ROZPRAWY INZYNIERSKIE » ENGINEERING TRANSACTIONS =33, 122, 71--80, 1_935
Polska Akademia Nauk » Instytut Podstawowych Probleméw Techniki

THE EFFECT OF GRAIN SIZE AND TEMPERATURE (77 to 293 K)
ON THE LIMITING DISPLACEMENTS DURING
THE SHEARING OF CARBON STEELS

5. DZIDOWSKI (WROCLAW)

The effect of grain size on the limiting displacements due to localization of strains during
shearing is described. Tests on carbon steels of 0.09 and 044% C content sheared at the
temperature from 77 to 293 K were carried out. It has been-found that the lowering of the
temperature of shearing speeds up localization of strains, particularly at lower carbon contents
in steel. As the temperature was lowered, a progressive decline in the influence of carbon
content on the vatue of limiting displacements was observed. Refinement of structure delayed
localization of strains in a manner practically independent of temperature. A general form
of an equation which describes the simultancous effect of temperature, grain size and carbon
content on the limiting: displacements of the material in the plane of shearing has been
proposed.

1. INTRODUCTION

The problem of localization of strains has been the subject of numerous
papers. Most of them deal with the tensile test and the process of sheet
metal forming. The main aim of those papers was to formulate the
criterion of global instability of the material and the distorted object
or to determine the limiting strains. For these purposes, different approaches
have been used, e.g. extreme, bifurcation and imperfect. A more detailed
discussion and a critical review of most of the adopted approaches can
be found in papers [1-4].

The shearing of metals has not been the subject of the above con51dera—
tions, the only exception being the shearing in tensile and torsion tests
[5, 6]. Analysis of the strains which occur during cropping of, for example,
sheet metal or bars has usually been conducted in order to determine
the force and the work of the shearing. For this purpose, relatively
complex calculation methods necessitating certain simplifications have been
applied. The simplifications affected, among other things, the déscription
of the area of plastic strains.

The aim of the author of the present paper is ‘to_bind more closely
the properties of the sheared material with the development and the
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distribution of strains in the zone of shearing [7] since it is the distribution
of strains in the shearing zone that determines the distribution and the
siz¢ of the external distortions of the sheared material. The latter determine,
for example, the practical usefulness of the nonwaste shearing of materials
by means of plastic working methods.

In one of his papers the author describes the development of strains
in the material and proposes a criterion of the loss of stability during
shearing. In most general terms, this instability is' understood as an
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interruption of the process of migration of strains (displacements) along

the transversely sheared specimen. The result of such instability is the

setting of boundaries of the area of the strains generated in the Ist stage
of the process and an arrest of the increment of displacements U,
of the free surface (Fig. 1). This occurs at the moment when strains
localize in a narrow band of the sheared -material (stage II-— Fig. 1)
This' moment corresponds to -the maximum of the shearing force [7].
The maximum displacements of the material in the plane of shearing which
correspond to the maximum of the shearing force have been denoted
in Fig. 1 as U,. Further displacement of the material (h> U,) increases
the width of the so-called burnished strip by the value of Az with no
increment in the displacement U, of the free surface. This goes on until
cracks appear in the material (stage IIT — Fig. 1).

The aim of the present paper is to determine the effect of the structure
on the value of displacements U,; which are limiting due to the localization
of strains in the shearing zone. From the technological point of view,
localization of strains during shearing is an advantageous phenomenon [9]
and as such requirés further studies and description. In paper [8], a few

‘methods of inducing localization of strains are discussed. One. of them

consisted in the cooling down of the sheared material. However, there is
a risk involved which is associated with the brittleness of the material
at low temperatures. Hence the attempt to answer the question to what
extent refinement of structure — which eliminates . brittle cracking — will
influence the development and the value of limiting dlsplacements in the
range of temperatures from 77 to 293 K.

2. TEST MATERIAL AND METﬁODS

The tests were carried out on d =22 mm diameter round bars made
of carbon steels of 0.09%, and 044% C content. The chemical constitution
of the studied steels and their initial mechanical properties can be found
in paper [8] This time, the steel of 0.09%, C content was sub}ected to
additional heat treatment in order to refine its structure.

Two kinds of heat treatment were used. The first consisted in heating
the steel up to the temperature of about 1163 to 1193 K foilowed by
cooling together with the furnace. In this way grain size no. 8 was obtained.
The second heat treatment consisted in heating the steel up to the above
temperature and water-cooling. Then the steel was annealed at the tempera-~
ture of about 953-973 K for 60 min. and cooled together with the furnace.
In this way grain size no. 9 was obtained. The structures of the studied
steels are shown in Figs. 2 and 3.
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Fig 2. Initial structures of the tested steels: a) steel 0.09%,C — grain size no. 2-no. 7

(65% of no. 2); by steel 0.44% C — grain size no. 7, Magnification 100 x. Reduced to 0.64
of original size

Fig. 3. Structures of steel 0.09% C after “heat treatment: a) grain size no. 8; b) grain size
no. 9. Magnification 100 x. Reduced to 0.64 of original size
1

Shearing was conducted at the temperature from 77 to 293 K. The
temperatures were obtained by directly cooling the test pieces in liquid
mitrogen or appropriate baths: alcohol and a hydrocarbon one. The baths
were precooled with liquid nitrogen and. its vapours. The length of the
test picces was | = 2d = 44 mm. The test pieces were sheared into halves.
The interblade clearance of the circular shearing tool was 0.6 mm, The
shearing force as a function of the shearing tool’s travel was recorded by
means of an oscilloscope and a photographic camera. The oscilloscope
recorded the signals coming from a strain gauge dynamometer and from
an induction sensor of displacements, which were installed in the shearing
device,

The value of U, dlsplacements — limiting due to localization of strains —
was measured on oscillograms of the shearing force. At the same time,
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displacement U, was a coordinate of the maximum of the shearing force
recorded as a function of displacement U determined in the plane of
shearing (Fig. 1).

3. TEST RESULTS AND DISCUSSION

The results of the studies have been rendered graphically and described -
by experimental-mathematical relationships. Figure 4 shows the influence
of temperature T on the value of displacement U, — limiting due to the
localization of strains in carbon steels of 0.09% and 044% C content,
It follows [rom Fig. 4 that the lowering of temperature from 293 to 77 K
speeds up localization of strains in the tested steels. The value of
displacement U, decreases exponentially by 687, for 0.097{ C steel and by
50%, for 0.44%, C steel as the temperature is lowered. The characteristic
phenomenon here is the occurrence of clear differences between the values
of U, for steels 0099, C and 0.44%, C in the ambient temperature of 293 K
and almost total absence of such differences at the temperature of liquid
nitrogen of 77 K. This is due to the fact that as the temperature of the
sheared material is lowered, the influence of carbon content on the value
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Fig. 4. The effect of shearing temperature T and carbon content on the value of displacement
U, — limiting due to strain localization. Carbon content: 7 -0.09%, C, 2-044% C.
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of displacement U, diminishes. This phenomenon has important practical
implications. Mainly, it makes possible the precision shearing of steels
of different carbon content at the same sufficiently low temperatures. This
cannot be said about shearing at ambient temperature. At ambient tempera-
ture, a bar made of low-carbon steel is subject to distortions which sometimes
make the whole technology of plastic shearing meaningless.

The obtained results (Fig. 4) can be presented in a convenient form
if they are described by the following linear relationship:

(3-1) | . " Uy=A+BlogT,

where U,—limiting displacement, A and B — constants, T - temperature
in Kelvin degrees. '

A graphic representation of the re}atlonshlps (3.1) obtained for steels
0.09%, C and 0.44%, C is shown in Fig. 5 which also contains experimental
data. The measuring points mapped onto Fig. 5 correspond to mean value
obtained from 612 test pieces. The good correlation between the experimental
results and their mathematical approximation indicates that in some cases,
similar tests will not. have to be conducted in the full range of temperatures
77 to 293 K.

In Fig. 6 the effect of grain size of stee] 0.09% C on the value
of displacements U, in the range of temperatures from 77 to 293 K is
presented. The graph was plotted on the basis of the relationship (3.1)
and the results of an experiment carried out only at the femperatures
of 77 and 293 K. As it follows from Fig. 6, refinement of structurc delays
strain localization — the value of displacement U, grows. The straight
lines in Fig. 6, corresponding to the particular. grain sizes, are parallel
to each other. This shows that increments of displacements U, in this
case are not dependent on temperature but only on the grain size of the
given steel. From the practical point of view, therefore, a fine-grained
structure of steel should be avoided if the displacements U, of the free
surface of the sheared material are to be small. In the case of shearing
at low temperatures, however, the size of grains cannot be increased
indiscriminately since coarse-grained structures are conducive to brittle cracks
localized outside the adopted plane of shearing [9].

The above analysis of test results proves that the simultaneous effect
of temperature and carbon content and grain size of steel on the value
of the displacements U, which arc limiting due to the maximum of the
shearing force can be described in a general way by means of the relation-
ship (3.1). The particular constants in the equation of a straight line (3.1)
acquire physical meaning. The angle of inclination of the straight line
reflects the effect of carbon content on limiting displacements in steel during
shearing. Grain size, on the other hand, determines the value of the
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Flg 5. The relationship between displacement U, and the Ioganthm of shearmg temperature T
and carbon content in steel: 7 - 009% C; 2-044% C
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Fig. 6. The relationship between displacement U, and the loparithm of shearing temperature T’
and grain size. Steel of 0.09), C content. Grain size: 1-no. 2-no. 7 (65% of no. 2);
2-no. 8;3-no. 9. ' .
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second constant 2 in the above equation. This can be written as follows:
(3.2) U ,=A,+Blog T, L

where A, — constant dependent on grain size, B, — constant dependent on
carbon content, .

In the case of the tested steel (.09% C, the constants in Eq. (3.2)
assume the following approximate values depending on the grain size:

a) grain size no. 2-7 (65% of grain size no. 2)

(3.3) Uj=—71444251g T,
b) grain size no. 3 |

(3.4) Uy =-6324+4251g T,
¢) grain size no. 9

(3.5 U, = —621+4251g T.

The relationships from Egs. (3.3) to (3.5) describe the effect of temperature
T on the displacements U, ~— limiting due to localization of strains at the
maximum of the shearing force. They do not distinguish the localization
associated with Liiders strain which can occur earlier. In the considered
case, refinement of the structure of steel 0.09%, C and the lowering of
temperature to 77 K gave a clearly marked vyield point. Liiders strain was
observed mainly on the oscillograms of the shearing force for steel 0.09%, C
having grain size no. 9. However, the value of the Liiders displacement
- corresponding to this grain size was within the limits of the measuring
error.

i

4., CONCLUSIONS

On the basis of the performed studies of the process of shearing of
carbon steels of 0.44%, C and 0.09%, C content and different grain size, the
following conclusions as to the limiting displacements during plastic shearing -
in the range of temperatures from 77 to 293 K have been drawn: :

1. The lowering of the temperature of the material from 293 to 77K
speeds up considerably localization of strains which starts after the shearing
force reaches its maximum. The relationship between the limiting displace-
ments U, and temperature has the character of an exponential function.

2. As the temperature is lowered, the influence:‘of carbon content
on the value of the displacements U; limiting due- to localization of
strains diminishes. ‘ '
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3. Refinement of steel structure delays localization of strains in a manner
which is practically independent of temperature.

4. The effect of temperature, carbon content and grain size on the value
of the lLimiting displacements of the tested steels can be described by
a linear relationship. The independent variable of this relationship is the
logarithm of temperature. The tangent of inclination of the considered
straight line is determined by-the carbon content in the steel and the
value of the constant depends on the grain size. The angle of inclination
of the straight line grows as the carbon content in the steel decreascs
and the value of the constant increases as the grain size is decreased.
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STRESZCZENIE

WPLYW WIELKOSCT ZIAREN I TEMPERATURY
NA PRZEMIESZCZENIA GRANICZNE PODCZAS CIECIA STALI WEGLOWYCH

Oméwiono wplyw wielkodcl ziaren na przemieszezenia graniczne ze wzgledu na lokalizacjg
odksziatced podczas cigeia. Badanmia przeprowadzono na stalach weglowych 0,09 i 0445 C
cietych 'w temperaturach od 77 do 293 K. Stwierdzono, Ze obnizenie temperatury cigcia
przyépiesza lokalizacje odksztalcen tym bardziej, im nizsza jest zawartodé wegla w stali,
W miarg_obnizania temperatury obserwowano postepujacy zanik wplywu zawartofci wegla
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na wartosé przemieszczen. granicznych. Rozdrobnienie ziaren opo#nilo natomiast lokalizacje
odksztalcefi w sposdb praktyeznie niezalezny od temperatury. Zaproponowano ogdlna postaé
réwnania opisujacego jednoczesny wplyw temperatury, wielkofci ziaren i zawartodci wegla
na graniczoe przemicszezenia materialy w plaszczyinie cigeia.

PE3IOME

BIMSAHUE BEJIMUMH 3EPEH M TEMITEPATVPbI HA T'PAHMYHBIE [IEPEMEINEHUS
' BO BPEMS PE3KM VIJIEPOAUCTBIX CTAJIEM

OOcyxieHO BAUSHEE BETMYHH 36PER HA CPAHHYHBE TEPEMEINEHHA H3-33 JOKATH3AHAU
Zepopmanuit Bo BpeMe pesky. MccnemoBaHuA OpPOBEICHBI HA yTAepoAHorhX c¢ransx 0,09
B 0,447, C pesanasix B TeMnepatypax ot 77 ge 293 K. KoHcTaTHpoBaHO, YTO CHEMEHHS
TEMHAEPATYPBI PE3KH YCKOpfeT JOKANW3AHAIO AedopManmil Tem Gonblue, sem Gojee HH3KAM
ABAAETCH COREPXEaHWe yrnepora B cramu. [lo mepe CHIDKCHHA TeMHepaTyphl HabXIOAZIOCH
IOCTYNAKIHES HCYE3HOBCHHE BIHAHMA CONEDKZHHA YIACPoJa HA 3HAYSHHE TIPAHHYHBIX ne-
pememnennd. PasMenpuenue 3eped 3aMeiInio Ke TOKMIMmanmo aedopManail conocobomM mpakTa-
YECKH HE3ABHCHINHM OT TeMmmeparypsl. Ilpennoxen oOmumii B ypaBHEHMA ONHMCAIOINENO
OIHOBPEMEHHOS BAHAHHASG TCMHSDPATYPHL, BCIMMMH 3€PCH H COICPKANMA YLIepoAa Ha rpd-
HHYHLIC nepemetuct_mx MaTEpHadd B MIOCKOCTH PC3KH.

INSTITUTE OF MACHINE BUILDING TECHNOLOGY
TECHNICAL UNIVERSITY OF WROCLAW,

Received May 21, 1584,






