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ABSTRACT. The work is devoted to the experimental study of mechanical
behavior regularities of the structural steel 40Cr under postcritical
deformation of specimens in conditions of strain localization formation in the
form of neck during extension. The results of testing specimens cut from the
initial samples with a neck are given. Various levels of preliminary postcritical
deformation of initial samples are implemented. Using a noncontact 3D video
system for recording displacement and strain fields of Vic 3D Correlated
Solutions, based on the digital images correlation technique, the displacement
and strain fields in the gauge length of both the original specimens with the
neck and after the groove were recorded in two different schemes to eliminate
geometrical heterogeneity. On the base of obtained results, the stiffness and
strength of 40Cr steel were evaluated in a necked specimen at various stages
of postcritical deformation. It is shown that the material in the peripheral areas
of the gauge length of the sample is in a strengthened state, which does not
depend on the degree of previously achieved postcritical deformation, and the
strength of the material in the neck-forming zone on the initial specimens is
thereby increased.
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INTRODUCTION

processes, accumulation of damages and destruction of structural materials. This is due to the ever-increasing

( : urrently, the attention of a large number of researchers is aimed at studying various aspects of deformation
demands on load-bearing capacity, reliability and safety of critical structural elements with simultaneous tightening
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of requirements for their material consumption. In the context of approach development devoted to the forecasting the
construction element destruction, which requires solving such problems like structural integrity on the base of deformation
process and material destruction modeling processes. One should take into account the mechanical behavior of materials at
the postcritical stage, characterized in the experiment by a load decrease with increasing elongation and immediately precedes
the moment of sample failure. The necessity and relevance of the fundamental study of various aspects of material behavior
at the postcritical stage of deformation is mentioned in papers [1-6].

The material deformation at the postcritical stage of deformation is accompanied by actively proceeding plasticity processes
and in most cases leads to the localization of strain as a necking effect in the gauge length of the specimen. This effect in
the test significantly complicates the registration, processing and interpretation of the experimental data [7-10]. However,
obtaining experimental data in the localization conditions in the form of a neck is of scientific and practical interest in order
to understand the processes characterizing the plastic and postcritical deformation and destruction of structural materials,
the theoretical description and modeling of the material behavior in structutes, and process simulation [11-15].

In the following sources [2, 4, 15] the basis of mathematical theory of stable postcritical deformation processes of softening
media is developed. In [16-19], methodological issues of testing were considered and experimental data of postcritical
behavior of structural steels and alloys under vatious types of stress-strain state and temperatures were obtained. A
comparison of the criteria for the proceeding of the deformation process to the postcritical stage under various types of
stress-strain state was made [20]. Analytical and numerical solutions of boundary value problems, performing carrying
capacity reserves and the increase of the survivability of structures and bodies with cracks considering the posteritical
deformation of materials are obtained [21-23].

For the further development of theoretical approaches of the regularities of plastic and postcritical deformation of
fabrication materials and disruptive conditions, the critical task is to obtaining experimental data on the deformation
regularity of materials under vatious types of stress-strain state under the conditions of strain localization in the neck form.
To register inhomogeneous fields of displacements and strains in such tests, it seems appropriate to use optical methods of
experimental mechanics, in particular, the modern perspective method of digital images correlation (DIC) [24].

The aim of the presented work is an experimental study of the mechanical behavior regularities of structural steels during
postcritical deformation of specimens under the conditions of the strain localization formation in the neck form at tension.

MATERIALS AND EQUIPMENT

he specimens of structural steel 40Cr, the chemical composition of which is shown in Tab. 1, were used in the tests.
The content of other elements, not listed in Tab. 1, is less than 0.025 % of each. Specimens for tests were made of
a rod with a diameter of 16 mm, as-received state, without additional heat treatment.

Fe C Cr Mn Si Cu Ni A\
97.3 % 0.362 % 0.996 % 0.619 % 0.240 % 0.204 % 0.166 % 0.030 %

Table 1: Chemical composition of steel 40Cr.

Tensile tests at room temperature were carried out using the universal servohydraulic biaxial test system Instron 8850 (100
kN, 1000 N-m, 30 Hz) with the joint using of the noncontact 3D optical system for analyzing displacement and strain fields
of Vic-3D Correlated Solutions based on the digital images correlation technique. Installation of the test equipment is shown
in Fig. 1.

The samples were set in the V-shaped jaws of the hydraulic grips. The load in the tests was recorded by the Instron Dynacell
load cell with an accuracy of no more than 0.4 % of the measured value. Extension of the specimens was recorded by the
built-in displacement sensor of the test system. The stretching, deformation and diameter changing of the specimens in the
test part were measured due to the video system data. The estimation of the accuracy of data recording by the video system
was considered ecarlier in [24]. Data synchronization with the use of analog controller machine channels and video system
were used during the testing. The registration of the displacement and strain fields was done with the high-resolution
cameras Prosilica, with recorded frequency of 2 Hz, with set resolution of 16.0 MP with using of specialized illumination
system. The relatively low frame rate is chosen, because of the monotony study process. Features description of the
mathematical aspects of the video system, based on digital image correlation technique, as well as methodological aspects
of the system application for solving problems related to solid mechanics is given in the following works [25, 26].
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Figure 1: Installation of equipment for catrying out tension tests under combined using of biaxial test system Instron 8850 and 3D digital
video system for analyzing of displacement and strain fields Vic-3D Correlated Solutions

TEST RESULTS

he approach used in the work is called "specimen from specimen", desctibed eatlier in [1, 7, 27]. For tensile tests,
standard solid cylindrical specimens with a nominal diameter of the test part of 8§ mm and with a length of 40 mm

(/g / dy =5) were made. The specimens were stretched to achieve different strain levels at the postcritical

deformation stage, which was followed by necking effect. After achieving necessary levels of deformation, the samples were
unloaded. There were done three different levels of deformation, achieved to the beginning of unloading, which parameters
are presented in the Tab. 2, which contains the strain values ¢, stresses ¢ and corresponding values of the coefficient of
realization of the postcritical deformation stage £p =1-Pp /P3=1-0p /0p, possessing the following values of

0<Ap <1.

Level 1
o, MPa
800 - Level 1
Level 2
Level 2
600 - Level 3
Failure
400 1 Level 3
200 -
Failure
O T T T 2 T 1
0 0.05 0.1 0.15 02 €

Figure 2: Strain curves (@) of steel 40Cr under tension up to failure (solid line) and tension curves up to various levels of postcritical
deformation and unloadings (dashed lines); pictures of the test part of specimens with neck at different levels (4).
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The value £&p =01is characterized by the absence of a postcritical deformation stage of material and corresponds to the

failure when the tensile strength o5 is achieved. And £p =1 is reached, that corresponds to the full implementation of the

postcritical stage of deformation and is amounted to decreasing stresses (load) up to zero value by the moment of failure.
Diagrams of stretching and unloading of the initial specimens of steel 40Cr in the coordinates "engineering stress -
engineering strain" are given in Fig. 2 (). Fig. 2 (b)) shows pictures of the configuration of the gauge length of the specimens
corresponding to the different levels of postcritical deformation and after failure, the red dots correspond to the marks
between which the longitudinal displacements and deformations were recorded during the construction of the strain curves.

&, mm/mm op, MPa kp
Level 1 0.136 730 0.04
Level 2 0.171 650 0.15
Level 3 0.194 580 0.24

Table 2: Characteristic of levels of postcritical deformation achieved at the beginning of unloading.

According to the test procedure, the samples with the neck were turned in the test part to a diameter of 5.5 mm, which
corresponded to the minimum diameter in the neck of specimen after unloading. The groove of specimens allows us to
escape from the geometric nonlinearity of the test part, caused by the strain localization in the neck form. The turning of
the specimens was carried out according to the two schemes, the sketches of the samples for which are shown in Fig. 3.

P14 R3X 35,5-00s 214 85,5-00 70,1
__________ 4o _J/ N —
__________ -d--- _3\ /_— - - -
32 2,56 32 R3%
110%x 110%x
a b

Figure 3: Turning schemes of test parts of specimens with neck (dashed lines corresponding to the geometry of initial specimen): @ —
scheme 1, / — scheme 2

The specimens made according to scheme 1 were used for estimate the evolution of the material mechanical properties in
the gauge length of the specimen after necking, and the specimens, prepared according to scheme 2 were used for estimate
the mechanical properties of steel directly in the neck zone. Fig. 4 shows the order of specimens processing and testing
according to scheme 1 (a-d) and 2 (e-).

In Fig. 4 (4, ¢) show the initial specimens before testing, after painting for recording by video system the frames for
calculating the displacement fields. The pictures 4 and fin Fig. 4 are correspond to the specimens with strain localization in
a neck-form after unloading at the postcritical deformation stage. The picture ¢in Fig. 4 shows the specimen which is after
turning along the entire length of test part according to the sketch « in the Fig. 3, for further testing according to the scheme
1. Picture g in Fig. 4 presents a sample after turning in the area of the initial neck according to the sketch 4 in Fig. 3, for
further testing according to scheme 2. Pictures 4 and 4 in Fig. 4 show the configurations of the destroyed specimens with
newly formed strain localization in the neck-form after the tests according to the schemes 1 and 2, respectively.
Destruction of all samples made according to scheme 1 occurred in the peripheral part with respect to the necking zone at
the initial specimens, as seen in Fig. 4 (b and d). Strain curves obtained for specimens, which made according to scheme 1
and scheme 2, constructed by video system data, are shown in Fig. 5 () and (), respectively: after unloading from the level
1 (solid line), after unloading from level 2 (dotted line) and after unloading from level 3 (dashed line).
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G, MPa o, MPa
900 900
600 600
300 300
0 0.0015 €
0 0
0 0.02 0.04 0.06 0.08 ¢ 0 0.1 0.2 0.3 €
a b

Figure 5: Strain curves obtained in the tests of specimens turned by scheme 1 (2) and scheme 2 () after tension of initial specimens at
level a (solid lines), at level 2 (dotted lines) and level 3 (dashed lines), and initial stages of strain curves in the range of zero to 400 MPa.

Based on the obtained data, the values of the elasticity modulus at the initial linear sections of the strain curves were
calculated in the stress range up to 400 MPa, which are shown on an enlarged scale in Fig. 5. The dependence of the values
of the elastic modules of the tentative reached level of postcritical deformation and the scheme of specimens turning to the
results of the tests was not revealed, which can be associated with a relatively small range of previously achieved
deformations. The average value of the Young's modulus determined on the initial specimens was 204 GPa, and the average
value after turning was 174 GPa. The deviation of experimental data obtained on the initial specimens by did not more than
5 %, and for all the turned specimens did not exceed 8 %. According to the test results, the maximum achieved stresses
were calculated by the ratio of the maximum load to the initial cross-sectional area of the grooved specimens. The results
reflecting the dependence of the ultimate stress upon stretching of samples turned along the entire gauge length (2) and
turned in the necking zone (4) versus the degree of postcritical deformation reached at the moment of unloading, are shown
in Fig. 6.

The obtained results may indicate that, at the time of unloading, the material in the peripheral zones of the initial specimens
was in a hardened state, since the maximum stresses averaged by 10 % higher than the tensile strength of the initial
specimens. In this case, the maximum stresses obtained by stretching the specimens prepatred according to scheme 2 rise
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with the increase in the previously achieved degree of postcritical deformation, which can be considered as an increase of

the strength of steel in the necking zone with an increase by the previous deformation.

o, MPa

o, MPa
//’§€
7~
87
900 - -
~
~
//
X X 900 - _
X ——— 7
X X - X
800 -
700 T 1 800 T )
0.12 0.16 € 0.12 0.16 €
b

a
Figure 6: The ultimate stress obtained in tension tests of specimens turned along the entire length of test part (2) and specimens turned

in the necking area (b) depending to level of the postcritical deformation achieved at beginning of unloading

In the Fig. 7 the extension curves of the initial specimens up to failure (solid line) and unloaded after reaching various levels
of postcritical deformation (dotted lines) are shown. Strain curve of steel reflecting the change in the true stresses versus
engineering strain (dashed line) obtained by the ratio of the load on the specimen to the current cross-sectional area of the
specimen (by the minimum diameter), also is presented in the Fig. 7. The changing diameter of the test part Ad of the
sample during the stretching was carried out using a three-dimension video system, by measurement of displacements along
coordinate g, which coincide with radial direction of specimen. From the given data, it can be seen that the strain curve of
true stresses has an increasing type at the postcritical deformation stage, which correlates with the calculated values of the
critical stresses obtained by stretching the specimens done according to the scheme 2.

Fig. 8 shows the experimental data reflecting the distribution of longitudinal strains eyy, constructed at regular time intervals,
along the length both initial samples (¢ and 4), and for cases of specimens grooving along the entire length (¢) and in the

necking area (d).
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Figure 7: Strain curves of initial specimens at failure (solid line), after unloading at different levels of the postcritical deformation (dotted
lines), strain curve obtained with account of the current cross-section area (dashed line); changing of ultimate stress obtained in tests by

scheme 1 and 2 and correspondence trend lines (dash-dotted lines).
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Figure 8: Distribution of longitudinal strain ey, along the length of test part of specimens at regular time intervals: initial specimens
deformed to level 3 (z and 4), specimen turned along entire length (¢), specimen turned in necking area (d).

As you can see in the Fig. 8 (2 and 0), during tension of the initial specimens the longitudinal strain distribution is
homogeneous along the length up to the 4-th profile, starting from the 5-th profile, strain localization and further neck
formation are observed. Because of the analysis of the strain distribution in the tensile tests of specimens prepared according
to the scheme 1 (Fig. 8, ¢), it was noted that the inhomogeneity of the longitudinal strain distribution is already observed
from the 2-nd profile. The minimal longitudinal strain registered in the test part is corresponded to the necking zone on the
initial specimen. Thus, in the case of tension the specimens turned along the entire length of test part, already at the initial
stage of the test, strain is localized in the peripheral area of the test patt of the initial specimen. The maximum longitudinal
strain in the neck ate comparable with the values of the maximum strain registered during the tension of the initial
specimens, which indicates the presence of deformation reserves of the material in the peripheral area. At the same time, a
lower level of maximum longitudinal strain in the neck of the specimens prepared according to scheme 2 (Fig. 8, d)
demonstrates a decrease in the deformation reserves of the material in the neck zone of the initial specimen.

CONCLUSION

uring the research work, an experimental study of the regularities of mechanical behavior of structural steel 40Cr
under postcritical deformation of solid cylindrical specimens at tension was conducted. Particular attention is paid
to the registration and interpretation of experimental data in the context of the formation of the strain localization
as a necking effect. The results of the "specimen from specimen" test scheme are given. With preliminary stretching of the
initial specimens, different levels of postcritical deformation are implemented. From the obtained specimens, the specimens
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by two schemes were made to evaluate the material behavior in the absence of geometrical nonlinearity determined by the
presence of a neck (a turning along the entire length) and to evaluate the state of the material directly in the necking zone.
By using the noncontact 3D video system for recording the displacement and strain fields of Vic 3D Correlated Solutions
based on the digital images correlation technique, registration of the displacement and strain fields in the gauge length of
both the original specimens with the neck and after the groove ones according to the two different schemes was performed.
According to the experimental results, the stiffness and strength of structural steel 40Cr were evaluated in a necked specimen
at various stages of postcritical deformation. It is noted that the value of the modulus of elasticity does not depend
significantly on the level of the previously achieved postcritical deformation and the way in which specimens are grooved.
It is also shown that the material in the peripheral areas of the test part of the specimen can be in a strengthened state, which
does not change at different degrees of previously achieved postcritical deformation. The strength of the steel 40Cr in the
neck formation area is thereby increased and reaches values that can be 30 % higher the strength limit obtained during the
stretching the initial specimens.
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NOMENCLATURE

b initial length of specimen test part

dp initial diameter of specimen test part

Ad changing of diameter of specimen test part at tension

o engineering stress

OB ultimate stress

op the stress corresponding to the failure (or beginning of the unloading) at the postcritical deformation stage
Py the load corresponding to the ultimate stress (or maximum load)

Pp the load corresponding to the failure (or beginning of the unloading) at the postcritical deformation stage
& longitudinal strain by DIC system

&y strain along the coordinate y by DIC system

y coordinate corresponding to the longitudinal axis of specimen

z coordinate corresponding to the radial axis of specimen

kp coefficient of the postcritical deformation stage realization
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