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Abstract

Pump shafts in the centrifugal charging safety injection pumps in PWRs have been subject
to occasional failures over the past several years. Service experience showed that the pump
shaft failures can result in significant emergency repair and maintenance costs to the plant.
Metallurgical investigations of the pump shafts fabricated prior to 1977 confirmed that the
cracking was initiated at stress concentration sites, such as a locknut thread root or a split
ring groove, and progressed by a high cycle fatigue mechanism. Westinghouse implemented a
series of improvements and upgrades to increase the safety margins and to mitigate the effect
of the off-design operating conditions. These included design enhancements as well as
material condition(heat treatment) modifications. The pump shaft upgrading program
significantly improved the design life of the shafts but did not fully mitigate the issue.
Investigation of recent failures of the upgraded shafts suggested that these failures are
initiated by a combination of off-design loading events such as loss of flow or gas binding
and a reduction of pump shaft resistance to cracking due to the aqueous environmental

conditions.
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HoAdel Brkek AATHE & 1995d € F A R a2 AsE TlEs A2l

2. A SHE=E 5 &4 =A
z27] FXE 2 ASTM A276 type 414 ~H 1&g~ 7 AA-E 1000°FAN A mlste] A =Fshd o

e Aog BuFP AL AAHYL. ol HZE =2 1 000°Fd A = (Tempering) %
A-276 type 414 Z~H1# 2~ 7 AAZ ALt 2 Ao & Fd dis] 534 2AME
gatArt Hrte 19 AAE 2 FE =9 g &, 55 2 959 i g dAnA
&, 71AA FEAR Y shebA oo =4S BEAT 71AA AEA R e AR S, A
A3 Ak2 3 QIgAF ol EZIEHGT AAZ A 542 Jx F 7Y A% & AANAA

FA AAE TPUE A PG} BT Y 250 F9 shibelv], o o] $¥ PFaIte] o
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ASTM A276 type 414 Z=HR1# 2% & AdS #Fia=2 3ol 7tsA v oA FRAELS o
AA717] & dEskeE w9, R 2 A AR AEE FRskdn 2719 TheA de 8
Mol T8 AA 53L& Type 422 22H 28] 227 (S-Steel), Nitronic 50, Custom 450, PH 13-8 Mo
Steel, Custom Age 625 Plus, AerMet 100, Ferralium SD40(Duplex), 15-5 PH VAC CE ©°|t}.

32 AF AAAA
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59 A4 g A& 3 )
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316L 2.t} %o RT(Room Temperature) %7 %= 7 ujolt},
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Ferralium SD402 39 2 g4 A A H4
Super duplex ZH|<l2]27}to]t}. Duplex Z~H 218 27H(0]
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41 A1d A4

T 08 TR AE T AP FrhE 8, dAe Ad vasty] 98 37Me R A
Adestdnt. ol 47 AAe FFH TaAelA 5% A AR(ARS] ddH fIdE
A5 F)E <E 6> <& 9> TleEHAT WOGAHA Hild AL 7Ix=E Y, 379 $H
Ad 5 A 270 AHe] HrEE f& A=A okl o9& AdeEd 278 AH S Armco
Nitronic 50(Hot rolled), Custom Age 625 plus®] ™, Type 414 Stainless Steel¥} W] 3}$3 o).

Nitronic 50 A &2 Z7]9 mill annealed(Z#) “Fejol A A 2= At 71240 71418 FAAH
< T8 T rolled FEAA A5E 22 A 23 =& AFHEE HERAAT

(A
o\ o

42 AN@3 Adxa
TH A FrhE el 27 FEe AEES FdsRTh 3 HA AFddEHE HEx AEA
(screening tests)o]™, ol T QAo 7ZARE gursr] ¢
I8 2 BH SYFAANFH It F WA FuEe] AP i
Fol Z3te A 94¥ W FAAY 1ZAEHR FE o] AT
AxA3 oA 7HA] AFAETF < 2> L oFE AT
AE AR F FHe] FEAE AAFAA 7A Tkt

=1

43 A3 A

AAAFHL 0505907 2 7]
ASTM E234] whet Algetglom A& b7l 120°F o]t}

37Mel AA B ‘33" #Y" nAES AA G 670tk AlA sl d F3= ASTM G39-90
of Fo7 ZFEAA wkth 7b A - o] 370 A]Jioﬂ i3 96,400 psiel F-sh7F 7Fsi A aL, o] e
414SS9] gEAHett. 7z Ao ® tE 37 AlWE 414SS A A 5% FEH ddEtE
72,600 psi® F-&t2 RILETh o]E S o] AAH & 100 ppme AZHEFNach@ 2,000
ppme BAF foo] x3hE 379 &7)o] HAA MHAEHUT AL A A ITFE
A5 Ak AHES GAgA Fr)Hoz AAst 79 AEE AxEATh

3lA ¥ A1¥ 2 Fatigue Dynamics Inc. ZJAF7} A #Hsk B2l A2 7F 2" 5 RBF-200
3l W FRFAE AFEEAT ool AA" & 100 ppme] I HEFT 2,000 ppm9l At

¥ AlAe wmxHo HeEo] AWE FRAAHZ FAET 2] AE F
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woAAe 10 AREe $8 FEFA AL Ad e A Rkl A AdSHA
AZE w2 B A F wF ¥k 24 AAPe o AW ARl weh SR
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AR hegetach. ddn A8 AR §9 £7] Ho| 42 &e At 1 F A4

Bxe APeEAA sldste geln AW 15FR Add AddA der Ao} 4

A8 AN 2w 24E
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44 XN@ 2 B7t A4

zb Al ek Al ATt <E 5> 89FE AT G AIE S 414SS, Hot Rolled Nitronic 50
¥ CA625 Plus A& o] Zkzh oF 115ksi, 145ksi 2 18%ksi o™, % A& 22, 27 4 33& e
Uglth. Hot Rolled Nitronic 503 CA625 Plus A1 2 & 414 A A3 vladk w Freot 914 BF $-
Fotrh AFEy V-2x] QA A 414 AFe] ApEd QAR E AlFR%EQ 69°Fe 119°F
Wl F e FE QA A8 B xpolrp ok 414 A AP-FHAE Hole A=y <l
A W3l kel 34 ft-1bs~82 ft-lbso] ™ 141% Y 3}3kt}. ¥kt 2, Nitronic 50 A 4ol k=3 <Al
78 ft-lbs~102 ft-lbs® 30% W3}l B3], CA625 Plus A& 2] A4 995 ft-lbs~107 ft-IbsZ
@A 75% Wtttk o] 53] o4 &4 Ty FEsto]l i3t sdd FF dHE A v
Wk e gdE Aol

A FAEE Al Adbs, 3 AE BRI A ofmek ThA ARl wE e AlAS HolA] gkt

(29 419} [29) 5]o] =& 2y, F Fyo AgeA 53]
b A, TR AF digk Aol Asol F AlE WHelA g skAl

5
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N
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- (e}
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507 CA625 Adel $-3t Aseo] & W3t F2AFrR) 3d W AsiA|ge] AaolA 95 &

23] Yelwt 29" AyE FaE CA625 PlusZ & Adstd AARS A 92 d=rt
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© B 7eHe] A &k 53], 1 L A
53 = AA iAol mE oloer Hxel AA Y FUHE Sl 5 AT
EE A e HAs GAAZT AAE AFESHES AokE & Ak
5.4 CA625 PlusZ %<& wAlstd 10" Ato]d £98 % T
shwl, AAHFSEe] 2ufol] i gk RSkl tiE] A 2~50 Frhgkoh
5.5 Hot rolled Nitronic 50¢] ¥ & A && CA625 Pluset vlast w A7 ke Z33stE =i
Hatell gis] &4 off= AR, dAAle 414 F AAHRY 453 5
CA6259 vl g ul FA| ALE7Fssly dubd oz Ad 714o] v} whdae] wA|A 7]
gt 7 AAS aeld o Nitronic 50 @] 414 A A& oA o
otoz ww e
56 Ao T3 ZA4E 7122 3 o, A9 414 =X F AAS Custom Age 625 A= uA|
st Hxeol A Fro] dASA JldEh IDPARE 19989 3€HE F AEES 7E9
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[1] E. R. Colvin, "Centrifugal Charging Pump Shaft Failure Investigation — Phase 1 Report,”
Westinghouse Proprietary 2C Report, WCAP-14192 January 1995.

[2] G. V. Rao and E. R. Colvin, "Centrifugal Charging Pump Shaft Failure Investigation Phase
2 Report — Shaft Material Enhancement Program,” Westinghouse Proprietary Class 2C
Report, WCAP-14409, June 1995.

[3] G. V. Rao and E. R. Colvin, "Centrifugal Charging Pump Shaft Failure Investigation Phase
3 Report — Testing And Evaluation Of Candidate Replacement Materials For Life
Enhancement,” Westinghouse Proprietary Class 2C Report, WCAP-14801, May 1997.

[4] St=rd e 3A) arg] PR R 1985~2000, "9A A S EZ 13 H 1A

[5] v e gAl oty dxp= R 1999, " A XA



<E 1> HFT AA AL A ma

RT
_ ! . Charpy | FATT i Notch | ASTM
FroAd s BAAY g cm | TR waa | Spee
(KSI)
& A4, Type 414
2 ElA}o] E i 19
Y ;,—:i’- _
2HlE A 120 3 2 120 (notched) AZT6
(1150°F ==¢9l)
. ¥ 2o
Ferralium Alloy |, AF5 66 ~-58 |dg Ay | - A479
SD40 o
o] -
Custom Age 625 R L gt ~ - ~ UNS
Plus (Alloy 725) 130 > 718 47/68 NO7716
o ¥z, ~ air © 68 oF & _
Nitronic 50 138 =316 SS 100 100 SW 18 AR
~100(air)
Armco 15-5 _ (unnotched)
] T o] A _ ; _
PH(VAC CE) 135 dateld o0 tension— AS64
tension
3% 2> Test Matrix
Ag Alg =4
A% 115°F, &7]

AF23] 14| 69°F ~119°F

2,000ppm 52k 100ppm 94, 115°F 2%,
T3l - 414 AAe] 100%9 75% -5

2,000ppm FAF4, 100ppm 94, 97°F =&,
wobg 0 1%WE/5%, 500 rpm.

= vz 500ppm &4k, 100ppm 32~, 115°F 2%, 10Hz.




<719 1> Crack Initiation
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<3 3> Pump failure history: Plants with failures

Failure Type /i 9 A
o
s | < Bent| 22| T 5| ¥
SRARARE
CWE | Sep-82 45610 1B - x 1
ALA |[Mar-84/46354| 2A - x x
DLW |Dec-86/46352] 1B | Niriogohy | 9
DDP | Jul-88 |49780| 2A | [/1osiecs i a x 1
DCP |Nov-89/52147| 1B | rimaseis A «
FEY |Feb-90/53240) 1C | PNTO00 1 x
TVA |Feb-91|45620| 1B-B|  NR59877 x 1
SCP |Feb-92/51674| B | HTTA0MAA T x
CQL [Mar-93 49182| B - x x
10 | VRA | Jul-93 |46359| 1C -
11| AMP | Jul-93 45608| 2B |jppuasiioacas 8&9
12 | CCE |Sep-93 /49775 1B - 10/11
13 | DAP |Sep-93/48583| 1B |  31342-88
14 | TEN | Jan-94 45622|2B-B -
15 | TEN |Aug-94|45621 [2A-A - 1
16 | DLW |Aug-94/46352| 1B - 1
17 |GAE | - |52034| - -
18|GAE| - |52233 - -
19 | ALA |Aug-78|46356| 2C -
20 | PSE | Jul-84 |45604| 12 -
21 | FEY |Oct-89|49172| 1A -
x A% 8| 5|35 |53/ 5
Z = 1% 16, = = ux 5




4> Pump failure history: Plants with failures
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<E 5> NEATH 2ok

Al ¥ SA 276-414 A& | HR Nitronic 50 CA 625
el A
1T 1A 983 =(ksi) 115.28 145.88 188.97
B) % d41& 22.16 27.0 33.16
2F23] Q1A (ft-Ibs)
2 69°F ~ 119) 34/82 78/102 99.5/107.0
3 A B A SRS A& Pe/AE e
e A 9 f8) o
23T g
SRR > 95%
B) = ¥= ~25%
5 dA 458 ¢ 5~10
3% 6> Certificate of Test(Nitronic 50 low strength)
Heat No. gtk A
A14915 C Mn P S Si Ni Cr Vv MO N CB
0.016 | 495 |0.014 | 0.010 | 0.30 | 12.67 | 2096 | 0.20 2.17 0.28 |0.22
Z1AA A
g Q1 % A g in| YHEFFE BE
55,140psi 107,200 psi 46.4 9% 69.2 BHN 197
¥ 7> Certificate of test(Nitronic 50 high strength)
Heat No. gtk A
A16265 C Mn P S Si Ni Cr Vv MO N CB
0.020 | 5.02 |0.023]0.008 | 0.31 | 13.39| 20.83 | 0.24 2.19 0.31 [0.21
Z1AA A
g Q1 % AAXE in|HHFFE % A
120,200psi 145,100 psi 254 59.7 RC 32/34




¥ 8> Certificate of test(Custom Age 625 Plus)

Heat No. 3} B
C Mn p S Si | Ni Cr Cu | MO| Al | Ti
0.007 | 0.01 | 0001 | 0001 | 0.04 | 60.67 | 21.00 | LT0.01 | 806 | 0.19 | 1.33
90480 cD | TA E}f B CB+TA FE PB BI
340 [LT0.02 ) s | 00028 3.42 517 | LT 00005 |LT 0.00003
71414 A& (Ingot #1)
A FUE AR . .. A
L %AAE 2in | GHFEE % A=
V-wx %7 129/133/ 180/183/ . e S
0 &b i 193 35/34/34 53/53/53 HRC 36~39
71 A% A A (Ingot #2)

R3] FUAE VIBE | e o | quezs o .
VoA 34 | 136/137/ 184/185/ Tl o=
67735 s 13 Lo 35/34/34 50/50/49 HRC 36~40

71 A4 A4 (Ingot #3)
REE FuAE AR E . .. A
L %AAE 2in | GHFEE % A=
V-wx %7 129/128/ 180/179/ : .
82~ 83ft-Ths 129ksi 181 ksi 33/34/35 54/54/54 HRC 36~40
¥ 9> Certificate of test(414 Material)
Heat No. s}sl F4
202316 | € 0.14 | Mn 045 | P 0009 | S 0.002 | Si 033 | Ni 170 | Cr 12.28
Z1AA 44
& 95 ksi ¢4 115 ksi % A21E 2in 21 | GHSFHE % 64 | A% HRC 45
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100.0

High Cycle Fatigue Data R=00 10Hz WSF
Borated Water(500mgiL Boric Acid & 100mgiL Sodium Chioride)

x_.Runnut

1.00E+04

1.00E+05

LIFE (Cycles)

1.00E+06

1.00E+08 “

x 414S.S. TestData
o Nitronic 50 H.S. Test Data

------ 414 S.S. Minimum Curve
—-—- Nitronic 50 H.S. Minimum Curve

& 625Plus Test Data -+~ 625 Plus Minimum Curve 108s3 108 1OES eromnt 10848 1087 10848
<y 4> FAAY s ZAEe] 3d <9 5> & Wk Fsfol] gk
1A HAAA 3 ZA g
<3 g 3, 4%7] FHAFEL EAAbE Q.oF
W3 | Plant | 2784 =}k Failure description/Notes Failure Symptoms
. A-dE i FA,
_ Eu ¥
1 | K3 | Oct-85 |55a% 4 Suction B8 2u
= HE 9y, gF4 &4 Suction 42 & Vapor lockﬁi’})L
2| Ko MarsT g e S8, 0% YA
= dddid), RCP 54,
S KT NV 15 Aoz mz, vy 2Ae% A WY RAET AT
% dd1d), gAY/ Cover
bushing/wear ring 7% u}&, RCP ¥5-4-A,
~ o1 |PYF Wear ring ol 13 DEdA FA,
ARSI o0 Wear ringel Skirtol 23, wH4E 34 ok,
5 FZ3s% o] YeA(INPO), AZo] AE7) FOZ 6meolF
S 7 w3l YAFHATYD)
- o)1= wlolsg a1 7% (150m)
= 10, 0.35mm), o ‘ ’
5 | K-3 | May-92 |0 " _ ET79Y A, A Rt
Qe vhuE-11w) wAe~1w) |5 Haa o EE o
= (104, 0.36mm), I %(105ﬂm) =79 T4,
6 | K-3 | Jun-92 ?J-éﬂi/Wear ring "FE(7~11%h), HAE7] F3s, =d¢ T4,
7t fYje® P &4 FAR A We Zéaé(%:vl )
- - %= 1z gy aA, 95 DEgA A,
TR I ore) g guew 3Ean RCP @444
Hoak o
§ | K-3| Ju-93 [0 iLSxﬁ?M Card =S RCP W25, %3437
= — (o]
3 A E(19m),
9 | K4 | Jun-97 |58 Wy SHHE vl F oy 2% AF,
WS vy o A
b o - RCP He-A, 744 o
_ _ B = L O_0] =] ’ ;
10 K-3 Aug 00 HH7] E'é‘?':gi 07] 'IT% 7]'0)\0 %—{.ﬂ.%}: 2057]_, ‘)l:lé:"ﬁ]ﬁ %%]:
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