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This is the first of a series of reports upon the
plastic behavior of steels submitted under contract by
Professor P, W. Bridgman of Harvard University, to the '
Watertown Arnenal. . .

FOREWORD

One of the outstanding problems in metals concerns
the influence of prior deformation upon the plastlc
properties. Professor Bridgman is particularly able to
investigate this field. He has developed a technique,
using high pressures, for obtaining prior strains of any
arbltrarily large megnitude, His experiments therefore
provide an unusually severe test which any theory regarding
plastic deformation pust meet. Conversely, they are fruit-
ful in stimulating ideas concerning plastic flow and rupture.
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Outline of Results.

1. The linear relation between true stress and

log AO/A continues to hold up to values of AO/A at least
equal to 20,

2. The stronger the steel the greater the slope of the
line of true stress versus log AO/A, that is, the greater
the rate of strain hardening. This result 1s somewhat~
rough, but indicates the goneral trend.

3. The strength of steels at atmospheric pressure may
be greatly lnereased, with no loss in ductility, by a
previous stretching under hydrostatlc pressure.

4, Fractures may occur in materlial supported by hydro-
static pressure under conditions incompatible with current-
ly accepted conditions of rupture, thus indicating thé
necesslty for a reformulation of the general conditions

which produce rupture.
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First Report on Tension Tests under Pressure for

the Watertown Aresenal ‘

The primery purpose of these tests was to determine
the relatlion between true stress and extensional strailn
produced by simple tenslle stress for several grades of
steel of known composition and heat treatment over a range
of straln considerably greater than that possible with the
usual methods of producing strain. In order to do this
advantage was taken of a recent dlscovery that 1f the tenslle
specimen 1s immersed in a fluid medium in which there is a
hydrostatic pressure of 300,000 1b/1n2 or more, the duc-
tility of the steel 1s so greétly Increased that rupture
may not occur until the reductlion of area 1s close to
100 per cent. In one case a reduction of area of 99.7 per
cent has been observed, which means an elongation at the
neck of 300 fold. .

The apparatus and the experimental method were the
same '‘as that used and described in a recent Progress Report
of the N.D.R.C. No. A~95, and reference is made to that
report for experimental details. In rough outline the
tenslon specimen ie first exposed t6 a pressure of the
order of 300,000 1b/1n2. Tension is then applied to it in
addition to the pressure, and the extension measured as
a function of the tension. During tﬁe applioatibn of
tenelon the hydrostatic bresaure rises, but thlis 1ls by a

comparatively small amount and is only an incldent accompa-
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nying the tension necessitated by the design of the appa- s

ratus, Tension 1s increased until the speclmen ruptures, ,_{%

. or to a predetermined maximum. If the speclmen is not - :'?,ﬁ
', ruptured, tension is then removed, then the hydrostatic ﬁi
. pressure 1s removed, and then the épecimen removed Irom e;
" the apparatus and the permanent changes of dimensions ! %?
measured. | . ;;; ;

In the work for the N.D.R.C. the chlef emphasis was iﬁﬁ

laid on comparing the curves of_exteneion versus load at ;54
atmospheric pressure and under hydrostatic pressure. To 35

this end, only two samples of each grade of steel were I;E

usually tested, one at atmosphcric pressure and one under ,@3

high pressure. The two samples were often carried to é%

rupture; in the case of the high pressure sample this ?%%

neant such extreme roductions of arza because of the 'f?

greatly increased ductility that the total load could %%g

4 not be measured with sufficlent eccuracy to give the true : ﬁég&
: stress with satlsfactory percenteage accuracy. , L;@ég
v' In the work reported here, several samples were '{ﬁ?
puiled under presgure, and the pullings were stopped at !;;

reductions of area dletributed over the‘rgnge between

the reduction at which fracture occurs at atmospheric
pressure and & reduction between perhaps 90 and 95 per
cent, but in no case so high as to diminish to an un-
satisfactory amount the accuracy with which the trug.atregs

can be calculated from the load, After rclease of pressure
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the reduction of area is measured. Each sample in thils #3

way glves a single point on the true stress versus strain

curve, the point corresponding to ife maximum extension.

It would have been possible to dispense with the measure-
mente on several specimehs and use the measurements on & s
single sample to glve the complete stress-strain curve up St
to the maximum extension 1f 1t were possible to convert Y,
the measured curves of total load versus over-all extension
into curves of total load versus reduction of area. Now
this 1s possible approximately as was shown in the N.D.R.C.
report, because rcduction of area is approximately a linear ;x@
function of over-all extenslion. There does not seem to be
any theoretical reason for this linear relation, however, fé
which at béét is only approximate. In fact, it can be
shown not to be valid for an indefinite extrapolation to
100 per cent reduction of area. In view of the uncertain-

!

tics, it was therefore felt best to go through the extra

labor of actually determining several intermedlate points & fﬁ
on the curves. ‘;1
The dimensions of the test pieces are shown in Figure 1. 4§%
Six series of measuremente were made, on stralght carbon @%%
steels of two compositions., Five serles werc made on a _ £%¥

1045 stoeel of various heat treatmente, and one series on &
1020 steel in the anncaled condition. The heat treatment
of these steels are given in Table I. The results are

collected into Tables II giving the essentlel data, and -
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wvhich is self explanatory. ;t is to be understood that
each line in the table is obtained from a complete curve
of extension versus load.

The results are plotted in Figs, 2-7. Each ex~
perimental point for extension under high pressure glves-
the final stress and the final natural straln, of a par-
ticular specimen 9bta1nad‘1n the high pressure chamber.

The natural strain 1is defined, as usual, to be the natural
logarithm of the ratio of original to final cross sectional
area., In general 1t would seem that the true stress rises

- linearly with the strain over & range of 3 or more, that
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is, up to extensions of woll over 20 fold. It seems 4iffi-

o
Fu
*3
b

¥

s
T

cult to believe, however, that the linear reletion can

"

continue for 1nder1nifely high strains because this would é%
imply an infinite strength ot infinite ektension. Further- g%
more, 1f one assumes & smooth analyticel connectlon between ;%*
- the strain hardening curves for extenslon énd compresslon, mgz‘
then the linear relation cannot hold for too small ex- nf
‘; tensions because the flow strength 1s raised by compression ﬁ:
as well as by extenslon. The points for the samples A
tested at atmospheric pressure lie nearly on the line with -E
the high pressure samples, but nevortheless lie below the ,55
lines in all cases and by an amount which on the average  €3
is too great to attribute to experimental error. This is :ﬁﬁ
in line with the previous observation that pressure in- _ ﬁ?

creases the yleld strength as well as the ductility. The '{f}
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increase observed in the yileld strength brought about py 4&5
the pressures used here was between 10 and 15 per cent on
khe average.

In general the slope of the stress-strain curve 1is

v greater for higher absolute values of the stress. That )
W is, the stronger a steel, the greater the amount by which d
it is hardened by a definite amount of extensional strain. f

That this 1s roughly the case 1s shown by Table IV and !

Figure 8 glving the slopes of the stress-strain curves

versus the intercepts on the stress axis. ' ':

In addition to the tests unéer pressure, a serles of é
tensile tests were made at atmospheric pressure on the | }g-
samples that had been pulled under'pressurp. For these :ﬁ;

tests the pressure samples were flled down at the neck }%

with a round file of circular section to an isthmus of é@

the appearance indicated in Figure 1. They were then: j%%i

; pulled at atmospheric pressure in & specially constructed ﬁ%
small ?esting machine, usually to fracture. The maximum g,

' load, the load at fracture, and the dlameters at the 'éﬁ
' narrowest part before and after fracture were observed. Hiﬁ
In addition measurcments were made of the extension Fg

during the completc loading process, but the significance '*ﬁ;

of these 18 not clear because the stretch was confined |

to such & small reglon because of the contour of the

isthmus.

The results are given in Table III and are algo
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plotted on the same dlagrams, Figs. 2-7, that give the
results of the tests under pressure. In the Figures, the

observation on the same specimen after pulling under high

pressure and at atmospheric pressure are Joined by dashed

v lines. . In the tables the arrangement under each serles )
L 1s in the order of the previous reduction of area under _g.
pressure. Several general results emerge from an exami- W

nation of Tables II and III. f%

Even 1f the initial strain undor pressure has been e

very much_beyond the ‘strain at which fracture occurs in ”;_

virgin material at atmospheric pressure, the materlal - &ﬁ

has not lost its power of supporting still further re- jg

duction of area at atmospheric pressure. In fact, the
additional ductility after exposure to pressure may be
greater than the ductility of the virgin material, so
that the stretching under pressure constitutes an abso-
lute improvement. Examples of this are the first members

of the A3 and the A2 series, which after stretching under

4 pressure to very nearly the extent which produces fracture ! %‘
in the virgin speoimén, are so improved in properyiea that g%
they will support an additional etrain of more than the %:Ji
amount which fractures the virgin material. 1In general viih

the amount of additional strain which can be supported Gy
after exposure to pressure 1s in the inverse order of the
amount of previous strain under pressure, There is-only 4

one exceptlion to this, in tae £irst and second members of




the A3 series, and here the failure is by only a emall

amount. Apparent exceptions in the A! and B series are

to be ruled out because the specimen was not pushed to
23 fracture. If the preyious stretohing under pressure was
+' v by an extreme amount, the possibility of further plastic }
LE stretch at atmospheric pressure may be almost entirely
lost, as shown by the last members of the A! and B series.
Along with the additional ductility there is an in-
‘ crease of the true stress at fracture produced by stretch-

ing under pressure as compared with that of the virgin

material at atmospheric pressure. Without exception the :

triangles in the diagrams (strecs-strailn at fracture
following stretch‘under high preaeufe) lie at higher stresses u
than the crosses (strese-strain relation at fracture in
virgin'materlal). The triangles in general do not lie

on the stress—~strain line of the high pressure samples.
That is, when & sample 1s pulled under pressure and then
restored to atmospheric preseure the nature of the material
has been drastically changed. In the greater number of
cases the triangles lle belbw the stress-strain line and‘ 1
below the corresponding circles (final stress-strain re- : ;g
lation at high pressure), which means that when restored y g

to atmospheric pressure the sample willl not support as

great a maximum stress as that whioch it previously ex-

perienced under pressure. This 1s not surprising. But

there are numerous exceptions in which the triangles lie
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above the stress-line and above the corresponding clrcles.
The most striking example of this is afforded by the A,
serles. Here 1s a specimen which after exposure to treat-
ment has retained an additional ductility equal to that
of the Qirgin material but which supports a maximum true
stress of more than twice that of the virgin mater.al.

It was thought that there might be some relaxation
of the additional acquired strength with time. For this
reason the time of the pulling at atmospheric pressure
after the treatment under pressure was systematically
varied in the A1 series, In addition the times of all
the pullings are given in the toble and noted on the dia-
gram. In general there seems no correlation between the
stresses and the times. The oconclusion 1s therefore lndi-
cated that .nld constitutes & permanent alteration in the
mechanical properties of the matericl.

There secems to be for each material a degree of
pulling under pressure that gives an optimum enhancement
of the properties when feturned to atmospheric pressure.
For most of the serles the extreme pulling is beyond the
optimum,

Two general comnments may be made on these results.
In the first place, the absolute amount of strain which a .

material has experlenced doe® not alone determine ite

properties, but the manner of stretching 1s also important.

This observation 1s of importance for the general under-
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standing of plasticlity. In the second place, now that it

has been established that such very great enhancements of

mechanical properties are possible by cold working, 1t

would seem that a serious effort should be made to discover
some method by which such effects could be produced in an
industrially feasible way.
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| Table I
Type of Heat treatment of Steel

<=

Designation steel ‘ heat treatment

;.‘
) al 1045 ; quenched into water from
: - i 1575° F and drawn to
i 400%-500° F |
|

A 1045 ! as received i
A, 1045 quenched into water from ¢
: 157§° F and drawn to
3 800° F 5
a rhud.

A3 1045 guegched into salt at
00° F from 1575° F
By . 1045 quenghed into salf at
1100™ F from 1575° F 3
B 1020 dead soft @
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Table IV %
J Relation between Rate of Strain Hardening and 4
g Intercept on Stress Axis o
;. Interéept ;
Serles on Stress Axis Slope
1b/in° 1b/1n? v
B 65000 75.000 '
A 134,000 94,000
Ay ' 1127.000 97.000
' Az 128,000 110.000 4
A 200,000 133,000 s
A, 238,000 129,000 i
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