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On the Heat Treatment and Properties of Large Shaft Forgings

Koichi Tasuiro, Yiji ONO, and Etsurs FURUDA

Synopsis:

The demands of size and quality of large steel shaft forgings for ship building, power plant, steel plant,
etc. are rapidly increasing, and some of these products are manufactured from ingot weighing more than
300 tons. According to the increase of ingot size, micro— and macrosegregation and also mass effect of
the product increase. Thus, special care should be paid to the heat treatment of such large shaft forgings.

In this report, the fundamental matters of heat treatment of large shaft forgings are briefly described,
and some mechanical test results, internal properties of products, residual stresses are also discussed.
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Table 1. Examples of up-to-date large shaft forgings.

Products Ingot
Industry Service Parts Materials Deli n wt.
Size(Max. Dia, mm) [~ “ECPS W (t)
Propeller shaft C steel A loon 47.5 105
Ship 400 thousand
bu1ldmg ton tanker Intermedliate C steel gLZ?%e 1328 34.5 60
Rudder stock C steel flange 210052380 75.0 210

% Steel . . i —-Cr-

" plant | Rolling mill | Back up roll High C-Cr-Mo 1900 138.0 260
Low pressure steam | . MoV si. 1785 49.0 210
turbine rotor

Fossil :
Generator rotor Ni-Mo-V st. 1530 120.0 300
Power shaft
generation -
High pressure steam |\ e MoV st 1715 55.0 210
turbine rotor
Nuclear
Generator rotor Ni-Mo-V st. 1710 175.0 400
shaft
Hydraulic Main shaft C steel 2705 62.0 185

Table 2. Purpose

of services, type of stress and material properties of large shaft forgings.

Purpose of
services

Type of stress

Material properties needed

Examples of use

Static support

o Static tension stress
o Static compression stress

o Tensile strength

o Supporting shaft
o Hanging rod

Transmit of
power

o Shear stress
(Torsion stress)

o Fatigue strength

o Tensile strength of surface

o Propeller shaft
o Crank shaft

High speed
rotator

o Tension stress
(Centrifugal force)

o Tensile strength

o Fracture toughness
*Creep and creep rupture
strength

o Steam turbine rotor

o Generator rotor shaft

Rolling tool

o Compression stress
o Bending stress
o Thermal stress

o Surface hardness
**Thermal fatigue strength

o Rolling mill roll

* High temperature and pressure using

** Hot working
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Fig. 1. Change of DAS and Cy/C,, of Cr from
surface to center of 135t ingot.
Chemical composition is as follows:
G Si Mo Ni Cr Mo v
0.25 0.10 0.28 3.46 1.71 0.40 0.10
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Fig. 3. Example of typical heat treatment cycle
pattern for mechanical properties of low
alloy steel forging shafts,
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Fig. 4. Heating curve of large steel shaft
(Diameter : 1 500m/m).
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Fig. 5. Temperature curve of roll during flash
heating, roll dia 1500 mm, pre-heated
at 400°C.
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Fig. 6. Hardness distribution of 1500 mm dia. roll,
flash-heated, water spray quenched and tem-
pered at 450°C. (The roll was quenched
at the temp. of 100 mm depth from the sur-
face arrived at 820°C)

AEESNEAL, v REL Y 100mm OFLES
AG; & (§9 820°C)imEE L7z & EAkEEAN L, 450°C
THED LT > KEBoABES e EbL, &
E» 5 40~50mm DFLE, »SEEDCRTHSEESLC
EERLTWS. FULRREERE I 2TWEWDTH
HERTEfRShS.

rbod L oW, VBROMEEALETHIRLEE
LBETHY, ZORBTEHLOMBIFEMTEA LD
FEIND. WHEHFRYR, WROLFERS, AEZHE
KBEICFRBMIZIECTRBEINRSRETH B, kiH
#5135 Ni-Cr-Mo- (V) oA Ty
D05, HEAIERHHIRHIC X 2T HEEALRBAERD
BEELTRAF4 kD, MHRORACE LR
#% - BEEZEREbLRRVD, BANROGRIEESL#HL T
MITERIRIR D X 4 F 4 NERBAE 25 U <kl o #
rmE kT 5. #xiE 780mm EHEZo JIS SNCM8
MR ESTHhOBE T NA >4 MERE
I BHH, T OERMMEEE Table 3 R T X 5 £&8%
CEHMEARR L, K ERHIXIRETOEEC X DEILSE
TLTWBZEMNb25. UL, Thiilgdsih
LR BB ESHMORBEHEL b EPL< LD, &
ELVWEELERBERDPELNS. ZOBEEFOED
1/4 ROLIEOEREME, Fig. 7 WFRT L350 Shelf
energy M FH L, 100°C it Kb FATT otkEsE
REhs.

Fio, KEEHMTH oL DE LW 2 Ik h
BER L — € 0REEFiE, FEIGE L RERTE VWM
BULETHEH5, KBGE LTI D E BIFEELEH
AR S5OBERBTHY, EE 1800mm LA EOXE G
ThHEGKESHBERENS. 135t A8, 58 L
AR 1520 mm DEFE 9 — % — DEEA NS EIFR D NERD
BHEEOEBIPE Fig. 8 RT3, EELNIEBOM
Table 3. Mechanical properties of 780 mm ¢ forged

shaft cooled in still air from 850°C and
tempered at 610°C.

! 2mmU
* Y.S. * . T.S, i E |R.A. inotchCp
Lo- (kg/mm?) |(kg/mm?) | (%) | (%) i(kgm/

cation cm?)
Surface | 86.4 102.3 | 16.543.7 | 4.4
1/2 ] ]

Radius 85.9 100.5 511.75 220, 3.0
Center | 86.6 | 103.8 ﬁ 12.2 I 98.2 | 2.8

* Longitudinal test piece

** (0.295 offset yield strength
Chemical composition (wt35)

C Si Mn P S Ni Cr Mo V
0.40 0.35 0.70 0.021 0.013 2.07 0.88 0.40 0.08
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. Comparison of impact properties of 780 mm
dia forged shaft, cooled by different method.
Test pieces were taken from 1/2 radius po-
sition. Tensile properties are as follows:

T.S(kg/mm?) 0.2%YS(kg/mm?2) E(%) RA(%)

A.C. material 100.5 85.9 11.7 22°0
0.C. material 97.1 81.2 19.5 49.0
900 |- Distance tromsurtace

o 800 g 5/mm e

< 700 162mm &

2 600 @ 375mm o

B 288 @ 672mm

g Al

% Qﬁé

= 200 200
100 LA_AN :gg“c
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! |
I 2 3 4 5 6 7 8 9 10112
Cooling time (hr)

Fig. 8. Cooling curve of large steel shaft (diameter
1500 mm) during water quenching.
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Fig. 9. 509, FATT value of low pressure steam
turbine rotor-Si deoxidized steel and V.

C.D. steel-at barrel cross section. Tensile
properties at barrel center are as follows:

T.S(KSI) 0.2%YS(KSI) E(%) RA(%)

Si D.S 141.7 110.5 13.5 45.5
V.C.D.S. 135.2 114.0 22.5 62.0
250

o Ferrite start

/ ;eorlife start

_v_/ .

Bainite = Ferrite
200 +Peorl_rj?

Hordness (HB)

C Si Mn | Cr Mo
0.35(0.20|0.72{ 1.14 | 0.28

150 ' ' .
0 100 200 300

Distance from surface (mm)

Fig. 10. Hardness distribution and structure of
600 mm¢ specimen, quenched from 850
°C and tempered at 550°C.

Table 4. Chemical composition of low pressure steam turbine rotors.

C Si Mn P S Cu Ni Cr Mo A% Sn As Sb
Steel A 0.26 | 0.07 | 0.24 { 0.008] 0.011] 0.07 | 3.50 | 1.73 |1 0.40 | 0.10 | 0.011 0.012 | 0.0021
Steel B 0.25|0.27 | 0.35 | 0.006] 0.007) 0.05 |1 3.4411.8110.39]0.11 0.014 | 0.010 | 0.0017

Steel A : Vacuum carbon deoxidized Steel

steel B : Silicon deoxidized steel

— 137 —



1740 &% & 2

# 62 &£ (1976) E13s

TEED & LB AOEmEE & G2 R"T55, BXo,
N4 F4 MM ORBRORLEbh, REEZ7
=74 b =54 MEBT, BEXALIETLTY
LT bbb ZOXS5SKBEANEORK V- TEE, 5
ANOHHEE 2 EL LTOARBOMENTF 2 SET S
T EITEES» LT, KBH~OEF 3R BRI
THEAEORITELELTS.
BABOEREIER @S —vicit, H% Table 5
Dk 5 E C-Cr-Mo g2 S, SEAN OB HIIH
WD o — & — LBy igGlEpEEICE &), BEHO
TREAERMIE f— 54 bElnBd. 260t SAMA HELEL
7-BA® 1900 mm @ v — u% 900°C FHEH|Zews, 600°C
BEd & LT L72BED v — VIFSRER D 22 S NERIC
T T ORI Fig. 1l TR+, SREMOL-D

Table 5. Chemical composition of back up roll
for heavy plate mill.

C Si Mn P & S Cr Mo A\

0.650.35|1.00| <0.015 | 1.00|0.40 | 0.08
35}
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Fig. 11. Mechanical properties of 1900 mm¢ roll

at barrel end.
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Fig. 12. Relation between temper parameter and

mechanical properties of 2Cr-1Mo steel
vessel forging with 300 mm thickness.
This forging was water quenched from
920°C and test pieces were taken from 1/2
radius. chemical composition is as follows:
C Si Mn Cr Mo
0.12 0.24 0.53 2.37 1.03

VE-40
(kgm)
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KAEVE A OB B R & &S 1741

L Ni,Cr 25 DB HETCEDLND. KA
TUEED & L7 0 OFETHHL TH NI TG HE
RESELILY, Fi, RPEGNEERTHLBETS
Io5ithEd ELBOBHEEICIHNDIET S, B
3 UL, BEfbfEmokE v Ni-Cr-Mo-V §ifis &
i CTEEEE LS.

ZOHED & LIB{LOEREIT OV Tid 2> 70 ) DIfFFR™ ~
DPFT bR T WA, ZORMERLT LTl
XNIRTIREV. L L, P, Asic & ORSLHAL
WMo 7SR R~OEBED E LK{LE5 &R T
LRERSLL, BELTMDOBE, rEalEORK
LB ZOREE LTEBRTWS.

MRS O P & & ITBEANIC X D THRLE LS
NRPEREIE N DIFRSEED ELOKREID THS. #LED
JIS SNCM3 @ 600 mm FEOHFHZ >V CEEmDERY
S A R BIE LicAs, 550°C #d & LT 22~25 kg/ mm?
DEFES N OREHED bhvic. TOBRYEGT vV
it e LTHEAT20RBRTHD L VD ZORY
6% 10kg/ mm? DITFCHZBICEED S LEES
600°CIE KT B ENLETHSE. LFOT, HiE
KB IEGEIC N2 FBE VANV ETTT S50
REVEED & LIRESLEL LY, MEBEEIGIKY A
FFHT b,

KESEIA THED & LIREAMEL R 6h 2 b DD HIC
BEEOHBC — VD5, ZOHSRIRBIOWES
PRI B0 ELIBERCIRE 50, BRECH
2HS@RRT A ERFINE V. LA 2> THEARE
BED BEGHOBRES LCEET 5L ESD 5. FHHEE
DEZIGHHHAOEEE LT, BROBEEEGH LA
WFEROEDERET RIS VARWVICHIGT & & & 05
HBNTW5AD, FOEROIGH LAV EEANIRED 1.l
MoOBEICAASHN, BEDEERGFE LK. b
HOBEREL THDCRTFHREEYEIHFADL T L
BLETHY, HEMCKBROEEEMPRLEED,
BLEEREOBRSHEART S, 20X 5 RBEEFIH
T B7dic, KBS v — VAR ZREFHASEHE

(AP B)DBREON. ZOFEREROBRESS
B R DOEIRE AR, FREE S O ShNRE L ks
TS OB YR L THRER R FHIRT B8k Th
5. L7eidoT, ZOMEEo — voOSHEREEHRYE
BT 5EREELTFTONBRE 0~ VANBREERT 58
HOBVWEREX VRS, 20X 5 ks bilEXh
foa — R WTIE, HEBREECHIEANI I D, B
BIEHaEmH» 5 L LI REHOBERE & 47 #8{Lig
EEBDL T EMNTRELE D, TDX 5 a— voEn
&L RBOKRYG N L OB%% Table 6 w577
B o — & —3ENRO X 5 B EE 321 5 43,
600°CHTEDEED & LA SN D oD ITEREIGNIE10
kg/mm? DITFiBz bbb, /2, REOEREIER
sk v — VOBV, FEAEL BT 5 &EEE»
ThHoT, HBEEEITEL, £EL ELIEED 600°C
ThHDH DI BECHEE kg/ mm? [TRAE .
MhwsEEc, RERMMOPBELEC DV TR
~NB. ZOEETE, BB Y — B THhOTE
G&EMOBEDFHREMEES T LIBICHY T 5. RE
A i Bk XN 55 5RME ST, @E 45~65 kg/
mm? OFFICH B, FREOHEMEMEIL @R E LER
RS S LEED & LARIC X2 TE 2 b5, KB E
T, BEEOHKEMCRITOE 2R T 570D
TEBEL S LEEL ELETRS T ERE V.
EEMOBFED r RE» LOGHNEL LD Loy
DTIEE, WEDETT 5205, KMMHM CRAEDRE
WAAEEEOLZTELORRELIBENRD 0, REY
EOFARCEKGFTHONERTHS. FEER 41~113
t, HEHREAMEC KT 2FE 750~1120mm Dk
A& 930°C 22y, 870°C ZE¥, 600°CHED & LDBFE
DEH S D IR & R FE Y E TR LR % Fig.
13 Ry, RELEOFZCL, WkEBEL, CER
T 5bic Cr TOMMDOMEITLREEZTINT 5O M
BEICHD, i, FEERMARGIT X S8 B s
L, LEOVORMEITRS L Lvdb.
A A R RV, AR ANE(L X 5FEADRE

Table 6. Residual stress at roll surface (1400~1660 mm ¢) manufactured from

after-poured ingot.

Quenching Tempering Hardness of Residual stress ( kg/ mm?)
temperature (°C) temperature (°C) roll burrel (Hs) Tangential ol
450 68-70 ; —14.7 —18.6
480 66-67 = Z18.0 —16.5
880-890 500 65-66 —22.0 —22.0
500 65-66 —15.4 —23.4
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Fig. 13. Relation between mechanical properties
and carbon equivalent for carbon steel
shafts.
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Fig. 14. Results of check analysis and mechanical
properties of large propeller shaft at
various location.
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