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I. Introduction

Deformation is widely dealt with in the technical literature, but the
scope of the various studies has to a great extent been restricted to elabora-
tions of various empirical formulae. One of the possible ways of examining
the process of deformation is the tensile test. There are at least two reasons
to justify the application of this test: 1) it is relatively simple and 2) it can
provide data both on the strength of the material and on its plastic charac-
teristies.

According to the generally accepted views, the process of deformation
in a tensile experiment can be divided into two stages: i) stage of uniform
elongation, and ii) the stage of necking. The transition from one stage to the
other is thought to occur at maximum force. However, the existence of a
stage of completely uniform elongation is still open to question. Certain
researchers [1—6] have claimed to show experimentally that a definite stage
of uniform elongation occurs. Others [7, 8], however, maintain that the idea
of uniform elongation is even theoretically wrong.

The latest investigations [9, 10] have proved that the generally accepted
views are wrong, since the deformation in a tensile test cannot be simply
characterized as a process consisting only of two stages. Recently Czosovy [11]
using cylindrical tensile specimens, and KaTor [12] using sheet tensile speci-
mens discovered that the curve of elongation and necking consisted of three
stages. The first stage can be regarded macroscopically as that of uniform
elongation. The deformation curve was divided into three stages also by
Ivaxova and Vowrosiev [13].

At present, it is similarly unsettled whether the onset of necking coincides
with the point of maximum load. According to Lupwik [14], necking begins
before maximum load is obtained. SacHs and Fick [1] maintain that uniform
elongation ends only after maximum force has been reached. Kuntze [8],
Kruprowsky et al. [3] and Kriscr [15] maintain that uniform elongation
stops at maximum force.

Even this short survey verifies that one can doubt both the existence and
the value of uniform elongation. It is uncertain whether the final point of
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uniform elongation coincides with the point of maximum force. The present
paper is intended to contribute to answer these questions.

II. Principle and method of examination

The basis of the examination is that during plastic deformation part
of external work is transformed into heat. The changes in temperature are
in accord with the internal structural alterations. The changes in micro-
structure are indicated by the slopes and inflection-points of the temperature-
strain curves. In order to examine the processes of deformation occurring
during the tensile test, the changes in diameter and the temperature of the
tensile specimen were measured. To measure the diameter a strain-gage tenso-
meter was used. The tensile specimen was scanned at full length by an appa-
ratus of high sensitivity, used at the same time to measure the diameter, so
the point of minimum diameter could be established. The values of the dia-
meter were continually recorded by a plotting apparatus at 40 times magnifi-
cation. At the same time the changes in force were plotted. In the cross-section
where the diameter was measured, a thermo-couple was placed on the surface
of the tensile specimen. The temperature was measured, by means of a mirrored
galvanometer, with 0.01°C accuracy.

OFHC copper, high purity nickel, Cu-—Ni solid solutions and mild steel
were examined. These materials were hot forged, hot rolled, and finally drawn
to bars of 8 mm diameter, which were then machined and polished to produce
test specimens of 6 mm X60 mm test length.

III. Experimental results

When evaluating the results, we extracted the changes in force (F) and
in temperature (T) as functions of true elongation (Figs. 1-—6). Two inflection-
points on the temperature-curve of copper were obtained (Fig. 1). Neither of
these points coincides with the point of maximurm force, the first occurs before
maximum force is reached, and the second after the force has started to
decrease. The temperature-curve is thus divided into three stages. Changes in
temperature in the various stages differ from each other by their charac-
teristics and in absolute magnitude. In the first stagethe temperature increases
exponentially with the increase in deformation. The curve is exponential in
the second stage as well, but the increase in temperature for the same strain
is smaller than in the first stage. The third stage is linear. There are three
inflection-points on the temperature-force curve of nickel (Fig.2). None
coincides with the maximum force, the first being before maximum force and
the second after it, just as with copper. The temperature curve consists of
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four stages. In copper only three stages were discovered. This may be due to
the very large differences in true elongation values between the last and last
but one measuring points of copper. At rupture the elongation (1) equals
at the preceding measuring point the value of 1 was only 1,472,

5,218, whereas
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Fig. 1. Change in force and temperature for copper as a function of elongation

1%0 e N e 51100
rreelb L | } ol i [ v Flkp]
120} Vs ' 4 1000

X o’ . //
100 / Ae 1900
80t Ve 1800°
60} o {700
40t / {600

L el o F

-~

i s T + 500

20 I /Lff a7
pleel g
0 of 62 @3 04 Q95 Q6 Q7 08 09 0 41 12

h=ln~;’;&

d

Fig. 2. Change in force and temperature for nickel as a function of elongation

The change in elongation between the two measurements is more than a factor
of three. On account of the shortness of time, in this large elongation interval
no reliable measurements could be carried out, therefore in the period imme-
diately preceding the rupture no examinations of changes in temperature were
made. In nickel, also, the first stage of the temperature curve depends expo-
nentially on true elongation. The changesat the third and fourth stages are
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the same as those at the third stage of the curve of copper. In nickel, during
the second stage, the oscillation of temperature is great. In this stage the rela-
tion between temperature and true elongation is well approximated by a

straight line.
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Fig. 3. Change in force and temperature for 75.53 per cent Cu, 24.28 per cent Ni alloy

as a function of elongation
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Fig. 4. Change in force and temperature for 47.50 per cent Cu. 52.40 per cent Ni alloy
as a function of elongation

For Cu—Ni solid solutions the temperature-elongation curves consist
of four stages (Figs. 3, 4, 5). The changes of relations in the identical stages
in these alloys are the same as they are in nickel. In the first stages of the
curves the relation is exponential, but their area of effectiveness is small.
In the other stages the characteristics of the increases in temperature are
identical, but they differ from each other in magnitude. Differences in the
inerease of temperature are indicated by the divergent slopes of the straight
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lines. Increases in temperature are different in alloys with varying copper
content, i.e. not only in different stages of individual materials, but also in
individual materials. This fact seems to prove that changes in temperature
are dependent on the chemical composition of materials.
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Fig. 5. Change in force and temperature for 22.30 per cent Cu. 77.52 per cent Ni alloy
as a funection of elongation
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Fig. 6. Change in force and temperature for mild sceel as a function of elongation

The curves of mild steel (Fig. 6) do not show any hitherto undiscussed
characteristics. Here, too, there are four stages of the temperature curve.
If we compare the individual stages of temperature curves after the onset of
necking with the identical curves of nickel and copper, we discover that the
slopes of the curves of steel are gréater even than the values measured for
nickel.




328 L. KATOR

Discussion

When examining the deformations of single erystals three stages of defor-
mation were observed. Deformations of polycrystaline materials generally
have four stages. The first two stages correspond to the stage of easy glide of
single crystals, whereas the third stage corresponds to the second stage of
single crystals and the fourth corresponds to the third stage of single crystals.
It was stated earlier [11, 12] that in tensile tests of polycrystaline materials
the relation between elongation and necking is exponential up to the limit of
uniform elongation. While carrying out the measurement discussed here, we
found that the increase in temperature was also an exponential function of
true elongation up to the limit of uniform elongation. Uniform elongation stops
before maximum force is reached. Examination of temperature versus force
curves reveals that maximum force is obtained in the second stage of tempe-
rature curves. With pure metals this point is closer to the end of the second
period; with alloys it is at the onset of the second stage, close to the first one.
This may have led to the opinions maintained by 1, 3, 8 and 15. After extending
the curves of the first and third stages the volume of true elongation at the
intersection of the two curves corresponds to the elongation, where maximum
force is present.

Conclusions

On the basis of this examination we can state that.

1. From the onset of deformation to rupture the temperature-elongation
curves generally consist of four parts. ,

2. It is characteristic of the first stage that the temperature increases
exponentially with the increase in deformation. The first stage ends before
maximum force is reached. This stage can be regarded macroscopically as
that of uniform elongation.

3. In contradiction to the generally accepted view, the necking stage
does not immediately follow that of uniform elongation. Instead, they are
separated by a transitional stage.

4. In the third and fourth stages the relation between temperature and
clongation is linear.

Summary

This paper discusses the parts the process of deformation in tensile tests consists of,
and the area of effectiveness of the relevant steps. It attempts to answer the question whether
there is a sort of uniform elongation in plastically deformed metals and where are its limits.
The examinations were carried out in Cn and Ni, and Cu— Ni solid solutions, and in mild steel.
The stages of deformation were determined through the changes in temperature measured at
the surface of the tensile specimen.
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