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The Toughness of As-Quenched Ni-Cr-Mo Steels
Tetsuye SATTO and Tku UCHIYAMA
Synopsis:

The toughness of Ni-Cr-Mo steels containing a small amount of V or/and Nb was estimated for as
quenched conditions in relation to the austenite grain size. The toughness was quantified with the
experimentally determined critical J-value, formulated by J. R. Rice, using small size three-point
bending specimens.

The results obtained are as follows;

(1) The critical stress intensity factor calculated from the critical f-value is in satisfactory agree-
ment with measured plane strain fracture toughness Kic in the range of large scale yielding.

(2) The tensile properties deteriorate with coarsening of austenite grain. The toughness of the steels,
on the other hand, remains nearly constant through a wide range of austenite grain size, showing a
gradually decreasing tendency with the grain growth. However, all specimens with the largest grain in
each series of the steels show a discontinuous deterioration in fracture toughness because of grain bound-
ary fracture.

(3) The fracture toughness of the steels used is in a good correlation with the size of dimples,
which originate at small inclusions. The toughness is, therefore, almost independent of the austenite
grain size, as the austenitizing treatment results in no change in the mean spacing of the points responsible
for dimple fracture.

(4) The steels with a small amount of V or/and Nb indicate the tendency to a better fracture
toughness compared with those containing no Nb.
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. Testing specimen designs.
a) Tensile specimen.
b) Three-point bending specimen, tested
after fatigue precracked.

¢ ) Compact tension specimen, tested
after fatigue precracked.
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(°C, austenitizing temperature; 900°C) of the materials used.

Sample | ¢ | Mn | Si | Ni\ Cr iwk) \ Nb S o N | Af | As | Ms
1 lo28'0561020|1-91 078 0-24| — — 0-006 | 0-0030 | 0-0034 | 775 | 720 | 362
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4 | 0270521025 | 1-85,0-78 '0-24 | 0-072 | 0-060 | 0-005 | 0-0023 | 0-0025 | 786 | 718 | 363
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Fig. 2. Relationship between austenitizing tem-
perature and austenite grain size d; of
the materials.
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Fig. 3. Effect of the austenite’grain size d; on the tensile properties of the”materials.
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Fig. 4. Relationship between‘the reciprocal square
root of austenite grain size d;~1/2 and
yield (0°29 proof) stress oy, showing
ky=17N/mm3/2 in the Petch equation.
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TFig. 5. Load-displacement curves for a three-
peint bending test. Vg and 4 denote the
crack opening displacement measured on
the specimen surface with a standard
clip gauge and the displacement of the
specimen in the loading direction at the
loading point, respectively.
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Fig. 6. Relationship between austenite grain size
d; and the apparent stress intensity factor
K¢ at the beginning of the crack growth.
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Fig. 7. Relationship between austenite grain size
dy and critical crack opening displace-
ment @%, calculated on the assumption
of a constant rotational centre.
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Fig. 8. Work done to the unit thickness of the
specimen U/B as a function of the crack
length @ for the specimens of No 1,
austenitized at 850°C and oil-quenched.
The open and closed marks in the figure
denote the displacement range where the
of d< derit and 4= derit respectively.
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Fig. 9. Relationship between austenite grain size
dy and critical J-value.
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o Table 2. Relationship between the critical J-value
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2 ! ! | |+ woz of the materials. M denotes the ratio of
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=z . Y T ___ B le' 7-val 'Y
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5 [ u 2 mm?)
= i h min )
- y Th Lo 500 | 584 | 086
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< 10005 30 100 300 1000 - ‘
Austenite Grain Size, d; (pm) 950 C:(_ 15 min ‘,12 ggg gé? 8’_ ;g
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Fig. 10. Relationship betwc.cn austenite grain size Oil quench 4 620 794 0-86
dr and plane strain fracture toughness
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: -+ 2 — 53-1 .=
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‘]=./;mt”(a))d¢="y@‘ ........................ (7)
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A) Steel No

C) Steel No

1, austenitized at 850°C and oil-quenched
B) Steel No 1, austenitized at 1050°C and oil-quenched after holding at 850°C.
1

’ o
, austenitized at 1250°C and oil-quenched after holding at 850°C.

D) Steel No 4, austenitized at 850°C and oil-quenched.
E) Steel No 4, austenitized at 1050°C and oil-quenched after holding at 850°C.
4

F) Steel No

austenitized at 1250°C and oil-quenched after holding at 850°C.

Photo. 1. Optical micrographs.
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WS EERWZIE . FRERRIT B WTIX, Photo. 1 2253
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WHBRED k. 4, XEBEf X >ThA —
25 F A MAOTFHERER I N LD/, ZhbD L
%, Photo. 22”7 & 5 BB FHMBEECRITIC XD
THHERSINz. LB 2T, NEOHMARZLLTEHE
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A) Steel No 2, austenitized at 850°C and oil-quenched.
B) Steal No 2, austenitized at 1250°C and oil-quenched after
holding at 850°C.

Photo. 2. Electron micrographs.
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Fig. 11. Relationship between austenitizing tem-
perature and Mg-temperature. The speci-
mens were austenitized for 10 min, cooled
rapidly to 850°C, held for 15 min at that
temperature and then quenched.

DTH55. Photo. 2 TR LMD X BT, =744
b7 AR EMS T HAEE S, Mgt
#HE L% ZiF/ Autotempered <V F U1 b Th
% BhELMHITIWTIE, Bd ELIREIR X > Tyl
BZELT DT, *— b7/ —HOHE, M BED

Photo. 3. Scanning electron fractograph of bending

specimen. Steel No 2 austenitized at 950
°C and oil-quenched after holding at 850
°C, showing typical dimple fracture sur-
face.
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master ZhfEIEE GUETEZI : 3mmg¢gx10mm) |z k>
TRONIFHERTHD, £RBIEZR T, gD+ —
2774 MUREK 15min B{E#E L1, 850°Cica
#, MEER 0min LT 7 0T 20k D aS
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Photo. 4. Scanning electron fractograph of bending
specimen. Steel No 2, austenitized at 1 250
°C and oil-quenched after holding at 850°C,
showing grain boundary fracture surface
with dimple pattern.
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AERR (Mode I) 2RI EO/CERE5DLI B
WA, =ry(r/7y)" W X BIMTE LA AT W E x
mx 7340 COD {f @ lzxt L, K-H. SCHWALBE
DREMERETORFBREEE & VB> TEEERT
EHWT, WRPELZENTES. Ak, 1Ly
BEAMIG B X BAMEEZRLTHYD, 7y XV
7y HEBEOREOBRETOEARIVETSH 5.
@:?OU—W)U—Qﬂf{fwﬁktﬂu1’+"V]“ﬁ“Ka
z2(1+n) o} E(1+4+n) anar=)
E—E)
—7%, BREmE»LROEERA FREARSE % COHEY
T Xo £ T5H &, RicE 5D ® F i T HiE®, O./X, 1%
B LR A FOMPOKRE X, BERAROT S
LhRALYy
Do/ Xog=1"0~27 coeerenrrerienieiiniirieieneene (10)
LB, LichoT4, WhifliEz & 2T, @/Xe=1-85
ZiRETHE, R()ITKRDX Sk 3.
16°2(1 —v) (1 —2y)2
72(l+4n) oj
2 (1+ 1)
[ -] mea
Rack SIXEHIACE VXD 52, LR EFRBFELZRNETHA
VT S DEBRIER 2 E 2 ORI X 5T X < BT

Xy=

Table 3. Results of work hardening exponent n,
mean spacing of the points responsible
for dimple fracture X, and calculated
critical crack opening displacemeut @, .

Treatment Sell\lrr(;ple nk (,Li(l";l) @, (pm)
1 0-179 | 6°1 11-3
850°C x 25 min 2 0-171 ] 6°3 11:7
Oil quench 3 0-169 | 7-4 13-7
4 0-165| 76 14-1
950°Cix 15 min 1 0-162 | 62 115
+ 2 0-179 | 6°4 11:8
850°C % 10 min 3 0:189 | 7-2 13+3
Oil quench 4 0170 | 7°9 14-6
1 050°C % 15 min 1 0-191 | 5'8 10-7

+ 2 — —

850°C % 10 min 3 0-158 | 7'5 13-9
O1il quench 4 0-175 7°3 13-5
1150°C x 15 min 1 0-177 | 6-1 i1-3
+ 2 0-183 ] 6°5 12-0
850°C x 10 min 3 0-183{ 7-1 13-1
Oil quench 4 0-190 | 7-2 13-3
1 250°C X 15 min 1 0-176 | 3-0 56
+ 2 0-189 | 2-7 50
850°C x 10 min 3 0-159 | 5-7 10°5
Oil quench 4 0-177 | 5-2 9-6

¥ Measured over the plastic strain range of e=0-002~0"004.
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J. R RIceV T X W{EBEhi JHHE, ZKTHY
EEE YV, £ E (Deformation Theory of plas-
ticity) 1T L 7o 2% 2 0E, MBI L & oMM fhic
YbEHTHOEMRTES.

W(E)=I: D P (A1)
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KBS I TE2LR 5.

J_ wd ? auds) .................. (5\2)
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Aa—0 da da
(A3) R%x, MEEEEKIZODVWCHELDLE, =54 FMR
#®E (Energy release rate) GoEZE XL Y

- (A3)

G=J - ooreerremmmmmiine e (A4)
LY, JRTFAEERECSVTERAKRCEEINS.
J= ke (A5)
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Fig. Al. Relationship between the displacement

4 and J-value, showing the determina-
tion process of the critical f-value for
two kinds of specimens.
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