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Synopsis

As a fundamental study of sub-zero treatment of steel, the effects of quenching
temperature, room temperature aging and tempering on the stabilization of retained
austenite were examined. The stabilization of retained austenite was promoted by aging,
because the martensite transformation rate due to subsequent sub-zero cooling was in-
creased by the increase in aging, and moreover, when aging increased, the martensite
transformation rate passed through a maximum. The martensite transformation due to
subsequent sub-zero cooling gave rise to the burst transformation when aging increased
to a certain degree. The remarkable increase in the stabilization was caused by the
increase in the amount of prior martensite, though the stabilization occurred without
prior martensite. It was suggested that the stabilization of austenite was caused by a
mechanism similar to age-hardening.

I. Introduction

When quenched steel is further cooled at low temperature, retained austenite
is, as well known, transformed into martensite, and physical and mechanical pro-
perties of steel can be improved by this treatment®~1%_ There have been many
investigations, in which the hardnessV @2 dimensional stability ™% and wear
resistance® of quenched steel are increased by sub-zero treatment.

To make sub-zero treatment effective, the stabilization of retained austenite
is the most important problem to be solved. If quenched steel is held at room
temperature, retained austenite will become stable, and the transformation of re-
tained austenite into martensite will be hard to occur during subsequent sub-zero

*# The 921st report of the Research Institute for Iron, Steel and Other Metals.
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cooling. Consequently, Ms’ point, at which retained austenite transfoms into mar-
tensite, will become lower, and the amount of martensite transformed by subsequent
sub-zero cooling will be decreased due to stabilization.

Such being the case, the present investigation was carried out on the stabili-
zation of austenite to give light on the fundamentals of sub-zero treatment of
quenched steel.

II. Experiment

Four kinds of steels were used, the respective compositions being shown in
Table 1. Steel SUJ-2 is the commercial bearing steel. Steels 1C, 1C3R and 1C5Ni

Table 1. Chemical analysis (weight per cent)

Steel co Siog Mn9% Pog S Tio% [ Crog ) Niog
1C 1.14 023 | 033 0003 | 0.019 — — —
SUJ-2 1.02 0.18 0.38 0.027 0.019 — 1.35 _
1C3R 114 0.084 0024 | 0.003 0.020 0.040 3.28 —
1C5Ni 112 0.27 0.33 0.003 0.017 = . 4.98

were melted in a high frequency induction furnace. After casting into a chill
mould of 40 mm diameter and then forging to 7mm diameter, specimens were
annealed at 1100°C for 24 hours. The specimen for dilatometric measurement was
of 5mm diameter and 100 mm length, and that for magnetic measurement was of
5 mm diameter and 70 mm length. For hardness measurement, the specimen, 10 mm
in diameter and 10 mm in length, was used. Steel SUJ-2 was used mainly for the
experiment, while the other steels were used for an additional experiment. The
apparatus for the dilato-

metric measurement is Exhaust Siphon

shown in Fig. 1, tempera- . L ) ' Uiﬁég acr
: Pressure || Heat Or VLEOrO3en \cuum bottle
ture range of which was changer|| /1 Copper pipe Specimen
from room temperature to o ==l —
ealer By .

—196°C. For the homo-
geneous distribution of Mirvor ~W =
temperature of the dilato- [ wa 1/ =

. L
meter, copper pipe, 8 mm /' Silicd tube
. . . ( lock
in outside diameter, was Thermo couple Asbestos Copper bloc
wound on 20 mm thick Fig. 1. Schematic diagram of cryostat used for cooling

: and heating the dilatometer at controlled rates below
copper bl?ck, and this was room temperature.
wrapt with asbestos and

put into the steel Dewar flask. Liquid air or liquid nitrogen was used for cooling
and put into copper pipe, 8 mm in diameter, which was wound in spiral. For
heating, the heater was set in the by-path and the heated air in it was sent into
copper pipe. As the moisture in air would be frozen in path at cooling, the heat
exchanger equipment was set on the way to path. The cooling rate was 1°C/min.



416 Y6noshin IMAI and Masao IZUMIYAMA

The ballistic method was used for the magnetic measurement. M, point was
determined with Sato’s rapid action dilatometer or microscope. Specimens were all
heated in vacuum of 10° mm Hg.

III. Result

1. Estimation of M, point and retained austenite

The carbides in steel SUJ-2 can not perfectly dissolve below 950°C. Therefore,
the increase in concentration of austenite is caused by the rise in austenitizing
temperature. When quenching temperature was raised, M, point fell remarkably
as shown in Fig. 2.

Retained austenite was estimated by magnetic analysis. For the standard
specimen the same kind of steel heated at 1000°C for 1.5 hours and cooled in the
furnace was used. As the magnetic saturation value of the standard specimen
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Fig. 2. Change of M, points when quenched in
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Fig. 3. Effect of quenching temperature Fig. 5. Effect of room temperature aging on the
on amount of retained austenite in transformation range of retained austenite

the ball-bearing steel. during sub-zero cooling to —196°C.
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coincided almost with that of all martensite specimen, the amount of retained
austenite was estimated from the ratio of the magnetic saturation value of the
standard specimen to that of the quenched specimen. The intensity of magnetic
field was about 1500 oersteds. Fig. 3 shows the relationship between the amount of
retained austenite and the quenching temperature. Retained austenite increases
with the rise in quenching temperature, and this change corresponds to the fall of
M, point.

2. Influence of quenching temperature and subsequent room temperature aging on
M. point.

The dilatation curves of steel SUJ-2 during sub-zero cooling are shown in
Fig. 4. Though a steel is quenched at 1000°C to room temperature and then aged
at this temperature, the martensite transformation will not occur continuously at
room temperature, but it will occur after super-cooling by a certain degree due to
subsequent sub-zero cooling. The fall of M, point is caused by the increase in
room temperature aging, that is, the stabilization occurs during room temperature
aging. Fig. 5 shows the relationship between the room temperature aging and M,
point of steel SUJ-2. M, point falls with the increase in aging time and with the
lowering of quenching temperature. M, point which finishes martensite transfor-
mation will not be influenced by room temperature aging. It is very interesting
that there is no change in M, point even though the concentration of austenite is
changed by the change in quenching temperature.

Fig. 6 shows the relationship be-

tween the amount of expansion of /501 SUI= 2Sfee[

retained austenite due to martensite .%’ mo%?’fffoé;;%?f CZZ,',C/,
transformation and room tempera- § S 7
ture aging. The amount of expan- ;

sion decreases with the increase in  § 0or

aging time, that is, the amount of Z

martensite transformation decreases 3

with the increase in aging time. § S0+

The increase in the amount of ex- W

pansion is caused by the rise in .

quenching temperature, but the rate 0 600 szol”"’”_’o"‘ uench ~ ;
of change in the amount of expansion 0 10 100 4000 10,000
decreases with the rise in quenching Aging time, min
temperature. This shows that re- Fig. 6. Correlation between room temperature

aging time after quenched at various

tained austenite becomes hard to be austenitizing temperature and expansion

stabilized by subsequent aging with amount of retained austenite into martensite
. . . transformation by following sub-zero treat-
the rise in quenching temperature, ment.

which coincides with the result by Averbach, Cohen and Fletcher.!®
3. Influence of sub-zero treatment on magnetic properties

Fig. 7 shows the change in magnetic properties of steel SUJ-2 due to sub-zero
treatment. The magnetic saturation (Bmax) and the residual induction (Br) were
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increased by sub-zero treatment.

These specimens were subjected to sub-zero

cooling to —196°C immediately after quenching, and so most retained austenite was
transformed into martensite. The reason why the increase in Bnax 0f the specimens
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Fig. 7. Effect of sub-zero cooling on
the magnetic properties of the
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Fig. 8. Change in hardness of the
ball-bearing steel quenched at
various temperatures due to sub-
zero cooling after aging.

cooled to sub-zero temperature after quench-
ed at 850° and 900°C is small compared
with these quenched at 1000°C is seemed to
be due to the existence of chromium rich
carbides. The value of Br decreased with
the increase in quenching temperature, but it
could mostly be recovered by sub-zero treat-
ment. Coercive force (H,) is decreased re-
markably by sub-zero treatment. For in-
stance, the coercive force of specimen
quenched at 850°C decreased from 56.9 to
6 oersteds after subsequent sub-zero cooling.
4, Influence of sub-zero treatment on hard-
ness

Fig. 8 shows the change in hardness of
steel SUJ-2 due to sub-zero treatment. Speci-
mens were cooled to sub-zero temperature aft-
er the aging at room temperature for 16 days.
The temperature at which the hardness in-
creased remarkably was about —20°C, which
was higher than M, point obtained from the
dilatometric measurement. The reason for
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Fig. 9. Change in hardness of the ball-bearing
steel quenched at 870°C due to sub-zero
cooling after aging for various periods at
room temperature.
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this seems to be that the martensite transformation is accelerated with the sub-
sequent sub-zero cooling, because the specimen is deformed by the hardness testing.
The increase in hardness due to sub-zero cooling is caused by the rise in quenching -
temperature, but the ultimate hardness of specimen quenched at higher tempera-
ture to room temperature is lower than that quenched at lower temperature,
because the hardness of quenched state decreases with the rise in quenching
temperature. Fig. 9 shows the change in hardness of steel SUJ-2 quenched from
870°C due to subsequent sub-zero cooling after aging at room temperature for
various periods. The increase in hardness due to sub-zero cooling lowered with the
prolongation of aging time at room temperature, and the temperature at which
the hardness begins to increase falls appreciably. This shows that retained auste-
nite is stabilized by room temperature aging.
5. Influence of tempering

Fig. 10 shows the relationship in steel SUJ-2 between tempering time at 100°C
and M, point at subsequent sub-zero cooling. The fall of M, points is caused
by the lowering of quench-

ing temperature. This ten- +20 S = 2 Steel
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50
40

Ay

©/000°x20 min ~0il quench

time, and in this case M, 201 x ;;bgg:x 9 g
. . o X ” ”
point neither rose nor re- 10} 5 850°% ”

Expanscon, scale reading

1 . - 0 1 Il
ma.lne(‘i constant; the .sta T
bilization occurred mainly cooling

within 1 minute tempering
Fig. 11. Correlation between tempering time at 100°C
even the steel was quenched after quenching at various austenitizing tempera-
n mperature. M, tures and expansion amount of retained austenite to
at. any tempe € 4 martensite transformation by following sub-zero cool-
point could not be changed ing.

5 /0 N $00 1000
7empering lime at /00, min



420 Ytinoshin IMAI and Masao IZUMIYAMA

by quenching temperature and tempering time, that is, it was about —120°+4°C.
Fig. 11 shows the relationship between tempering time and amount of expansion
of martensite transformation by sub-zero cooling after tempering at 100°C, the
specimen being steel SUJ-2. The expansion decreased with the lowering of quench-
ing temperature and with the increase in tempering time. As shown in Fig. 10,
M. point of steel quenched at 1000°C rose, when tempering time was increased
more than 1 hour at 100°C, but the phenomenon equivalent to this change was not

observed in curves of expansion of martensite transformation shown in Fig. 11.
Fig. 12 shows the change

+20

“ SUT— 2 Steel in M, point of steel SUJ-2
HoR 1000°Cx20 min—0il guench quenched at 1000°C due to
| o 7e ; ° . . .
0 0 fempering al //ggg the change in tempering time
1
© 0 s 150°C at various temperatures. The
PTYHN © » 200°C . ]
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\
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S o \:::::0__—)/ was shorter than that of the
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-70+ The rise of M, point shown
~80 — - T M again after the stabilization
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cooling will be due to a certain con-
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. . . ditioning occurring in retain-
Fig, 12. Correlation between M, points and various . . .
tempering prior to sub-zero cooling. ed austenite during tempering.

M, point continuously fell with
the increase in the tempering
time at 200°C, which can not
be considered to be due to the
stabilization of retained aus-
tenite, because a part of retain-
ed austenite is decomposed by

(=
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O
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o 7empering at /00°C
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Fig. 13. Correlation between tempering times at vari- 1000°C by tempering time at
ous temperature and expansion amount of retained .
austenite to martensite transformation by following various temperatures. The ex-

sub-zero cooling. pansion decreased with the

rise in tempering temperature, but no change could be observed in the tempering
below 150°C for over 1 minute. The expansion of martensite transformation de-
creased with the increase in tempering time according to the decomposition of
retained austenite by 200°C tempering. Fig. 14 shows the relationships of the
tempering temperature to the expansion amount, to M, point and to M, point
in steel SUJ-2 quenched at 1000°C, tempering time being 10 minutes. M, point
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decreased with the rise of tempering
temperature to 100°C due to the stabili-
zation of retained austenite, then increas-
ed with the rise of tempering temperature
from 100° to 125°C and finally decreased
above 125°C according to the decompo-
sition of retained austenite. The change
in My point could not be observed by
tempering. The change equivalent to that
in M, point could not be observed in the
expansion of martensite transformation.
Therefore, the amount of retained aus-
tenite that gives rise to a certain con-
ditioning during tempering will be very
small in steel SUJ-2. Fig. 15 shows the
relationship among the quenching tem-
perature, M, point and My point in steel
SUJ-2. The form of the curve of M,
point of the steel aged at room tempera-
ture for 10 minutes was of the same type
as that tempered at 100°C for 1 minute.
M, point of the steel tempered at 100°C
for 6 hours, however, fell remarkably
with the lowering of quenching tempera-
ture and rose conversely with the rise
of quenching temperature.

IV. Discussion

The stabilization of austenite has
been studied by many workers.®~00
aOH~63 Previous work™® has shown that
retained austenite becomes hard to be
stabilized by subsequent aging with the
result of the rise of austenitizing tem-
perature, which was also confirmed in
the present work. Steel SUJ-2 is bearing
steel containing high carbon and chro-
mium, and so some undissolved carbides

(16) A.P. Gulyaev, Metallurg, 14 (1939), 64.
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(19) T. Lyman and A.R. Troiano, Trans. Amer. Soc. Metals, 37 (1946), 402.

(20) A.R. Troiano, ibid., 41 (1949), 1093.

(21) Y. Imai and M. Izumiyama, Nippon Kinzoku Gakkai-Si, 19 (1955), 358.
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exist in austenite at 950°C. Therefore, the concentration of austenite varies with
the change in austenitizing temperature. Consequently, the reason for the difficult
stabilization of retained austenite is not clear, that is, whether it is due to the
change in austenitizing temperature itself or the change in the concentration of
austenite follows the change in austenitizing temperature is undeterminable. To

clarify this point, steel 1C,

20r in which carbides are easily
"’T\ dissolved by heating, was
or austenitized at 900° and
Do 1000°C which is higher than
§ 20L Ac; point. Fig. 16 shows
S 3or this result. Carbides in this
S a0l /C Steel \ +ssol "
5 ©/000Cx20min—~0il guench steel were dissolved perfect-
5% * 900°Cx20 min—0il guench \ ly in austenite, and austenite
» 8/000°C x20 min—~900°C—~0il guench . cips
T 60 y was homogenized within 20
70} \ minutes at 900° and 1000°C,
. but the specimen quenched

o
S

70 50 100 S00 000 300070000 S4007 /90000
Aging time, min at 1.0-00"C was harfl to l?e
Fig. 16. Correlation between M,’ points and aging times stabilized. ~Austenite g.raln
by various austenitizing temperature. size number of the specimen
quenched at 900°C was 10

ASTM and that of the specimen quenched at 1000°C was 5.3 ASTM. So, the hard
stabilization mentioned above may be due to the growth of austenite grain caused
by the rise of austenitizing temperature. Further, steel 1C was quenched at
900°C immediately after heating at 1000°C and subsequent slow cooling to 900°C in
furnace. The same austenite grain size as that in the steel quenched directly
at 1000°C could be obtained by this treatment. The change in M, point by this
treatment was just the same as that of the steel quenched directly at 900°C.
This seems to show that austenite grain size for the stabilization is not influenced.
Fig. 3 shows that the amount of prior martensite transformed during quenching
to room temperature decreases with the rise of quenching temperature. Previous
works®-®.U0.62 have reported that the stabilization of retained austenite proceeds
with the increase in the amount of martensite present at initial quenching.
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Therefore, when the quenching temperature is low, the stabilization will proceed

remarkably with the increase in the amount of prior martensite.

The existence

of prior martensite is of very important factor in order to proceed the stabilization,

but it can induce the stabilization even when there is no prior martensite.

Morgan

and Ko® has investigated the stabilization above M, point, by using 1 per cent
carbon steels containing up to 10 per cent nickel, and reported that M, point could

be depressed by isothermal holding
at a certain temperature above M,
point. In the present experiment
the same result was obtained by
using 1 per cent carbon steel con-
taining 5 per cent nickel as shown
in Fig. 17. This M, point was esti-
mated by Greninger and Troiano®®
method. The change in M, point
caused by isothermal holding at
200°C above M, seems to show the
fact that the stabilization can occur
without prior martensite. The
stabilization above M, point will oc-
cur probably by some internal rear-
rangement followed by the change
in thermal stress in austenite dur-
ing isothermal holding above M,
point. The existence of martensite
is not always a necessary condition
for the stabilization, but the stress
followed by martensite transfor-
mation seems to give the influence.
Therofore, if some stress such as
thermal or mechanical stress is
given, the stabilization will proceed
without the stress of martensite
transformation due to aging.

It has been observed that the
forms of dilatation curves during
sub-zero cooling are changed by
prior aging. As shown in Fig. 4,
dilatation curves obtained by con-
tinuous cooling from austenitizing
temperature to sub-atmospheric
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0 20 30 40 80
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Fig. 17. Effect of isothermal holding time at 200°C
on M, points.
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18. Dilatometric changes of the 1C3R steel
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1000° and aging at room temperature.

(34) A.B. Greninger and A.R. Troiano, Trans. Amer. Soc. Metals, 28 (1940), 537.
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temperature are smooth, whereas curves obtained by aging for 13 minutes to 2
hours 55 minutes at room temperature after quenching are of step-like form. The
form of curve becomes again smooth with the further increase in room tempera-
ture aging. Moreover, according to the additional experiment with steel 1C3R,
the dilatation curves obtained by aging at room temperature for 30 minutes were
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Fig. 20. Effect of tempering temperature

on the maximum martensite trans-
formation rate (maximum gradient
of dilatation curve).

comparatively smooth, whereas those for a
week were step-like as shown in Fig. 18.

Furthermore, the initial martensite
transformation at M, point of the speci-
men aged for a week was burst trans-
formation. Fig. 19 shows the dilatation
curves of steel SUJ-2 during sub-zero cool-
ing after various temperings. The gradi-
ents of the dilatation curves pass through
the maximum at 100°C. The gradient can
be considered as the rate of martensite
transformation. Fig. 20 shows the relation-
ship between the maximum gradient of di-
latation curve and tempering temperature.
Martensite transformation rate passes
through the maximum at about 80°C. To
take the mechanism of stabilization into
consideration, it is very important that (1)
the martensite transformation rate by sta-
bilization passes through the maximum;
(2) the dilatation curve becomes step-like ;
(3) bursting martensite transformation
sometimes occurs.

The transformation of austenite into
martensite induces a considerable stress
in steel. To reduce this strain energy the
mechanism of the motion and the multipli-
cation of perfect dislocations must be con-
sidered. The propagation of martensite
transformation is a certain sort of slip
deformation, and therefore, the stabilization
may be explained from age-hardening, in
which, if the deformation is interrupted
and the steel is aged, the stress necessary
for slip will increase discontinuously at the
subsequent deformation.

As the most probable mechanism of the stabilization, it may be suggested that
the stabilization is caused by reducing the mobilities of dislocations during com-
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paratively low temperature aging such as room temperature aging or further lower
temperature aging, because interstitial solute atoms such as carbon or nitrogen
will lock dislocations. On the other hand, the stabilization will also be caused by
the mechanical blocking of the motion of dislocation lines that can be produced
most directly by the precipitation of tiny particles of a second phase such as
carbide or nitride in austenite during comparatively high temperature aging.
Thus, it can be seen that the martensite transformation rate during sub-zero cool-
ing passes through the maximum with the increase in aging, and that the bursting
martensite transformation occurs by stabilization.

Summary

(1) Retained austenite becomes hard to be stabilized by subsequent aging with
the rise of quenching temperature. This phenomenon seems to depend on the
quenching temperature but to be independent of the change in the concentration
of austenite or the growth of austenite grain followed by the change in quenching
temperature.

(2) Retained austenite becomes hard to be stabilized by subsequent tempering as
the quenching temperature rises and becomes unstable by the tempering at 100°C
for over 1 hour, and then M, point rises.

(3) Of the magnetic properties, Bmax and Bz are increased but H, is decreased
remarkably by sub-zero treatment.

(4) The increase in hardness due to sub-zero cooling becomes remarkable with
the rise of quenching temperature, but the ultimate hardness of steel quenched
at higher temperature is lower than that of the steel quenched at lower tempera-
ture, because the hardness of the quenched state decreases with the rise of quench-
ing temperature.

(5) No change is observable in M, point by the change in quenching temperature,
room temperature aging and tempering.

(6) Martensite transformation rate during sub-zero cooling increases with the
increase in the stabilization of retained austenite, becomes sometimes bursting and
afterward passes through a maxium.

(7) Dilatation curves during sub-zero cooling become step-like with the increase
in the stabilization and afterward become again smooth.

(8) The stabilization can occur by isothermal holding above M, point without
prior martensite.

(9) It is suggested that the stabilization of austenite can be explained by the
mechanism similar to age-hardening.



