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Effects of Ni, Cr, and Cooling Rate of Quenching on the Properties
of 32%6Cr-Mo Steels

Tadataka GOTOU, Masatosi MAEDA, Akira SuzUki, and Taira NAKANO

Synopsis:

In the 39 Cr-Mo and 2-5%, Ni-Cr—Mo steels which are to be used for large blower rotor and low-pressure
turbine rotor shafts, were studied the effects of Ni contents (0~2-5%,) in the former and Cr contents (175 and
3%) in the latter on the continuous cooling transformation, and on the mass effect and mechanical properties
when quenched at the cooling rate equivalent to the quenching of large rotor shaft. Results are summarized
as follows:

1) The ferrite transformation curve is shifted to longer time and lower temperature with increase in Ni
contents. The bainite transformation curve is also shifted to longer time and lower temperature with increase
in°Ni and Cr contents, the latter shift being negligibly small for Ni contents below 1:75%,.

2) The transition temperature of the martensite and/or bainite with the tensile strength of 80~90 kg/mm?,
increases as the quenching rate decreases. This tendency is much pronouced especially at a very slow cooling
rate.

Increase in Ni contents tends to lower the transition temperature, but this change is very little between 1%,
and 1'75%. The transition temperature is increased with lowering quenching rate, especially at smaller Cr
contents.

3) The transition temperatures of the test pieces quenched equivalently to large forgings agreeded fairly

well with those of large rotor shafts.
(Recejved Dec. 13, 1969)
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Table 1. Description of specimens.

T Transformation | , . _ -
Chemical composition (%) S Austenite grain
Steel ! : temperature (°C) size number
| c |si (Mn| P | S [Cu|Ni|Cr|Mo| V| dax | Aot | ws (JIS) **
3CrMo fO'270'27t0'3910'0!0|0'009n0'110'052'81E0'47;0'11 785 | 830 | 370 9-8
INi-3Cr-Mo IO'250'16'0‘290'0100'0100'101'012'700'49|0'10 758 | 806 | 370 8:6 (9'6)
1+ 75Ni-3Cr-Mo 50'280']8{0’33‘0'0100'0100'101'762'55!0'510'11 746 | 790 | 332 7°9 (9'4)
2'5Ni-3Cr-Mo 0'260'18‘0'33IO'010|0'0100‘132‘532'6670'51l0'10 725 | 780 | 320 76 (9'4)
2:5Ni-1'75Cr-Mo 0‘260'16{0'34IO'010[0'0100'102’531'77i0'52l0'11 7231 770 | 335 8-0 (9°8)

* Heating rate: 3°C/min, ** 925°Cx2hr, ( ): B30°CxX2hr
175% A oG8 0 % 2B A . T DO{LEEk
43¥d Table | CRFERDTHBD, VIEDWTIXL
oM E RIS 0 1o BESMAL. Zhb
W4 100 kVA SEFEMERS FRIEF I X 0 90 kg FLBYEH
BRICER L 7ofk, 30 mm AT L TRV .

Table 1 WEAERBEETTH, Zhbiz4BEBZERER
SEECSKIEME Formastor-F W X BBIEHRETHS. kb
Ac, BXU A, SEOMEEREIY 3°C/min &L
7o FRRERCHFRRL 7oA — 27 F 4 bERRER, F
RETIRFOREPIER ICE M T S 07D TEALHL
kb e, 850°C (( )M ¥ XUt 925°C
WEhFhn 2br F— X5+ A4 MLEKEAL, =0T
A PR LA DOA —AF 4 PRIRABRE X
BTHIEL JIS O WEHRSTHD. Thitkde
3Cr-Mo SRl T T R R ic i DTV B 28, 1RIE
REOEVHEEZTFLTWS.

2.2 ERBRAE

FTEMEOLERIELPEL AT T 5D, £HH
ZERei E Rk R E o RVl BT i iBdE R A sk 7. &
DIE, A—ATF4 MEgE LT 850°C T 20 min
{RH:1E 33000~34°C /hr @ 11 k0 QL ENEE CS
HWEHL, TOERIZN, /ol L0rcIick
DR A REL 7.

T HICEAREEE I X 2 oZE L2 T<5
i, ERRO XS U kB ESHEREdthE A%
LT, Table 2 IT/R4 X 5 KHEAWHEED 30 mm
RS L 1o b O b/ NAENERE® 1200 mm é #4
BPEALIEEOFRLHICHALETLIOETOFHMETD6
LIV DBHENEE TEA L. IS 0BEARIhRIT
P FEREIEA L 72 & EOBHBMBRICHEY T DT,
BEERTEL, KBEKTEVWDLIDOTHS (Fig. 85
)., ZoiBoRDFEEETS. BEAROF -7
F 4 MEEHIZFT 850°C x 2hr & L, 20 mmfkf
FAVWEHBSBRE AR R R X D EAR{TL Dk,
IOEBEYEHTEEL LD THAED 30 mm Aifx

Table 2. Quenching conditions of mechanical
test piece.
Cooling rate of*
quench (°C/hr) Remarks
2540 30 mm(J air cooling
785 Equivalent to 3/4R of 300 mm¢
oil quenchin
290 Equivalent to surface of 1 500 mmg
oil quenching
114 Equivalent to 3/4R of 1500 mmg
oil quenching
74 Equivalent to center of 1500 mmg
oil quenching
34 Equivalent to center of 1200 mmg
air cooling

* Austenitizing: 850°CxX2hr
mean cooling rate between 850°C and 300°C
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Z OiE» H55RE S 85 kg/ mm? A HIRE LTHED E
L 2477w, HiRO5ERR S X CHEEBIRE ORIE
ot
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Schematic description of temperature drop
due to thermal flow inside steel bar.

Fig. 1.
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Fig. 2. Schematic description of thermal flow from

steel bar to medium.

— 65 —



1222 % & A

# 56 £ (1970) 95

- Center - - - Surface

51 ‘L‘ §I 23
H

~—
<

&
it

|

i
.W
A

Temperalure
b
/‘
e
1

/4 curve

S

p— o, ———dr ——dr, _;‘_f_’_

3-4 2-3 -2
e _Ror . _Rori__Ru
“Y2lrg+ry ) VZ(QHQIVZ(I.'M'

T

PP

Temperature of
cooling medium

= __Rer
. Valrge r)
Distance from center

Fig. 3. Diagramatic method for determination of
cooling curve in round steel bar.
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Fig. 4. Cooling curves of oil quenching for various steel bar
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Fig. 5. Cooling curves of oil quenching for various steel bar
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6. Cooling curves of air quenching for various steel bar
diameters (1).
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Fig. 7. Cooling curves of air quenching for various steel bar

diameters (2).

— 67 —

ThinEHEbLNET V. Leh>T Cr EORE
X Ni S WEER,ASESHICTAHT EMNTE
I ofodd, Ni X b dar ) & ORI
W,

3Cr-Mo $D L 9127 = 5 4 b~ O ERF
BT 24, BIRENEL LD L7 =5
A b&ENR—F 4 MDA L7 D, Photo. 17T
RT LT =54 bt R{LAIEd 5 &
WD, TOXIHBE L DWHEER,
EHRORE O, s I r oI ER

2'5Ni-1'75Cr-Mo steel-(HV395)

Photo. 1. Microstructure of steels quenched
at linear cooling rate of 34°C/

hr (x400).



1224 & & @3 % 56

£ (1970) %9 %

9200

Austenitizing temperoture : 850°C

800

700

()

600

500}

Temperature

400

300

PR N |

Steel
3Cr-Mo
INi-3Cr-Mo
—-— I'75N;i-3Cr-Mo
- 25N;i~3Cr-Mo
—=-— 25Ni-'75Cr~Mo

34°C/hr

F : ferrite

P: pearlite

B : bainite

M: martensite

\/

200 )
Time

4 6 810 2

i it
6 810° 2
(min)

Fig. 8. Continuous cooling transformation diagrams and cooling curves of quenching for

mechanical test pieces.
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Fig. 9. Effect of Ni and Cr on the time of ferrite
and bainite transformation starts in 394Cr-
-Mo steel.
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Fig. 10. Effect of Ni on the ferrite noze temperature
in 39,Cr-Mo steels.
Table 3. Critical cooling rate of ferrite and

bainite transformations.

Steel Ferrite Bainite
3Cr-Mo 1980 16 500
INi-3Cr-Mo 330 8 250
1-75Ni-3Cr-Mo 4] 1650
2-5Ni-3Cr-Mo — 825
2-5Ni-1.75Cr-Mo — 2 060

Linear cooling rate from 850°C to 250°C
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Table 3 DFERSHEE S XUFig. 90OXA4 F4 b v
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Fig. 11. Effects of Ni and Cr on the temperature

of bainite transformation start.
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Fig. 12. Variation of as-quenched hardness with the linear cooling rate.
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Fig. 13. Variation of as-quenched hardness with cooling rate

equivalent to various steel bar diameters.
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Photo. 2. Microstructure of steels quenched at cooling rate equivalent to large shafts. (x 400)

— 70 —



39,Cr-Mo $HOHEMBEICL KX ET Ni, Cr S I VCRARANEEOLE

1227

HERIDFTLALRDLNE V.

3-2-2 FROBHWHEETOWT
BEERBIT R L 7o KRN, EREUOWA

EECEREAR{TR O, 5I3kARS 80~90 ke
/mm? ZEHEE LTS LAELE. L
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INi-3Cr-Mo $Tlx 34°C/hr LI OBEASED

BEOE SIS A» - EXT TIELS TRE
MmEESME vl o7c. Fig. 15 A hvbDHE

T oRie X 2 A E X T b oRERAL, Fi
iBds X CVEEHEE & R3S X OBEAWENEEL &
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FHA DB VIERS FA P THEDITE
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3Cr-Mo $V3fth iz b TR A BRI b
b b, CALRORBEWELXRL, o Cr ED
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FiIE & FIRES 3B = 80~90 kg/ mm? OFIFAZ R &
LCHEBR R T, EHRER iz Fig. 16 T, 7t
509 U AMEREERIC X 5 0 EEBIRE & il X UEEA
LIEEORGY Fig. 17, 18 WiR{.
FPHASIEE ORE & Fig.17 @ 850~300°CRj
DEEHEEEE DRSO ONWTARTH S E, HEERR
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Fig. 14. Example of tempered hardness curves of steels.
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Fig. 15. Variation of mechanical properties with
quenching rate.
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s [ 7 I 220 CERBEFCEL L LEABN, CIUEA
20 i Lt —— 114 FEDAA F 4 NS D THARERTRET L
S 5 i - TU% > b Bbh, £ AMEN Photo.
5, Z L] 2ILHEND LS I EHAA 74 R OREEE

& o5 | Nim3Cr-Mo || I'7SNi-3Cr-Mo LT3,

< 20 % v _ SLTEROWBEBERET & X 1F T
§|5 wff P [-ﬁ rd Ni oW TRWFR OB ARHLEE kW T
g 0 /""/,; / — // ,l,!'/ 3 Ni ZE&Eiyv 3CrMo AR b 55\ il 5
S I B s a7 A BIEBEERL, Ni 1% BX0 175% %4
ST 1T WA T RICRE, S bICRAREAT 2-5%
© o5 2'5Ni-3Cr-Mo 25Ni~"75Cr -Mo| DHONRED FEIFSNT Wh. ZDL5 K
20 z HENPE = Ni OZhRIE, X DWW, BRI XD THIEE
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Fig. 16. Variation of impact value with quenching rate.
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17. Effects of Ni, Cr and cooling rate of
quenching on the impact transition tem-
perature.
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Fig. 18. Relation between cooling rate of quenching
and impact transition temperature in bainite
structures.

— 72 —

S



39,Cr-Mo SO#EBEIT S IET Ni, Cr 3 XUCEASHNEEORE 1229

E»#EH < (Table 1), #7-3REE &\ (Fig.15) &w
SEHBEEBBEN KL L 2EEEEA TWD. b,
INi-3Cr-Mo $f & 1'75Ni-3Cr-Mo $AOEEEBIRE
MEDLLIVDIX, N4 F4 b ZERERIHA IRE WCEMSK
, ERBEDITIONBEREVWIEILLDDOLEERD
5.

INLDI EhbAAL F 4 FHRICH T 2EHEEESR
Ex+5 Ni oghRix, £ OZRERFEBRE ZET &
HT LW X BHIIRAcEhE L, Ni Bk < Y » 7 A
kRIT 5 LAMNRSOMRNEH L, LOEHRICID
TANLOMROESIRLLIDLEEZLLND.

Cr OEEIZ > T, O EHFEDPIK 2:5NIi-
1-75Cr-Mo $ix 2-5Ni-3Cr-Mo i & o igic s\,
BEAGEERFEHISEL =V F ¥ 4 MR TR TEA I
ZEDILNDS, FOEEBIFUGE L 75 % L ERERRED
EREMBEL L, EITRA F 4 MEBA R TS ENERE R
TIRKEVELLEDTVE. ZOBRKIFROEEE
BNThiEd b Tk (Fig.15), Fig. 11 Rl AN
4+ 4 MEREDIMAIEIEAE W & TS o 2FEX
5.

3-2.4 ZFEfko—4&— Loty

Fihn — &2 —v 27 bOBRGEITE T, fod ZIEMEE
AT BHE, LOEMFE 1500 mm Ok E X DRLEIE
WT 0°C DITFOHBRERIRESLE L ThIEL DA
HIMEE L 74°C /hr THDHOT, 3Cr-Mo T 7 =
F4 b, 19— 35 4 FOBHIT X TR EOREIEIRS
S, F7 INi-3Cr-Mo $iCIIhE R X OEHZER
BEXEEFHEINDEN T =54 bBIUS-54 bp3
EBFETHDT, KEMMOI TR WEITG &%
EETHELERACARESHD. LB D> TINITIIEA
fEE D XA >4 d&ERT 1-75Ni-3Cr-Mo $i 238 50 5
DB LIPS,

Table 4% 1-75Ni-3Cr-Mo A Ku — & — ¥ v 7
M EFOFHEEBIRE 2 AERIC X D/NERBRA OBR
LHIBELEDHOTHSE. T XD EEKRe -2 —HFD
HEIAEBREROLN LD B 30°C &< REh T
5. LrLZoxi, RBEohmEEEIMICES
BEEANELTH, A—ATFF 4 MERKNESEKRD —
2 OIS PRERESTH2HY. LB 2>2TIOE
OMETTHRENTVWHHERFSH VL2 LHEED
IBEEIEEY 14°C LRETHED VS L e eFRCAND &
I - LEins.

INLDT ErD, v —2—¥x 7 bOX DI KM
HosEi B\, ITEOBRNINE, & QHEED
BRI T HHME, ALK GEMER & oBfki,
FNEN OB NG EEE % @8 U T ABEIEgE AR
X D AT ENERB R C I o THRE X CHEET D
EMNHFETH D &V I TRENF L.

4. & ]

3Cr-Mo 7% 3i#E+ L C Ni &% 0~2:59%, 2°5Ni-Cr-
Mo fo> Cr % 1'75~3% OfIcE LI, b
LAETEOMESHERICE IETRHE, SIXUELAD
FHARY OB ASENEE THRL 1BEOEERR, B
WREOHEE 7 E OBUR R it L. T OREMIIIRKD &
BOTHS

1) JhgdizEigic ks L3+ Ni ofhRiE, 7=54
k DFF T R L C B 2 DEIRERI A~ O BATE L <
FoA4 F 4 PEREITH L CRERAINOBTEIRIT
KEVDS, X OLERERBBEOIKTR Ni 1°75% 75
250, DRFIC 5\ THZICIRD Shi.

Cr O%hRIE, 7 =74 FOHBIEODVWTEWTILD
SHEORE DAERBECRRADENTHLA T
75, N4 4 MEREBIEIEHEEN SV EREHAI~OBAT

Table 4. Comparison of mechanical properties of 1'75Ni-3Cr-Mo steels between
small test pieces and large rotor shafts.

Saenple v | s Ro [Ohs 1P mp. rang e (Atscnie gain
P (kg/mm?) | (kg/mm) | (%) | (%) | (kgmyemz) | €mP- COY| "(1s)
|
Test piece, quenched 1 ‘I
equivalently to 1 500 mmg 69 i 84 71 24 —60 7.9
OQ surface l ‘
Oil quenchch 1400 mmg
rotor-body, radical 63 79 26~27 | 68~69 25~26 —35 —
direction, A |
4 B 68~70 83 23~24 | 67~70 24 —30 6.0

* 50% cleavage
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TTEABIEER &V 2 &b L OERENIERFICEL &
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BRETKRT I LE%bDEELLN, Lo
TXOLEREBIRD TE LT ELBEHT ELERDS.

EETTEDOHREC OV TIE, Ni RroEoBme X
DOTHEEBREEXET IR, 1%5masic 2°5
Y%~DREIC LI DENENELL, TNHENRA F4 +
REBAMAIREEDIET & Ni B4R U AR ECERAT S B
DEEZBND. Eic CrixxDid 3% »5 1'75%
TP BHBE, 2T VA4 VOBATIXT LA EEN
L, R4 F4 MEBOES I AR ENEE Ol <
BT L XLHEEBREDO LAISKEL, b
ORFERER L.

4) AERCHEHEERRELE Ko — &~ v 7
FOENEHEET D E XL —FHTZZ LBBDLNh, K
EBRTIR 27X 5K, /MNERBH CEEBISERIEAS
HEELAVCTHEAL TEEHZFAN itk Dh, £
o —Z -2 27 FOBHOMWEEZIZIEHETE BT &
DITEE ST,

b DYy, EMEOEMICE L TG THII
7o R R T (R BARIEFE &, ATAEMEESL
VIR IR L .
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