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THE INFLUENCE OF STRAIN RATE ON THE STRENGTH
THE CONSTRUCTIONAL LOW-ALLOY STEEL

The article presents the results of the influence strain rates on the increase in strength of tested constructional steel.
Elastic deformation simply involves stretching of atoms away from their equilibrium separation. Plastic deformation
occurs through collective movement of atom planes. Therefore, you should first estimate the stress required to move
one plane across another. The dislocations are the basis for plastic deformation. The formation and interaction of
dislocations require an analysis of the issues of plastic deformation, the effect of temperature, strain rate and the
stress-strain. Johnson and Cook proposed the unified constitutive laws. The Equation Johnson and Cook includes
a strain hardening term, a strain-rate term, and a temperature-dependence term. This equation describes well the
results of research. Studies have shown that the growth strain rate very substantially affect the increase in strength

properties of the constructional steel 15G2ANbD.
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Introduction. Experimental studies showed that
the increase in the load rate, and hence in the strain
rate, results in an increase in the yield point. Deter-
mining the dependence of the strength of the brittle
material on the load rate causes the problem to be-
come complex. Increase of the strength of material
due to additional inertia resistance is to be estimat-
ed. Increasing the load rate will make the material
more brittle.

The elastic deformation consists in stretching the
crystal lattice without disturbing its equilibrium. This
strain is due to the movement of atomic planes. There-
fore, the values of the stresses causing the displacement
of the planes relative to each other should be deter-
mined. Dislocations play a key role in plastic defor-
mation. Studies have shown that the stresses needed to
displacement dislocation are much less than the stress-
es needed to completely move the plane relative to its
neighborhood.

Due to the fact that dislocations cause real defor-
mation, the stress values are 10+-100 times smaller than
theoretical shear stresses. The problem of dynamic
loading of samples is still open, for varying load rates.
In this work, a preliminary diagnosis of this problem
was made on the example of steel intended for ship-
building. The aim of the study was to perform dynamic
stretching tests and assess dynamic characteristics of
ship materials at different strain rates.

The paper presents the theoretical basis of the
problem and the influence of the load rate on the phys-
ical characteristics of the material, so called material
sensitivity effect on the strain rate.

The basis of the materials strain. The problem of
plastic deformation, influence of temperature, strain

rate, dependence of the stress from the strain requires
analysis of the formation and interactions of dislocation.

Dislocation density p,, is the length of dislocation
lines (m) per unit volume (m?3).

The estimation of strain associated with dislo-
cation motion is consider on a sample subjected to a
static tensile test with a rectangular cross-section of
2,0x10 mm and a length of 50 mm.

The volume of the sample is ¥ = 1000 mm? =
=10"°m?.

Assume, for the specimen is copper, Burgers vector
is b =0,256-10"° m, for ferrite » = 0,248-10° m, and
for molybdenum b = 0,2725-10~° m. The strain due to
motion of dislocation is [1]:

e =p,bl, (1)

where [ — distance moved by the dislocations.

The form of the equation Orowan is obtained by
the differentiate of the expression (1) relative to time
[1-4, 8, 9]. de/dt =¢=p,bv, where v is the average
dislocation velocity.

If the molybdenum specimen has a single
dislocation of 2 mm length (thickness of the specimen),
which moves 10 mm (entire width of the specimen),
the strain value is:
~0,002m

€= prl = W(0,2725 107 m) X

x(0,010m) =5,45-107,

from this it follows that a single dislocation causes
very small amount of strain. The actual deformation
occurring in the mechanical test will be obtained if the
movements of millions and billions of dislocations are
taken into account [1].
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The simplest model expressing the dependence of
stress-strain can be written in the form of energetic
law [1]:

c=Ke", (2
where ¢ — strain; K, n — constants, for example, n= 0,5 —
for some coppers and n = 0,15 — for some steels [1].

Based on equation (2) the stress value is zero at
zero strain. This indicates the disatvantage of this
equation Ludwig’s equation is a modification of de-
pendency (2) [1]:

0=0,+K¢", A3)
where 6, —yield point.

However, in the equation (2) and in equation (3)
there isn’t the dependence stress on strain rate. The
simplest model the dependence stress on the strain rate
can be written as [1]:

c=C-¢", 4)
where C, m — constants.

For austenitic stainless steels, m is on the order
of 0,035.

Based on equations (2) and (3) and addition-
al terms, Johnson—Cook’s law was developed as the
equation [1, 5]:

c=(A+B-e”){l—[;_7;i) ](1+C1né), (5)

where T — reference temperature, (e.g., RT); T —
melting temperature; A, B, C, m, n — constants.

In equation (5) the stress depends on the strain
hardening term, a strain rate sensitivity term, and
temperature term.

Constants in equation (5) can be selected from the
literature for a given material type [1, 6, 7].

If the modulus of elasticity is independent of
the strain rate, the elastic strain rate results from the

Hooke’s law:
B ldo

88[ - E dt . (6)

The increase in the strain rate results in a marked
increase in the yield stress at dynamic tensile. The
stretching rate is described in the form of the Arrhe-
nius equation, which defines the dislocation movement
through a crystalline network containing point defects:

.. AG (o)
E=¢ exp| — , 7
0 p( T ) (7)
where €, — constant; k — Boltzmann’s constant

(1,38:1073J/K); T — temperature; AG —activation ener-

gy is a function of stress. de

Based on dependencies (1) € = p b/ and €= ar

dl

thane=p, b—.

Po i

In the dislocation obstacle, where d/ is the distance

between the obstacles, dr will be reffered to as At for this

discrete event to be a waiting time for the thermal ener-

gy. The following relationship is expressed by Boltz-
mann equation [1]:
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B AG(6>)’ (8)

where v, — the atom vibrational frequency, which is on
the order of 10" !, This gives

) AG ) . AG
€=p,-bl-v, exp(—k—T) =£, exp(k—;c)j. 9)

The approximate value is:
&,=py-b-1-v,=(10*m?)(2,5:10"" m)x
x(5-10°m)(10"s")=1,210°s"".

The size AG(c) is determined by the dislocation
displacement under the stress. The distance traveled by
the obstacle may be taken as vector b Burgers, while the
dislocation that has moved can be assumed to be the
distance between obstacles and is /.

The force acting on dislocation is -b-/. Because the
dislocation has moved to the distance b, the work done
byitisob*1. Ifthe total activation energy characterizing
the interaction of the obstacle — dislocation is G, then:

AG =G —cb’l (10)
and
. _AG(o)) _. _G—cbzl
s—soexp( T ]—eoexp[ T J (11)

work performed by stress has effectively reduced the
required energy of thermal activation.
Hence, the stress relations [1]:

G kT, (¢,
O=—3 =5 =~
bl b7l €
Stress can be determined starting from the Peierls
mechanism.
The equation describes the resistance that the crys-
tal lattice resists dislocation slip:

_2K ([ 4nE) . _ A
0_1—vexp( b ) =2y

(12)

13)

where K — Kirchhoff module; # — distance between
planes of slipping; » — Burgers vector; v —Poisson’s ratio.

Own research. Static and dynamic research were
performed for 15G2AND steels according to PN-H-
84018, S355N to EN 10025-32004 [10]. This is a steel
with increased strength and ferritic-pearlitic structure.
This steel can be used, for example, for pressure vessels
and other welded constructions used at low tempera-
tures. Table 1 gives the chemical composition of the
steel under test.

Table 1 — Chemical composition of 15G2AND alloy steel [10]

C Mn Si Cu Al other
Nb 0,04

0,15 1,45 0,35 0,2 0,02 Vo,l1
Mo 0,1
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Figure 1 — The geometry of the sample for static and dynamic
stretching tests
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Figure 2 — The dependence force on the time F(7) and displacement

Al(?) for a dynamic steel tensile test 15G2AND on a rotary hammer
for the stretching speed ¥, = 30 ms~' [10]
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Figure 3 — The dependence force on the time F(7) and displacement
Al(?) for a dynamic steel tensile test 15G2ANbD on a rotary hammer
for the stretching speed ¥, = 40 ms~' [10]

Static and dynamic stretching tests were performed
on samples whose geometry and dimensions are shown
in figure 1. Static tensile testing was performed on a
universal strength machine, while dynamic tensile test
on a rotary hammer. The collective test results are re-
ported in the report [10].

Dynamic stretching of samples was carried out on
a rotary hammer. Tensile strength and strain rate was
measured. The measuring position and method of re-
cording results are described in detail in [10]. The dy-
namic tensile test was performed on samples at a speed
of 10, 20, 30 and 40 m/s.

Table 2 — Static and dynamic properties of 15G2AND steel

Elaboration and analysis of results of research.
The strength R , R and yield strength R, R , of static
and dynamic tensile of 15G2AND steels were deter-
mined in a stretching test. For example the diagrams
stretching samples for stretching speed ¥, = 30 ms™
and V. = 40 ms™' are shown in figures 2 and 3.

The measurement results of 15G2AND steel in
the stretching speed range v = 0+40 ms~! are shown
in table 2 and figure 4.

Evaluation of results of research. Based on the
results of the studies presented in the charts and
tables it was found that the strain rate of the samples
of the tested 15G2AND steel increased the strength
properties. The strength values of 15G2ANDb steels
for dynamic characteristics are higher than for static
stretching tests. Figure 5 shows the stress-strain curves
for several strain rate and constant temperature and
one curve for temperature 7 = 500 K predicted using
Johnson—Cook equation (5).

The strength steel 15G2ANb test at elevated
temperature (7 = 500 K) was not performed. The
course of the curve and the strength properties of the
steel to be tested can be determined from the equation
(5). The results of the tests and the Johnson—Cook
equation show an increase in the yield point and tensile
strength of the material with increasing tensile speed.
This has to do with the dislocation processes that were
described earlier.

Figure 6 shows the stress-strain rate curves for
constant temperature and different strain values.

Characteristics were derived on the basis Johnson—
Cook model (5).

The ratio of the maximum values of the dynamic
yield point Red and the tensile strength R (for v =
=40 ms™') to the corresponding static values R, and R
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Figure 4 — Plasticity parameters of steel 15G2ANb: Z — reduction
of area at fracture; A4, — strain for various stretching speed

Sample diameter, mm 5,070

Stretching speed, m/s ~0 10 20 30 40
R ,R ,MPa 520 580 810 880 990
R,R ,MPa 355 635 685 720 790
Reduction of area at fracture, Z, Z, % 65 67 69 71 73
Strain, A,, A,, % 30 33 35 35 36
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Figure 5 — Predicted stress-strain curves in 15G2AND steel
using the Johnson—Cook equation (5)
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Figure 6 — Stress-strain rate curves in 15G2AND steel
for different strain values

for the tested 15G2AND steel are respectively R /R =
=1,90; R,,/R, = 2,22. Plastic properties increased little
Z,/Z=1,12;A,,/4,= 1,20.

Conclusions. In the area of the fracture in the
so-called neck area, the material breaks during the
static or dynamic stretching of the sample. The
research of the metallographic specimens has shown
that voids have formed. The occurrence of voids is
related to loss of material continuity [5]. Usually,
plastic flow of material does not change its volume.
The process of destroying or damaging the material
is associated with the creation of voids. Damage can
be defined by a function, depending on stresses,
plastic strain, plasticity work, pressure, strain rate
and temperature.
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Proper processes of nucleation and void growth
must be included in the dynamic crack model. The
heterogeneity of the material is the second phase
particles, the grain boundaries and the subgrain
boundary, and earlier plastic flow of material. The
results of the 15G2AND steel studies have shown that
the increase the strain rate causes strengthens the
material (increase in yield point R ,/R = 2,22 and
strength R /R = 1,90) and plasticity behavior at the
level of static properties.

The strain rate is often described by the Arrhenius
equation if it is assumed that the basis for the flow of a
metal is a thermally activated process that determines
the dislocation movement through a crystalline network
containing point defects.

Conclusions from static and dynamic studies are
the basis for modeling the dynamic strain of steel as an
elastic / visco-plasticity material.
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Ilocmynuana 6 pedaxyuio 04.07.2017.

BJIMAHUE CKOPOCTU AEDPOPMALMU HA NPOYHOCTb
HU3KOJIETMPOBAHHOMN KOHCTPYKLUMWOHHOW CTANU
B cmamve npedcmaesnenvt pezyavmamol UCCA008AHUSA GAUSAHUS CKOPOCMU 0ehOPMAyUU HA NOGbIUUEHUE NPOY-

HOCIMHbIX C80LICIME MUNUYHOU HUZKOAC2UPOBAHHOL KOHCIMPYKYUOHHOU cmanu. Ynpyeas degopmauus obecnevu-
saem cMmeuwjeHue amomos U3 ux paerHoeecHo2o nosoxcerus. Ilhiacmuueckas degopmauyus npoucxooum 3a cuem
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KOANeKMUBHO20 08UNICEHUS AMOMHBIX NAOCKOCMEl U Heo0X00UMO NPOBeCmU OUEHKY HANPSIJCeHUsl, mpebyemMozo
0151 nepemeuyeruss 0OHOU NAOCKOCMU CKOAbICeHUs: OmHocumenvHo opyeoil. Ilpu smom gopmuposanue u 83au-
Moodelicmeue ouciokauuil mpebyem yuema ocobeHHOCmel nAacmu4eckoil deghopmayuu, 6AUAHUS MeMnepamy-
pbl, ckopocmu deghopmauuu U HANPANCeHHO-0ePopMuUpo8annHozo cocmosnus. Ilpogedennviii 6 pabome anaiu3z
OCHOBAH HA UCNOAb308aHUU ypasHeHus Jiconcona u Kyka, exaiouaroueeo napamempsl YpouHeHus, CKopocmo
depopmayuu u memnepamypuyio 3agucumocms. Iloxasano, umo ypasnenue Jxconcona u Kyka xopouio onuceol-
8aem pe3yabmamol UCCAe008AHUSL. YCMaH08AEHO, HMO POCH CKOPOCMU 0ehopmMayul Cyu,eCmeerHHo yeeauiueaem
NPOYHOCMHbBLE CBOUCMBA BbICOKONPOUHOL KOHCMPYKYUoHHoU cmanu 15G2AND.

Karouesvte caosa: cmanv, dunamuueckue ceolcmea cmanu, 0eqhopmMupo8anHoe cCoCmosaHue, OUCAOKAUUS
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