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Change of the Elastic Limit of an Aluminium Rod
by Elongating Plastically and by Annealing

By Miyabi Sugihara

(Received April 17, 1939)

Abstract

A cold-worked aluminium rod heated to a rclativyely high temperature has a
small clastic limit. "When such a rod is cold worked at various degrees by stretching
and by drawing through dies, the clastic limit increases, at first rapidly and then
slowly. 'When the rod thus cold worked is heated again at various temperatures for
various durations of time, the elastic limit increases at a relatively low temperature
and decreases at a relatively high temperature with increase of the annealing time.

Experimental method

A commercial cold-worked aluminium wire about 2 mm. in diame-
ter was cut off about 20 cm. in length, and the rod was straightened
by hammering on a plane iron plate with a wooden hammer. A num-
ber of such rods were suddenly put into and annealed for a certain
duration of time in an electric furnace heated at a certain temperature,
and then they were taken out of the furnace and cooled suddenly to
the room temperature. '

The diameter of the rod was measured at several different points
with a micrometer screw gauge, and from the average value the initial
cross-sectional area of the rod was calculated. Next by the extenso-
meter designed by the writer,! the clongation testing of the rod was
performed. The relation between the stress per unit initial cross-sec-
tional area and the eclongation per unit Iength was shown by a curve,
and then by using the contact point finder reported previously by the
writer, the clastic limit was determined. In the present experiment, -
the following eight different processes were made use of.

Process 1. A number of rods were heated at 620°C for 30 hours.
This is to be considered the initial state of the rod. The elastic limit of
such a rod was measured. After being plastically clongated by 1.5%0,
the elastic limit of the rod was measured again. Next the rod was
again elongated by the same amount, 1.5%, and its elastic limit meas-

1. These Memoirs, A. 20, 19 (1927).



196 Miyabi Sugihara

ured. This process was repeated ¢ times. The Tesult is given in
Table 1.

Process II. Several groups each consisting of three rods in the
same initial state as in Process I were prepared. Different amounts of
plastic elongations were given to each group, and the elastic limits
were measured soon or after four days. The average for each group
was taken. The curves showing the relation between the elastic limit
and the plastic clongation are shown in Fig. 2.

Process III. Several groups of the rods described before were
prepared. The rods belonging to one group were drawn through

ies in order that the diameter of the rods.might be reduced by a
certain amount. The diameter of each rod was measured by a micro-
meter screw gauge before and after drawing through dies, and the
amount of contraction of the diameter was calculated. The amount
“of the contraction of the cross-section of the rod was made to be differ-
ent for different groups. The same operation as above was performed
upon another group of rods previously heated at 410°C for 30 hours.
These two kinds of rods are to be considered as in different initial
states. The results of the experiments for these two kinds are shown
in Fig. 3.

Process IV. Several groups of the rods in the same initial state
as in Process I were prepared. These groups were classified into two
series, the one being subjected to various plastic elongations by apply-
ing tension, and the other to various plastic contractions of a cross-
sectional area by drawing through dies. For the second series the
elongation was calculated, for the sake of comparison, from the reduc-
tion of the diameter of the rod by assuming that the volume of the
rod is constant. Two curves each showing the relation between the
elastic limit and the plastic elongation are shown in Fig. 4.

Process V. The aluminium rod employed in this process had
almost the same size as in the above four processes, but its initial state
was a little different from the others. A number of rods were heated
at 280°C for 6 hours and cooled suddenly to the room temperature.
This was the initial state in the present case. The elastic limits of
several such rods were measured and the value of 3.15% 107! was
obtained as the average. ’

Many other rods in the same initial state as above were drawn
in the same degree through dies, and the elongation by drawing was
‘determined from the amount of reduction of the diameter in the way
described before. The amount of reduction of the diameter and the
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corresponding elongation wete 2.1% and 4.3% respectively in the
present case. With the three rods thus drawn, the clastic limits were
measured, and the value of 5.74X 107" was obtained as the average.
‘The remaining rods drawn in the same degree were classified into
several groups each consisting of two rods. These groups were an-
nealed at various temperatures for various durations of time, and cooled
suddenly to the room temperature. The values of the elastic limit of
the rods belonging to the same group were averaged, and the results
are given in TFig. 3.

Next many rods in the same initial state as above were elongated
by 2.5% by stretching instead of drawing through dies. The elastic
limit of such rods was found to be 5.14X 107" as an average for three
rods. The remaining rods were treated in the same manner as the
drawn ones. The results of measurement are given in Fig. 5.. Here
it must be noted that the writer had intended initially to give the same
elongation of 4.3% by stretching as in the case of drawing, for the
sake of comparison, but the rod was broken when the elongation was
about 3%, and consequently it was necessary to carry out the experi-
ment with the stretching of 2.5%.

Process VI. Many rods prepared in the manner to obtain the
initial state used in Process V were heated in the furnace at 500°C
for 6 hours, and cooled suddenly to the room temperature. This was
the initial state in the present case. The elastic limits of several such
rods were measured, and by taking the average, the value of 0.93 X
107" was obtained. Many such rods were drawn in the same degree
through dies, and the average value of reduction of the diameter was
2.2%. From this value the corresponding elongation was found to be
4.5%. The elastic limits of some such rods were measured soon after
the drawing, and the average value 6.28 X 107" was obtained. The
remaining rods drawn in the same degree were classified into several
groups each consisting of two rods, and these groups were subjected
systematically to different heat treatment. Next many rods in the
same initial state as above were elongated 4.5% by stretching, which
is the same as in the case of drawing through dies; and the elastic
limits were measured.  The average value 4.41 X 107" was obtained.
Many such rods were classified into several groups each consisting
of two rods. The above two kinds of rods prepared by drawing and
by stretching were heated together in the furnace at various temper-
atures for various durations of time. The elastic limits of these rods
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were measured, and the average was taken for each group. The
results are given in Tigs. 6, and 0, respectively.

Process VII. A part of many rods in the same initial state as
Process VI was drawn in the same degree through dies, and the
average elongation by drawing was found to be 16%. The rest were
elongated 16% by stretching. The elastic limits of these rods were
found on the average to be 7.40x 107 and 6.53% 107! respectively
for the drawn and stretched ones. Next these rods were subjected
to the heat treatment in the same manner as in the previous process.
The results are given in Figs. 7, and 7. respectively.

Process VIII. To compare with the change of elastic limit of
the rod drawn through dies in Process VII, the rods annealed first
in Process V were so drawn through dies as to produce an eclonga-
tion of 169 . Ior these rods, the average elastic limit after drawing
was 7.83% 107", Next, to compare with the change of elastic limit of
the rod elongated in Process V, the rods annealed first in Process
VI were clongated 2.5% by stretching, and soon the eclastic limits
of the rods were measured. The average value was 4.01 x 107", These
rods were treated in the same way. The results are given in Figs.
8, and 8; respectively.

Experimental results

The maximum elongation in the fifth column of Table I is the
largest value when the rod is elongated plastically beyond its elastic

Table T
Annealing temperature 620°C, annecaling time 30 hours

Amount Flastic it o e td

- el(gi;f Strc]s“sI = 1131;2;;11{1011 1;{;1:;‘:1\113; Young’s' Sl{ccessi\re elﬁlllz;rsz::i.:oxl
time area length length CE e ¢ length

1 0% 120 clli 1.75X10~4| 4.28X10-4| 6.72 X101 2.53 % 104
2 1.5 305 4.46 7.84 6.70 251 X101 3.38
3 1.5 470 6.90 10.03 6.68 2.44 3.13
4 1.5 510 7.50 I1.90 6.66 0.60 4.40
5 1.5 540 7.90 12.01 6.70 0.40 4.71
6] 15 | 58 8.52 12.86 6.67 0.62 4.34
7 1.5 590 8.63 13.19 6.70 0.1 - 4.56
8 1.5 610 8.90 12.59 6.72 0.z27 3.69
9 1.5 630 9.21 13.60 6.70 0.3L 4.39
0] I.§ 640 9.28 12.89 6.76 0.07 361
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limit in measuring the elastic limit. The plastic elongation given in
the last column of the table is the quantity obtained by subtracting the
elastic limit from the maximum elongation at that time. The plastic
elongation assumes values between 2.53 % 10™" and. 4.71 X 107, which
may be considered to be of the same order. These values are rather
small in comparison with the permanent elongation of 1.5% applied
to the rod; so that the influence of such small plastic elongation in
measuring the elastic limit may be neglected in comparison with the
permanent elongation applied to the rod.

The successive excess of the elastic limit in the second column
from the last of the table is the residue obtained by subtracting the
upper elastic limit from the following one. The values given in this
column are all positive. It has previously been reported that the suc-
cessive excess was positive for repeated small plastic elongation.® This
point is confirmed clearly for the case of much larger plastic elongation.

The relation between the elastic limit of the rod and the permanent
elongation applied to it successively is given in Fig. 1, where the
elastic limit expressed by the elongation per unit length is taken as

Fig. 1.
Elongated by tension

10X 107

L’.‘___0_,.--—1

L

N
(2.75)
N

Elastic limit
(Elongation per unit length)
EN
™.

0 1 2 3 # 5 6 7T 8 9xI5%

Repeated elongation per unit length

the ordinate. As is scen from the figure, when the elongation 1.5%
is given. to the rod 1'epéatedly, the elastic limit increases rapidly at
first and then slowly. A similar experiment was performed. by
applying an elongation other than 1.5%. The result shows a similar
tendency.

The results obtained: in Process Il are given in Fig. 2. In this

1. These Memoirs, A. 21, 153 (1938)
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Tig. 2. figure, Curve I is of the val-

Elongated by -tension ues measured soon after the

_ loxi™* plastic elongation, and Curve

'l;:n I /;:: II of the value measured after

s 8 ///1/' leaving the specimens in the

E g ; // room temperature for 4 days
:% g . // after stretching. Both curves
5 5 4 ' start from the same point
‘é,, - _1.77% 107, which corres-
5. 2 E ponds to the state annealed
T at 620°C for 30 hours; and

0 4 8 12 16 20% show that the elastic ]imit

Plastic elongation per unit length increases rapidly at first and

then slowly. Curve Il which corresponds to the aged specimens shows
an eclastic limit somewhat larger than Curve T.

In Fig. 3, which cor- Fig. 3.
responds to Process III,
-Curve 1 starts from the .
value 1.77 X 10™* which cor- 12%/0%

Drawn through dies

responds to the state an- =
) C o » 5 A0 e
nealed at 620 C for 30 hours; 2 n/%
and Curve IT from the value 3 TE g !
2.79 x 107Y,  which corre- —:‘ E
sponds to the state annealed *g:‘i g 4
at 410°C for 30 hours. Both = é ;
curves show that the elastic %’ * T )
limit increases rapidly at first B o2 7
and then slowly. Ifurther, =
Curve 1T occupies always 0 o 4 s 1z 1 20%

a position somewhat higher
than Curve 1.

In Fig. 4 repesenting the result obtained in Process IV, Curve I
shows the result obtained in the case of elongation by stretching, and
Curve II in the case of drawing through dies. The two curves start
from the same point 1.77 x 107, and increase rapidly at first and then
slowly with the amount of plasfic clongation. Further, Curve II occu-
pies a position a little higher than Curve L.

Tigs. 5, and s, represent the results obtained in Process V, the
former showing the effect of drawing through dies and the latter that
of elongation by stretching. In Fig. 5, the circle o denotes the initial

Amount of contraction of diameter
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Fig. 4.

I Elongated by tension
II Drawn through dies

Igxi0*
10 P Lo
= /,———v——""“‘
kY, =
£ s / !
EE ¢ V
- S
Q@
2 |f
2o b
=5.2
ERR
B ~
5 2%
Ej ~
T
0 10 20 30 : 40 50 60 %
Plastic clongation per unit length
Fig. 5,
Drawn through dies Fig. 5.
Elongated by tension
73107 "
5,.-110% 610 2. 110%C
~§ F s .= TR 150%
= .:x% T ’ s 5 @ 1 45%
& ~ ] #H-- 1500‘: B0 ~ —
S5 o 210c 8 . 210%
=2 =5 o2 F
E = £ 5
= = = - @
2.3 Es T
m £33 = £,
Sl d
52 E
S} S . ¥...300C

1 \\\L

V.. 300°C

% 2 4 " 6 houre

0 2 # 6 hours Anncaling time

Annealing time

elastic limit 3.15% 107", and the cross X the one 3.74X% o™ elevated

by drawing through dies. In the present case, all curves start from
the point marked x. In the figure, Curve 1Tis of the annealing tem-
perature 45°C, and the elastic limit increases slightly with the anneal-
ing time.  Curve II is of the annealing temperature 110°C, and the
elastic limit also increases somewhat with the annealing time. Curves
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III and IV are of the annealing temperatures 150'C and 210°C respec-
tively, and the elastic limits decrease slowly. Curve V is of the anneal-
ing temperature 300°C, and the elastic limit decreases rapidly at first
and then slowly. '

In Fig. 5», the circle o is the initial elastic limit, the same as is
in TFig. 5, and the cross x from which all curves start, the one 5.14
x 107 elevated by eclongating. In the figure, -Curves I, II and III
are of the annealing temperatures 45°C, 110°C and 150°C respectively,
and the elastic limits increase slowly. Curve IV is of the annealing
temperature 210°C, and the elastic limit decreases slowly. Curve V
is of the annealing temperature 300°C, and the clastic limit decreases
very rapidly at first and then slowly as in the case of Fig. 3,.

In the present experiment, the reduction of diameter of the rod
by drawing it through dies is 2.1%, and accordingly the correspond-
ing elongation becomes 4.3%. DBut the elongation of the rod by being
stretched is 2.5%, which is different from the above. Irrespectively
of such difference, corresponding curves in Figs, 5, and 5, show almost
the same tendency.

Figs. 6, and 6, represent the results obtained in Process VI. The
former is in the case of drawing through dies and the latter in the
case of elongation by stretching. In the figures, the marks o and x

Fig, 6,
Drawn through dies Fig. 6,
$x10°* . ‘Elongated by tension
Xt -
e 7X107H
7 — /I".—-l‘-_» bOC /'_ i ‘A,_—/OU’C
I I -~k o0 4 A T ) 50°C
) &8 M = [ —
56 - ' 5 /
22 N g5 _
EE 5 B0t 2% et 200
95 =4 W .
3R, o O e - --1- 300C
8. 4 = = e et RE TN Z
& 5 = 300C [
g 2
= 382
<, =)
e
3 g
< )
, 0 2 4 6  8hours

g 2 4 ] g hours ST
: Annealing time

Annealing time



Change of the Elastic Limit of an Aluminium Rod etc. 203

have the same meaning as before. - In the present case, the specimens
employed in the two different kinds of cold working have the same
initial elastic limit 0.g3x 107" and are elongated to the same degree,
but they have different elastic limits after the cold working : that is,
6.28 X 107" and 4.41 X 107" by drawing through dies and by stretching
respectively.

In each figure, the second annealing temperature is written for
each curve. In TFig. 6, Curve I goes up with the annealing time,
Curve II is almost horizontal, Curves III and IV go down. In Fig.
64, Curve I goes up rapidly with the annealing time. Curve II goes
up more rapidly than Curve I at first and reaches a maximum point.
Curve III goes up slowly, reaches a maximum point sooner than Curve
II, and afterwards goés down slowly. Curve IV goes down slowly
from the starting point. Trom these curves, it is seen that the elastic
limit in the case of a higher annealing temperature, except the an-
nealing temperature 50°C, has a value smaller than in the case of the
lower temperature.

If we compare the corresponding curves in Ifigs. 6, and 6, it is
found that the elastic limit in the case of the annealing temperature
50°C shows a similar tendency, but the rate of increase is much faster
with stretched rods. The elastic limits at the annealing temperature

100°C show a different tendency : that is, the one is almost independent -

of the annealing time and the other increases rapidly with annealing
time. The elastic limits at 200'C show a different tendency still : that
is, the one decreases gradually and the other goes up slightly at first
and then decreases gradually. The elastic limits at 300°C show a
similar tendency, but the rate of decrease is remarkably different.

Figs. 7, and 7, represent the results obtained in Process VII. The
former is in the case of drawing through dies and the latter in the
case of stretching. In the present case, the plastic elongation is 16%
for both kinds of specimens. In the figures, the marks o and x have
the same meaning as before, and the second annealing temperatures
are written separately for cach curve.

In Fig. 7,, Curves I and II go up slowly with the annealing time,
Curve III goes down slowly, and Curve IV goes down rapidly at first
and then slowly. In this case, the clastic limit at each annealing
time becomes smaller according as the second annealing temperature
becomes higher.

In TFig. 75, Curve I goes up rapidly with the annealing time.
Curve II goes up more rapidly, reaches a maximum point and then
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Fig. 7,
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goes down. Curve IIT shows a similar tendency as Curve II, but the
maximum point is nearer to the starting point and lower than that
of Carve II. Curve IV goes down gradually from the starting point.
In this case, the elastic limit at each annealing time, except 50°C,
becomes smaller according as the second annealing temperature be-
comes higher. . '
Figs. 8, and 8; represent the results obtained in Process VIII.
In these figures, the marks o and X have the same significance re-
spectively as before, and the second annealing temperatures are written
~separately for each curve. In Fig. 8,, Curve I goes up slowly with
‘the annealing time. On the contrary, the remaining three curves go
down and the curve of a higher annealing temperature descends much
faster than in the case of the lower. In Iig. 8, CurvesI and II go
up with the annealing time. Curves III and IV go down slowly from
the beginning.
In looking over all the curves in Figs. from 1 to 4, when the
specimen annealed first at a relatively high temperature is cold worked
by stretching or by drawing through dies, the elastic limit of the speci-
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Fig. 8§,
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men increases rather rapidly at first and then slowly according as the
plastic elongation given to the specimen becomes larger. When the
first annealing temperature is sufficiently high, for example 620°C, the
crystallites grow sufficiently large, so that the elastic limit is rela-
tively small. If a plastic elongation is applied to such a specimen,
the crystal grains are broken into smaller pieces, and at the same
time spots of loose cohesion between atoms form somewhere in the
structure.  These facts occur more remarkably in proportion to the
increase of the plastic elongation. On the one hand, the fact that
the crystal grains are broken into smaller pieces acts upon the speci-
men to make its elastic limit higher; and on the other hand, the fact
that the spots of loose cohesion between atoms formed in the structure
acts to make its elastic limit lower. It is considered that the former
action predominates over the latter; so that, when two such actions
act upon the specimen at the same time after a plastic deformation,
the elastic limit ultimately becomes larger.

It is considered that the rate of destruction of crystal grains be-
comes smaller for higher values of the plastic elongation. Hence
the rate of increase of the elastic limit becomes smaller according
as the plastic elongation increases, as is seen in Figs. from 1 to 4.
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‘When the specimen annealed at first is deformed plastically in
a relatively high degree and then aged, the crystal grains become finer
by the plastic deformation, and the spots of loose cohesion between
atoms which are formed in the structure by the plastic deformation,
recover their normal state by the aging ; and consequently the elastic
limit increases as seen by Curve II in Ifig. 2.

The crystal grains produced at a lower temperature, for example
410°C, will be somewhat smaller than those produced at a higher tem-
perature, for example 620°C. When two such kinds of specimens are
deformed plastically in the same degree, the crystal grains which are
smaller initially will be broken into somewhat smaller pieces than those
which are larger initially; and accordingly the elastic limit in the
case of the larger initial elastic limit becomes somewhat larger than
in the case of the smaller as is seen by the Curves II and [ in Fig. 3.

When the rod annealed first at a relatively high temperature, for
example 620°C, is drawn through dies, the rod is compressed strongly
towards its axis, and accordingly the crystal grains in the rod will be
strongly cold worked and consequently severely broken into smaller
pieces. It is considered that the average size of the grains thus de-
stroyed will be somewhat smaller than that of those destroyed by
stretching to the same degree of plastic elongation. Ience, as is
seen by the Curve II in IFig. 4, when the rod is annealed first and
then drawn through dies, its “clastic limit becomes somewhat larger
than that obtained by stretching to the same plastic elongation.

In looking over all the curves in Figs. 5 to 8, we find that when
the rod annealed first at a relatively high temperature, for example
500°C, is cold worked strongly through dies or by stretching, and again
annealed at a temperature somewhat higher than the room temperature,
the clastic limit increases with the annecaling time. This fact may be
understood by considering that the spots of loose coliesion between
atoms which have occurred somewhere in the structure by the cold
working, recover their normal state by the aging. Such a considera-
tion has been described in a previous paper.!

When the rod elongated by tension is heated again to an ade-
quate temperature, for example 100°C or 200°C, the elastic limit has a
maximum value. As has been illustrated in the previous paper,”® this
fact seems to be due to the two causes acting simultaneously : that

1. These Memoirs, A. 21, 16T (1938)
2. These Memoirs, A. 21, 162 (1938)
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is, the one the recovery of the spots of loose cohesion between atoms
to their normal state and the other the recrystallization of the crystal-
lites by heating. The position of the maximum value of the clastic
limit displaces to the beginning of the annealing time with increase
of the annealing temperature. This is due to a more speddy re-
crystallization at a higher annealing temperature,

In the case of cold working through dies, so far as the present
experiment is concerned, the elastic limit decreases from the begin-
ning of the annealing time at an annecaling temperature higher than
about 200°C. Such a tendency is somewhat different from that in the
case of cold working by stretching. This fact seems to be explained
by considering that the rod is cold worked somewhat more severely
in its internal structure by drawing through dies than by stretching,
even though its elongation is the same; and consequently that the
recrystallization temperature becomes somewhat lower with drawing
than with stretching.

When the rod is annealed ﬁlSt at a relatively low temperature,
for example 280°C, the crystal grains do not qxow so large. If such
a rod is cold worked strongly by dmwmo thmuffh dies or by stretch-
ing, the crystal grains will become still smaller by destruction, and
accordingly the recrystallization temperature will become lower. This
seems to be the cause of the rapid decrease of the elastic limit with
the annealing temperature of 300°C in the cases of Figs. 5,, 5. and 8,.

In conclusion, the writer wishes to express his sincere thanks
to Prof. U. Yoshida for his kind guidance in the present experiment.





