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Relation between Transient Stress and Quenching Crack in Cylinders Generated by Quenching
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Summary

The correlation between the quenching crack and the tensile stress was clarified and the quantitative evaluation method of the
quenching crack generated by quenching was established. First of all, the influence of the dimension of cylinders test material on the
quenching crack was clarified by using the steel material which shows the martensitic transformation in quenching process. Next, it
was shown that the residual stress distribution of the small cylinder test piece used for the quenching crack experiment was able to
analyze accuracy good. Finally, the correlation between the transient tensile stress generated in the quenching process by numerical
analysis and the quenching crack presence was examined followed by the clarification of criterion for the stress that causes the
quenching crack was clarified. The quenching crack occurs on the side wall of the cylinder test piece because of circumferential
stress when the ratio of the diameter size to axially length of the cylinder is adjusted to 1:3. Moreover, the quenching crack presence
can be evaluated by both the quenching crack test results when the diameter size of cylinder is changed and the maximum
circumferential tensile stress of the transient stress in quenching process. Thus, the stress which causes quenching crack in the

martensitic structure can be clarified.
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DALFRL ST % Table 1 789, BEZIFL O EER CILER 30mm,
CERE 30mm O EERERST 2 AV, 950°C D 1175CE THDE
TNEEE TP 2 RERRFF L, FH LAK® Lz, 7[R
— DM TREANZIT O R OBEHIT 3@ E L, Bed
NOHFERERIZTITo /2. EBRICER LB IR E
Fig. 1 {279 72388, AR TIEHARERM OiRE BT % edge,
FAERERA ORIE & T % side & LTRLT 5.

Table I Chemical composition of steel used (mass%)
C Si Mn Ni Cr Mo
0.12 0.04 0.56 0.62 10.26 143
edge ® 30
side
<
o

Fig.1 Shape of specimen
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BN IAE LT a8 X @], BEEIN RS RAE LR > 12551
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Table 2 Quenching crack examination results

Quenching Temperature Experimental results
T (C) ® ; Crack

O ; No Crack
950 0O, 0,0
1000 e 0 0
1050 .0 0
1100 ® 0 0O
1125 0.0
1150 00
1175 00

Fig.2 Photographs of quenching crack
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Table 2 OFEFINAZA LI-RBM & AV, BERAOKE
BEE1T o7, Fig3 [CEINOWIE % X FHEMSEIC CTRBZEL
TRERERYT. BEEINIMEE side ORBERICEA LB O
FEREITRIREIN TH D Z L B3y oTz. F12 Figd ICBINAEK
HORBMEEAZE SEM ICTERE LR E2 R, BHEI
BWTHERUIRABFINEZE L TWBZ &M 0hoTe.
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SRR IV VR & RIS BT 5. F R SRR ORI AVKL
RENEEL TN Z ST BN E T 2RELITIZT
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bk, MEREICT MIBEU T CRET 5515 %
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WARETH D EEZTz.

Surface

1

Crack

Fig.3 Optical micrograph of quenching crack
after water quenching

View point

-

Crack

100 u m
Fig.4 SEM microstructure of quenching crack
after water quenching
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Fig.5 Specimen for measuring residual stress
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Fig.6 Expansion curve of High-Cr steel
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Fig.7 Relation between cooling velocity
and phase transformation strain
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Fig.8 Experimental result of yield stress of High-Cr steel
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Fig.9 Analysis model and element division
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Fig.10 Residual stress distribution
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Fig.11

Shape of specimens
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Table 3 Quenching crack examination results
Length L/D Experimental results Surface place Principal stress
L $D=30 | @ ; Crack of quenching crack | of quenching crack
(mm) (mm) O ; No Crack
20 0.7 0 0 edge or, 06
30 1.0 000 edge, side or, 0oz, 06
45 1.5 ®. 0 0 side foll]
60 2.0 .00 side of
75 2.5 0.0 side of
90 3.0 0.0 side b
120 4.0 000 side foll?]
150 5.0 .00 side oo

JEFI( Og WECNCEH S MG /I O N & D BERIN AR AE LT
EEZLND. E-—H, FEHRED edge (& THREFS MR
T OPHRTVEREFHETI( O N K- TE U SN e
WTETRE.

5 AR & L33 45mm X U K& ReBRas (L/D=1.5) DEEE
AU side DAHIWCRAEL, FloFRbLFEIC—EREEmE
ST TH Y, BEEINERESEDEINIME G RIS
(O )YDHTHDLLEEZLND.

PDEORRIY, BERNICIIMAEER-NED) ST mE
()L MR D, ER-TED) SRRSO
23 LID 21.5 2R3 58, HAED side TG & S 24T
RBEBNDBRAEL, BINERAEITIZEREHIFEBSF MG
T Co)YDHTHDHZ LRGN -T2,

4.2 BRENICRIFTHEEETEOREIZONT
AETIX 41 HOERBRE D L1, BB O side 12
ME B BIS T DB L BENBRET 2R B K% A
VY, BERIIC RIS TR ER - TEORELRE L.
MAE side ICHBFMEINCL Y BEENERESIT DD
A MR S () & HEER-TEDO)DOBRAEIC LD =3.0 21
BT3 L9212, HEERTED)E ¢ 4mm 55 ¢ 30mm F T
ERT-RBRMEERR L, 4.1 BIFEERIZ 1150°C 6 DFEANE
BRET T, ERICAWERBRMERE Fig12 1R 7. F

¢ D=4~25

[,
W

L=12~75

*L/D=3.0
Fig.12 Shape of specimens

Fig.13 Photograph of quenching crack
(Specimen size ; ¢ 6XL18 (mm))

Table 4 Quenching crack examination results

Diameter Length Experimental results Surface place Principal stress

¢D L @ ; Crack of quenching crack | of quenching crack
(mm) (mm) O ; No Crack

4 12 0.0,0 - -

5 15 0.0,0 - -

6 18 ® 0 0 side o6

7 21 .00 side gé

8 24 e 0.0 side [olC]

9 27 0.0 side g6

10 30 .00 side gé

11 33 .00 side ogé

12 36 00 side [ol°]

15 45 ® 0 0 side o6

17 51 e 00 side o6

20 60 0.0 0 side o6

25 75 .00 side o0

30 90 0.0 0 side g o

T BB R AR B OERE RS Table 4 1277, B ITHE
BN zA LB 2OH], BEINSRAE Lo HE X
OFNZ TR
BEEIIT R CHAERBRM O side .23 £ L, AAFRAEA
WWEoTRAELEEEZ OGN IEFHE S EITREINN
A TU7. Figl3 CHAFEERTE ¢ mm THREINBREE L
RBRMONBEELZTRT. ERERLVARERTES
6mm BA_E DRBB I HEEILAFA L, 6 Smm LT OBERA
WBEEIIIRAE Liad o T, LTed» TREM OB ~HE
¢ 5mm & ¢ 6mm THRAET D FIRME LML DOHEER, <
CNT A NEREREREUDIHBMOBEENFEER D
Criterion 7R L TWNA LD EE X LN S.
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ARETIIREENRAEDERFHER L BEFITICL VRO
BEANFOBIES RIS 706, BERINL L BIES | 9RIS ) OAEE
BRI N BERIN 2 BAE ST DN DEREZRFT L7z,
5.1 BERHICKBRKREEREADRDHT

BBl O EEWFE Z1T 5 72 OIZiL, WIS N & 1 BE
ANFIZREST DRRNF RIS ZRODMBERDH D, 3EIZ
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ANEICHERTE side THb @G IRMAE T MRS 035% 8
TAHEATZEEL, TOBERTOBEA T ORISR - BER
EE{bZRD 7. 1BESW CNBERERL OB R %
Fig.14 12789, ¥ 72 Fig 14 IZiXAEF LOBERELS L LA
O TRY. SRR IV BANKIIE, M side IZEW
BIREIS I NFAET D OG5 . F = FFEFLE OBIEIRE
EiX v, REOSBREIVRR G E RDD1E, FLEO<
T YA NEENKET LR TH Y, 2T LEROMEE
RBICLIEOREELZ TREIISIRISAINDIERT 57280
LEZBNSD. 23 LD AT LA NISEEBRAHTO 4 A8
DIRFE TREBINMIAET D 2 L 13% 2 <, TR Ok
AR RENEZEL TV Z &5, BEENISHEEREK T
(Me BEELLTF) OISR CRAELE LD LEL AL, L
73 o THAERE S A RBK T HME BELUTICEKFIR
1R, BEAILBRSS 10 #14 D S 71(630MPa) s fEFIic
EEERITERIERNTHLEEZOND.

PR IIHEST U 7o BEMRAT S % A3V > Table 3, Table 4 {Z7R
FTEAREBM TEIZ T, 1150CH BBEAN LI2HE OFS FIfiEsT
AT o7z 7 U CHERBICHAET DB DRRITRE R D>
LA BB HECTRAET IRRBIEIG IR, FEEINRKAE
& BRI OFEBEBR R LT,

1000 T 1200
900 L\ 1150°C=W.Q [— o8 1 1100
00K | e Temperature (surface)
700 ._\ 630MPa | =—~— Temperature (center) |- 1000
600 ' 1 900
|3 2 B
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S| ] e
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Fig.14 Relation between time and circumferential stress
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Table 3 DEBRFERZ b & 12, MIFERTE ¢ D=30mm —
Ee L, #FEES L% 20mm 2> 5 150mm £ T X 7238
OB OBESS &R, 5.1 HFRIC M BELLT
THRAET D EKREIIRRS OMEZ BIEMANT & Y K7, Table 3
DEBRFERTIX L/D=1.0 ORBRA CIEMHE side LM HE
edge THEEEINNFAE Lz, L7h > CTHAE side (2R AET
B TILIINT edge TRAETIRABIBIEN RO, 28
BRI ECORFECHBLFREAREELTND &HE
2 BN, side BN edge & b IZHRAFIRME F AIGH
2 TR L7 S 3RBR A I TREANLTIC R AT B KE]
RAE GRS & BB OMBEK % Fig.15 127”9, Table 3
DFER LV side & edge ICHEEIN D HAE L2 &H % @, AR,
BFEEINBIE LR 1220, ARNC TR,

#7148 & (L=20mm)R34E < L/D=0.7 O&MTIEAME side
BRI T AT T edge ITHEBIN S FA L7278, FEATASR
TY side IZHETDHEIRET/NEL, edge ITHLET S5
RIS BENZ EBSND. £ L/D=1.0 DEETITEEEIN
I side WM edge OMEFTICRE L. FTRERECHHEE
I mWBIRIGEANTE L THBONRSN5. LIDZ1.5
D&M TITBEBFIT I side ICDOBRFEAE LT, LIDZ15 D
FENTHE SR CIXFRAET D R ARBIRIS /71X F4E side A3 edge £ ¥
FIWZEWZ ERX 0D, LN, BER AL VRD~BE
FIJE 5 e 73 00 B KAV BE BB AL G RT DO EBRAFER & B
FERAREMRASTRD S, WIS N LV RO 7SR A M@ W
BATICEEINARBAEL TNWDEZ LIZR 5.

PALE XY MAIRELCLT OWRER NI 5 KBRS 71X
BEINBEDREREEZ HND.
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Fig.15 Relation between maximum tensile stress
and axial length
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5.3 BRASIREHEARERTEOBR

Table 4 DEEEREZ b &1, AHERTERZE X =R R
M OBEANF OIRIER 1% KD, FFE side ICHAET DEHEK
53R R 7 MG 77 % 5B MRAT X 0 sSRed 7=, BEAIC X 0 R4
TAHRKFIRAAFMES E AEERTEEOHMBR %
Fig.16 \Z77¢. Fig.16 DEHIZ Table 4 DERERZ S LT,
JEEINAFE L& (6 6mm LL_E)Z @FH], BEEINNEA L
72 o T G (¢ Smm LR 2 OFNCCRd. BBl aRIR 7743
FAELTOWDEMEICTERNNREAE L TR Y, HEMAEITICT
SR TN TT DB R BRI, BERINOERER L B
HEABIME SO b D, F77 Fig.16 £V, # 500MPa itk LA
L OBREAPMMEA LIZRBICTESENARELTND D
L ARG Fig.8 DRMRIE S OIREE AR 0 ERRER Tl
MfIREELLTIZ TR 700MPa LA EDBERIEHZH L TW5.
OF Y BEENREASS T 0 500MPa & MEIREELLT DRERIG S
DELD NIV, ZOFRRIZOWTUTIZBRT 2.

Fig.8 TR ENDBRIEINIARKMEDPRET 2 HRET
DOEZRLTWA, LL 23 BT, BEEI O
ELF R T/ b 2 IEME - MEtEaR T & 272 0 RIREINn %
2L TWe. BERI OffiE & 53RRBR THE L L DRkmE & T
BEORENEZLR D Z &, FIRIREINN A& CIEARS O
BBAET HRELLTICTHEETT 5 2 & 2F B3l e
ARETDERIGT LD bREFINRAESNIELS 25 LE
ZAbid.
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Fig.16 Circumferential stress for quenching crack

6. KAEMMDBAN

5 B CH B AN 72 o T3 D BEBIN I A i /1 D Criterion
b L, KIS OBEAFUNFIRED & 5 hE et Lz,

200712 A

6.1 RERAE

Fig.17 \Z BRI L 72 KIS DR AR 2 R
9. B 490mm, #E 670mm, EEK 1t OFEMERW,
Table 1 & FEEROILFERS ZH T oM 2 M & Lz, &
BRI T 1000°CIZ 10 FERIARIF L, FHIL#Km LT
BEANE BRICTRENNBE LN E SRR LE. F
T BEEINBAR BORBLSMCRIEAZESTMIZB N THIE
ERLBEISANAREITTETCVENE I hERFT L.
BEANIE DFRBE IS F15540 DBITENE X BRER B G T BIE &2 BV,
FAEREBRA O E P REFTH» DEE £ TD 5 BFORE
BRSNS EREE Uiz, 2 2 TIRBEZIS 9 ORELISt
WREANIZ LY E LB bRFTT 5720, BLUETH%OR
BRbF DEERTEEZBIE Uiz, Z2BRBMITITEANE, 23
WA —VRNER LTV, TOTDBEANE, RF—1L%
BRELA T —ADNEVVRETORBM OERTEZEIEY
BELEBIL,BELEARATF—NVDERE~A 7O A —F—|C
THIE L7z, 27—V OELIL 0.30mm Th ol EEMENT
TIE R — A RSN O2FEFICY—ITFEF L Tz e
RE LIIE Uiz A — VIR B % B Al 4 O L O BB fiF
Wit RICER L. ‘

670 1+ 7
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335
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Fig.17 Specimen for measuring residual stress

6.2 KEAEHHOEANFOBERSNBHHER

KRG AR DBEANEAT RIS 3 BT THESL L7230l
FENT S 2 L, 1000°CH BREANE 1T - T OREIG
FI53H0 B FEAT LTz & 7o R ARSI D BE AL DIREZAL
BRRAT U 72 A5 R, PR RO 0 o0 FH 28 RE IR BE X [# (330°C ~
180°C)D ¥ ELEE X 5°C/min T o 7. Fig.7 OFER L D HiE
BERT AT YA MNEENEL TS Z &, RKUHEESK
TR UMEEROTAOEZ AV T TE B I LR35,
KEMARSM o F mE S @) & MEERTIED)O LD X
1.37 ®72%, Fig.15 OFER L Y MHHE side & edge DBEFIFLAS
A ShTz., & Z CTHE side XU edge DHEEFTOFEANF
DB 7% R T2 BIEIE F713 OB IR E AL DI #E
% Fig.18 & Fig.19 (25”3, Fig.18 iXBEANBRIED 5 90 B
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£ COMITRERZTT. £/ Figl9 XA 3 K
M COMITRERZFR L, RPIEHERLOREES
HETRT.

Fig.18 X 0 BEAILBRARE S, FAEEREMANCIT side TN
edge & HICEMNHMEIC L DBIRISRFA T 2 B3R KBRS
FITEH 220MPa FEEE CTH 0 BEEINF AT /1 TH 54 500MPa
X VEW. ERHEKRBIRIEADBREET 2EH L Ms IBEERT
THY, ZOBOHBILy HTH D708 BIRSINRRAE LTz
& LTHEEEINSRAT S LiTE X E.

Fig.19 OFFATIERTIE, FEREICEOTMI(~ /LT 5
A MEEBKTEELTORICERENELEISTITH IR
500MPa LA_ED B3RS IXZFEAE LRV, Fig.14 TR
DOFRERBEREOREIC L AEREICE WS RIS I3 AE
L7z, UM U Figl9 TIXMEEANEOFHELRERIRIC L 282
DHBERERIOISAEICER T2, BEEZEC I >TEL
BRI DOFRPRKE VT, FIREREICE VBRSNS & 58
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Fig.18 Relation between time and circumferential stress
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Fig.19 Relation between time and circumferential stress

EEEDHITEE STV, LS - TREMESEM 2 A
NLUTOLEREOOESIIVEIRELRNEEZEZbND. /2
FESAT PO EBIC 34 B R B BRI OB b B 1 & 0 R
I8, B ABIBER /I3 430MPa TH 0, FERIZIHNTH
BEBINIS LIS SILL EDBIIRIS AT E L.

ULofER LY, RIEAESM % 10000CHHH8EANL LT
HRBRONBHEITERINFESS TDK 500MPa LU ED3]
WININIRAE LW, ~ VT W A NERER A U5 K#
HiEgAT DBEAIVIIFBETH D EE 2 T-.

6.3 BBIGHHNM - EEIOREERIE & BUEMRHTED L8

6.2 NDOMFHER LV, RSV OBEANEIT .
1000°CH BIFEANEZITVR 4h 18, KFELSE| T EHRIZT
BEENRATEE TR, BEENERAE L zr ol iR
NHRRBE LehoToiod, IEREORBIS 1AM ERIEL,
F AR OBEEREDORIEN DRAINICLDE
BHEDEMZ RO T BEANR DIRE IG5 O ERE &
BABEMEATE 2 el L7 FE 8 % Fig.20 1277, BEANFIHET
DERTIEDEN DO ERE & BEMFTE L L Lo R %
Fig 21 {779, RIS /1300 ONT AL & b I EBRE & 5l
RIS R — L. ZAUT LV Fig19 O F#RHT
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Fig.20 Residual stress distribution
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Fig.21 Radial displacement distribution
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