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I. Introduction

Concerning the stress restored in alloys variously heat-treated, a num-
ber of interesting papers have been hitherto published’. The present
writers have carried out a series of similar experiments on some iron
alloys and steels, and the results which are somewhat different from
those previously published, are briefly described in the present paper.

II. Experimental Procedure

In the present experiments, a small prismatic specimen (4 X 9 X 100mm®)
prepared from 3 kg of forged ingot, was chiefly used to eliminate the
mass effect as much as possible. Measurement of the stress restored
in the specimen after heat-treatment
was performed by Prof. T. Nishihara’s ﬁ! A
etching method” ; as shown in Fig. 1, : |
two needles were attached to both ends

of the specimen and the apartures of —\f l
these needles at their upper and lower !El: 5“/ \/4‘9;93,

points were measured with a compara-

tor with 1/100mm precision after each N

removal of 0.1mm of the specimen in Needlc Specimen
its thickness by etching off one side Sj V
of the surface of 9 X 100mm” with an Poad of. a1chiag reagent
adequate reagent. The thickness was /

measured by meansof a micrometer with 75 )

1/100mm precision. The stress which { @1{{

had been restored in each removed part
of the specimen is calculated asfollows, Fig. 1.

:f
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The radius of curvature p can be obtained from the readings of the
apartures of the needles by the formula :

=2y with 4 =P — Q) — (Py — Qo) ,

where {4, ls: lengths of the two needles,
g : length of the part to be etched (50 mm in this case),
P,, P : apartures between the upper points of the needles before
and after etching respectively,
@y, Q : apartures between the lower points of the needles before
and after ctching respectively.
Then the bending moment M, is calculated from p above obtained as
follows :

¥ooa
i, = —«—(2b — ndh),
bl P 12( n 4h)
where a: width of the specimen (9 mm in this case),

2b : thickness of the specimen (4 mm in this case),
4k : depth removed at one time (0.1 mm in this case),
M, : bending moment after n times removal of dh,
Ii': Young’s modulus. .
The stress o, restored in n-th removed part is connected with the bend-

ing moment as follows:

,_”
: 23714l @ (9 — ndh
1, = a{ ey M} S(“T” _ t)dt

Therefore i

2+ 1)21/LA

5 h

M, = — a.[o”

o1 26 + (n — 3)
+ ((72 -+ o5 — 4 A/L) 9 dh +

o1+t oot o 2b -+ {n— (2m — 1)} dh
+ o, Al
26 — (m — 1) 4h 2

o1+ oot Ao, 2b— (n—1) 4k All]
9 — (n— 1) 4l 9 ik

Ah

+ {an + A/L} X

where ¢: thickness of the remaining part of the specimen after n-th
removal of its surface. '
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Thus the mean value of the longitudinal stress which had been restored
in each removed part .of the specimen is obtained and may be plotted
against the thickness of the specimen and thus the stress distribution
curve is obtained.

Some iron alloys were used as specimens, which undergo no change
of phase during the heat-treatment, in order to know the nature of the
merely cooling stress. The effects of the cooling rate and of the plasti-
city of the alloy have been studied in this series of experiments. In
the next place, some iron-nickel alloys as well as steels were used as
specimens in order to know the cffects of the phase change upon the
residual stress. There are found many interesting papers about the resi-
dual stress in the case of iron nickel alloys®, but to the present writers
it seems very difficult to analyse the results without solving the nature
of the irreversibility of the a~7 - transformation in this alloy, about
which a thorough study bas been recently made in the senior writer’s
laboratory in Sendai®.

Accordingly, the explanation of the results obtained are made very
clear as will be seen later. '

When steels are heat-treated, various structares are obtained according
to the conditions, and hence in the present study the stress restored in steels
variously heat-treated was measured and finally in those of the specimens
carbulized or decarbulized.

III. Results

(1) « or 7 phase iron alloys undergoing no phase change during
cooling: Some Fe-V and Fe~Cr alloys were used as « alloys and
36 % Ni~Fe alloys as 7. The specimens were cooled from 300~1200° C
by different cooling rates, and the clastic stress restored in the speci-
men was measured. Figs. 2 and 3 show some of the results obtained for
example, In the case of furnace cooling (5°C per min.), no stress re-
mained in all cases, but when the cooling is accelerated, the stress
appeared. The stress distribution curves (half of them are drawn) shown
in these figures are simple in their type, no minimum point being found
on them. The stress is highest on the surface and is compressive and
gradually decreases towards the interior of the specimen and at last it
changes into tension. The highest tensional stress in the interior is
always less than the compressive one on the surface. As the cooling
velocity or the temperature from which the specimen is cooled increases

3. H. Biihler: Archiv. f. Eisenhitienwes., 6 (1932), 283.
4. - X. Iwase & S. Takeuchi: Jap. Soc. f. Met., 6 (1942), 361.
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the stress becomes greater and
when these cooling conditions
are the same, the stress becomes
greater as the strength of the
alloy increases (The alpha alloy
is stronger than the gamma al-
loy and 6 % V-alloy than the
3% one). As the size of the
specimen in the present study
is very small, the residual stress
is not so great. .

(2) 7 phase iron alloys
undergoing the lattice trans-
formation during cooling : In
the foregoing section, the stress
restored in the specimen was
merely the cooling stress. In
the present section, the quen-
ching or the transformation
stress will be explained, For
this purpose 3~ca. 30 % Ni
alloys have been used as speci-
mens, According to the result
of the investigation recently
made by one of the writers®,
in these alloys, as the rate of
diffusion is very feeble, the or-
dinary A, transformation hard-
ly takes place and in place of
it the lattice transformation
commences on passing the curve
GA on cooling and GB on heat-
ing without any change of the
composition (in. Fig. 4)." This
lattice change continues for a
certain range of temperature

and is completed only by passing through this range. This temperature
interval of the lattice transformation increases as the Ni content in
the alloy increases. It has been also ascertained that the furnace cool-
ing is sufficient to prevent the diffusion in these alloys whose Ni content
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are not less than ca, 5 %, and that
it results only in the lattice trans-
formation. ‘
According to the results of in-
vestigations found in literature, the
residual stress of the quenched Fe—
Ni alloy is compressive on the sur-
face and the expansion caused by the
transformation acts as additive to the
cooling stress which had been restored
in the specimen before the transforma-
tion, and the stress distributiqn’ curve
have & minimum or maximum point
to

in general. These results secem

the present writers to be attributed:

to the mass effect of the specimen so
large as ¢(60~70) X 350mm®.  As
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the lattice change above said is accompanicd by o remarkable expansion,

the transformation stress may be thought as tensional on the surface

of the specimen, because the merely cooling stress was compressive as

shown in the preceding scction.

The results obtained by the present

writers have justified this view as the following scctions show.

(a) 29.8—31.5 % Ni—Fc¢ alloys,

In the first place, it has been intended to make clear the effect of

M e
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the lattice transformation upon
the residual thermal stress of the
alloy. For this purposc 29.8 % Ni
alloy was used as a specimen,
because it remains in the gamma
state at the room temperature
when it is cooled from a higher
temperature as shown in Fig. 4.
By cooling the alloy in the liquid
air it transforms into alpha com-
pletely.  Therefore, the alloy was
cooled in the farnace on the one
hand and quenched in ice water
on the other, and the cooling stress
has been measured respectively
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with the result that scarcely no stress remained in the furnace cooled

specimen while not small amount of the stress (Fie

. 5) remained in

the quenched specimen. By cooling these two sorts of specimens, similar-
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Fig. 6. a. A Slow cooled till —185° from 23° C
. after slow cooled in furnace.
b. x Quenched into —185° from 23°C
after slow cooled in furnace.
¢. O Slow cooled till —185° from 23°C

afier ice waler quenching.

d. @ Quenched into —185° from 23°C

after ice water quenching.
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ly heat-treated asg before, to the
liquid air temperature with va-
rious speeds, the lattice change
from gamma into alpha was
completed. The stress restored
in these specimens has been
meagsured at the room tempera-
As shown in Fig. 6, the
distribution curves in these cases

ture.

are also simple and are near
to each other regardless of their
The stress on
the surface are tensional in all
cases, the quicker cooling by
the liquid air temperature re-

heat-treatments,

sulting in elightly greater stress

though the cooling rate prior to the lattice change had little effect upon
the residual stress. Thus the large cooling stress of the quenched speci-

men, which existed before the
Iattice change, scems to have
been released by the lattice
change. As this fact is very
important it was confirmed with
the specimen containing 31.5 %
Ni as shown in Fig, 7. This
fact as well as the fact that
the stress on the surface is
tensional do not coincide with
the results obtained by previ-
ous investigators probably be-
because the mass effect pre-
dominates in the cases on very
large specimens.
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Fig. 7. e. O Slow cooled 1ill —185° from 23°C

after ice water quenching.

f. @ Quenched into —185° from 23°C
afler ice water quenching.

g. X Quenched inio —185° from 23°C
afier slow cooled in furnace.

As the lattice transformation is a kind of recrystallization, if it
happens on the surface layer of the specimen, the cooling stress existing
within that layer may be released by the transformation and the stress
existing within the remaining part of the specimen will be influenced
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thereby and the distribution curve of that part will be somewhat altered
while the free expansion followed by the transformation may be restricted
by the rigidity of the remaining part and thus also the distribution curv
of that part may be again altered. In this meaning the transformation
stress may be additive to the cooling stress which existed beforchand.
If the size of the specimen is small, the time lag of the occurrence of
the transformation ia the centre as compared to that on the surface is
very small and as the cooling stress is small, and so all the cooling
stress which existed beforeband in the whole specimen may be released
by the lattice change as the results shown in Figs. 6 and 7 vepresent,

(b) The cffect of the transformation velocity.

As shown in the preceding section, the cooling stress becomes greater
as the cooling velocity increases. The transformation stress also be-
comes greater as the velocity with which the transformation proceeds
in the specimen from the sur-
face into the interior increases  +/8F oo .

1050°C ~—— 190 —— 07

as the obtained results in Fig. /5 as—a  oilquenched $low cooled.
N . N ; A bed ini Ter:
8 show. The specimen in this e ol quenched. quenched Inice woler

| , Rain A bw— directly quenched in jce water
case contains 23 % Wi and the S X € directly cooled in furnace.
lattice change commences at € ok
about 160~170°C and is com- & |
pleted before the temperature 7'},6 %
reaches 0°C. In this figure 3
the curves @ and ¢ show that ,\34
the cooling stress existed be- &2

o

fore the transformation is re-
leaged, and so the restored
stress shown in these four
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stress. not influenced by the
cooling stress which existed
beforehand.

(c) The restored stress in the « phase specimen containing Ni in
various percentage, V

Ag the Ni content of the alloy increased, the transformation point

gradually decreased as shown in Fig. 4, and so when these alloys are

quenched from 1050° C to room temperature or so, the plasticity of the

alloy at the temperature of the transformation as well as the interval
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of the temperature after the transformation, through which the alloy is
quickly cooled, decrease. These facts may naturally influence the stress
restored in the quenched specimen. The specimens containing 3~25 %
Ni have been quenched in ice water or furnace cooled (5°C per min.)
from 1050° C and the stress restored in them as well as their hardness
have been measured and the results obtained are shown in Figs. 9 and
10, the tensional stress and the Vickers hardness on the surface respec-
tively are represcnted in the figures, On the curves drawn in these
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figrures, the maximum points are found and those on the stress curves
move to the left or right as the quenching medium is changed as ghown
in Fig, 11. The decrease of the plasticity of the alloy at the temperature
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of the transformation, as the Ni content of the alloy increased, may
cause the increase of the residual stress while the increase of the tem-
perature range of the transformation, as the Ni content of the alloy
increased, may cause the decrease of the stress, and the quicker cooling
may weaken the effect of the increase of the range. The existence of
the range of the temperature of the lattice transformation may result
in the occurrence of the transformation at the same time in the different
parts of the specimen whose temperatures are different and this may
diminish the stress. It is to be noticed that the hardness curve of the
furnace cooled alloys is closely situated to that of the quenched ones
as shown in Fig. 10 while the two corresponding stress curves are re-
markably different as shown in Fig. 9. ’

In all of these specimens, no trace of the gamma phase remained at
the room temperature, being completely transformed into alpha phase.
The influence of the existence of the gamma phase in the partly trans-
formed specimen has been studied in the next experiments.

(d) The restored stress in the specimen partly transformed.

The lattice transformation point of the 29.8 % Ni alloy is below
the room temperature and the alloy is completely transformed into alpha
by immersing it in liquid air, and so when this alloy is cooled to some
points between these temperaturcs, the alloy may consist of alpha and
gamma phases, varying the amount of each phases according to the im-
mersed temperature. The residual stress on the surface of the alloy in
those specimens are as shown in Fig. 12, in which a maximum point
ig also found on the curve.
Also in this figure it is shown
that the hardness curve and
the stress curve have aspects
different from cach other.

n

[ 300

1260

£

——— Max residud] sfress Kg/mm?
(29

The stress distribution 202
curve of such specimen shows §
a minimum as shown in Fig, .1 g0
13, which is quite different
from the cascs treated in the
foregoing sections. It seems r 1%
to the present writers that
the existence of the minimum 05 35 5 7 70 o0k
point may be closely related Ammount of Transformation

to the heterogencity of the Tig. 12. 20.8 25 Ni-Fe.
structure of the alloy thus treated.
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In the followings the stress restored in.the specimen having a non-
uniform structure has been measured to see whether the stress distribu-
tion curve is simple or not.
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(3) Residual stress in steels variously heat-treated.
(a) Residual stress in steels quenched or furnace cooled.
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e N e e

. The steel containing 3 % -
Ni and 0.3 % C has been vari-
ously heat-treated (quenched
from 950° C) and the structure
ostite) obtained was observed and the
restored stress was moeasured.
Fig. 14 shows the results ob-
tained. The gtructures of

the gpecimens were uniform
throughout their section except
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Fig. 14.

‘4 /‘& g 20mm X .
' that of the specimen quenched

in water at 100°-C, though they
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are single phased or two phased. While that of the specimen quenched
in water at 100° C was not uniform and was troostic in its periphery
or external part and sorbitic in the central part, ferrite being mixed
in both parts, and the stress distribution curve showed a minimum point
only in this specimen. In the other
three curves no minimum point is

+4
found and the stress is greater as L oene i
the cooling rate is increased. From N — —

the result above explained it seems
that the minimum point on the dis-
tribution curve is closely related to
the non-uniform structures of the
specimen which is also proved by
the upper curve shown in Fig, 15.

The similar minimum point on
the distribution curve was also

\/
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by the carburization or the de- Fig. 15. Residual stress and structure of

steel quenched in water from

carburization as the following
950° C to 100°C.

lines show.

(b) In the case of carburized and decarburized steels, furnace

cooled or quenched,.

The specimens containing 8 % Ni and 0.1 % C were carburized at
their two surfaces corresponding to 9 X 100 mm® under various condi-
tions, and the carbon content depth curves obtained being shown in
Fig. 16-(a). The carbon content and consequently the structure of such
specimen 1is heterogeneous throughout its section and such heterogeneity
of the structure has caused the occurrence of the minimum point on the
stress distribution curve of each specimen slowly cooled or quenched,
as shown in Figs. 16 and 17. The minimum point is near the point of
the cutectoid carbon content in the case of slow cooling and moves
to the right in the case of quenching. It is to be noticed that the
distribution curves of the quenched specimens are far stecper than those
of the slow cooled. In the quenched specimens the structures are all
martensitic (thought he carbon content of the specimen is not uniform

in its section) and in this meaning their structures are not heterogencous,
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but the temperatures at which the Ar” change takes place are different
in every points along the depth of the specimen, and this fact may be

taken as the cause of $he occurrence of the minimum point.
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Similar sesults have been obtained in the case of the decarburization
with the steel containing 1.3 % C as.shown in Fig. 18, It is well-
known fact that when the steel is decarburized on account of its bad
treatment, such steel i apt to bring quenching cracks and this is con-
ceivable from the result shown in Fig. 18.

When a large specimen is heat-treated, the structure will become
heterogeneous owing to the mass effect and the occurrence of the mini-
mum point on the distribution curve may move to the left or right by

its cooling conditions.
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(c) In the casc of the stepped quenching and of the austempering.
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The steel containing 3 % Niand
0.5 % C can be quenched in lead
bath at the temperature between
450° and 750° C from 950° C with
no change of the phase and so this
steel was quenched in the lead bath
at these temperatures and then
quickly in oil or salt solution at
20°C and the stress restored in
the specimen was measured with
the results as shown in Fig. 19.
The curves in this figure show that
the stepped quenching should be
done in leard bath having the tem-
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perature lower than that
corresponding to the maxi-
mum point in these curves

in order to avoid the great-

er stress. In the austem-
pering treatment only a

very faint stress is restored

s Rostdual stress "mm’
)

e Depth

Fig. 20. Residual stress of 0.6 % C afier austempering

treatment.

OGS 08 08 10 72 ©4 4b +f 20mm in the specimen as the re-

sult shown in Fig. 20 re-

presents.

X Air cooling after holding 20”at 700° C Pb~bath

(Ferrite+Pearlite)

@ Air cooling after holding 12’/ at 620° C Pb-bath

(Sorbite)

O Air cooling after holding 7’/ at 480° C Pb-bath

(Troostite)

(d) In the case of tempering of steel and of the aging of alloys.
By the tempering of the quenched stecls the stress is decreased as
the tempering temperature is elevated as shown in Fig. 21. 1In this

treatment the separation of
the cementite takes place and
this may diminish the stress
while the heating process
may also act similarly. In
order to make clear the two
effects above explained, age-
able silver alloy containing
6.3 % Cu and non-ageable
silver alloy containing 6 %
Mg have been quenched from
770° C and aged at various
temperatures and the stress
restored in them were mea”
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Fig. 21.

sured. The result obtained is shown in Fig. 22-a, in which the com-
pressive .stress on the surface is Pplotted against the aging time. The
precipitation of the copper rich phase has lowered the stress in the

alloys.

The curves in Fig. 22-b represent the results obtained by aging
aluminium —4 % copper alloy quenched from 500°C. The aging at
20° C for 24 hrs. does not substancially diminish the stress while that
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at 150° C increases the stress at first and then decreases just as the
hardness of the alloy increases (Fig. 23). The aging at 150° C for 24 hrs.,
it is said, in the separation of so-called 6’-CuAl, phase and after this
period the 8-Ca Al. phase appears, but this appearance of the 6’-CnAl,
phase hag no effect upon the stress curve and the stress decreases steadi-
ly from about 2~3 hrs. tempering which is quite different in the case
of the change of the harduess. This relation is also seen at 200°C
aging.  From these resnlts it may be supposed that the stress de-
creases when the atomic group is formed within the mother solution
even if it is not separated from the solution. It is very interesting
to compare this with the hardness curves in Fig. 23,
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IV. Summary

The cooling as well as transformation stress have been measured
with some Fe-Ni and other Fe alloys and some steels using small
gpecimens, and some new facts have been obtained, among which the
rclease with the transformation of the cooling stress, which had been
restored in the specimen beforchand, may be applicable in practice.




