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Toughness of High Strength Ni-Cr-Mo-V Steels Containing 1—5%
Nickel

Toru ARAKI, Minkyo SHIN, and Ryuhei SAGAWA

Synopsis:

A study has been made of mechanical characteristics with special reference to toughness of low
carbon Ni-Cr-Mo-V structural steels containing 1-52; nickel with the intermediate stage transformed
structure and tempered-martensitic structure.

Some intermediate structures have been compared with the tempered-martensitic structure at a si-
milar strength level, by evalution of charpy impact values, transition temper-atures and fracture tou-
ghness values and also examination of microfractograghs.

In the intermediate structures as well as the tempered-martensitic structure of these steels, it is
generally to say that the toughness is improved with increasing nickel amount though the latter stru-
cture is always superior to the former ones.

Considerations on microfractograghs of fractured Charpy impact or slow bend specimens lead to some
informations concerning the influence of microstructural factors, e. g. morphology of the precipitates
and mixture of different transformation products at different temperatures, on the toughness and fra-

cture behaviour of these steels.
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Table 1. Chemical compositions of steels (wt 94).

Stel C Ni Cr Mo | A% Mn Si P S Fe
N1 0-23 108 0-97 0-34 0-09 1-36 0-31 0-007 0-007 Bal.
N15 0-15 1-46 0-96 0-34 0-10 1-33 0-25 0-005 0-005 7
N3 0-22 302 1-01 0-30 0-10 0-96 0-26 0°007 0-006 4
N3L 0-06 3-07 0-99 0-36 0-10 1-33 0-22 0°003 0-005 z
N5 0-20 505 0-97 0-34 0-10 1-36 026 0-006 0-006 4
N5L 0-06 5-05 0-95 0-32 0-09 0-77 0-18 0-003 0-009 K4
N3R 0-22 3-02 0-04 0-24 0-13 0-47 0-27 0-007 0-008 4
N3V 0-20 3:00 0-97 0-33 0-20 1-25 009 0-007 0-007 7
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Fig. 2. Charpy impact transition curves of the
- specimens with tempered-martensitic
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Photo. 2. Fractographs of intermediate and tempered-martensitic structure of N3
steel and it's schematic illustration of Charpy impact value.
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Photo. 3. Fractographs of intermediate and tempered-martensitic structure of N5
steel and it's schematic iilustration of Charpy impact vaiue.
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Fig. 6. Schematic illustration of the cleavage

facet size of N3 steel(brocken at —114°C).
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a) 360°C 4hr isothermally transformed.
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b) Quenched and tempered at 620°C

Photo. 4. Quasi-cleavage surface at a temperature of —114°C in the intermediate and
tempered-martensitic structure of N3 steel.
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Photo. 5. Fracture surface at a) 20°C, b) —78°C and c¢) —196°C of N3L and N5L steel.
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Schematic illustration of the cleavage
facet size of N5 steel (qrocken at —114°Q).
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Photo. 6. Fracture surface at a temperature of —114°C in the intermediate and tempered-
martensitic structure of N5 steel.
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FRACTURE —>

Over-load fracture region in steel ‘“‘a”

3

Small dimple patternTof a hinge part in steel ‘“‘a’’.

o A0 Tw

Notch root of N5 steel transformed at 330°C for 24hr isothermally.
Some ductile zone in the vicinity of notch root of N3R steel tempered at 550°C for lhr after quenching,

Ductile and brittle fracture surface of N1 steel transformed at 400°C for 24hr isothermally.

Photo. 7. Appearance of the fractures of Charpy impact specimens.

HOLETHEEWVLXS. RALWDOERIC XS L,

BROEEYHERS L Bbh oWEEA KT 5
PORR—FMD 754 FFTADOEEWLT =4 b
FETH 5. Ni, ClrLofsy T (RLms6)
BE—OHEITI, 7 = 54 NERERBE I IESE)

O IBICEAVI ST 2 -4 Ths LEbR5.

T b bREETORY > L OIITEROERIVLEE
BIHE L CHRERY 28 38, I EJIEHRE
DESE 5%, Buiixv¥ —wEEsEsMEBERTC
50, BEBENOIWEEME LTRbESNS. §T
i Photo. 6 whR LK ST, A—o#ETEhERK
D7 =54 b ESESNELV LIIBEEAMAF—T®
ST BRI IR U CHEMEREE A L, TSR

WA V¥ —DZELE L >2THbhELDE EXHH
L. EOWEBA (d) OKXEWHDOTITT V2 iTkTF
LTEBREESMETT2990 Lo T Vw55,
FIERBEZERED X 5 W RIEM o X DD ZER A>Tk
% & —FHNCENE SR .

e LD RHEERMEDOIIE TV 4w 5 £ F  (hinge)
WMTH5D. PV 1+ LB S NG ST IKAE
ORETHIBEEET LTS,

3.3 MEIMARIUESHR

Table 2 WIRIESIMRB ORI THS. FREETN
A4 F4 baE b BN L DT % I R A RE mﬁw
BhE L7 4 MBRICHE~MEWEEZRLTWS
2 N EFEC X BHEEIHECEHLN TS, ZOfH
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Table 2. Experimental data of fracture toughness.

- . . Tempered after air i Isothermally trans- Tempered after
Specimen Air cooled® : cooligg* F formed temyp.°C* quenching temp. °C*
N1 330-5 , 376-1 400 242-6
N15 3371 354-3 , 450 2506 470 352°5
N3 384-7 394-5 ‘ 360 2674 550 436-9
N3L 299-4 374-8 500 234-4 - 200 345-3
N5 517-6 | 526-7 ‘ 330 294-8 550 459-3
N5L 348-1 i 413-1 ! 450 236-5 200 377-8
N3R 3498 | 308-7 f 450  235°1 550  383-1

* Unit : kg/mm2.1/ mom

T X TORFHC &M A 5h 5

—%, HEMNEWIEEOTREEMTIRE T DES T
BIRZTRERBE Lol X D BB X <, #hETZ
tizxoTtabicmbTs. KN & 5% 4FT5
Ba, B ELMCERT S LR T 5.
Fig. 8 iXeh[EXPEZAEHNR & BEAKE & & UL O ke
HEE 2 Ni £FBIcX>TF oo P LAbDOTHS.
MRS AT PRIEXPEZREMER D BEAN 2D & L M
Ni &HEOMMC L 2T ERETHEmNE B, RES

FEOLEVHEATRERECS VB L VLS. .

F /o PR RE MR I B AR & & LARRL X » A% kg
PIHEEIC SV TEDT W 5.

Fig. 9 WRICREIDVWT EBE LS L Zhix s
HIZBED & LB OBERNORBRTHE . Ni &HE

Tempered M

o NI X NIS Closed points :
a N3 7 N3L bainite
o N5 © NSL
= N3R
500
=
E /[]
A
400

Fracture toughness A (kg/mme-

200

10 30 50
Nickel content (%)

Fig. 8. Relationship between the fracture toughness
value and nickel content of the specimens
with tempered-martensitic and intermdeiate

structure.

DEENI Z oM BT EbhTH D, LI
EoT & ICEERREMDEBD X 5 ICIRE LD b D
OWEEGMEE NicXhegEashs. KESHEORL
DI 2 T & % M 2 O e A Ot 2%
HOBEDL E LI b Ebh, ZOMBEOKRESSET
—EBDRERS BEMEEON L &I > &% FRT
LD & UTHEBREY. Y i o RERS R RIL
MO SR E G5 X THEEZEL TH5DHRELTR
%é%%ﬂﬁ@@ﬁ%%%Méﬁ,&mm%ﬁé%%ﬁ
FicTsdboLBbhs. i

HEBA O/ vy FRETOBRDZMILIESL2H 5 0IX
BRI INT L CEROF AR EEORIE L B E ¥ 55
FERREL P LS OMRET L DOTHA LN B
BEMOPEMEIRERCIXEZ Lo2dH 552, MAIRIESN

Air cooled
o NI X NI Closed points :
24 N3 ¥ N3L tempered after
€00 ( O N5 < N5L air cooling
% N3R
!.
-~ i)
[E s00 i
E
S
~
2
- .
X 400"
N /?/
123 Yy
4 < = 2
5 ' !
[
3 300 k4
s
[
10 30 50

Nickel content (%)

Relationship between the fracture toughness
value and nickel content of the specimens

" with air cooled structure and tempered
after air cooling structure.

Fig. 9.
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22 S LiciiE & U OREMMHIERRIE N ¥ %
FSE Lzl & LT ORI K)o B2 Egiin
ErcbEELL S EORALITHbhO ™ CTkh,
Z DA 5 Griffith-Orowan Bifi% T & HEEHY
e RAGE M BT 5 & BT D DB RERIG
NERERTOMBOBEHELETH S EBEME T,

RE L ER T ORI MERIEY B~ SRV HATE

B R SR SIS LIRERHET 5 & LIEFTHET,
B TOMHERE 2 AR DEIEL, FEOT A
WERCE T, BEOERX 5 WX ELOFKEEEET
5Lz XM OmESEE LTo 8t 251635
Tt ARETHSS.

AR T AR Z VA OBEICSEE TSV T
)y PRI BHAHITORNIRELZ R T 5 7201
H4 Ko FERET LERC X 5 FEREEC X 0 iRk
B Ko ExEIE L, Mt aR ZiGEe & ham
FEEREOBEA R L B L% T/

rR B ME R & Be ABE 4 & LALEE O &l e e
OWE R HHEETS L, WTFhicdhy 7Y » TiE8lb
T, REEE BRI T 3T I TR
Wi Bbhhok 57k 13 Ly Mt B ohicror.
RowaLbp 534 A K/ v FIC X WOV EILITHRR
WDISHBETOELE LT ELTWEHY, Y7 U v
FOFEEE I AT RS L, BREEL (R
ELTWS EEZLNRD.

Photo. 8 ¥ N5 3tfl% 330°C TE{EZREX E7 <A
F 4 MG DWW ORI 2 T 0/ & & Dk
EEEMNETHAMBE CHE LALDIDOTDS. ETEY
KEIHDFRUTHDRA I 4T~ 2 (striation) H3H
bhTwns. 7~10pm DX h Ly F K/ — 1 (stretched

e (5%

Photo. 9. Fractograph of N5 steel transformed at 330°C isothermally showing

the fine dimple pattern.

-e'& Eey 2 2 E A L5 A ekt e S i f i
Photo. 8. Fractograph of N5 steel transformed at
330°C isothermally showing the stretched
zone between the fatigue precrack and
overload fracture regions.

Photo. 10. Fractograph of N1 steel transformed
at 400°C isothermally showing the
river pattern,

zone) AR T, BEEEELTHENCE B ICUE O 7o /i D IE
HRESIEVER LR LA TVWS. EFEROFW
IR Z T U723 B R Th, BHEOWIAIC W THIRIE
CHEPLNASA M v F KV — 1, TR LTl

S

oy LINRG Y

Sial O S .

Both a) and b) are taken from unstably fractured part.
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CEIRT 5Ly v ME-RBTHRLAD LD L4 < [F—
DH DAL LI, PIRIO AR TIIENE T 548
BRKEVWLDTHS T Edbnd.

Photo. 9 137 U Bkl O h RS CARL EWIENHETT L7-
WO THY, KNOFA FEROEL L SImm»n7 1
AP EEINR TV LDOBRBEINS. U NA +4
FHISETH Ni 23 1% @ N1 gtfls 400°C T&iasshs
S /-WEENE Photo, 10 D T2 < Y N—se 4 — B L
LTEDERICHIA T « & Pty — o psi iR i I5 4
5. ZONI LHREOBHEHDOXREIT Ni §HRELE
FEEDMETH Y, EWAIMEMTIE N5 © o5=135 kg/
mm? {Zxf LC N1 & 1059 kg/ mm? L § 30 kg/ mm?
DIEE, Y+ E—HBO v V7T a2 LF—D 10°2
kgm & 3-4 kgm OMELSMTIIFERIGE, (FOD &
bHENENLV. I bLLEbh3 X5k, Nid
B EOWINI AL E B BE LcElEom Eic k& <
FLETDZE&pbrh, PORHEOHEE,SL O L
AR HE TS Z k5.

Photo. 1l 3o —%—$tL LTénbh T N3R
e 450°C CTEHEARE X ¥ A REEERIME S ER B O RETE T
5. WEHEEHLESTIEOIOTWIWD, EKHE= ST
DR ORWEIT IR E I K4 FOROICBEXRESED
HHWIIITHEIREE LTS L O8RS . EFIEE
KEEND NS KRBENEMOFEIERL DK & 7t
LI ERL, TE N33R opsiEiUt{Eix Table 2
Y X S I EBRIERHEI O N3 X 945 T 5. Photo.
12 3Ed & LHIcBbhzb DT, iy 7« &P

&ll&lﬁ

K S "

3 ',‘ E
TRy LA O A

KN3R 4508 L on

Photo. 11. Fractograph of N3R steel transformed
at 450°C isothermally
dimple surface and inclusion.

showing the

HOMCHEENRAKA FORLIC ZH 5OBARIE LT
W5, all N3R @ v v —ghf, bix N15 gtito
REREIMERS A 9 L2 DTHSL. DX SHENE
IMOBE T HHE HESIRTVWBERIRETOS
{DO|E T THIEHE LTV 5 I 5 i E 0%
525 INoDEERBEHEREZVIDH 5.
3-4 AR

COBOHFDMKEA S 2 (lath) #E L3 5HDTH
5 LT T TICHEY L7ch Photo. 13 iz o dfl
EXPEZREAIR O M A IS T EBIE T4 BEABED O L
FRI A7 5 R DI (packet or bundle) 72> 5% %
CERTTERBE LB TH 5.

FRRIEXPEZE AR A D b DIX R — R I A N A F 4

ne
1 e

L o

Photo. 12. Fractograph of M3R steel terf;f)ered at 550°C for lhr after oil quenchinvg (a),
and NI5 steel tempered at 470°C for lhr after oil quenching (b).
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FD S ZAEREEOLEICHAELTEY, KEES— A
FFA MR LA — TR E R T YA
MABLASERE S AN A T WS, SEZETIT 24 FHE
AR BRI O IR [T 7R D7 b drds BT R REE

Optical microstructures of N3L steel
trasformed at 500°C for 24hr isothe-
mally (a) and NSL steel transformed
at 450°C for 24hr isothermally (b).

NS5 550TS

D3\ DIIZEREIRE DS LRI N A F A MERISR O BRI
CHEMEBELTWDZ 2056, HYEMIcb2TH— R
FFrA FORMEELEILPRVZERBSEF LA L X
LEELLNS.

Photo. 14, 15, 16 yx4hn i N5, N3, N3V it
% 550°C THED & LAEEEABHTECHS. ald
BEb & UEFfEDS 30 4ff T4 < b id 8 Wyfl & KAFMITT 70
Db O THD. RALMOW LiEmHD 30 HSETh I
Sictilshbh s Z EBHEENS. LasL, RRHEED
ELEFHETL L X T ORIk bEkL,
RADOFEFIRTE» LI EHOCCEKS. T, WM
Widmanstatten JKOBEZHEO>TVW 5.

Photo. 17 (T o — & #f N3R %274 LD BEHE
BThsd —EMRMCWARLI ZZHA—2FF4 bRIR
wIHETTHD T AHBAE LI KIS 5. RILmia
FHALD & DO TESENTHTH LT A F 4 bORFEZ R
L, BTRCORED & LMt~ d K& S AR ELs L
Twd. BT b ZOXSRILmDIIK, Bl & H5
M R T 5 LB 5T DIERE, i
B R TrOFRHBITH I ERBPICHET S Z L1
T o7 b, clIBDORORILMAE Y M kDb
FEHR BT R & RIBRTRET AT /8 & — &R

Photo. 18 }x N1 stfl%a 420°C T I BRfliigED & L7c

FEOBHETETHD. —DOOKETH I AREA» LD
BREERFNOICD I OD T ANRRERLTE D, RLW

DO HVE RN A7 SBIRO D 0 &5 2RI S L
TWHELDEBRLNS. % 721567 B O I FR

e~ G
N5 550TL

(a) Tempered at 550°C for 30min after quenching.
(b) Tempered at 550°C for 8hr after quenching.

Photo. 14. Transmission electron microstructures of N5 steel.
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2 N ]
N3 550TS

N3 550TL

(a) Tempered at 550°C for 30min afier quenching.
(b) Tempered at 550°C for 8hr. after quenching.

Photo. 15. Transmission electron microstructures of N3 steel.

" N3V 550TS

L b e\
N3V 550TL

(2) Tempered at 550°C for 30min afier quenching.
(b) Tempered at 550°C for 8hr after quenching.

Photo. 16. Transmission electron microstructures of N3V steel.

S EBmWERG EARAE LTI, 20X S ek
2D EFLIBES 620°C EHDEEES I AEAKITIIE

bz Reis v, RILHORIKCHAZETTRoRRE

BHELI, BRABERETLTYS o8 BRI
Busk & KELLy3iIT DR D ZE(L & TREE & 2 &
T Tuwss, L@ EETHEE, FEhxw
LIEMDTK S X OB, X/ oMk EEx
BEERFOTHAS. WIEITHLB7 X 5 i Ehic i
TOREELNTEN, MEDREBI e s 5y D%

LR ELVBLOTZONMIOGEEEICTLA I &
LTHX DR ESHOEILITBH OB ITER L
HHCHEAROEELRIFET IO EELLNS.

Photo. 19 X Ni £ & 5% ® N5 3§ % 620°C
LIGRIBED & Lc L EOBHTETSH 5. Nily o N1
OB & e U CBBEH L OMER LT LIBE O TR
V. L LRBEBETIE Ni 05 H BN PRIBEES O
BRI R EET OB LS. LrL, 54
BAMI BT 5 EDEL w7 44 MEBD 8BS,
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(a) Bright field image.

(b) Dark field image through cementite reflection.
(c¢) Electron diffraction pattern.
(d) Schematic illustration,

Photo.

B

P N1420T7

18. Transmission electron microstructure of
N1 steel tempered at 420°C for lhr after
quenching.

Photo,

Ni £&HED 1% X1 5% ~DEI e ob s, o
BEESZOMMBOBRICESE D RELBELYEXTVD
DEHLRB.

17. Transmission electron microstructure of N3R steel air cooled.

WOIE S IKREARR RO VEE ClR{LORT A &
> T/, Photo. 20 13 Ni 5%, HR3E 0:062%
N5SL g% 200°C IRpffiBES b & Lic=wv s oA
MERTH D, FWHMPHEIR B MR vBlo—oT
H5. BT T AMic Widmanstitten £ 31 B0
FHILT WS, RIEDIIKRD A EIRIC B 2 5 Dk
HELIBEPRSREEFREVSRVEELH S L b
L. 7T YA POREIEHLOTTIKIL0 2% k3R
BORB & RS ER IV, BUNBEER S CRED
EDOBEORE»L BRMEN D5 Lo RZdbh
5. IHNSREEOMD TRWEHEIORERED L L
794 MIBTIIRERDOIRTIC L b > TR
5 E v S oS ELT L ithT, EERET
DD RIREEREL 72510 bbb ST
FLbhA@MELh D/ AKX ZIOBOFEHICFLTHD
BEOREEARITOME L HHEOHEETLEHOLOD
CLBETHLI EHNHABICEDTL 5.

34 WEIHNMDNKRITIICDNT
Fig. 10 vxrhREXPEZREMIRE & BEARE D & LAl
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Photo. 19. Transmisson microstructure of N5 steel tempered at 620°C for

lhr after quenching.

N5L 200T

Photo. 20. Transmission electron microstructure of
N5L steel tempered at 200°C for lhr
after quenching.

BRI =2 vF—L 1% [fhew HbEgioboTh
5. BELPEOHEEDSTMEHR D L, ROoEgess
Fic T F e RIS ZREMEL, A EFICVIEAREDL &
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AL FLBENICHE LTHE DT W BONRAELNE. &D
EATRERESEEOh, N4 >4 MO IREE
HTERLADDOEREDL S L7 34 M EW
PR TR L. X HEREZED N3L X0
NSL B HEEH & 2 VT T3 VF — KET o
7o TRIISELRER G LiBED TTT HE» 5R.7-
Bh, N4 F A4 MEEEO ERICGEVWRE DO 72D ZEREK
THRHIPBEL 24 B VWS ERM Tzt d 2o b

Tempered M Bainite

© NI L
x NIS =
50 . s N3 4
. e v N3L v
- \\V o NS a
£ AN T O N5L e
i “ v * N3R *
2 st N 7
", v ao
i A
> e B o
. N afe
1o -, “
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e ~
i . [l I J ] L 1}
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Fig. 10. 1°'02, proof stress vs. shelf energy for

various steels.
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8

140
—_ »
E
€
~ & QO
2 120 ‘ P
- * & o ee NI
‘f',, * & a %X N5 .
3 » ® s85 N3
% 100 F # Y vV N3L
@ v x =@0 N5
a v + 00 N5L
& * 25 N3R

80 L 1 1 [l J

200 300 400 500 600
Fracture toughness A (kg/mm?:ymm)

Fig. 11. Tensile strength vs. fracture toughness
value of the specimens with intermediate,
air cooled and quenched and tempered
structure.

%
x ]
100 F 4
- 2
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~ <
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= 80r N & 2o NI
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g ‘ o % AdAN3
” = ¥V N3L
2 ;. =®ma N5
> 60 r * * 00 N5
v v * 3% N3R
1 1 1 | J
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Fracture toughness A (kg/mme. Jmm )
Fig. 12. 0°29 proof stress vs. fracture toughness

value of the specimens with intermediate,
air cooled and quenched and tempered
structure.
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