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Effect of Deep Drawing and Subsequent Aging Condition on
Delayed Cracking of Stainless Steel

Kiyokiko NOHARA, Kenji WATANABE, Yutaka ONO, and Nobuo OHASHI

Synopsis :

The effects of the conditions of deep drawing and subsequent aging treatment upon a delayed crack-
ing of meta-stable austenitic stainless steel shects are studied. The incubation time for the initiation
of cracking is measured at various aging temperatures and in the various atmospheres. The results are
summarized as follows :

(1) A relation between aging temperature and incubation aging time is represented by a “C-curve”
with an asymmetrical form. Consequently, the “nose” where the delayed cracking takes place most
quickly is found on each C-curve.

(2) With either lowering of deep drawing temperature or increasing of deep drawing ratio, the
C-curve moves toward the region of higher aging temperature and shorter incubation time, showing
the expansion of the area where the delayed cracking is induced.

(3) The C-curve is markedly affected by the kind of lubricant used for drawing and the method
of removing it after drawing as well as aging atmosphere. This suggests the significance of a certain
chemical reaction on the surface of the drawn cup to the delayed cracking phenomena.

(4) The temperature dependence of the incubation time has been studied on assumption that the
delayed cracking is initiated when the concentration of diffusing atoms of a certain element at some
special microstructure site reaches a critical value. As a result, the apparent activation energy for
delayed cracking is estimated to be about 13 kcal/mol, which is approximate to that of the activation
energy for the volume diffusion of hydrogen in 7 phase of type 304 stainless steel. Then it is suggested
that the diffusion of hydrogen also makes a significant contribution toward the delayed cracking
phenomena of meta-stable austenitic stainless steel.
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Table 1. Chemical composition and mechanical properties of the material used, where Md,,, B.H. and
G.S.N. are austenite stability, hydraulic bulge-formed height and grain size number, respectively.

c N Si Mn P s Nj Cr o Md3o
0.120 0.018 0.75 1.02 0.022 0.005 7.35 17.36 0.0059 21.1°C
Hv PS TS El n r Er ccv B.H. G.S.N.

(kg/mm?)  (kg/mm?) (%) (mm) (mm) (mm)
193 29.1 76.8 59.4 0.67 1.05 15.0 26.6 39.1 8.3
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Fig. 1. Relation between aging temperature and

aging time for the occurrence of delayed cracking
of cups which are drawn at temperatures of —10,
15 and 40°C with the drawing ratio (¢) of 2.0
and graphite grease as lubricant.
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Fig. 2. Relation between incubation time for the
generation of delayed cracking and drawing tem-
perature of the material at various aging tem-
peratures (7).
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Fig. 3. Change in the volume fraction of mar—
tensite induced at the edge of cup with drawing
temperature when the specimen is drawn with the
drawing ratio (¢ ) of 2.0 and graphite grease as
lubricant.
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Fig. 4. Relation between aging temperature and
aging time for the occurrence of delayed cracking
of cups which are drawn with the drawing ratio
(¢) of 1.9, 2.0 and 2.2 at 5°C of drawing tem-
perature(T¢) under graphite grease lubrication.

Table 2.

Incubation time at 30°C and 60°C aging

for the occurrence of delayed cracking when the ma-
terial is drawn with various kinds of lubricants.

Incubation time

No. Lubricant

at 60°C (s) at 30°C (min)
1 Non-lubrication 105, 110 110, 102, 105
2 Machine oil 60, 65 65, 50
3 #660 105, 120, 115 200, 230
4 JW #800 35, 20, 45 30, 23, 25
5 Graphite grease 70, 60, 80 34, 33, 40

* Ty=23°C, ¢=2.0, Pre-aging : liq. N, Lubricant : removed
by cloth
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Table 3. Incubation time at 30°C and 60°C aging
for the occurrence of delayed cracking when the lu-
bricants used in drawing are removed with various
solvents.

Incubation time
No. Material

at 60°C (s) at 30°C (min)
1 Non-removing 110, 120, 100 60, 65
2 Cloth 70, 60, 80 35, 33, 40
3 Ethanol 60, 65 25, 20
4 Acetone 60, 60, 70 28, 30
5 Trichlene 100, 125, 130 63, 70, 72

* Ty=23°C, ¢=2.0, Pre-aging : liq. N, Lubricant : graphite
grease
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Fig. 5. Effect of pre-aging condition on incuba-
tion time for delayed cracking at 60°C in water
when the material is drawn at 23°C with the
drawing ratio (¢) of 2.0.
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Fig. 6. Relation between aging temperature and
aging time for the occurrence of delayed cracking
of cups which are drawn at 23°C of press for-
ming temperature(7) with the drawing ratio(¢)
of 2.0, pre-aged in liquid nitrogen and then
aged in various aging atmospheres.
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Fig. 7. Aging temperature(7) dependence of dif-
fusion coefficient (D) of a certain kind of element
relating to incubation time for delayed cracking
when the material is drawn at 23°C of press for-
ming temperature(T¢) with the drawing ratio (¢)
of 2.0 and aged in water, showing the apparent
activation energy to be calculated 13.1 kcal/mol.

()RR BT, RHEERE» L—EREE X=X,
BT BIETFOBREN—TE, C=C, KELILEE
CEBHANBESEARETIIOERETSH L X RO C
DIETH eI T &Y X oTRKS EEL DhBH,
B —# ke R — I T4 T U ic BRI DV Tk
WA L DT B bWELT TWTHHH), X'/
2y/De=const, LB b
D(T) =const/t=K [t -w-oeerereeereecnenn (3)

Lich 0T, FEruiREE-rrshieffiphii (C dhfy) LofE
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TS D BT DIEHAL = R A F — B RDDHENTE L

5.

Fig. 713, 757 -4 + 7V —AEEC X h =R (23
°C) T 2.0 DINTR M LIcBEarE 4 DEED
K TR LB bkt D(T) (=K/t) LB
EE (ERRETERR) o, 1/T, OBEFERLL
LOTHL. ¥ 80°CLUTORERA (BEMALT%
<) cix D(T) 3 /T s LEABRRERL,

D(T)=Do exp(— Q/kT) ..... CRREPETERS ( 4)
757 V=9 AROBRMAEIIT 5 T b, T L
w Do BIEEFUE, QuEM =3 AF—, ks
= vEHKTHS. Fig. 7 16 Q=13.1kcal/mol 7%
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Table 4. Apparent activation energy (Q) for the
delayed cracking in various experimental conditions,
where Ty is drawing temperature and ¢ is drawing
ratio,

Conditions Q(kcal/mol)
—10°C 18.1
T, 15 17.7
40 12.1
2.2 14.2
é 2.0 13.4
1.9 —
. Water 13.1
Aging Ethanol 9.4
atmosphere Silicon (15.4)

Table 5. Activation energy for hydrogen diffusion
in austenitic stainless steel measured by a few in-
vestigators using radio isotope of hydrogen.

Investigator Year Material Temp. Q(kcal/mol)
K.F. CHANEY 100~
G.W. POWELL 1970 SUS 304 300°C 13.6
J.H. Ausrin SUS 304 25~
T.S. ELLeMaN 1972 Sus 316 222°C 14.0
M.R. LOUTHAN
J. 4. DoxNovaN 1975 SUS 304L >100°C 12.9
G.R. CASKEY
R.D. CALDER — 78~
7.5, ELLEMAN 1973 3US 304 185°C 10.4
K. VERGHESE (G.B.Dif.)

BB BRI, DX HIERDI-ZT DEM L= 5L
F—QDEHFEREMET LT Lvtcops Table 4 T
B5H. Motk ¢=1.9 DAL D(T) & /THoOBES
MAEBIEBEIRD LRT, vy o viioBSix
BIERS Sie, FBEEC ME S0 THEEMLE L
T{E% 7R L. Table 455 Q 11 9.4~18.1 kcal/mol
DI 7D T %55, 13 keal/mol Fij#k o il 5% £
W T DX S IefEr, $FIAEE T 0T BIREE
FTHdH 27T, ELERAHMEFOLHTHLCRND
fHe LT/ ETE, HOWBICHE Sh 5w g
s,

T T TR A OPIRBL L OTHBOERM SRD Hh
feA—ATFA P AT Vv AT OHOIEE DO EM(L =
F ¥ —OfE% Table 5 ZRFTW-18, v FhikE
DBHUFRMTER LV Fy 2 2 EALTCHELAL BB
T, CHANEY LWLLIT 3 it fhihE, CALDER 5180
W AT 52 b DThHB. a <5 v
BT OB r P X D B0 T, HokBoas
EHETILII LRSI EEL LR ENG, BEhoD
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EOBHTEETFIEDT, Bs ONHROAPEFIE
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LRI EOFETIRET LD EEL RS, %
LT, AEREBTS XI5, BUHREDOLLYE(LIE
Te&RBFTIE @ =7 vy L ROBHIECR T o
R, F7F <kl L KPFHSCET SR
D EKICFHRECD L2 ICBD 1 EDT it i & &
2 BRBCH2nb b, EEHNBRERMZ L
L, £D#E Table 5 0 X 5 MTBERKD R
12T HKKROIEHDOBEE L RISAE0EMb= & L ¥
=G bRIEERE, KEOHBOBENORECEK
REEYRIC LTS EEL L5518 0.
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IS5, WTFhC LT M2 ET 2METH 5.

ek, WERhin E -RERhREEIBatR 2R 3 C BIERIC 60T,
X ) SR OB OWT B X 5 fnkE O ikt 4
H=RALMEALTWBbDEEL RSN, BXE
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