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I. Intro

L]

In general, structural materials do not undergo hrittle failure but a
major plastic strain precedes the failure. The local, pla

astic strain continues up
to failure. It is a longst Emdlnc endeavour to elaborate a method for followin

up the changes in the structure of the material during deformation. This is
possible — among others — by studying the changes in the internal energy

of the metal.
Due to the fact that soft materials absorb much energy prior to failure,
a major amount of mechanical work is necessary for plastici strain. In general,
fEe 3or plastic strain can be observed in the vicinity of the failure, once again
necessitating much energy. Thus in fallure problems of highly plastic materials

prinei ks and methods relating the energy necessary to failure to unit surface,
are likely to be inefficient. As the cnergyv is consumed for the deformation of

a certain Volum@, parameters indicating the changes in energy values referred
1> have to be found.
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g to the first main law of thermodynamics, the relation between

components is

1=

Wy=Ws+ Wr (1)

where:

W, mechaaical (external) work

F
i £ hanical work retained the metal
S part 01 meenanidcar Wwors rerained 171 e piets

¢]

transformed inte hea

¥, part of mechanical wo

A part of the mechanical work necessary for *ﬂasuc stz‘ai’z is n
increasing the internal energy of the metal, while another part is transformed
into heat.

In recent years more and more research has been done on the relation-
setween internal enerrrV ch:cl::& and stm n. ‘X’OLYE\DT«“\ [J_. .dj under-
i

silver single crystam. For measuring the internal energy, he used a calorimeter.
The relationship between strain aud internal energy was determined in case
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of major strain, by working between two hammers, once again using a calori-
meter [3]. For the case of major strain in even elongation, no uniform method
for determining the internal energy is available. Internal energy may be cal-
culated on basis of e.g. relationship (1), if the external work and its part trans-
formed into heat is known. A method has to be elaborated. for determining
the necded mechanical work and its part transformed into heat, from the start
of strain up to failure.

2. Determining the mechanieal work

In a cylindrical test specimen, the work of external forces referred to
unit volume, is

. Fedl ¢ Fedl
W”I: = == " dA 2)
g { v l A1 JG ’ @)

4 =

where:

F  acting force

dl elongation

V' volume undergoing strain

5  real stress

Using the symbols in Fig. 1, relationship (2) can be written in a general
form as:

W“,\;‘r = ks‘ Gy d}l "!— J‘ Oy d;g —:“ J‘ 03 d}g . (3)

On the surface of a circular symmetrical specimen under tensile stress,
at the lowest compressive stress, o; = k; in the greatest cross section, where
ks is the Yield strength, ¢, = o, = 0. In the same cress section, for r == ry,
the main elongation 2, equals the comparative elongation A,

Under the above conditions of external forces apply work

p
Wy= | k-di; [mip/em?]. (4)
L0
on the cyliudrical specimen.

From the known vield curve of a certain material by = f{2) the mecha-
nical work for arbitrary strains can be obtained from the area beneath the
curve.

The strain rate greatly influences the amount of external work. Its im-
pact has to be taken into consideration.

The ks -~ 7 curves were pletted in case of tensile stress with Bripeyax’s
methed [4] in case of compressive stress with that of Warrs and Ford [5].
The effect of strain rate has been considered according to the relation suggested
by ALpEr and Prirrres [6].
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Working has bhe dual tensile and compressive
stress, respectively, in small st ges. The dia-

meter was measured o cimen fitted

with a thermucouple.

Fig. I. Symbols of stress

3. Temperature determination alongside the speeimen strain

For measuring the heat released during strain. thermocouple of copper—
—constantan wires 0.08 mm ¢ wasused. Thewires were welded on the specimen
surface with their junction within the material to be examined. The energy
transformed into keat can be computed if the physical constants ¢f the mate-

rial and the released heat are known, by the following relationship:
e,y AT o

Wy = -2 427 [mkp/em?® (5)
1060

where:

¢, specific heat of the studied material [keal/kg °C]

v density of the studies material [kg/dm?]

T temperature variation in the studied material [°C]

Temperature determination is done by recording a rapidly changing,
low voltage signal (thermo-electric voltage}. In the different working stages
temperature change amounts to a few centigrades corresponding to a signal
of 50 to 200 x4 V. To amplify these small signals, interrupter-type. transistor
amplifier was used. with an interrupting-frequency of 720 Hz. The amplified
signal of the interrupter was lead directly to the oscilloscope and photographi-
cally recorded.

4, Test materials

Both tensile and compressive tests were done on a Cl10-type. unalloyed
polyverystal steel with a carbon content of 0.1°;. The tensile specimens were
produced with a 20 mm long and 7 mm diameter shank. with a threaded clamp-
ing head. The diameter of the compressive specimens was 100 mm. its length
15 mm.
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5. Test vesuits

The changes in mechanical work as a function of strain ave illustrated
in Fig. 2. Tensile and compressive stress require for au identical amount of
strain different amounts of mechanical work over the limit of even elongation.
Up to this limit, however, the amount of external weork is independent from
the kind of stress. In tension the specimen failed at 2 = 1.42 true strain,
where the mechanical work was Wy = 80 mkp/em?®, while in 4 = 2.4, no failure
occurred even for compression and W = 140 mkp/em?.

Fifore

<y

=3
I

Lo}

of external work iransformed

1
1
inte heat (Fi t of even

elongation. Over this

ed in tension (Worg).
work transformed into

re~pﬂccm ely. After these
into heat decreases in
stress,

drawing energy traLsfor'
The part of mechani
the two curves. The energy

energy iransformed inio hkeat is

mechanical work amounts to Wy, =

3
X

The curves for mechanical work spent to compression and for the energy
5

released in compression are plotted in Fig. 5. The energv cousumed at the
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Fig. 3. The part of external work transformed into heat
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Fig. 4. The curves ior tensile stress according to the mechanical work assumed by Bridgman
and of the energy transformed into heat while drawing were plotted
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Fig. 5. The curves for mechanical work in case of compressive stress and for the energy releas-
ed while compressions were plotted
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w

break point of the curve 1‘, energy transformed into heat is Wg= 12,

‘A

mkp/em? just as was in ten

echanical work T, = 60 mkp/em®.

.L
In tensile and compressive tests on solid eylindrical bars, it was observed

o

that beyond even elongation the amount of mechanical work necessarv for
working depended on the kind of stress just as did the part of mechanical work
transformed into heat. The mechanical work linearly increased with the in-
crease in true strain, while the continuously ascending curve of the erergy
transformed into heat exhibited a pronounced break at a major strain. This
break point was observed at a smailler elongation in case of tensile than of
compressive stress, and also the meckanical work spent up to¢ the break point

by ki Wiigricgmen.
Wr 100 b L‘I/r 80 ¢ N
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Fig. 6. The curves for mechanical work in case of compressive-tensile stresses and for the
energy released while compressive-tensile were plotted

was less in tension than in compression. The amount of internal energy absorb-
ed at the break point was the same in both cases independently of the kind
of stress, the value of true strain and of the mechanical work.

To support these results. the tests were extended to combined tensile-
compressive stresses. The tests were carried out in a way that great diameter,
cylindrical test specimens were first compressed to different rates and the
released heat and the mechanical work were determined as indicated above.
Compressed blocks have been processed to tensile specimens of the previously
indicated geometry. In teusile tesis on these specimens of already compressed
material the values of released heat and of mechanical work necessary for
strain. measured at the point of contraction are shown in Fig. 6. True strain
%= 0.57 was due to compression. This strain is about twice the even elonga-
tion. The part of mechanical work retained in the metal following compression
is Ws = 3 mkp/em®. In Fig. 6 the tensile strain and the amount of mechanical
work are indicated separately. Combined effect of compressive and tensile
stress produced a total strain / = 1.8 up to failure, which exceeded that in
tension alone (2 = 1.42). The total amount of mechanical work up to failure
was Wy = 108 mkp/em?, as compared with the 80 mkp/cm3, necessary in pure
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tension to failure. Again, a pronounced break peint in the curve for the energy
transformed into heat appeared, where the total amount of mechanical work
was Wy = 70 mkp/em?, as compared to that for tension and for compression
alone (51 mkp/em?®) and (60 mkp/em?®) respectively. At this point the energy
transformed into heat was Iig = 9.5 mkp/em?® in tension. The amouat of
internal energy g = 12.5 mkp/em?, absorbed in combined compression and
tension equals the energy absorbed at the break point of the curve of the energy
transformed inte heat in tension and in compressicn.
The main data of these tests are compiled in Table 1.

Table 1
i Wy R Ws
| mkpjems | - mkp/em?
Kind of stress War mkp/em? i Greal !
; ‘ at the break point of
| the eurve for the energy
| transformed into heat
Tensile stress i 80 up to 1.42 up 1o 51 1.0 12,5
failure failure
Compressive stress 140 2.4 60 1.2 12.5
no no \
failare
Tensile-compressive stress 108 1.8 70 1.3 12,5
up to up to ;
failure failure ‘ { !

According to these data, the energy (W) absorbed at the break point
of the curve for the energy transformed into heat is independent of the kind
of stress, as against the mechanical work and the true strain.

These observations are likely to impose more detailed tests on energy
changes.

From the external work spent to plastic strain, the part retained in the
metal is composed of energy absorbed for lattice defects and in crack surfaces

Ws=Wp+ W, (6)

where Wp = the energy of lattice defects and Wy = the surface energy. The
surface energy is negligible in plastic failure, compared to the energy of lattice
defects. The lattice defect density is higher at crack edges than throughout the
material (Fig. 7). The Burgers vector for lattice defect aggregated at crack
ends is not dependent on the crystal structure alone. If these aggregated lattice
defects are treated as a continuous plane, the Burgers vector is infinitely
small. In this case the total Burgers vector of all lattice defects within the
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distance x to x -- dx equals b{x)dx. This is the case where the total stress
(loading stress o, - the stress of lattice defects op) equals zerc at any point
of the rupture tip.

The lattice defect shifts if the stress of the lattice defects is lower than
or equal to the imposed stress. To start a plastic strain, an energy equalling

[T ———

Y

8]

e

Fig. 8. a) Tensile stress test specimen, b) Fractured test specimen cross section

or exceeding the elastic energy is necessary. In all formed metals the elastic
energy is increased by the mechanical work applied for strain and retained in
the metal. For a formed metal:

Ws = -7 mkplom® 9)

2E

thus the stress at the edge of the rupture necessary to move the lattice defects
is

op = 2EW,- (10)

Substituting into Eq. (10) the internal energy values absorbed at the
break point of the curve for the energy transformed into heat yields op =
750 kp/mm?, this stress arising at the tip of fracture where the absorption of
internal energy begins to follow a different law. This must be true also for
strain,

ARTINGER [7] undertook tests to determine the stress ¢p at the critical
point. Tensile specimens of the geometry indicated in Fig. 8a were used. Force
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and elongation were determined in tension. In the failure cross section at such a
sharp notch, a cracked and a granular surface developed. Fig. 8b is the sche-
matic diagram of such a fracture. The acting force referred to the granular
fractured surface. yields a stress ¢ = 700—800 kp/mm? According to the
fracture pattern in the notched tensile specimen fissural plastic strain passes
into fibrous hreaking at a stress of 700—800 kp/mm?® at the crack tips. This is
in agreement with the stress value calculated from the internal energy.

Tests on sharply notched tensile specimens seem to prove the assumption
that the strain mechanism changes at the break point of the curve for the
energy trausformed into heat. The fissural fracture preceding this point passes
into granular fracture, thus plastic failure is replaced by hrittle failure.

The transition between plastic and brittle failure is at the break point
of the curve for energy transformed into heat.

To prove the above similar tests were made on high purity aluminium,
copper and nickel and on copper-zinc alloys, as well as on harvdened and refin-
ed, unalloyed structural steels. These tests proved the conclusions drawn
from tests on low carbon steels.

6. Summary

Plastic strain and fracture were studied by testing the change in energy referred to unit
volume. by experimentally determining the mechanical work necessary for forming and its
part transformed into heat. The part of mechanical work retained in the metal was calculated
according to the first main law of thermodvnamics: Wg = "yy — Wp.

In the course of these tests the following were observed:

1. The amount of external work needed to failure is independent of the kind of stress.

2. The internal energy absorbed up to the transition from plastic to brittle failure is
constant, independently of the kind of stress.

3. The transition from plastic to brittle failure occurs at different strain values, depend-
ing on the stress kind.

4. The stress at the transition from plastic to brittle failure of drawn metals is obtained
from relationship » = 19 EWs. if the amount of internal energy is known.
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