and the throttle sleeve., As compared with the
heavy frictional heat in the rhrottle dushing and its slesve, the heat affected
sones in the shaft center sleeve are relatively shallow (Figure 12(d)). The
hat acid etehing brought out numercus fine cracke on the inside surface and a
few relatively large cracks on the sutside surface of the shaft center sleeve
‘Pigures 12(c) and (d)],

The above :ast also revealed that the two sleeves are a wrought product
(e.g., forging), whereas the bushing is a casting,

4,4 Hardness Test
ockwell hardness tasto using the C-scale gave the following resulls:

- $2 HRC (opposite the xeyway end)

5 Shaft center sleeve: Ol
48,9 - 49 MRC near the chamfered end

5 Throttle sleeve: 0,5 = %1 HRC (unscorched ares)
49 = 49,5 HRC (scorched area)

s> Throttle bushing: 29,8 - 31 HRC (chamfered end)
32 - 33 HRC {opposite end)

o Key: 96 HRB

4.5 Metallographic EZxamination

7igure 13(a) shows & profile of an axial-radial section of the chamfered
end of the shaft center sleeve, The heat affected zones have been delineated
by etching in the villela's reagent, A straight portion on the outside surface
profile near the top {s without a heat affected zone as it retained the
sriginal ground surface. Figures 12(®) and {e) show profiles of the keyway
cormer that did not split in the shaft center sleeve, A 0.0l=inch radiup
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circle can be {nscribed at the corner touching the two edjacent sides, Only a
spall area at the extreme end of the keyway land would be outside thie circle.
Tmyus, the keywsy corner has an cverall radius of 0.CL inch with a smaller
radius (about 0,002 inch) at the end of the keyway land.

pigures 14(a), (b)), and (c) show the heat affected zone and a typical
heat crack on the outside surface layer of the shaft center sleeve, These
cracks were also intergranular except £or the deginning. '

imeared metal at the edge of the keyway on the inside surface of the
ehait center sleeve (Figure 13(e)] contained metal particles. These particles
are shown in Figure 16(d).

2igure 15(a) shows a cTo8s section of the throttle sleeve at the location
marred by the arTow {n Flgure 6, 1t can ne seen that the split did not occur
at the very corner of the keyway; it sceurred a short digrance avay from it;
ebout 1/16 inch., The corner of rhe keyway can de {ngeribed with & 0,015 {nch
cadius circle except for a local protrusion ‘pigure 15(®) 1. The crose section
shown in Figure 1S is at the ares which showed evidence of corrosion

(Figure 10) in the keyway 1and during SEM examination. Figure 15(e) shows
gecondary intergranular cracks parallel to the fracture face, intergranular
attack along the keyway land, and "gponge’ metal (due to corrosion) near the
reginning of the fracture. The two circular blobs in Figure 15(e) were
produced as rhe etching reagent which had been absorbed by the pong® mevdl
during etching cans syt later ¢n & dried specimen surface.

4.6 Surface Chemical Analveis

e

The galled surface of the throtcle sleeve vas analyzed for nickel to see
{f any abraded metal particles from tha Sth~stage CASNM impeller hubd were
lodged on it. (CAGNM containe adout 4 percent aickel, whereas 44LOA and 420
etainless steels about 0.4 percent nickel ae residusl,) Both the energy
dispersive X=ray analyeis (ZDXA) and the wave length dispereive X-ray analysis
(WDXA) were used. The latter 18 commonly referred to as &n X-zay fluorescence
analysis. No nickel in significant amounts wers detected from the galled
surface of the rhrottle sleave. Instead, EDXA shoved & large amount of
gilicon., Typical ZDXA spectra of the throttle esleeve outside surface are shown
in Figures 16 and 17, WDXA ghowed no differenced in nickel contents hetween
cne inside and the outside surfaces of the throttle sleeve.

A small amount of nickel and some silicon vere found on the chamfered end
»¢ =he shaft center sieeve which cut into the Sth-stage {mpeller hub.

Figure 18 shows EDXA spectrd of the areas {ndicated in FPigure 11(e)s The metal
carzicles found in the smeared metal at the edge of the keyway [Figures 13(b)
and 14(d)) showed strong chromium peaks and weak iron peaks only and the
smeared metal surrounding these particles nickel and molybdenum peaks,
Terefore, the ameared meatal 2ay have come from CAGNX and the metal particles

¢rom chromium plating probabdbly on the shaft.
¢,0 Results of rvaluation
porential cracking mechanisse fapr the sleeves are:

o frictional heating
) stress corrosion cracking/hydrogen embrittlement
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Hardened steels are gusceptidle to cracking when heated rapidly in
localized areas. Thus, the heat generated by friction or grinding cause what
g eommonly called Lieat checks. The higher the hardnecss, the more suscaptible
rhe metal is to heat checks. As shown in Figures 12(¢c) and (d), the numerous
small cracks on the inside surface and a few large cracks on the outeide
gurfice of the shait center sleeve are believed to have been caused by the heat
generated by friction detween WO sliding surfaces, The adrasion omarks and the
neat affected zones on both the {nside and the vutside surfaces of the shafer
centar sleeve attest t3 the frictionsl heating. The frictional heating in the
throztla sleeve, on the other hand, was so high that the entire cross secticon
within zhe Sushing was quenched and tempered. Therefore, no heat checks
fopmed. In this case, the heat wae 89 high that even the metals melted and
grain grevth seeurred at the faying surfaces.

mecks sbviously did aot eceur in the keyway land, including the

rs. Therefore, the splits in hoth sleeves could not have atarted

gide if she frictional heating was vresponsible for them, It would
~% a soincidence to blame frictional hesting for the splits in the
he two separate sleeves, ™is is because the split oust have

com the outside surface and happened to go through the keyvey.

allographic evidence points to stress corrosion cracking, hydrogen

¢ cracking, or both for the splite.

ardaned steeld, including chromium gtainless steels such as Type 620
srainloss steel, are also gudject Lo stress corrosion cracking and hydrogen
embrittlesent., Alzhough fine differences exiat delween sITers corrosion
cracking and hydrogen embrittlement cracking, {t is often not possidle to
distinguish which cne is responsible for setal cracking in actual failures in
Jhich corrosion was a factor even slightly., Stress corrosion cracking 1s &
cesult of a combined action of 4 static tensile stress and a corroding
environment, Hydrogen embrittlement is produced by the presence of excessive
amounts of hydrogen, The source of hydrogen includes corrosion as vell as
steelmiking, acid cleaning, and plating, For the purpose of discuseion of the
fractures in the sleeves, it makes little diflerence whether cracking can ocsur
ie to strass corrcsion cracking or hydrogen embritilement.

e svidence of corrosion and the sacondary intergranular cracking
(pigure 15) in the throttle sleeve keywvay lends support to etress corrosion
cracking. GEvidence of corrosion was found also on the shaft center sleeve
fracture faces, although not a# strongly as in the throttle sleeve, Corrosicn,
resulting in acidification of localiged regions, causes the hydrogen to be
absorbed by the metal. Cracking caused by stress corrosion or hydrogen
embricclement in high strength steels can be either intergranular or
transgranular, A sechanical overload fracture would not be intergranular, &
sroved by a laboratory fracture of a specimen from the shaft center aleeve,
the-efore, in our opinion, the splits in the two sleaves were caused by stress
corrcsion cracking/hydrogen embrittlament, Both sleeves show evidence of
cagrosion; bdoth sleeves were under high residual tensile stress (150 kei) in
the circumferential direction. e sleeves are in a highly hardened
condition., These three conditions have deen known £0 be conducive to stress
corrosion cracking/hydrogen exbrittlement., ’
The splits in the sleeves ceme firet and

she increase in diameter due 2
the splits causecd tne frictional heating. The 0,083 inch gap at the split

£
:.
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she shaft center sleeve is equivalent to an increase in diameZer by 0.0l7 ingh
which L8 more :ha; the design clearance detveen the sleeve and the shaft :en:e;
stage piece. It 1 reasonadle, therefore, to believe that the initial friceicn
between them was sufficiently high enough to shear the key off, Subsequently
rhe shaft center sleeve rotated around the shaft inside the center stage pieE;
cucting into the Sth-stage impeller hub., The keyway length in the throttle '
sleeve is much longer than that in the shaft center sleeve [See Pigures 2(b)
and 3(1)) Therafore, the key in the throttle sleeve resained in place,
sverconing the friction force that developed as & result of the eplic.

Instead, the friction between the thraottle sleeve and the throttle bushing
saused such an inZense heat that the metals melted, squeezing ¢40ome molten metal
sut, and friction welded themselves together for the most part. Since the key
<as stronger than the 3/B8-inch diameter anti-rotation pin for the throttle '
sushing, the latter sheared off, causing the bushing to rotate inside the
sasing., This would explain the large heat affected zone and deformation around
the bushing collar [Figure 12(a)].

se pumps experienced wear ring failures in another power plant in

1984, ?‘oagseﬁbly of the pumps at 3-W then showed consideradble rusting
(2,3) some of the wear rings (either 440A or 420 stainless steel)

tting corrceion, Rust streaks on the inside surfaces of the pump
sasings, impellers, and pitting in wear rings occurred during the standdy
sericd, It seems possidle that the wvater remaining inside the pump became
axygenated through oxygen diffusion, causing the corrosion to occur. The
faying faces between the xey and Inhe <eyway in the sleeves form crevices where
localized sorrosion can cccur preferentially, Unless the pH of the wvater 1o
maintained at a high level (around 10), some corrosion may occur en 420
steinless steel under certain conditions., A sufficient quantity of hydrogen
=ay be generated and absorded by the metal becaus of the corrosion, leading to
sracking after an in Sation pericd, The tize r ired to initiste the
-rackiag (zhe imcubation period) {s usually much longer than the time for the
Crack TO propagate.

Though oxygen must be maintained at low levels to aveid corrcsion in the
resr of the system, low oxygen is reported to markedly increase susceptibility
to strass corrssion/hydrogen embrittlement vo. air saturated vater. “) mis
{g consiscent with the general observation that stress corrosion/ hydrogen
ambrittlement occurs when the general corrosion vate ie low (lew cxygen) dut
mot when the general rate is high (high oxygen) .

.

1t appears that the two sleeves wers made of the same heat of material,
heat treated to the same hardness level, machined to the same inside and
~utgids diameters, shrunk fit to the commen shafe, and exposed to the same
environment for the same length of time, Then, the susceptibility to cracking
vauld mave been about the same between the (wo sleeves, requiring adbout the
same period of time for incubation before cracking, Since thare vas visidle
-orrosion on the fracture faces on the ingide of the key, it {s reasonadle to
ssnclude that the shaft center sleeve had seen cracked for some time defore the
throttle sleeve split., The corrosion on the fracture faces of the shaft center
sleeve lends some support for this, It is also possidle that the pump could

(2) Trip Report from §. W. Borenstein to 2. A. Raidel, 8WB=044-01, April 9, 198
(3) Trip Repert from 8. W. Sorenstein to R, A, Keidel, SWB=04k=03, April 16, 1984,
(4) H., Suse, Corrosicn (October 1960) 108,

106 5m
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have operated with the shaft center sleeve split but not seized, It is Likely
that the throttle sleeve split completely during the pump operation on
February 28, 1988, leading to the complete seizure between the sleeve and the
bushing and the friction heat damage to the bushing and its housing.

It is possible that some of the impeller wear rings in the pump that
failad at STP are also a candidate for stress corrosion cracking/hydrogen
embrictiemens faii.ves, D3-W uses either Type 440A or 420 etainless steel
(forgings or castings) for wvear rings, heat treated to the same hardness level
as "-e sleeves that failed. Therefore, during the repair of the failed pump,
rhe wear ringe shculd be examined for cracks and eigne of pitting corrosion in
other parts of the pump internals.

Protection of pump internale during the standby period by mainctaining
them in a dry condition or by treating the water with corrosion inhiditors may
se impractical from operaticnal requirements. Un'-*e gven the slight
sossidility of metal corroeion can be eliminatz<, Type 440A or 420 stainless
sceels in & high hardness condition may not oe & gsuitable material of
construction for pump internals for applications a» auxiliary feedwater pumps.
=hen other materials such as Type 316L stainless steel with Stellite hardfacing
Jsing the plasma arc tranafer process or Nitronic 6N may be ccnsidered as the
shafs sleeve or wear ring materials, The former i/ used commonly for pump wear
rings. Both have shown betler vear resistance than Type 420 stainless steel,
3ath Stellite and Nitronic 60 are resistant to galling, friction heat cracking,
and stress corrosion cracking/ hydrogen embrittlement in oxygenated or
deoxygenated, condensate (with & low chloride content) over the pH ranges
asrmally encountered, Alternatively, 420 stainless stee’ with an 1100°F
minimum tempering temperature could be used. Howvever, the lower hardness
(needed for resistance tc stress corrosion /hydrogen esbrittlement) reaulting
from the higher temperature will have poorer wear resistance than the higher

hardness material previously supplied.
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Zlements
Cardon (C)
Manganeec (Mn)
Phosphorus (?)
Sulfur (8)
§ilicon (8i)
Chromium (Cr)
Nickel (Ni)
Molyddenum (Mo)

Copper (Cu)

P13

TABLE 1

THE RESULTS OF CHEMICAL ANALYSES OP SLEEVES AND

THE KEY FOR THE SHAFT CENTEZR SLEEVE

Weight Percent

Shaft Center Sleeve Throtzle Sleeve Key
0.31 0.34
0.35 0.54
0.019 0.020
0.006 0.008
0.51 0.51
12.67 12.68
0.43 0.42
0.10 0.11
0.08 0.09
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Figure 10 Scanning electron aicrographs
of the keyway adjoining the
fracture face of the throttle
sieeve. The arrows mark the
edge of the fracture face on
the keyway
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Macrograph of the
Axial sections of
Y (d) Same as (b
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400X (d) 400X

a) A heat crack on the outside surface layer of the shaft center sleesve,
(b) & (c) Same as (&) except at higher magnifications

d) Near the edge of the keyway of the shaft center sleeve shouing fore.gn
metal particles (arrcus).
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ure 1% A cross section of the throttle sleeve at the location zarked
arzow in Figure 6. The arrow in (a) points to the fracture ini
with evidence of corrosion. (¢) shows the ares =marked Dy the &
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