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1. Introduction

Earlier it was shown by the authors [1,2], that due
to dynamic redistribution of loading in statically indefin-
able systems in a plastic material such deformation proc-
esses could proceed which could be referred as not enough
investigated. The obtained data about decreasing of mate-
rials resistance to plastic deformation as a result of the in-
fluence of dynamic overloading contradict the well-known
data about increasing the resistance of metals to the defor-
mation with deformation speed increasing at tensile - com-
pression tests [3,4].

It should be noted, that in some cases of the dy-
namic loading, for example, in the dynamic hardness test-
ing and in the experiments on the distribution of additional
loading in the material loaded by a shock wave, the de-
crease of the material resistance to plastic deformation
with increasing of deformation speed [5,6] also is de-
served. All this testifies that the known phenomenological
equations take into account not all the processes which
arise in a metal at high speeds of deformations and, what is
especially important, they do not take into account the in-
fluence of the history of preliminary loading.

In the known models describing high-speed de-
formation of a material, the stresses are schematically ex-
pressed as o = f(£,£,T), kinetic processes of damages

accumulation, as a rule, being neglected. However, the
performed experiments have shown, that under the influ-
ence of dynamic overloading the materials damage essen-
tially changes that can lead to the change of deformation
behavior.

In this paper an attempt is made to compare the
levels of deformations jumps and the load under the influ-
ence of powerful dynamic pulses of different intensity at
various stages of deformation of plastic steel, with the lev-

els of damage jumps of the material.
2. Test technique and researched material

As an object of researches St20 low-carbon steel
was chosen. All experiments were carried out at the De-
partment of Strength of Materials of National Agrarian
University of Ukraine on the installation for materials test-
ing with complete stress-strain softening diagrams plotting
[1]. The installation contains variable rigidity loading sys-
tem, which is adapted for different loading modes (static
tension - dynamic overloading - static tension) and com-
puter-aided measuring system for data processing.

Smooth cylindrical specimens of 8 mm diameter
and working part length of 25 mm were used. The tests
were carried out at two stages. At the first stage a number
of specimens were tested under conditions "static tension -

dynamic overloading" with dynamic overloading on the
sites of elasticity, hardening and softening. Fracture forces
of fragile tests which provided dynamic overloading in the
system were accordingly, 19.1 kN, 32.1 kN. The obtained
results are shown in Fig. 1.

For micro structure condition analysis of the steel
during dynamic overloading a phenomenological model of
damage accumulation in metal is used [7]. As a parameter
describing the speed of process at the set stage of deforma-
tion, the factor of cross-section deformation was accepted.
The obtained data in Fig. 1 are grouped so that kinetics of
changes of conditional and true stresses, and loosening
deformations under the influence of dynamic overloads are
evident.

The analysis of the data given in Fig. 1, a shows,
that dynamic overloading changes the deformation proc-
esses of the steel greatly. And, under the influence of dy-
namic overloading an essential jump of loosening deforma-
tion is fixed. Thus the module of elasticity of a material
can be decreased in hundreds times. For example, for the
tested specimen Nol3 (Fig. 1) the module of elasticity un-
der dynamic overloading was decreased approximately in
140 times. Dangerous jumps of deformations up to several
percent are observed. Dynamic pulse intensity is influ-
enced by occuring processes.

Similar effects are also revealed on the site hard-
ening of material, and practically at all dynamic overload-
ing the strength decrease of the material (Fig. 1, b) is ob-
served. The increase of dynamic pulse intensity results in
an intensification of softening process in the material, the
depth of stress jump and the width of deformations jump
increased.

The feature of a material behaviour under the in-
fluence of dynamic overloading on the falling stress-strain
diagram line is that it is possible to choose such a value of
dynamic pulse, under the influence of which the specimen
can practically be divided into two parts. The technique of
tests provides continuous fixing of loading not only in a
tested specimen, but also in all parallel elements and in the
system as a whole, therefore it is easy to calculate the re-
distribution of dynamic pulse between the specimen and
parallel elements and, the limiting value of dynamic pulse
for the tested specimen.

Similar effects were observed earlier at testing re-
actor steel [2].

For the estimation of the influence of damage
jump the materials resistance to deformation, special ex-
periences have been carried out to influence a specimen by
a powerful dynamic pulse of the intensity (Fig. 2)
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Fig. 1 Fragments of stress-strain diagrams of steel St20 with a dynamic overloading: a - on the site of elasticity; b - on the
site of hardening; c - on the site of softening (3, 4, 7, 9, 13,16 - numbers of the tested specimens)

The data given in Fig. 2, convincingly testifies
that for all tested specimens the influence of metal warm-
ing up in adiabatic process of its plastic deformation low-
ering strength, prevails over the influence of hardening due
to the increase of viscosity. For the further analysis of ex-

perimental results the following working hypothesis has
been accepted. If during a dynamic overloading process the
essential jump of loosening deformation is in addition
fixed the material softening will be intensified due to mu-
tual influence of thermal warming up and loosening the



material. In fact the laws of change of true stress during
dynamic overloading will considerably differ for the cases
of insignificant and essential jump of loosening deforma-
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tion. The comparison of curves 17 and 16, 18 in Fig. 2 con-
firms the proposed working hypothesis.
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Fig. 2 Fragments of stress-strain diagrams of steel 20 with dynamic overloading at a stage of hardening (16, 17, 18 - num-

bers of the tested specimens)

After the first stage of tests the specimens were
maintained for some hours, and then they were repeatedly
statically loaded up to their partial or full division into
parts with plotting the complete stress-strain softening dia-
grams. Thus, the increase of strength of metal to the de-
formation for all tested specimens was observed at a sec-
ond tension in comparison with "merely" static tension
(Fig. 3). Thus, Cottrell’s theory proves that for endurance
of specimen there is an opportunity again to be condensed
by impurity dislocation atmospheres and the most part of
dislocations which under the influence of dynamic over-
loading take off the dislocation and began to move, is re-
peatedly blocked by dislocation.
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Fig. 3 Complete stress-strain softening diagrams of steel
St20 (7, 9, 10 - numbers of tested specimens); 7, 9 -
under dynamic overloading; 10 - static tension

Like in papers [2,7] in the present research the
specific work of fracture A; as the parameter estimating

limiting damages of steel was accepted.

The comparison of specific work of fracture A,

of the investigated steel at static tension and the influence
of dynamic overloading of one intensity taken in to ac-
count at different stages of deformation, has allowed to
establish the most dangerous rates of deformations under
the influence of dynamic overloading (Fig. 4). It turned
out, that the minimal values of specific work of fracture
A; are observed under the influence of dynamic overload-

ing on yield drop and ultimate strength limit of the steel. It
is interesting to note, that dynamic overloading on initial
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Fig. 4 Rates of deformation of steel St20 at dynamic over-
loading and corresponding to it values of specific
work of fracture Ap 1,2,3,4,5/6,7,8,9, 10 -

numbers of the tested specimens)

zones of stress-strain diagrams can even increase specific
work of fracture of the steel. However, the dynamic over-
loading carried out at advanced "gudgeon" of specimens
resulted in essential reduction of parameter A, and in the

present research these data are not given. In the view of the



influence of dynamic overloading one can try to explain
the revealed features of the deformation process from the
point of view of an estimation of current damages of a ma-
terial. Taking into account, that characteristic points on the
stress-strain diagram (on the yield drop and ultimate
strength of a material) characterize transitive sites of S-
shaped curve of the accumulation of damages in the mate-
rial at static tension (the beginning of voids growth and
their merge) [7], therefore just in these points it should be
expected the greatest effects under the influence of dy-
namic overloading.

3. Modelling of processes of deformation and fracture

On the basis of the obtained experimental data file
at modelling processes of deformation and fracture of plas-
tic steel taking in to account the influence of dynamic
overloading two approaches are offered and approved.

The first approach is based on known Johnson-
Cook's [8] equation which assumes the independence of
the influence of deformation hardening, speeds of plastic
deformation and the rise of temperature at the change of
loading speed. Taking into account the essential growth of
damages under the influence of dynamic overloading, in
Johnson-Cook's equation the fourth independent function
is used. Hence, the resistance of a material to deformation
under the influence of dynamic overloading can be de-
scribed by the expression as products of four functions

o= fl(g)fz(é)fs(T)f4(gp)

In overwhelming majority of cases the influence
of deformation hardening and thermal softening of materi-
als is described by power dependences, and the influence
of the speed of deformation can be taken into account as
logarithmic dependence. In the present research the influ-
ence of damages growth of the decrease of material resis-
tance to deformation also is described by power depend-
ence. Thus, the constitutive equation can be written as fol-
lows

(1

1

; o+l [py
o= 00.2(1+Ag”{1+8 |ni}(1_c1;m 1-(@} @)

& &

where o, is yielding strength of the material; A, B, C are
constants of the material;n is a factor of deformation

(V)

where &, is elastic deformation; ¢ is plastic deforma-
tion; ¢,, is the deformation which corresponds to yielding
strength of the material; &, is limiting deformation for
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hardening; &,= I-sec’; T. =—

melt

ture of material melting; m is the factor which is taking
into account the influence of temperature; &, is loosening

; Trer 1S the tempera-

deformation; «, r are the factors which are taking into
account the influence of temperature and speed of defor-
mation. In the first approximation it is possible to accept
a, r=0.

Using the equation (2) it is possible to show, that
under the influence of dynamic overloading on decreasing
of resistance of the metal both thermal softening and dam-
age growth of the material influence to the same extent.

In the other approach for the description of the
process of deformation and fracture of plastic materials
taking in to account the dynamic overloading the intercon-
nected multiparameter nonlinear function is accepted.

In the paper [9] the model which qualitatively
predicts transformation of the complete stress-strain sof-
tening diagram at a crack-tip taking in to account the real
properties of a material and a kind of an intense state is
offered. In the given model for the description of stress
distribution in the zone of pre-fracture the two-
parametrical nonlinear function which consists of two parts
is accepted: power dependence, that describes hardening of
the material matrix and exponential, that describes the fea-
tures of damage accumulation in the material in the view
of a kind of an intense state and an operating time

0 =0, (yRT %}SKJ_I)(I_VR)

where o, is yielding strength of the material; X is the

3)

current distance from a crack-tip; R is the extent of plastic
zone; N is a factor of deformation hardening; B is the
characteristic of sensitivity of the material to a kind of an
intense state concerning accumulation of damages; K_ is

Bridgman’s parameter.

For the description of the process of deformation
and fracture of plastic materials at all stages we shall ac-
cept opposite to the formula (3) the function to increase the
sensitivity of the function to real processes of deformation
and fracture in exponential parts of the function we shall

enter additional factor o = % . Then physical correlation

can be written as

0<g, <é&,;

“4)

completely equilibrium state. The results of the carried out
experiments have shown, that the equations (4) well de-
scribe the complete stress-strain softening diagrams of a
wide class of plastic materials due to the change of two



factors n and B. And as it was noted above [9],
0<n,B<I1.

It proved, that due to the introduction in the equa-
tions (4) of additional functions F(Pdt), which take into

account the influence of dynamic overloading, it is possi-

ble to describe such complex modes of deformation as

“static tension - dynamic overloading - static tension”.
Function F(P-dt) looks like

F(Pdt)=d|(z-&')-1| expslle-elale-) 5)

where d, s and a are the interconnected parameters which
determine the stress jump depth and deformations jump
width at the dynamic overloading, &' is the deformation at
which the dynamic overloading is carried out.
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Fig. 5 Complete stress-strain softening diagrams of steel
St20: 1, 3 - experimental data; 2, 4 - results of ma-
chine experiment

Thus it is should be taken into account, that dur-
ing the dynamic overloading the deformation hardening
(softening) and damage of the material, that is new values
of parameters n and B in the equations (4) and at the
subsequent static tension in the equations (4) are substi-
tuted.

It is noted, that as the equations (4) are giving the
relative value, the limiting deformation for completely
equilibrium state is accepted at modelling as known.

The complete characteristic stress-strain softening
diagrams of the investigated steel given at static tension
and in the view of dynamic overloading and the results of
experiment with the use of equations (4), (5) are shown in
Fig. 5.

From Fig. 5 it is seen, that the results of the car-
ried out experiment are well coordinated with experimental
data that proves the theoretical preconditions made in
equations (4, 5).

3. Conclusions

1. It is established, that dynamic overloading car-
ried out on any section of deformations, starting with elas-
tic, greatly change the processes of steel deformation. An
essential part in decreasing the strength of plastic deforma-

tion influence the damage growth in material during a dy-
namic overloading.

2.1t is shown, that for the tested steel the most
dangerous is the dynamic overloading carried out on yield
drop and ultimate strength. The range of disorder of spe-
cific work of steel fracture, in the view of the influence of
dynamic overloading of one intensity at different stages of
deformation, achieves 30 %.

3. On the basis of new experimental data two ap-
proaches for modeling of the processes of deformation and
fracture of plastic steel in the view of the influence of dy-
namic overloading are offered and approved.
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PLASTISKOJO PLIENO DEFORMAVIMO IR
SUIRIMO PROCESU DESNINGUMUI [VERTINUS
DINAMINIU PERKROVU ITAKA

Reziumé

Darbe bandyta atitinkamo intensyvumo dinaminiy
jégos impulsy paveikto mazaanglio plieno deformacijy ir



apkrovy Suoliy lygius palyginti su medziagos pazeidzia-
mumo lygiais.

Detaliai i$analizuota dinaminiy perkrovy, pasi-
reiSkianciy {vairiose deformavimo stadijose itaka plieno
suirimo kinetikai. Nustatyta, kad bandytam plienui pavo-
jingiausios dinaminés perkrovos pasireiskia auksciausiame
takumo taske ir stiprumo riboje.

Remiantis naujais eksperimenty duomenimis pa-
sitilyti ir aprobuoti du nauji biidai plastiSkyjy plieny de-
formavimui ir suirimui modeliuoti atsizvelgiant i dinami-
niy perkrovy poveiki.

M.G. Chausov, A.P. Pylypenko

LAWS OF DEFORMATION PROCESSES AND
FRACTURE OF PLASTIC STEEL FROM THE POINT
OF VIEW OF DYNAMIC OVERLOADING

Summary

In this paper an attempt to compare the levels of
the jumps of deformations and loadings is undertaken un-
der the influence of a powerful dynamic pulse of the set
intensity in testing low-carbon steel, with a level of current
damages of the material.

The influence of the dynamic overloading which
are carried out at different stages of deformations, on ki-
netics of steel fracture is analysed in details.

It is shown, that for the tested steel the most dan-
gerous is the dynamic overloading which is carried out on
yield drop and ultimate strength.

On the basis of new experimental data two ap-
proaches for modelling of the processes of deformation
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and fracture of plastic steel are offered and approved in the
view of the influence of dynamic overloading.

H.I'. Yaycos, A.Il. ITununexko

3AKOHOMEPHOCTHU ITPOITECCOB
JEO®OPMIPOBAHNA U PABPYIHIEHUA
TUIACTUYHOM CTAJIM C YYETOM BJIMSTHUA
JUHAMMNYECKUX ITEPEI'PY30K

Pes3omMme

B nmanHO# paboTe mpennpuHATa TMOMBITKA COMOC-
TaBUTh YPOBHHU CKa4KOB JedopMainvii U HArpy3Kd B IpO-
1ecce BO3JIEHCTBUSI CHUJIOBOTO JMHAMUYECKOTO UMITYJIbCa
3alaHHOM WMHTEHCUBHOCTU TPU HUCHBITAHUM MaJIOyTJIEpO-
JIUCTOM CTalIM, C YPOBHEM TEKYILEH MOBPEXKACHHOCTH Ma-
Tepuaa.

JleTanpHO TpPOAHANM3UPOBAHO BIHSHHUE AWHAMHU-
YECKHUX MEPErpy30K, OCYIIECTBIIEMBIX Ha Pa3HBIX CTAIUSIX
nedopManuii, Ha KHHETUKY Pa3pyIICHIsI CTalH.

IToka3aHo, 4TO JIJIs1 MCILITAHHOM CTaau HanboJjee
OTAaCHBIMU SBJISIOTCA JTUHAMUYECKHE TEeperpy3KH, OCyIle-
CTBIIIEMBIE Ha 3y0€ TEKy4YeCTH H Ipe/iesie TPOYHOCTH.

Ha 0a3e HOBBIX 3KCIEPUMEHTAIBHBIX JaHHBIX
MPEUIOKEHBI M alpOOUPOBAHBI J[BA MOIXOAA JJI MOJCIIH-
pOBaHUS MpPOIECCOB NehOPMHUPOBAHUSA U Pa3pyIICHHS
IJIACTUYHON CTaJM C YYETOM BO3JIEHCTBUSI AMHAMUYECKUX

Heperpys3ox.
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