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Abstract. The work deals with the problems of studying the plasticity
of metals, which are associated with the lack of methods of constructing a
"single" curve of limit deformations due to the formation of a neck during
stretching of samples and the formation of a barrel during deposition, and
at the same time, the increase in plasticity due to the implementation of
complex deformation. The purpose of this work is to develop a technique for
constructing curves of limit deformations of metals with simple deformation
and a constant value of the stress state indicator and to use them for
objective assessment of the deformability of the material of the workpieces
in the technological processes of plastic molding. The main method of
research is an experiment with the creation of controlled and controlled
conditions for the deformation of samples. In addition, an experimental and
computational method was considered, which involves the construction
of deformation paths during the deposition of cylindrical samples and the
correction of the limit deformation using the deformability criterion. We
found that during stretching, in the case of neck formation, the increase in
deformation depends linearly on the ratio of the radius of curvature of the
neck to its diameter. An equation is presented, which can be used to take into
account the effect of the neck on the increase in limit deformations using the
experimental and computational method. A method of rolling a cylindrical
sample into a wedge with rolls, the radii of which increase during the
rolling process, has been developed. The method provides the possibility
of testing cylindrical samples under constant stress and allows obtaining
values of plasticity under conditions of uniaxial tension. Curves of limit
deformations, with the precision necessary for practice, are proposed to be
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built based on the results of testing samples for torsion and settling using
an approximate dependence. Curves of limit deformations of a number
of steels were constructed according to the given method. The resulting
curves of limit deformations are constructed excluding the influence of the
deformation history on them and can be used for objective evaluation of the
deformability of the workpiece material in technological processes.

1. Introduction

Production efficiency is an urgent requirement of modern mechanical
engineering, in which the improvement of workpiece manufacturing
processes is carried out at the stage of primary molding of parts. The
maximum saving of material, labor and financial resources can occur due to
minimal discrepancies between the geometric parameters of the workpieces
and the dimensions of the finished parts, provided that the necessary
physical and mechanical properties are ensured.

Modern metalworking involves the need to ensure high production
efficiency, which determines the wide use of pressure metal processing
(PMP) processes as procurement operations. A special place among them is
occupied by cold deformation processes, however, their implementation is
limited mainly by the danger of destruction of metals.

In the nomenclature of stamped workpieces, a significant amount
is occupied by details of complex types of profiles. In the production of
parts from ring workpieces, the rolling stamping method has recently
become widely used [1]. Its characteristic difference is that the deformation
zone has a local character, and the formation of the workpiece occurs
as a result of its repeated rolling with cylindrical or conical rolls. This
improves the flow conditions of the workpiece material in contact with
the tool and makes it possible to obtain developed thin-walled elements.
At the same time, the required profile of the products can be obtained by
applying justified technological schemes, as well as by purposeful mutual
arrangement of deformable rolls and the workpiece [2]. Rolling is used
as a preparatory operation before voluminous staming of long parts in
order to evenly redistribute the metal of the initial workpiece, eliminate
excessive unevenness of deformation, achieve high degrees of deformation,
manufacture high-quality products without defects with a high metal
utilization ratio. The rolling process is also characterized by local non-
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stationary deformation, which allows obtaining complex profile workpieces
with significant degrees of deformation. For a number of ductile metals, it
is advisable to carry out this process under conditions of cold deformation.

Assessment of the deformability of the workpiece material, i.e., the
ability to change shape by PMP methods without destruction, can be carried
out according to known criteria [3; 4], however, for this, it is necessary to
have reliable curves of boundary deformations of materials constructed for
various indicators of the stress state. Studies have shown that in most PMP
processes a stress state is realized, which is between linear compression and
tension, therefore this area is of the greatest interest from the point of view
of assessing the deformability of the material of the workpieces. In addition,
the region with a "softer" stress state compared to single axial compression
is characterized by favorable conditions of deformability with a significantly
lower risk of failure. And the areas with a more "stiff", compared to single
axial tension, stress state are characteristic mainly for sheet stamping and
need more attention precisely from the standpoint of preventing local
thinning (neck), rather than the classic formation of cracks. Thus, when
assessing the deformability of metals in most PMP processes, it is enough
to test them for compression, torsion, and tension in order to construct the
boundary deformation curves. However, a number of difficulties arise due
to the fact that the curves of boundary deformations must be constructed at
constant values of the stress state indicator. But, during the deposition of
cylindrical samples, the linear stress state is lost with the appearance of a
barrel due to friction at the ends, and during stretching — due to the loss of
resistance to deformation and the formation of a neck. The results obtained
in this way include the deformation history, and therefore are not entirely
suitable for constructing the boundary deformation curves.

Recently, a significant number of works have been devoted to the study
of the development of processes of cold ductile deformation of metals
based on the assessment of their deformability. In mechanical engineering,
a significant number of complex profile parts are produced by cold stamping
methods. At the same time, the wide application of these methods is limited
by the insufficient development of the calculation apparatus for assessing
the deformability of the material of the workpieces, the value of the
plasticity resource used to prevent their destruction. Therefore, determining
the boundary curves of metals and alloys is a current task.



Chapter «Engineering sciences»

2. Analysis of plasticity of metals, curve of boundary plasticity
and ways of their construction

In the processes of cold deformation, along with the strengthening
of the metal and the formation of a favorable microstructure, there is an
accumulation of damage in it, which leads to a decrease in the density of
the material and a decrease in residual plasticity indicators. Therefore,
when a certain level of deformation is exceeded, there is a deterioration
of the service characteristics of the products, up to the destruction of the
workpieces in the process of ductile processing or the products during
operation.

Therefore, it is impossible to ensure the necessary quality of products
when processed by PMP methods without assessing the deformability of
metals, that's why their ability to deform without breaking, with minimal
depletion of the plasticity resource.

Plasticity refers to the ability of metals to change shape irreversibly
without breaking. As a rule, this ability is limited, since the deformation
of metals is accompanied by an increase in the density of linear and point
defects, the appearance and increase of
micropores and microcracks, which leads to &
loosening of the metal, the formation of a §
main crack and destruction, Figure 1.

The accumulation of damage in the metal is
accompanied by a decrease in its density and a
change in a number of electrical characteristics
[5]. In Figure 2 shows the dependence of the
change in the density of alloys obtained by us
when they exhaust the plasticity resource in g
cold deformation processes.

As can be seen from Figure 2, at the %
initial stages of deformation of most metals,
a slight intensity of density reduction is S
observed. EI961 alloy during deposition to Figure 1. Appearance of
values y, <0,4 it even becomes somewhat damage on the surface of
denser, and only later does the density the plastic failure zone
decrease. Titanium alloys VI8 and VT9 are 1 - EI961 alloy; 2 — VT9
deformed at a relatively small intensity of  alloy; 3 — EP718 alloy
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2P, density reduction in the initial stages.

Po” In the EP718 alloy, the dependence of

0,8 the decrease in density on the value

2 of the used plasticity resource turned

0;6 < o out to be close to linear. The amount

0,4 ,/ of plastic loosening at 50% use of

b . j 1 the plasticity resource for different

0,2 AL materials and types of tests is within
5 o iz,.g" 0 _los |y, Ap/p(? —01—0,4%.. .

With the increase in the

-0,2 damageability of metals, the relative
value of their loosening is leveled off,
so that at the values of the vy, =0,8
decrease in density for the studied
used: y,:®, 0 — compression;  210YS  Wwas  Ap /p=0,6%. The
A — torsion; x — stretch conducted experiments showed that the
1 - EI961 alloy; 2 — VT9 alloy; subsequent .he.e?t treatrpent comple.zte.:ly
3 _ EP718 alloy restores the initial density and plasticity
of the material only to the values of the

used ductile resource v, =0,4.

A main crack, the appearance of which determines the exhaustion of the
plasticity of the metal, is understood as such a defect that leads to an irreparable
defect in products. In different technological processes, the dimensions of
the main crack can be different. The detection of main cracks in the case of
cold deformation processes is facilitated by the fact that in the absence of a
noticeable gradient of metal damage, the catastrophic development of a main
crack occurs without a significant increase in the degree of plasticity.

Ductile deformation is accompanied by an increase in residual
deformations. The deformed state at a point can be described by a
symmetric tensor of the second rank &, (i, j =1,2,3) — the strain-rate tensor.
The components of the strain rate tensor are related to the velocity field
U, (i =1,2,3) by the Cauchy relation:

- oU,
é’__zl %_F_f , (1)
o2\ ox, o

where x, (i =1,2,3) are the Euler coordinates.

Figure 2. Dependence of plastic
loosening of metals Ap/p, on the
value of the plasticity resource
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As a measure of the deformation rates at a point, one of the variants of
the strain rate tensor is accepted — the intensity of the deformation rates £,
which is a scalar positive value.

The measure of deformation at a material point is the accumulated
deformation or degree of deformation:

= [er. &
0

Where ¢, is the end time of the deformation process.
As a measure of plasticity, the plastic deformation accumulated until the
moment of failure is taken [5]:

g, = Iéud’t e*=0tpeudr, 3)
0

where 7, is the time of deformation to failure.

In the case of simple deformation, when the sign of the main deformations
and the constancy of the positions of the main axes relative to the material
fibers are preserved, the accumulated deformation (degree of deformation)
is equal to the intensity of the logarithmic deformations [3]:

NE)
6, ZTJ(SI —e,) +(e,—2,) +(e5-¢,)
eu=32¢l-e22+e2-32+€3-¢12 4)

where €,¢,,¢&; are the main logarithmic deformations.

The plasticity of the metal depends: on the brand and condition;
the type of load that determines the sign of the main deformations and
the constancy of the position of the main axes relative to the material
fibers; stress state indicator; state of the surface of the deforming
sample and scale factor; gradients of the deformed state and plastic
loosening of the metal; the intensity of the change in the directions of
the sliding planes, etc.

The main factor affecting the plasticity of metals under conditions of
cold deformation is the stress state scheme. The dependence of plasticity on
the parameters characterizing the stress state scheme is called the boundary
deformation curve.

The concept of the dependence of plasticity on the stress state indicator
has become the most widespread:
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1,(T,) 3o

N (D,) 3o, ©

where I, (T,) is the first invariant of the stress tensor;

I,(D,) — the second invariant of the stress deviator;

1 .
6 =-0,0, —average tension;
3

c, — stress intensity.

The indicator does # not take into account the influence of the third
invariant of the stress tensor, therefore, the boundary stress curve in
"e,-n" coordinates is not considered to be the only one for all possible types
of stress state.

For an objective assessment of the deformability of metals in various
technological processes, it is necessary to have a "single" curve of
boundary deformations that describes their plasticity under different stress
state schemes. Testing of metals for plasticity in a high-pressure chamber
using different methods showed different results corresponding to the
same value of the stress state indicator. In particular, V. L. Kolmogorov
established that plasticity is higher during stretching than during torsion.
A. A. Bogatov showed that the results of the tests are different, while
which of the characteristics is greater depends on the grade of metal.
V. A. Ogorodnikov established [3] that when twisting in a high-pressure
chamber, when conditions are created with equal values of the stress state
indicator, plasticity will still be lower than when compressed.

In order to exclude possible discrepancies when assessing the
deformability of metals, it is necessary that the conditions of identity of
the Nadai-Lode parameter, which characterizes the type of stress deviator,
are observed in the studied technological process and experiments on the
construction of the curve of limit deformations:
oy — Oy

1
o] — 03 o1 — 03

207 -0 -0
Uy =2 =27 3. (6)
The dependence of plasticity on the stress state scheme can be
described by constructing the complete surface of plasticity in "e, —m—p,"
coordinates. This dependence was proposed in the works of S. 1. Gubkin,
but its construction is associated with difficulties of an experimental nature.
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In the paper [3], V. A. Ogorodnikov proposed to construct a plasticity
surface in the coordinates "€, —p—7%", wherey, is an indicator that takes
into account the third invariant of the stress tensor:

_ 3[3(Tc) _1/0,0,0; 7
L) e "

The plasticity surface constructed in the "€, —p—7y", coordinates can be
defined as the surface of boundaries deformations. The intersection of the
surface with a plane perpendicular to the axis % =0, leads to obtaining a
curve of boundaries deformations in €, = ¢, (") coordinates. To construct
the boundary deformation curves according to this technique, it is necessary
to conduct time-consuming tests in a high-pressure chamber. This excludes
the possibility of compressive testing of ductile materials, and tensile tests
lead to distortion of results due to necking.

In work [6], a method of constructing surfaces €, (n,ug) by means of
simple tests for tension, compression, pure shear and tests for the deposition
of cylindrical samples in shells of different thicknesses was developed.

The lack of universality of the qualitative influence of the Nadaya-Lode
index on plasticity in the conditions n = const has led to the fact that many
researchers explain the noted differences in plasticity with the imperfection
of methods of testing samples for tension, torsion and compression.
However, these explanations do not have well-founded confirmations.

As for the surfaces of boudaries deformations, the same methods
of testing samples for tension, torsion and compression are used in their
construction, the imperfections of which explain the differences in plasticity
when using curves of boundaries deformations. In work [7] it was also
confirmed that the plasticity of metals at constant values of the indicator
1 really depends significantly on the value u,. However, the authors note
that it is possible to assert the existence of a plasticity surface only if there
are two different points on such a surface with the same value ¢, , but with
different combinations of indicators n and .. But, this position has not
been confirmed by experiments.

Possible inaccuracies in the description of the dependence of plasticity
on the stress state scheme, when using boundary deformation curves, are
characteristic only for areas of comprehensive compression, where the
danger of destruction of metals in technological processes ceases to be their
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main limiting factor. In addition, in most deformability criteria, the integral
function includes a model of the dependence of the boundary deformation
g, from the indicator n. Therefore, when describing the dependence of
plasticity on the scheme of the stress state, the curves of boundaries
deformations in coordinates €, =&, (n)were the most widespread. At the
same time, the contradictory values of plasticity obtained during different
types of tests remain problematic. And the main one of such contradictions
should be attributed to the "abnormal" increase in plasticity during the
formation of the neck in the case of stretching.

The analysis of the stress state of the materials of the workpieces during
processing by SR methods showed that the indicator of the stress state M in
the dangerous zone of the workpiece is within —2<n <1 and the Nadai-
Lode parameter 0<pu_ <1. The plasticity of materials can be determined
by the results of testing cylindrical samples for deposition, torsion, and
stretching, as well as by performing the specified types of tests in a high-
pressure chamber. However, during such tests, problems often arise, which
are related to the difficulty of maintaining a constant specified stress state
scheme, uniform across the entire cross-section of the sample, as well as
maintaining the conditions M = const throughout the sample’s test time.

Thus, in order to construct the curves of boundary deformations, need to
know the nature of the "abnormal" increase in plasticity during the formation
of the neck of the stretched sample, as well as ensure testing under the
conditions 1 = const . The development of test methods for determining the
plasticity of metals in case of complex deformation is also of considerable
interest.

Thus, determining the plasticity of metals during simple cold deformation
is associated with a number of difficulties. By simple or stationary, we
understand the deformation in which, B, (e,)=const, p, =const, where
B, is the guiding tensor of the increase in deformations [4]. This type of
deformation must, preferably, be ensured in the case of carrying out tests
when constructing boundary deformation curves.

V. A. Matviychuk in work [8] increased plasticity during stretching
in the case of neck formation, as shown in Figure 3, is explained by the
appearance of complex deformation. In the future, by complex deformation
we will understand the case in which the direction tensor of the deformation
rates B, (g, ) # const .



Chapter «Engineering sciences»

During stretching, the deformation process proceeds steadily, without
the formation of a neck, if the deformation force P = i S (S is the cross-
sectional area of the sample) increases with the increase in the intensity of

the deformations:

d(c.S )
dp _d(o,S) ):S—d0’+ci£>0, ®)
de. de, de. de

i i i i

do, as . .
where the terms §— and o; e reflect, respectively, the deformation
€ €

hardening of the material and the loss of strength of the sample, which is
associated with a decrease in the area S.

d)

Figure 3. Shape and parameters of the neck (a);
view of stretched cylindrical samples in the zone of their destruction
by separation (b); cut (¢); cut-away (d) and view of the neck
of the stretched tantalum sample (e)

At the moment of loss of deformation stability of the cylindrical rod during
stretching, when equality is reached, €, = €, the condition is fulfilled d—‘ =0.

i

In general, the deformation €, corresponding to the beginning of neck
formation is determined by the material hardening curve and the cross-
sectional shape of the sample. In some steels (P18, P6MS5), the ultimate
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strain before failure is less than the ultimate uniform strain (8* <g p) , that's
why their failure is not preceded by the appearance of a neck (Figure 3, b).
At the same time, the destruction both in the case of stretching and in the
case of torsion occurs by separation, so that the increase in plasticity during
stretching is not observed.

In some ductile, high-tensile metals that have a significant amount of
relative elongation, a neck of small curvature is formed, and the destruction
during stretching and twisting occurs by shearing. At the same time, in
the case of stretching, a fibrous fracture is formed (Figure 3, c¢) and an
"abnormal" increase in plasticity is not observed here either. For example,
in MOb copper, the ultimate deformation during stretching is 2.5 times less
than during torsion.

A developed neck is formed in a number of plastic high-strengthening
steels and alloys (EP718, EI961, 12X18H10T), which have a significant
amount of relative elongation. The magnitudes of the boundary deformations
during torsione, (n=0) and stretching &, (n=1) in these materials have
similar values.

In the case of stretching of most steels and alloys, a developed neck
with a small radius of curvature is formed, and the destruction occurs by
shearing. When cylindrical samples are stretched, a fracture with a conical
part of the "cone-cup" type is formed (Figure 3, d). Moreover, for such
metals, the value €, during stretching is much greater than during torsion,
and may be even greater than during deposition.

During stretching, in the case of neck formation, the stress state indicator
increases from the periphery to the axis of the sample, reaching on the axis
the value n = 3In(1+dw/R)+1 (according to P. Bridgman), where dh is the
diameter of the neck; R is the radius of curvature of the neck. Boundaries
deformations during stretchinge, (n>1)=2In(d,/d,), where d0 is the
diameter of the original sample.

Thus, with a decrease in the radius of curvature, and, accordingly, the
ratio R/d, , the "abnormal” increase in plasticity increases. Some alloys
(VT9, VT25, OT4) form a neck with an elliptical cross-section. At the same
time, the increase in the degree of plasticity Ae, for each of the axes of the
ellipse turned out to be different, but the general nature of its relationship
with the parameter R/d, remained unchanged.
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In the process of tensile tests, it was established that in a number of
steels and alloys (OT4, VT9, VT25, EP866, EP718), microcracks appear on
the surface of the neck long before failure, which stop growing as the neck
develops. At the same time, the appearance of similar small cracks during
torsion or uniaxial compression is accompanied by further destruction
without a noticeable increase in plasticity. The values ¢, (n=1) determined
at the place of appearance of cracks on the surface of the neck agree well
with the values obtained by calculation.

To clarify the effect of inhibiting the development of cracks in the growth
zone of the neck, experiments were also conducted on the distribution of
ring samples on a deformable cylindrical mandrel that deforms. The use
of rings with a two- or three-fold ratio of width to wall thickness made it
possible to increase the degree of deformatione€,, so that rings made of
low-plastic alloys OT4, VT9, VT25 were destroyed without significant
formation of a neck (Figure 4). At the same time, the experimental values of
the boundaries deformations corresponded to the calculated ones, without
an "abnormal" increase in plasticity.

As a result of the conducted research, it was established that the
appearance of the neck inhibits the development of cracks and increases the
plasticity of metals. The reason for this increase is probably related to the
change in the nature of the deformed state. The development of the "pore
layer", which leads to the spread of cracks, occurs in a narrow area along
the slip bands. During deformation, the slip lines are directed to the free
surface at an angle of /4.

With the appearance of the neck and
the curvature of the lateral surface, the
direction of the slip lines changes, and the
accumulation of plastic loosening occurs
in changing directions. Inside the neck, the
sliding strip is divided into short segments
and moves along a zigzag trajectory. The
change in metal particles undergoing the
most intensive plastic loosening at the Figure 4. Type of ring samples

moment leads to an increase in plasticity. brought to destruction
At the same time, the increase in by distribution on deformable
deformation Ae* established in [8] mandrels
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depends linearly on the ratio of the radius of curvature of the neck R to its
diameter dh, and when R/d, > 0,5 can be described by the equation:

Ae, =0,85-0,57R/d. .

)

In Figure 5 shows a graphical view of the dependence (9) of the increase
in the degree of plasticity Ae* on the ratio of the radius of curvature of the
neck R to its diameter dh for different materials: O — VT9, A — VT25, X —

OT4, 0 - EP517,V —EI1 961, © —

EP866, & — EP718.

It should be noted that the appearance of local thinning on workpieces
during pressure treatment processes is a sign of a defect, therefore the
boundary deformation is quite reasonably taken to be the valuee,. If
the workpieces in the technological processes are destroyed without the
formation of a neck, then the values of plasticity obtained from the results
of stretching can be used for an objective assessment of deformability.

At the same time, it is necessary to take into account the increase in
plasticity, which is due to the formation of a neck and is determined by

dependence (7).

Increasing the accuracy of determining the plasticity under stress,

A€,

05+ B

v

04

037 & x

N

ODB

0,5 1,0 R/dy
Figure 5. The dependence
of the increase in the degree
of plasticity Ag, on the ratio
of the radius of curvature
of the neck R to its diameter d,

for different materials
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which corresponds to uniaxial tension
e,(n=+1), by preventing the loss of
resistance to deformation of the sample
in the form of a neck and ensuring the
constancy of the values of the stress
state indicators during the entire test
process, can be ensured by rolling the
workpieces until failure [9].

According to the noted method, the
deformation of the free side surface of
the cylindrical sample under conditions
of single axial tension occurs when it is
rolled with rolls, and the increase in the
degree of deformation and bringing the
material to destruction is ensured due
to the increase in the radii of the rolls
during rolling and the deformation of
the sample into a wedge.
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In Figure 6 shows the rolling of the sample into a wedge with rolls,
the radii of which increase. According to the method, the test cylindrical
sample 1, with a dividing mesh applied to its side surface, is fixed in the
holder 3 and near the holder is pressed by rolls 2 at the smallest radii of their
cross-sections. The rotation of the rolls is turned on and the workpiece is
rolled into a wedge due to the increase in the radius of the rolls. Plasticity is
determined by the amount of deformation at the moment of the appearance
of cracks on the free surface of the sample.

If it is necessary to obtain in one test two values of plasticity of the
metal at different (but constant during the deformation) indicators of the
stress state #, rolling is carried out on a wedge of a curvilinear sample. For
this purpose, rolling is carried out with conical rolls, the radii of which
increase as the sample is rolled. At the same time, the less deformed inner
side surface of the sample will have a smaller value of the indicator #, and
the more deformed outer surface of the sample will have a larger value of
the indicator # (Figure 7) [9].

Thus, the described method provides the possibility of testing
cylindrical samples under a constant stress state during deformation and
obtaining two values of plasticity in one test at different constant values
of the stress state indicator.

The curves of the boundaries deformations of the materials of the workpieces,
which were processed by the stamping and rolling processes, were built based
on the results of the study of the samples for deposition and torsion.

Figure 6. Schematic representation of the wedge rolling process:
a) section of the deformed workpiece;
b) B is the surface of deformation and destruction control
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Figure 7. Trajectories of the deformation paths of the outer 1
and inner 2 points of the free side surfaces of the workpiece

When testing cylindrical samples for deposition, the main difficulty
is to eliminate friction on the ends of the samples to ensure single axial
compression (n =-lp, = 1). In Figure 8 shows the scheme of the deposition

Figure 8. Scheme of
deposition of a solid
cylindrical sample with
conditions of single axial
compression: 1 — sample,
2 —foil, 3 — tool

of'solid cylindrical samples with the provision
of conditions of linear compression.

It should be noted that even when using
effective lubricant and gaskets made of layers
of soft foil, linear compression is difficult to
implement.

The use of such methods as step-by-step
polishing of the edges of the hole at the ends
or pressing them in without foil, followed
by step-by-step deposition with foil, makes
it possible to withstand a stress state close
to linear compression (7 = —1) only up
to certain degrees of deformation. At the
same time, the intensity of deformation at
the time of failure can be determined from
the ratio:
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h
€. =lnh—°, (10)

where h, and A, is the height of the initial sample and at the time of
failure, respectively.

In Figure 9 shows the view of the original and cross-sections of
cylindrical samples deposited to various degrees according to the described
method, while maintaining the straightness of the side surfaces.

In the case of distortion of the cylindrical shape of the sample during
sedimentation (the appearance of a barrel), the stress state differs from
single axial compression. As a result, the condition of constancy of the
stress state indicator is violated, what is necessary when constructing the
boundary deformation curves.

Figure 9. Samples for deposition testing:
a) initial sample, b) cross-sections of cylindrical samples deposited
under conditions of single axial compression

In this case, the points of the limit deformation curves can be obtained
by the experimental-calculation method.

To construct the paths of deformation of the material particles, on
the lateral surface of the samples, near the average height of the section,
four impressions are made on the Vickers hardness tester with a diamond
pyramid in four symmetrically located points of the equator, Figure 10.

Deposition ofthe samples is carried out in stages until visible cracks appear
on the equator of the side surface. The diagonals of the square a,,b,,a;,b,
are measured in stages in the axial and circumferential directions before and
after deposition, respectively. According to the results of the measurements,
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.. . a,

the axis is determined ¢, = —In—
a.

. . . 1

and circumferential deformation

b,

g, =In— as well as the value of
0

the strain intensity and the stress

state indicator

2
&, = e g, +e, (11)

u \/5

€, +¢
a b n= NE) 22—92 . (12)
Figure 10. The shape of the samples Ve, TE.85 T8
and the coordinate grid: a) before Using the path of deformation
deposition; b) in the process of  of the material particles, obtained
deposition before the moment of destruction

of the sample, and subtracting
the deformation increment calculated using the deformability criterion [3],
determined by the deformation history, the point on the limit deformation
curve is determined. That is, they solve the problem that is the inverse of the
assessment of the deformability of the material.
In work [7], the relationship between the components of deformations
and their increments is presented in the form:

de
F ~,e.,¢, |=0 13
[ds ’ J (13)

®

Approximations in the form of a differential equation in the form:
d 1 3 :
L (14)
de, 2 2 g, +m
Approximations in the form of a solution of the corresponding differential
equation:

€
aZ:_%*gQ_%*m*arctg(Z‘”) (15)

The analytical representation of the trajectory of deformations in
coordinates €, — M has the form:

r 1
Su(t.m)ZM"([ 3+m'dx,t6|:0,g:| (16)
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for accumulated ducline deformation:
1-3cos® ()

=7 0,5} 17
) 1+3cos’ (1) te[ 2 17

For the stress state indicator:

S*L’(n):az*exp[_n*ln[(l_n)*al +(1—T])*az \JJ, T]G[—l,l] (18)

* *
2*a, 2*a,

The curve of boundary deformations during stationary deformation:

n= w(r* (m))

- ) 1
& (. (m),m)=m IO T o (1)
(19)
S5 w(r)*ln(a L1-0(1) 2 1+(D(‘t)]
ﬂ*r ‘s 2*a, 2*a, f 120
a, 1 7(2,7)*cos’ (1) -

The boundary state model has the form:
In Figure 11 shows the dependence of the boundary state of the material
on the intensity of barrel formation during deposition [5].

R 05 0 05 1

Figure 11. Dependence of the boundary state of the material on the
intensity of barrel formation during deposition: 3-8 deformation
trajectories, where 3 — m=30;4-2;5-0.5; 6 — 0.18; 7 - 0.09; 8 — 0.01
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a)
b)

Figure 12. Cylindrical samples for plasticity testing:
a — for tension, b — for torsion

In Figure 12 samples for tensile and torsional testing of metals are
presented.

The advantage of torsion, when testing metals for plasticity, is that in
the process of torsion of cylindrical stress samples, 6, =—0;, and ©, =0,
therefore, constant values of indicators =0 and p, =0. The intensity of
deformations on the surface is determined by the ratio:

6 =", 20)

where o is the shift angle measured between the initial and current

position of the profile risk on the surface of the twisted cylindrical sample.

When determining the boundary deformation at the moment of distruction

of the sample, the angle measurement o must be carried out directly near
the place of failure.

As a result of the research, it was established that the curves of limit
deformations, with sufficient accuracy for practice, can be built based on
the results of testing samples for torsion and deposition.

In the table 1 shows the boundary deformations of metals during
deposition &.(n=-1), twisting &.(n=0) and the coefficient of sensitivity
of plasticity to the stress state indicator A .

In this case, the value of the boundaries deformations during stretching
can be obtained using the approximate dependence of V. A. Ogorodnikov
[5], which has been tested for various metals:

e, (n= —1)}

6. (n=0) 21

g, =¢,(n=0)exp {—n In
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In Figure 13 shows the curves of boundaries deformations of a
number of metals using the results of the studies given in the Table 1 and
approximations (21).

It should be noted that the possible inaccuracies of the display of the
dependence of plasticity on the stress state scheme, when using flat plasticity
diagrams, are more typical for areas of comprehensive compression, where
the danger of metal destruction in technological processes is not the main
limiting factor. In addition, in most deformability criteria the integrand
function contains a model of the dependence of the boundary deformation
g, precisely on the indicatorn.

)
OXTTA
P ‘77
= 115 ”
75
3 o
9/\/;’1\ \‘\ 10

T NN

0%
\\\
&{% I ——
\ 4

—
\
025\ R
-\\\
15 125 o a7 05 92 0 a2 a5 ar 10 n

Figure 13. Curves of boundaries deformations
of a number of steels

That is why the curves of boundaries deformations in the coordinates
e, =¢,(n) received the greatest spread in the study of the dependence of
plasticity on the scheme of the stress state.

At the same time, the contradictions of plasticity values obtained during
different types of tests remain problematic. The definition of plasticity of
metal under conditions of single axial tension without loss of deformation
resistance is a certain solution to the noted contradictions.
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5. Conclusions

The analysis of existing methods of testing metals for plasticity and
construction of boundary deformation curves revealed their disadvantages
due to the instability of the stress state indicator. The problems of studying
the plasticity of metals are related to the lack of ways to construct a "single"
curve of boundary deformations due to the formation of a neck during
the stretching of cylindrical samples and the formation of a barrel during
their deposition and the increase in plasticity due to the implementation of
complex deformation.

According to the results of the research, an equation was obtained for
determining the increase in plasticity depending on the ratio of the radius of
curvature of the neck to its diameter, which allows taking into account the
effect of an "abnormal” increase in plasticity in the case of neck formation
during stretching. An experimental-calculation method is considered,
which involves the construction of deformation paths during the deposition
of cylindrical samples and the correction of the boundary deformation using
the deformability criterion. A method of rolling a cylindrical sample into a
wedge with rolls, the radii of which increase during the rolling process, has
been developed.

The method provides the possibility of testing cylindrical samples under
constant stress and allows obtaining values of plasticity under conditions of
single axial tension. Curves of boundary deformations, with the precision
necessary for practice, are proposed to be built based on the results of testing
samples for torsion and deposotion using an approximate dependence.
Curves of boundaries deformations of a number of steels were constructed
according to the given method.

The proposed test methods make it possible to determine the plasticity of
metals under various constant stress states, which contributes to increasing
the reliability of assessing their deformability in PMP processes. This, in
turn, makes it possible to develop resource-saving stamping and rolling
processes by: reducing the number of transitions and preventing defects
from destruction; improvement of the quality of products as a result of the
formation of a favorable microstructure of the material and limited use of
the resource of plasticity.
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