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Summary. A series of numerical calculations using the finite element method was carried out to develop
a dynamic shear testing method for high-strength steels specimens. The shape of the specimens with two shear
zones was chosen for investigations. Obtained results made it possible to choose the optimal specimen size and
loading scheme for realizing pure shear conditions. Using the Johnson-Cook model, taking into account the effect
of the strain rate, the fracture of the specimens of armored steel Armox 500T was simulated using the appropriate
fracture criterion. Obtained results showed that such a specimen design and loading scheme should ensure the
implementation of pure shear conditions.
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Statement of the problem. Shear failure occurs in many structural elements, where
there are large shear loads at both low and high strain rates. During dynamic loads such as
forging, pressure forming, high-speed machining, accidents and ballistic loads can cause shear
failure of the materials with subsequent loss of load-bearing capacity, so for high-strength and
armored sheet steels, in addition to uniaxial tensile tests, it is important to perform additional
shear tests. Shear failure analysis is of great importance to ensure the safe operation of structural
elements and improve existing regulations.

Analysis of available research. In recent years, the properties of shear fracture of
materials have been intensively studied using various methods. A large number of loading
techniques and specimen types have been developed for dynamic shear tests. The most widely
used methods today include the use of drop weight impact testing machine [1], horizontal shear
systems [2], air guns [3], impact on an inclined plate and others. Using special specimen
designs, the shear strain can be limited by the cross-sectional size due to geometric
inhomogeneity, for example: cap-shaped specimens [4], specimens with a double shear
zone [5], with a cylindrical or flat cap [6], stepped or dumbbell-shaped [7] with single or double
edge [8], compression or tension shear [9]. In some other specimens, the shear occurs due to
asymmetry or inhomogeneity of the stress-strain state in the material, for example:
compression/shear [10], truncated cone [11], punching [12], indentation [13]. Features of
different types of specimens for shear tests are described in detail in Dodd [14] and Meyer [15].

One of the main problems in dynamic tests is to achieve conditions of pure shear. Under
impact load, the mechanical behavior of the material is influenced by the combined effect of
two factors — the strain rate and stress state. To study the independent effect of the strain rate,
it is important to separate these effects and achieve a stress state with advantage of shear.
However, when using the specimens described above, a combined stress state of shear-
compression or shear-tension is usually obtained. At characteristic values of the Poisson's ratio
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of the material, it is impossible to avoid the influence of the stress state, so in such tests it is
difficult to investigate the influence of strain rate. Another problem is the comparability and
compliance of the properties of the material under different load conditions. The accuracy of
the experimental data depends on both the test equipment and the type of specimen. At high
strain rates, especially due to inertial effects and the propagation of stress waves in the material,
each change in the geometry of the specimen and the loading technique can make significant
changes in the behavior of the specimen and the results obtained. Therefore, to avoid such
problems, it is desirable to carry out test on one type of specimens in the widest possible range
of strain rates [16]. However, to date, there are very few studies known which use a single
specimen type in a wide range of strain rates. One type of specimen that allows for pure shear
conditions and testing in a wide range of strain rates is the two-shear specimen, first proposed
by Ferguson [17] and subsequently modified and used by many scientists [18-22].

At present, there are no regulations neither in Ukraine nor in the world on testing of
steels in the impact shear conditions, so the development of such a technique is very important
and requires comprehensive experimental calculations, especially for high-strength and
armored steels.

Objective of the research is application of the numerical simulation results of dynamic
displacement tests of high-strength steels specimens for further development of experimental
methods for conducting such tests.

Statement of the task. Studying the influence of various factors, such as: specimen
geometry, load scheme, material model, etc. for developing methods for conducting dynamic
shear tests, taking into account the analysis of literature sources and the world practical
experience and using numerical simulation.

Scheme of the problem. According to the results of the analysis of literature sources
and modern methods of impact shear tests, the shape of the specimen with two shear zones was
chosen for the research, as shown in Fig. 1. To optimize the load scheme and implement the
conditions of pure shear, a series of numerical calculations were performed, in which various
parameters varied, such as specimen size and shear zones, striker size, load velocity, boundary
conditions, etc.
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Figure 1. Geometric configuration of the impact shear specimen

The length L of the shear zones can be changed to create different strain rates in these
zones. With this specimen design, the compression strain that occurs in its upper part is
converted into a local shear in the respective zones. This specimen can be tested both for static
shear using standard servo-hydraulic machines, and for dynamic shear using different types of
drop-towers. Herewith, the strain rate can vary within the range of 102 + 10° ¢,
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Numerical simulation of dynamic shear tests for high-strength steels specimens

Using equation (1), the values of shear strain rate y(t), stress z(t) and shear strain y(t)
can be calculated in the respective zones of the specimen:

0y = V(O

y(t) = 2

z(t) ZZFT(EZ) , 1)
_AL(Y)

y(t) = I

where As; is the cross-sectional area of the shear zone; F — force in the striker, L — length of the
shear zone; AL — relative displacement of the striker.

Numerical simulations were performed using the finite element method (FEM). The
main aim of the calculations was to select such parameters of load and geometry of the
specimen, which provide conditions as close to pure shear as possible. For this purpose, for all
calculations there were built dependences of axial strains and stresses on time in different
elements of the striker, dependence on time and distribution field of all components of strains
and stresses in the middle part of the specimen shear zone, as well as changes in time of striker
loading speed.

The parameters of the material model for steel 20, which was considered to be perfectly
plastic (E = 2.1*105 MPa, p = 0.3, ot = 294.7 MPa), were used for test calculations. All
calculations were performed for the 2 part of the model with the corresponding symmetry
conditions. It is known that the size of finite elements (FE) significantly affects the results of
numerical simulations, so a series of calculations was performed using different densities of the
FE grid. The results of the calculations showed that the optimal model is with a minimum FE
size in the shear zone of 50 um.

To study the influence of the geometry of the specimen on the process of its deformation
and fracture, the following parameters were varied: length L and shape of the shear zone, radii
of chamfers R. One of the most important geometric parameters of the specimen which
influences the strain rate is the length of the shear zone. The values L =0, 0.7, 1, 1.5, 2 and 4
mm were used in the calculations.

The load was carried out at a speed of 5 m/s and an impact energy of 300 J, which
corresponds to the load parameters in standard drop weight and pendulum impact testers. The
first calculations showed that the impact energy is insufficient to create conditions close to pure
shear, so it was proposed to change the geometry of the specimen by adding 0.5 mm, grooves
at the top and bottom as shown in Fig. 2. Thus, the area of the shear zone was reduced, which
allowed to achieve better results.
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Figure 2. Geometry model (2) and finite-element mesh (b) of the grooved specimen
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Analysis of results. The following are the results of calculations for 3 variants of
specimens with a shear zone length L = 0.7, 2 and 4 mm for steel 20 under the same load
conditions. In Fig. 3 the distribution fields of shear strains exy for specimens with length L = 0.7
mm (Fig. 3, a), 2 mm (Fig. 3, b) and 4 mm (Fig. 3, c) are shown. It is seen that with increasing
length L the area of pure shear decreases and is localized in the middle part. The maximum
level of strain is reached in the area of concentrators.

c)

Figure 3. Distribution of shear strains &xy for specimens with
length L = 0.7 mm (a), 2 mm (b), and 4 mm (c)

In Fig. 4, the distribution of stress and strain components in the middle part of the
shear zone for specimens with L = 4 mm are shown. It is seen that during the whole loading
process the components 612 and €12 predominate in the shear zone. The stresses 612 increase
very quickly and hardly change during the loading process. The €12 strains increase slowly
throughout the load process and their values are much higher than the values of the other
components.

Thus, the stress state of the material in the local shear zone can be considered as pure
shear. In this case, with increasing L, the stress o12 almost does not change, while the other
stress components with increasing L decrease. The magnitude of the shear strains €12
decreases with increasing length of the shear zone L. Therefore, the smaller the length L is,
the greater the strain rate, which is the confirmation of the dependences (1).
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Numerical simulation of dynamic shear tests for high-strength steels specimens

To reduce the shear zone and, accordingly, the energy required to break the specimen,
a model with additional side grooves for the specimen with a length of L = 4 mm was built.
In Fig. 5 a geometric model and FE mesh of the specimen with side grooves of 3 mm on each
side are shown.
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Figure 4. Distribution of stress components (a) and strain components (b) in the middle
part of the shear zone for specimens with L =4 mm

b)

a)
Figure 5. Geometry model (a) and finite-element mesh (b) of the side-grooved specimen

As can be seen in Fig. 6, shear strains increase with the addition of side
grooves, respectively, the strain conditions are closer to pure shear, but the manufacture of
such side grooved specimens is technologically more complex and expensive.

In numerical simulation, the radii of the chamfers of the grooves in the shear
zone can be taken as r = 0, but in the manufacture of specimens, these radii will always
be > 0. To study the effect of the radii of the grooves, numerical simulations were performed
forr=0.1,0.25and 0.5 mm. In Fig. 7, the change in time of axial stresses in the dynamometer
during numerical simulation of specimens with r = 0.25 and 0.5 mm, as well as L =1 and 2
mm is shown. As can be seen, the difference in the obtained results is almost absent,
but in the literature there is evidence of a significant effect of the value of the radii of the
chamfers [21], especially when reducing the length of the shear zone L to 0. Therefore, when
developing an experimental technique, it is necessary to take into account the peculiarities of
deformation and fracture of specimens with different radii of chamfers and the length of shear
zones.
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Due to the special design of the specimen, a large stress gradient is observed
in the loading and support parts of the specimen around the shear zone, while in
the shear zone itself the stresses are quite homogeneous. Small concentration of stresses
is observed in the chamfer area. The distribution of plastic strains in the central part
of the shear zone is also homogeneous, while in the loading and support part of the specimen
there are no plastic strains. Because of concentration of plastic strains in the chamfer
area, the specimen fracture should start in these places and should occur in the shear area in
the diagonal direction.
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Figure 6. Distribution of shear strains in normal specimens (a) and side-grooved specimens (b),
and time variation of shear strains in the central part of the specimen shear zone (c)

To study the nature of the specimen fracture, calculations were performed using the

Johnson-Cook model with the appropriate fracture criterion.
Strain hardening of the material is written by the equation:

oc=(A+Be"f1+Cin s Ji-T™), @)
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Numerical simulation of dynamic shear tests for high-strength steels specimens

where A, B, C, n, m are model parameters, which are determined by the results of complex
tests.

Johnson and Cook [23] modernized the failure criterion proposed by Hancock and
Mackenzie [24] by including the influence of strain trajectory, strain rate, and temperature in
the expression of fracture strain, in addition to three-axis stress state:

g_fpl (Gfm,gpl ,f] = {Dl +D, exp(DS O-ij:|{l+ D, |n(§‘ij:|[]_+ DS-IC]’ (3)

where D1—Ds are the parameters of the material, determined by the results of various tests.
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Figure 7. Time variation diagrams of axial stresses in the impactor for
different corner radii r and length of the shear zone L

To calculate the process of strain and fracture of the specimen, the following values of
the parameters of the Johnson-Cook model for armored steel Armox 500T were set [25]:
Young's modulus E = 2.01*10!! Pa, Poisson's ratio u=0.33, density p = 7850 kg/m3, model
parameters of Johnson-Cook — A = 1387*106 Pa, B = 835*106 Pa, C = 0.0617, n = 0.25,
m =1, &,= 1, the parameters of Johnson-Cook’s fracture criterion — D1 = 0.04289, D, = 2.1521,
D3 =-2.7575, D4 = -0.0066, Ds = 0.

The calculations results showed that the failure initiation occurs at time t = 528 ps in
the zones of stress concentrators (chamfers). Then the crack propagates along the shear zone
(Fig. 8). Thus, such a specimen design and the load scheme have to ensure the implementation
of pure shear conditions.
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Figure 8. Distribution of equivalent stresses at different points in time: () —t =96 us, (b) — t =300 ps,
(c)—t=528 pus, (d) —t=688 s, (€) —t="704 ps

Conclusions. Using the finite element method, numerical simulation of dynamic shear

of specimens was performed. The influence of specimen geometry, loading scheme and
material model on the processes of deformation and fracture of specimens is investigated.
Based on the results of numerical calculations, the optimal parameters of the load scheme and
specimens design with two shear zones were selected to develop a technique for conducting
dynamic shear tests.
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V]IK 539.4

YUCEJBHE MOJAEJIOBAHHSA BUIIPOBYBAHDb HA
JTAHAMIUHHAM 3CYB 3PA3KIB I3 BUCOKOMIITHUX CTAJIEN

€Bren Konapsikos; Bajepiit Xapuenko

Incmumym npobaem miynocmi imeni I'. C. Ilucapenka HAH Ykpainu,
Kuis, Ykpaina

Pestome. /[ po3poOnennsi memoOuku npoeedenHs unpoOysamsb HA OUHAMIYHUL 3CY8 3pA3Ki6 i3
BUCOKOMIYHUX cmajell NPo8edeHO Cepilo UYUCENbHUX PO3PAXVHKIE i3 SUKOPUCMAHHAM Memoody CKiHYeHUX
enemMenmis. 3a pe3yromamamu aHanizy 1imepamypHux 0xcepen ma cyyacHux memooie unpodyeans Ha YOapHull
3CY8 011 Q0CNiOdHCeHb 00pano Gopmy 3paska 3 0soma 30Hamu 3cysy. I[lobydosano pospaxynkosi modeni ma
NPOAHani308ano 6NJIUE PO3MIPY CKIHUEHUX elleMeHmié Ha Ompumawi pezyaromamu. [[nsa onmumizayii cxemu
HABAHMAJICEHHA MA Peanizayii yMoe Yucmozo 3¢y8y npu po3paxyHkax 6apitoeaiuch pi3Hi napamempu, makxi, K
pO3Mipu 3paska ma 008xicuny 30n 3cy8y L, posmipu yoapnuxa, weuokicmo HA8AHMAN}CEHHA, SPAHUYHI YMOBU
mowo. Ompumani pesyrbmamu noKazamu, wo 3i 360inbuwennam Oosxcunu L obracms uucmozo 3cygy
3MEHULYEMbCA Ul TOKANIZYEMBCA 8 YeHMpanvhiu yacmuni. Ilpu yvomy weuoxicms depopmayii 30inbuyemscs
npu 3menuenHi 008xcunu 30n 3cysy L. [na smenwenns 30nu 3cy8y ma enepzii pyiuHy8auHs 3anponoHo8aHo
KOHCMPYKYII0 3paska 3 000amrosumuy oiynumu naopizamu. B maxux 3pasxax oeghopmayii 3cyey 3pocmaioms,
8i0Nn08I0HO yM0o8U Oegdhopmysanns binbu Habaud CeHi 00 yucmoeo 3cysy. Ilokazarno, wo padiyc gacox eumo4ox
V 30HI 3¢cy8y Mmatldice He NIUBAE HA OMPUMani pezyiemamu. Bukopucmosyrouu modenv [owconcona-Kyka 3
VPAXYBAHHAM 6RAUBY WEUOKOCHI depopmayii, nposeoeH0 MOOeN08AHHs PYIHYBAHNS 3PA3KIE I3 OPOHLOBAHOT
cmani Armox 500T i3 sacmocysannam 6i0nogionoco kpumepiro pyunyganus. Pesynbmamu pospaxyukie
NOKA3anu, Wo noYamox pyuuyeauHs eiodysacmovca 6 momenm uacy t ~500 mkc y 30nax xonyenmpamopis
Hanpyicens (Ghacox). [lani po3noecioodicenns mpiuunu 8i00ys8acmucsi 6300624¢ 30HU 3¢y8y. Takum YuHom maxa
KOHCMPYKYIsl 3pa3Ka Ma cxema HA8AHMANCEHHA NOBUHHA 3a0e3neyumu peanizayilo yMo8 Yucmozo 3cysy.

Knrouoei cnosa: oOunmamivnuii 3cy8, weuokicms Oegopmayii, Memoo CKIiHYEHUX eleMeHmIs,
BUCOKOMIYHI cmaJli.
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