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The Effect of Mn, Cr, and Ni Additions on the Structure, Strength,
and Toughness of Tempered Martensite and Bainite in Low C Steels

Akio KAMADA, Noriaki KosHIZUKA, and Tokushi FUNAKOSHI

Synopsis:

The effect of alloying elements on the structure and the strength-toughness relationship of tempered
martensite and bainite have been studied in 0.15%C-0.5%Mo and 0.3%GC-0.5% Mo steels by the

addition of 1.5-2.5%, to Mn, Cr, and Ni.

Differences in the substructure and the strength—toughness relationship are not large in the tempered
martensite when the alloying element is changed. The difference, however, becomes remarkable in the

bainite with the increase of the formation temperature, especially in the lower C steels.

The results of the

comparison among these alloying elements made on the bainite formed at higher Itemperatures can be

summarized as follows.
carbide.

The bainite in Mn steels is similar to that in Ni steels.
is the finest and quite different from those in the other steels.
show the best followed by Mn steels, and Cr steel the worst.

The bainite in Ni steels shows the coarsest structure with the coarsest particles of

The structure of the bainite in Cr steels
As for the toughness of bainite, Ni steels
The size of unit fracture facet of these bai-

nite is almost the same. The hardness of the bainite is rather dependént on the formation temperature

than the alloying element.

It is concluded from these results that the intrinsic toughness affected by the alloying element plays
more important role in these transformation products formed at higher temperatures than the factors such
as the size of unit fracture facet and carbides which have been considered to be important if the alloying

element is the same.
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Tabie 1. Chemical analysis of steels used (wi%,).

Alloy | Steel | C Mo | P . Cr j Ni | Ni Mo | Alsol
A o014 0.20 2.48 | 0.003 | 0.008 | <0.01 0.01 | 0.53 0.030
B . 0.28 0.20 2.45 | 0.002 | 0.007 . 0.0l 0.01 | 0.52 0.027
2.5%X | C 0.17 | 0.22 | 0.50 | 0.003 | 0.007 | 2.46| <0.01] 052 | 0030
-0.5%Mo | D 0.32 0.20 | 0.51 ' 0.003 | 0.007 ' 2.50; <0.01] 0.53 0.030
E | -0.19 0.20 : 0.53 | 0.006 | 0.006 | <0.0l 2.56 | 0.56 0.030
F | 0.35 0.20 | 0.53 | 0.005 | 0.006 } <0.01 2.55| 0.55 0.030
G 0.12 E 0.21 | 1.45 | 0.007 | 0.006 <0.01| <00l 053 | 0.02
H 0.32 | 0.20 { 1.49 | 0.006 | 0.006 ‘ <0.01 | <0.01! 0.54 0.032
I 0.16 { 0.2 | 0.52 | 0.006 | 0.006  1.48| <0.00 054 | 003
| 500% J 0.32 ° 0.21 , 0.52 ;{ 0.005 | 0.006 | 1.49| <0.01. 0. 54 0.029
o0 o K 0.16 | 0.21 i 0.52 | 0.005 | 0.006 { <0.01 1.51 | 0.54 0.032
%Mo |y 0.32 | 0.2  0.52 | 0.005 | 0.006 | <0.0] 1.50 ! 0.54 | 0.037
M+ 0.16 { 0.25 : .1.53 ; 0.006 | 0.008 | <0.01 0.04, 0.53 0.001
O* 0.16 0.26 © 0.5 , 0.006 | 0.007 | 149 0.0l | 0.52 0.001
P* 0.17 0.26 © 0.53 | 0.007 | 0.007 | 0.0 1.57 | 0.5¢ | <0.001
* : Used for continuous cooling transformation cxperiments
e J ey P ASES Ly VA S
iz < B/\T%?mﬁ%ﬂﬁiﬁ W& LR SO Lo Alloy C Aoy Temperature (°C)
LEEVESHBEMET EL LS5 TTEOEE R bh D % | % 350 400 450 500 550
1.5 ' '
LK, FNAF 4 bRBIzsbotrb, 1.5 0155 DD
. . M - 9
&£ 2.5% @ Mn, Cr, Ni % 0.5%Mo $BiciRhnL 7% " 0.3 115 ] : ©
e . .5 30 (0
OEME L L, BE 5%Ni-0.5%Mo WO & Lt T B &
BLEC LI oA 74 FOAERIZ N E T L or |25
s - NPT, e 1.5
CEHRZERBIC X Dhohs, — ERVEEERS HIZREIC & e, 03[ Qo
L5 ®
2. R B K & 0.15{25 | ®
’ Nj 50 ® @
¥ = 7R 5 - - '5 @ @ @
G % 0.15, 0.3% @ 2/kK#ETE 2 0.5%Mo ZHic 03loa]
Mn, Cr, Ni #2hZh 1.5 F41% 2.5% Hnx7- 15 50]|®@ &0 &

MOz SEWIEMRL, 0kg AME L. 5% 12 K
RINETLRROFEERERMA L LT 15mm Eic
$5% U, 12mmlIx 55 mm iz YIBIHN T U < B4nEmstil &
L7z RV D 3K EFSEIZLREERFE & L FLES
12mm > 160 mmX60 mm DKk XX Yo T BRI ER N
& L7 BBloLEs5HE% Table 1 2R3
F—=AFF A4 MERFIZHEKREA - 2754 Murid
Hicdiciy 1200°Cx 15 min, MR+ — 25 F4 b2
HFoH ity 950°C xX15min, D2fEE L. SjEL
BEBRIC S WTRIALDA — 27 4 Medefhz v
T TITRZERL:. £ LTZhdsEcLTEbic
SV NPT OERTREEHEINZ TNA F 4 FERE
DIET T o5M2 ¥R, T, BEFEMESELHV
TREL, X474 FPABRERLL BLE LT
YHA MTOWTEA — 2 F F A4 MEIBE» & ikkduz
BANL, SHETTEXoLBELEDL, 400° 5 600
°C DORIDOHBIRET 30min L &L LA L.
CDXSITEBMAU7- H e 5 51 7mmlIx55
mm O THA XD v VE—FBRA2ERL, H9%

Fig. 1. Temperature ranges for obtaining com-
plete bainite structure in various steels.
Figures in the circles give time (min)
required for the completion of bainite
transformations.
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0.15%C-1.59X FZTIEEDOMD 450°C Ti3IFE5E

CEBE Lo NA 74 bAE L. Photo LIZRT XS
WED RAF A4 bL BIKOES D SV AKREK BT
/B X DA HEIAE Y 7 2RKDDWIE EVIKTH
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Vb DH %<, EEANA F4 b OFEEZ THATY
5. 7 A0E Cr i Tid#s< (0.52), Mn, Nigy
TlitHV (0.84). Cr ADO~NA 74 bOR{LWITHE
WIHAA><, Mn 8, Ni giolECHXELTw%. L
3 Mn §, Nig@TRRELWOEEBELTNRTVHHD
bEL, FhBEEW-7-54 b0 =—%D2L 5{#

(b) Cr steel (c) Ni steel

Photo. 1. Miarostructures of bainite formed at 450°C in 0.159,C-1.59%X-0.59%Mo steels
austenitized at 950°C.
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(Photo. 2). YD NAFA RRA=ZF 198727
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BEDIEMIIZE 57, Photo. 313 0.15%C-2.5%X #*
@ 450°C THR L7c~A b+ 4 FTHB. Ni BT
1.5% ® 4o L URF#E b ockibs R bhis. £
7o, EREDTET Lo 03 ohichro7chs 2.5%Cr,
Mn gD ~NA F 4 FOREBREBTRNE 1.5%X RO L
NEFRROBMEE LTS, TH—RIC 2.5% FDFH
MALSFIDSAKELDERMNEL L DTS-

C 25 0.15 205 0.3% 44, N4 F4 bDAERK
RS &P AMEIR N BT T 5 & FERpiC 7 2R3 ik
& LEF ML T 5. 0.3%C-1.59%Ni o 450°C

— 69 —



2842 % & 8

% 61 £ (1975) |32

" )"// = - N T
"\; p - . \ . o) -
P i _ =2
bt % ! S -

(a) rMn steel
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(2) Mn steel

(b)“.Cr steel ' 7

%

(c) Ni steel

Photo. 2. Growth behavior of bainite at 500°C in 0.1594C-1.59,X-0.5%Mo steels
austenitized at 950°C.
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’\‘V J?} Y ;

(c) Ni steel X 3 000

Photo. 3. Microstructures of 0.59%C-2.59%X-0.5%Mo steels austenitized at 950°C
and isothermally reacted at 450°C.
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2.
x 15 000

Photo. 4. Bainite formed in 0.39%C-1.5%X-0.5%Mo steels austenitized at 950°C (a) Mn
steel, 425°C (b) Cr steel, 425°C (c) granular and (d) lath-like bainite in Ni steel,

450°C.

{‘: - A l M

ST . - P S
(a) 0.15%C reacted at 450°C

Photo. 5. Bainite in 2.5%Ni steels austenitized at 1200°C.
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(a) Mn steel

7

(b) Cr steel

(c) Ni steel x 3000

Photo. 6. Bainite formed at 450°C in 0.15945C-1.59%X-0.52pMo steels austenitized at 1 200°C.
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Fig. 2. Hardness and toughness vs tempering
temperature relationship in tempered mar-
tensite in 1.594X-0.5%Mo steels,
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Photo. 7. Optical microstructures of 0.159C-1.5%X-0.5%Mo steels continuously cooled from
950°C at various cooling rates.
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(c) XNi steel %3000

Photo. 8. Microstructures of bainite formed by continuous cooling from 959°C at 0.02°C/sec

in 0.159C-1.59X-0.5%Mo steels.
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Fig. 3. Relationship between strength and tough-
ness of various tempered martensite of
1.59,X steels.
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Fig. 4. Effect of alloying elements on the hard-
ness vs toughness relationship of tempered
martensite.
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Fig. 5. Effect of alloying elements and their con-
tents on hardness and toughness of bainite
as a function of reaction temperature

when austenitized at 950°C.
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Fig. 6. Effect of C content and austenite grain
size on the hardness and toughness of
bainite as a function of reaction temper-
ature in steels containing 1.5% of Mn,
Cr or Ni.
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Fig. 7. Effect of austenite grain size on the hard-
ness and toughness of bainite in Ni steel
as a function of reaction temperature.
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Fig. 8. Relationship between strength and tough-
ness of various bainite,
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Fig. 9. Relationship between cooling rate and
(a) hardness, (b) tensile strength and (c)
toughness of the steels continuously cooled
from 950°C.
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BR{EAS/AE . Mn, NISETCIRED LK DEINS
K h. BHEEOR WL ZATREBIEAKXE L, 5°C/
sec DLETIEEES & LEDOBIOEE/NE L, F2H
B rsEdilhaswv. SHOTEORETIEMELT
A FA b E EESARA 74 bAZE{bT 5 20°C/sec
FHE & RO EED I Z 5 5°C/sec DG HIEE T
Hitoaw K TARLNAS. 7222 L NigETE 5°C/
sec HECOMMEDZLE{LIE A7 < 15°C/sec BT O]
EETREMEE-ETHE LAy, BhELITX D
WM EEIE T 525, Cr $HTlx 10°C/sec AT DEH AN
PEBWEIATREEOREELHE D7 Ni, Mn f
HIC HENTELLMELRSE S, REFEOR LA
TR X HEE .

Fig. 9(b) (c) WRT & S5, o@D EIHhEEH
BB LA D TIREBMMET 5. WERED LD
ELRNWEZAHLELDELBEVEIATIHE-BIC XL 5
X DI DTe A, HHIOBEEE TIXREIC Lo TR
I BEBE R TabhbEIRESEL L bHic LichH
DT Nigiidd 2L IR LMEIMRT 454, Cr §iT
7 =294 rABRLRAEETHE DIESIFLT Lk,
Mn $HEmE ORI TH L. 600°C THED T &R D
KEWVIFEBRILP R E CWEDREIC X 58S DE TP
7%, 230 Cr DRI »SHERE OL2BICHh
2TH2ELEL, Nif@Id> & bl

4. & =

AT T2/ ISR 2 RET 5 LR X Stk

5. BETEOLRARMOEEC S XETHERESR
OEREALRMIE BE TD. Tihbb vvio 94
b, TERRA 74 FTRELTRC X BHEOLELIIH
HUAS 7S, LEERNA +4 M CRBEEIC RS, — Al
B IR S LA LT LA MR X B
WX LMD ESDIH, N4 F 4 PTREHEREEED
L FEBICIMBIC L 2 EPAELLHObND. Eiiw
HIZEREEBR DR B 4 G HENREEHNE < 7 513 LR, B
HICESELD T ERR LI TOk 5S> 54
F A +OHE LR ORBRERE SN S.

FIEIOD LY 595Ni-0.5%Mo Ric ¥ CTHE L
B, T OBEHE &AMV D I IX A S SBE & k1L
WMOFKD LARFIC LY HOBREHWTE. SEOH
TILEBWTHFE UEERICHE VTR - RO BRR
BB RT V. STHLE LT o4 b
4, Fig. 3R L 5 HEERIRE LEX BRI
BWTEBED 0.15%C 110 0.3%C DFEHEEDS
TN TW5DIECEF RO X 5 HBROBEHEME

ELOWEBEMOBLOID EFHEINRS. Tt —
A7 F A4 PUSHKIET B EELE LYV TF YA bD
WEBEAE WH LB L #AL, HMR KE{HLT
L. RAFA MCOWTHA—AF F4 MRBHKXEL
FBA 1.5%X Zd 5% Mn, Ni fiixt—27 54
MRAMEERS B A HE LT R TARE VWS, Cr
TR (Fig. 8). %72 2.5 X 5%Ni §§T
A —27F4 MuoHXbic X514 4 FOEKIL
AT AS, 1.5%Mn, Ni A THHEAERZE LW &
EXIGTY SN D, EERE FIAMEE T MM HE & g
T 5 LR E AL Lcb DRBmEBRMAF LI KEL
oo TwAH. T4 Figo 6 tkwTH—27+4 M
Ifbic X >7T 0.152%C L v % 0.3%C fHOH T
DETHAR LN, BEDHLERE. A —-2AFF 4 b
OXRIIT E DI DOTRA 74 M bHEAILTHZ &
VRRTEE L7228, ZofioM A ibic & b o>TRIEm D
WXLt 5. BRILHOE D% 0.3%C O H S &
DR T AR E Vv 5 2 LI R{EosElEic & ¢
LIMBEMRKENZEEFTR]RTEHIOLEFZLNS.

EESHZERIC S W THHIEEI B R DHIT >N T
Hik b RIb AL L, Zhpi@BtEo T &aeT

o =

FFLEEeRICE VT CEEER M ITRILMOE
BE LI BhS, FRESHEKT LCHBSHMMmEELD, %
nNT o THRILD D RMMCR 57 Fig. 8 @R LAk
S E VT THEI LIV EFT25594%
WwEFE BB,

L LEETTEORLD%5E, FUCIRE THR LA
4 F4 FTHEEACE LVWESED LN, ThE
BahiE B & RALIEIRIZ G THET 5 & LS EEET
% 7%. Table 2 13 0.326C-1.5%X Zo 425°C Tk
L7z~N4 4 FPONGHEREImA RO AR BAIO K & X
LFA—RFF 4 FRIRETH B, WHBELLOBIECEE
HBREVZ LB ZIUTRBIC X OTXITIRERE
v Ewx L) (b L BEEAO KEIH» 4p 256
S5p WL U & FOWHEERBEO LR IXFR 513
XhiE 20°C BEICTERW). X414 bofRkico

Table 2. Austenite grain size and unit crack

length of bainite formed at 425°C in
0.394,C-1.59,X-0.59%,Mo steels

Austenite grain Unit crack
diameter length
!
Mn steel i4 p 4.4 p
Cr steel 17 p 1 4.6 u
Ni steel 15 u 5.2 )23

— 77 —



2850 % ¢t &8

& 61 &£ (1975) Fis<

Wit Photo. 4 iR ULAcX 5, Ni 8Bk~
F4 FREPOEELD ML, FRIEBLI oL LHE
KTHD. DX SBEWES,»HTHE, Ni @0
HtEA LD L340, Mo g8, Cr floxhligE o
WTHIWEEBXONLREEARBRER I T ORI
STw5b. 0.15%C-1.5%X %T% Photo. | IcH i
IOk bRILmD Nigizd D& AT, Mn §§
Nz o3E Cr T o ST LT T i
THo. ZOPELMEBROKRE TITHET D ENK
mof. L LEEERLE) Ni@ndotdi<h,
Mn fERFREET Crifldlds»cd2Tnis. HEES
HEBERIEFI VT H ZOBMITIE AL FRTH 5.
BEHEX L7 ¥4 ThH 600°C DELHELTL S
R E, RILWOBREIX Ni iR b oL bEL WA,
M MEDORIITH E D 2L, LyTwiil Nigy
DpDEH TRV

DX S5 KEETESERL L EOWM MR T
FCRBMTER Y. LA O>THEETERCIE= MY
v 7A@ intrinsic 7o B BB FE 2 D SIS
HAHI. TOMBREELLE LT 44 PTEEEFET
TRV A A4 SR < 73 D RILIAA R L TS
7254 FEBITEL KB I ONTREL LB LD EHE
ZHh 5.

—i%i Ni Q@ISO EIREIM 2 HRET D T L2834
5N TWAD. Ni ifhic & » cross slip BB Hicic
L2 LR ECRRIEE X BT W W RILHD
TETHIHE LB THE LEDLNS. Mn O
BRILWEZ ML T 52 E8mbhT w5 3, Nifj
ZHE 0L WEEERTHERIOWTIE, TEFED
FIHICLLRBUERDAS. Cr flic>0nTi, K
(LR ICETH B &, 1+ 4 PEREEZELLED
HBZE, BHEZXDBE Y v 2 R ERIELMHORBIRTE:
BRERZEUTREEDIS DI LICBEVIIE O £0
5.

T TF YA PREIRTES E LGS, Mg, Cr
HOEMENRZ LB EXMbNA. F—RXF 4k
RAAKIGE COEETIX EOMIC bR FRBIEN RS
hicDT, FETFECXHRNABEORZHOIED
ZBRETHEHNH, ThUSC KB TERT LSS
BibE~ MY v 2 R intrinsic ¥tk L OMET %
LELEMETOILERDS .

>, f& ]

Mn, Gr, Ni O3 Eo&&rEr 1.5 H50WiE 2.5
%G iz 0.5%Mo ZILBIZ S/ I MIcOnT

C % 0.15 + 0.3%%, #—27 754 MLIBEEZ 950 &
1200°C jz&{b X BREE0ELE LI T ¥4 M E
A F4 FDOEREOZE(L L ERWHOBGRE LB, RO
Iolz EMBbrol.

) BRI IEEEFYIIEESh, Mn T
N4 F A b OAEFIREGHAN oL b KD F1-
CrfCla~4 74 bOREN 0L KFLLRERDOE
T HIREFEAEEE. Ni BTRELTNA F4 bR
B o5 HEEME V. '

2) BETFECIOTNA 74 +OREBRE X O
LHOFRE FEP B bNIS. & xiE 0.159C -
1.5%X ZCHETSHE, Mn §§, Ni §8CIE~4 =57
1997254 FOREIELL ZOBIBICHALED
SFNRIRICMMBTHS 525, Cr SHCITMERD R{LY
LT, REARCRRIEMOERISBVOTHL W
RoMETT. X 57 Cr o Cr &, C
EHEZELTHEDLNS.

3) EDELEMTHLCEFESHMBIENS F4 bpD
7 =54 M LUK RILIE ML T 5 B L v
Mo F—R7 54 MIEHEKELAES, 1.5%X
FCRCEFRC»PH 5T, Mn $H, Ni ffo~4 +
4 MEHEAIET 555, Cr @ATIREKRIE LW, LaL
Ni T3 Nip 2.5% Dl biwin s XL LEL LD,

4) wAF YA REk 600°C THED F LAESIRE
LILEOHEM, BLILTEI LEMITSLEALFL T
H5. Lo LEETED & LAEHE, N ECEEk{bs
KELHMEIIEL LA, Cr g& Mn §iTliik{bs
NS RURE LS EL LS. A —2F 74 MUSHEHA
{EL7BEDIES S Levs o414 hOBMLIbIT—ig
i 0.3C X DD 0.15%C gHOEBKEY. 0P
1ty NigRaid o & 7.

5) NA b4 FOEIIAETEOREIN/NIL T
EEBIREIRET 55, GUREE&cEOEHE &
CEARBILAELEHEING., — R4 F4 bl
& Ni @25 s 2L b T <Ch, Mn @S Zhic o Crig
BbDoLb4h. BETEOREHETENA 4 Lo
PIERTED Ni IOBAZOEEHLTS. CLHE
B LM RERL L, S DE LS
BELETBLATIHEVE . A—2F7 34 RO
Kb E D DOTRA F4 FHHEKIET 2BEE8EL
Pit¥ 5.

6) HWEMHETERI W TAHEEIEL Kb oh
T NigE»Bd o2 MIbT 5180501
vy Cr i3 > & bB{EANEL, EEbLHbT 5.
Mn #i3 Ni §iTEw.

— 78 —

P

~

N

A



.

.

gL rlwarvdd b RI04 4 roraBdcksxEy Mo, G, Ni o8 2851

7 LLETEDORKDFENA FA bOHEITHEYE 4) H. Kusorta, J. Tanaka, €. OoucHri, and T.
Ousuka: Suppl. Trans. ISIJ, 11 (1971),

B, RILMOWELFCRHBETE T, FE&LRC
X5< by v~ AD intrinsic HBEOEILIEET S

5)

VERHBEEILND. 6)
BhOCAEAREELDHE D VERLTHwmE WV 7)
Fe R I R AT BRIRIC IR B 1 LE S g
L's [ 10)

1) J. A. Rinesort and W. J. Harris: Trans. 1)
ASM, 43 (1951), p. 1175 12)

2) W.P.Rees, B. E. Hopkins, and H. R. TiPLER: 13)

JISI, 177 (1954), p. 93

(1963), p. 518

p. 1106

HE, FE,
A, £,
mA, I,
F &, RA:
PE, A
$kH, B,
gkm, FREE5,
W. JoLLEY:

e, FiF,

KZE: 8240, 58 (1972), p. 1877
S kL 8H, 59 (1973), S. 147
X gk &M, 59 (1973), S. 686
o & 4m, 59 (1973), S. 684

EE HHRSER

fhdk: gk, 60 (1974), p. 50
fiNEl: gk E8R: 60 (1974), p. 1225

JISI, 206 (1968), p. 170

K#FH, KA [#o@mgE | (1971),

HE p. 97, Fig. 11
3) K. J. Irvine and F. B. Pickering: JISI, 201 14) W. Jorrey: Trans. AIME, 242 (1968), p. 306

— 79 —



