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Abstract. The high-strain-rate method of materials for dynamic strength investigations under micro and sub-
microsecond durations of shock loads on the base of electrical explosion of conductors have been developed. The experi-
mental investigations of dynamic properties for bulk metallic glass on the base of Ti and Zr under shock loads of sub-
microsecond duration (~0.5-0.7 us) in the pressure range up to 12 GPa have been carried out. The values of Hugoniot elastic
limit (HEL) and spall strength for these amorphous alloys have been received. The Hugoniot shock adiabat parameters were
determined in the space U, - u,. The result of microstructure analysis of saved specimens revealed areas of recrystallization.
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Introduction

The solution of many technical problems is con-
nected with understanding the processes of the ap-
pearance and the propagation of shock waves, with
knowledge on physical-mechanical parameters de-
fining behavior of materials under high-strain-rate.
The investigation of shock-wave processes in the
materials gives possibility to receive information on
interconnection for materials microstructure and
macroscopic parameters defining their behavior un-
der pulse loading and about the influence on the dy-
namic strength of solids.

More information on the influence of correlation
of material scale level structure and dimensional-
temporal spectrum of shock loading on material be-
havior under high-strain-rate and on threshold and
peculiarities of fracture process can be received under
improvement and development of experimental tech-
niques for creation of shock loads with different tem-
poral profiles. The reproducibility of techniques for
different experiments play important role in these
investigations. The application of electrical explosion
of conductors is one of perspective directions for re-
alization of such problems [1]. This technique per-
mits up to 40-50% of provided electrical power to
transform to Kinetic energy of explosive products.

Bulk metallic glasses are very attractive field for
investigations because of their unique chemical and
physical-mechanical properties last time. Neverthe-
less the brittleness of the amorphous materials hin-
ders their broad application [2, 3]. The different
specimens of the amorphous alloy with the same
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composition can have essentially different plasticity
levels depending on cooling velocity under crystal-
lization, presence of nanocrystalline phase, concen-
tration of the free volume.

The investigation of the bulk metallic glass be-
havior under high-strain-rate was the aim of this
work. It was developed technique using the electri-
cal explosion of conductor phenomenon for the
shock load generation in solids [1]. This method
permit to extend essentially the changing range of
the shock load parameters. The application of the
modern interferometric methods for checking of the
load parameters and the metallographic investiga-
tions of the specimen structure before and after
shock loading allow to receive considerable infor-
mation on the development of deformation process-
es, structure kinetics and fracture of the materials
under high-strain-rate.

Material behaviors under conditions of high
strain rates are of practical importance with the rap-
id development of military and aerospace technolo-
gy. Bulk metallic glasses (BMGs), as a class of ad-
vanced structural and functional materials, which
possess a combination of outstanding properties in-
cluding ultrahigh strength, high hardness, large elas-
tic limit, unique fracture toughness, and excellent
corrosion resistance [2-3], have gradually gained
considerable attention from materials science com-
munity. It should be of scientific and technological
interest to probe the deformation behaviors of
BMGs under plate impact loading in order to shed
lights on the high strain-rate response of this ad-
vanced materials and for their great potential appli-
cations, such as kinetic energy penetrators.
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I. Dynamic behavior of bulk metallic glass
on the base of Ti

Authors [4] studied the shock wave response of
(Hf,Zr)-based bulk amorphous alloy specimens sub-
jected to peak stresses of 4-16 GPa in plate impact
experiments and their response was compared to a
previously studied Zr-based BMG and reported that
the (Hf,Zr)-based BAA displayed a Hugoniot elastic
limit (HEL) of 7.4 GPa corresponding to an elastic
strain of 4.3%. Turneaure and his co-workers [5,6]
reported that the HEL stress of
Zr55_7CU15_3N i12,5Nb5_oA|10,0Y0,5 BMG was determined to
be 7.1 + 0.3 GPa and 8.97+0.61 GPa in [7]. In[5] a
Zr-based BMG subjected to uniaxial tensile strain in
plate-impact experiments under compressive loading
with peak stresses ranging between 3.9 and 6.1 GPa, in
the result of wave interactions produced tensile loading
leading to spallation in the BMG samples. Tensile
fracture or spall, observed in these experiments, was
initiated at a tensile stress of 3.840.3GPa and
3.6+£0.1 GPa in [7]; this value was independent of the
impact stress and is significantly higher than that ob-
served for crystalline metals. T. Mashimo with co-
authors [8] stated the HEL stress of ZrssAligNisCusg
BMG was 6.2 GPa. The Hugoniot elastic limits
were determined to be 6.9 to 9.6 GPa [9]. Yuan et
al. [10] conducted plate-impact experiments to
investigate the shock response of a Zr-based BMG,
in the normal stress range of 5-7 GPa. The HEL of
the BMG was estimated to be 6.15 GPa. The above
experiments are of importance to understand the
equations of state (EOS), constitutive equations and
damage mechanism of bulk glass-forming alloys
upon dynamic loading. However, very limited data
are currently available for the dynamic compression
properties of Ti-based bulk glassy alloys.

In this paper, shock wave compression experi-
ments were performed on the TisZrsNizsCuiBey
BMG in order to gain better understanding of the
response features upon shock loading. Recovery
experiment was also carried out in order to investi-
gate the structure of shock-compressed samples.

In the present work, the shock responses of
TigZrsNizCui,Bey bulk metallic glass (BMG) were
investigated by using a planar impact technique on
an electrical explosion of conductor (EEC) installa-
tion. The spallation occurs even if the stress behind
the shock front is less than the Hugoniot elastic limit
(HEL) stress of the Ti-based BMG. When the veloc-
ity of aluminum flyer with thickness of 1.7 mm is
570 m/s, the spall strength of the alloy sample is 2.9
GPa while the stress, strain and particle velocity
behind the shock front are 4.3 GPa, 2.8% and 150
m/s, respectively. The calculated yield strength for
the alloy upon the dynamic loading is much larger
than that under the quasistatic compressive loading.
The microscopy observation indicates that, after

dynamic loading, the free surface of the sample ex-
hibits formation of a lot of shear bands and cracks.
Optical microscope shows that cracks and mi-
crovoids, which caused the occurrence of the spalla-
tion of the sample, are distributed on the cross-
section of the recovered Ti-based BMG sample.

1.1 Experimental

Alloy ingots with the nominal composition
TigZrsNizCu,Bey (at. %) were prepared from a
mixture of constituent elements with purities better
than 99.9% (wt. %), by non-consumable arc melting
under a Ti-gettered argon atmosphere. To ensure
composition homogeneity, each ingot was remelted
at least four times. Bulk glassy samples were pre-
pared by remelting the button ingots and drop cast-
ing the molten alloy into a copper mold with an in-
ternal cavity of 3x30x80 mm®. The structure of the
plate-shaped samples were identified by X-ray dif-
fraction (XRD) using the Cu Ka radiation [3].

Before dynamic compression experiments elas-
tic characteristics for the glass were measured. Den-
sity, po, of the sample was measured by an Archi-
medean method and averaged over several samples
cut from different positions of each plate. Longitu-
dinal C, and transverse C; wave velocities were de-
termined by testing the acoustic signals oscillograms
in glassy samples. Elastic constants of the glass
were calculated and listed in Table 1 [3].

Table 1
Density and elastic characteristics for TizZrzsNisCu2Bez
bulk metallic glass

po, glcm3 | C,m/s | C, m/s |E, GPa|K, GPa|G, GPa| v

5.44+0.01| 5295+10 |3180+30| 134 79 55 10.218

here K is the bulk modulus, G is the shear modulus,
E is the elastic Young’s mudulus, and v is the Pois-
son ratio.

The dynamic strength investigations of the bulk
glassy samples were performed by plane plate im-
pact technology on an electrical explosion of con-
ductor installation (EEC). The glass samples were in
the form of plate with a size of 3x30x30 mm?® and
the flyers were in the form of a disk, 20 mm in di-
ameter and 1.7 mm in thickness. The parameters of
EEC are as follow: capacitance C is 6 uf, voltage U
is 50 kV, total energy E is up to 7.5 kJ, short circuit
duration T is 11 ps. Velocities of the aluminum im-
pactor range from 250 to 750 m/s, controlled by a
differential laser interferometer. Plasma energy gen-
erated by explosion of conductors is used for projec-
tile acceleration, allowing the investigations of
submicrosecond shock duration within a velocity
rate of 1000~1500 m/s. The scheme for spall testing
is presented in Fig. 1. The fracture morphology of
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the tested samples was examined by microscopy
using Axio-Observer Z1 M microscope to reveal the
deformation and fracture mechanism.

’ Laser interferometer

i | Oscilloscope

Y”
Fig. 1. Schematic illustraion of the set-up
for spall strength investigation: 1 — exploding foil
(aluminum foil with dimensions 0.01x20x50 mm?);
2 — plate-flyer from aluminum alloy
with dimensions @20x1.7 mm3 [3]

1.2 Results and Discussion

Fig. 2 shows the XRD pattern of the
TigZrsNizCu,Beyy alloy, which consists of only a
typical broad diffused peak. No evidence of any
Bragg crystalline peaks can be observed from the
XRD pattern within the detectable limitation of the
XRD, typical of a glassy nature.

Intensity (arbitrary unit)

20 40 60 80 100
2 theta (degree)

Fig. 2. XRD pattern for the as-cast TisxZrsNisCui2Bes
bulk glassy sample [3]

Fig. 3 shows the interferogram and the correspond-
ing velocity profile at the free surface for
TigZrsNisCuBe,y BMG samples impacted by Al
flyer at the impact velocity of 570 m/s. As can be seen
from Fig. 3, the free surface particle velocity firstly
raised to 300 m/s without a kink, suggesting that only
elastic shock wave propagated within the sample and
the stress behind the shock front was lower than the
HEL stress. Then the free surface particle velocity rap-

idly dropped down to 90 m/s, followed by a small fluc-
tuation, indicating the occurrence of spallation within
the sample under dynamic loading.

0 (a)

t (us)

300
200

100 = Hmin __

Free surface velocity (m/s)

t(ps)

Fig. 3. Interferogram (a) and corresponding free
surface velocity profile (b) obtained for
TiaoZrosNisCuiBey glassy samples impacted by Al
flyer at the impact velocity of 570 m/s [3]

Fig. 4 shows a schematic of wave propagation in
the flyer and the target BMG sample (t-X diagram) for
a typical plate-impact spall experiment. The horizontal
coordinate represents the distance in the target and the
flyer from the impact surface, while the longitudinal
coordinate represents the time after impact. As shown
in Fig. 4, upon impact, compressive waves are generat-
ed in both the target and the flyer plates. After reflect-
ed from the free surface of the flyer or target BMG,
compressive waves would change into the rarefaction
waves and propagate to an opposite direction. When
the rarefaction waves reflected from the free surfaces
of the flyer and the sample interacts at a pre-
determined location, A, within the BMG sample, the
sample begins to subject to tensile stress. As we know
for a material when the tensile stress reaches a level
beyond its ability to resist fracture, it fails in a process
known as spallation (Region 7). The material’s spall
strength can be calculated by the following equation:

Gspall

1
= EpOCIAU (1)

where Au can be calculated by the difference be-
tween the free surface particle velocity u,, and

Ui, » Which can be obtained from free surface ve-
locity profile shown in Fig. 3b. According to Eq. (1),
the corresponding value of spall strength for
TigZrsNizCuiBeyg glassy samples can be estimated
to be 2.9 GPa.
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Time

Flyer /Targct
N 10

Distance

Fig. 4. Wave propagation in the flyer and the target

BMG sample (X-t diagram) for a typical plate-impact

spall experiment. The arrows indicate the direction
of wave propagation [3]

When the stress behind the shock front is less than
the HEL stress of the material, the shock wave velocity
could be replaced with the longitudinal wave velocity
of the material. The stress and the strain behind the
shock front can be evaluated by the below relations:

o, =p,Cu (2)
L

c 3)

E =

where u is the particle velocity behind the shock
front which is equal to half of the maximum free
surface particle velocity. The corresponding values

for o, and ¢ are 4.2 GPa and 2.7 %, respectively.
Using the von Mises vyield criterion, the yield

strength, Y,, under uniaxial stress loading can be

readily computed by the following expression:

1-2v
1-v

Yo O 1L (4)

Considering that o, is below the HEL stress of
the material in this study, replacement of o with
o, into equation (4) gives:

1-2v - 5)

Y, >
0 1—V X

Using the ambient value of v, accordingly, Y,
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of the glassy alloy studied is larger than 3.0 GPa.
For comparison, the quasistatic compression tests on
the Ti-based alloy with the same composition

givesY,= 1.8 GPa [11]. Such discrepancies in the

yield strength obtained from different types of load-
ing have been previously observed in Zr-based
glass, for which the yield strength obtained from
plate impact experiments (uniaxial strain) and qua-
sistatic compression experiment (uniaxial stress) are
2.83 and 1.9 GPa, respectively [12, 13]. HEL and
yield stress in a ternary BMG, ZrsoCugAlyp are de-
termined as 6.8 GPa and 2.8 GPa, respectively [14].

After the dynamic loading experiment, the soft-
recovered samples were observed under mycroscopy.
Fig. 5 shows the typical micrograph for free surface of
the shocked sample. Many cracks and shear bands can
be observed on the free surface of the shocked sample.
The similar phenomenon - multiple parallel shear
bands oriented at 45° to the loading direction were
observed on the surfaces of the deformed specimens
Zr41_5Ti13_5CU12_5NiloBezgl5 BMG [15] The formation of
the shear bands and cracks on the free surface of the
shocked sample is caused by to the shear localization
within the sample during the shock loading.

To characterize the damage area around the spall
plane of the TisZrsNizCui.Beyy BMG, the cross-
section of the shocked samples were observed. Fig. 6
shows the typical cross-section optical microscope
image of the recovered Ti-based BMG sample.
Cracks, which lead to the occurrence of the spalla-
tion, can be clearly seen in the damage area around
the spall zone. Careful examination reveals that the
cracks are formed due to the coalescence of mi-
crovoids, as it is seen in Fig. 6 similar data presented
in [16], where fracture occurs mostly through the
growth and coalescence of damage cavities. There-
fore, the spall plane was formed due to the growth
and coalescence of those microvoids.

Based on the free volume theory and Spaepen’s
model [17-18], one can conclude that the free-
volume concentration is strongly sensitive to the
strain rate, i.e. increasing strain rate could result in an
significant increase in the free-volume concentration.
Under the shock wave loading, a large number of free
volumes would be created in the amorphous alloy
due to extremely high strain rate (higher than 10* s™).
The free volumes in the pre-determined location, A,
as marked in Fig. 4, where the rarefaction waves in-
teracts, would spontaneously coalescence to mi-
crovoids due to the tensile stress. The local increase
in microvoids has been suggested as the main mech-
anism for nucleation of cracks. Once the cracks nu-
cleate, they will propagate rapidly, therefore, causing
the spallation of the sample. Thus, lots of microvoids
and cracks could be seen in the damage area around
the spall plane of the sample.
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12,5Um
12,5um

Fig. 5. Typical free-surface micrograph of the recovered Ti40Zr25Ni3Cul12Be20 BMG sample after shock loading

1.3. Conclusions

From the results discussed above, several con-
clusions can be drawn as follows:

(1) Spallation of the Ti-based bulk metallic glass
in dynamic loading occurs prior to yielding.

(2) The yield strength of the Ti-based metallic
glass under the dynamic loading is larger than the
reported quasistatic value.

(3) Cracks and microvoids, which caused the
occurrence of the spallation of the sample, are dis-
tributed on the cross-section of the recovered Ti-
based BMG sample.

I1. Dynamic behavior of bulk metallic glass
on the base of Zr

The purpose of this study is to experimentally
investigate the deformation and microstructural

www.vestnik.magtu.ru

1 e
4

Fig. 6. Typical cross-section optical micrograph of the recovered TisZrsNisCui,Bez BMG sample showing
the damage area around the spall zone

changes of Zr-based bulk metallic glass (BMG) un-
der high-strain-rate.

2.1. Experimental procedure

The investigation of the dynamic properties
for metallic glass was carried out using the elec-
trical explosion of conductors installation with
following parameters: capacitor C = 6 pf, voltage
U up to 50 kV, stored energy E < 7.5 kJ, short-
circuit duration T = 10.5 ps [2].

The technique for the creation of shock load was
developed: direct or via plate-waveguide loading of the
specimens by shock wave under foil explosion. The
temporal dependence of the specimen free surface ve-
locity at the outlet of the pressure pulse on the surface
has been checked with the help of the differential laser
interferometer (delay time t = 0.4 ns) [19, 20].
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Fig. 7 shows the chart of the tech-
nique using symmetry of the foil ex-
plosion which permits to receive the

Table 2

The results of measurements and calculations

information about shock load parame-

ters both at the front and in the back Amorphous alloys | p,g/lcm® | C,m/s | C, m/s |E,GPa|G,GPa| v

specimen surface with good accuracy. TisoZrosNisCui2Bezo | 5.44+0.01 |5295 +10(3180+30 | 134+ 3 | 55 +1.5|0.218
Specimens were in the form of ZINICUAl | 6.81020.005 | 4900+10 | 236020 | 102+ 2 | 381.0 [0,349

plates with dimensions @30x3 mm.

Specimens were prepared by arc melting and Temporal profiles of the free surface velocity un-

continuous casting.

1 2

\ 3 3\ sample
8 5 A B
[+F} = g
5 ad|C S
: g
U q
£ =

Fig. 7. Shock wave loading by foil explosion:

1 —aluminum foil 0.03x20x35 mm, 2 — electrodes,
3 - the frame from dielectric, 4 — waveguide
(ceramic, polymer), 5 - optical window (PMMA,
quartz glass, sapphire) [2]

The movement velocities of free surfaces for
waveguide and specimens were monitored using
differential interferometers. Exploding aluminum
foil was placed between two ceramic waveguides
235 mm in diameter and equal thickness, the optical
glass and specimen were in acoustic contact with
these waveguides on different sides from them. This
technique permitted to define with good accuracy
both the moment of the specimen loading and the
starting load parameters. At the same time this tech-
nique could determine the load transformation under
pulse passing across the specimen.

2.2 Results and Discussion

Experimental investigations of the behavior of
the amorphous metallic glass on the base of Zr un-
der shock loads of 0.5 ps duration in the pressure
range <12 GPa could be carried out due to devel-
oped techniques.

Preliminary velocities of elastic waves were
measured in metallic glasses specimens with the
help of optical-acoustic technique [21] and elastic
modulus was calculated (Table 2). For comparison,
this table also shows the data for the metallic glass
on the base on titanium.

der different loading intensities are presented in Fig. 8.

u, ,m/s
S

800+

600

400+

2004

0-

0,0 1,0x107 2,0x107

Fig. 8. Temporal profiles of the free surface velocity
for specimens from ZrNiCuAl alloy under different
intensity of the loading. The dotted line shows
the profile of mass velocity of particles
at the boundary of the ceramic waveguide
and the optical window

It is clearly seen two-wave structure of the wave
typical for elastic-plastic response of the materials.
Still further this structure is specific for almost ide-
ally plastic response. It follows from the presence of
practically horizontal part of the profile after loading
front. It is seen the specific tooth of flow. Dynamic
elastic limit determined in the experiments is equal
ope=4.57£0.05 GPa and spall strength for
ZrNiCuAl alloy is equal 05,=4.43+0.05 GPa. The
spall strength was calculated by the method based
on the difference between the peak velocity and the
first minimum in the free surface velocity profiles
and the product of the initial density and longitudi-
nal wave speed [20].

The parameters of the shock Hugoniot adiabat in
the space of velocity of the shock wave U, and the
particle velocity u, are presented in Fig. 9.

Several Us-Up curves of Zr based BMGs report-
ed in literatures [7]. It can be seen that a kink ap-
pears at particle velocity 380m/s ~ 660m/s (pressure
range 14GPa ~ 26GPa) for Zr-based BMGs, and for
Zrs;NbsCuys 4Nip sAlyg BMG, a second kink appears
at 1.7km/s. In present experiments a kink appears at
lower particle velocity ~180m/s.
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Microstructural examination of samples after
high-strain-rate showed that the free surface cracks
have an oval semi-closed form, forming a chain
(Fig. 10a). Also, on the free surface of the sample
multiple deformation bands placed parallel each
other are seen (Fig. 10b — in polarized light). Shear
bands are typical for the microstructure of the shock
loaded Zr based BMG material.

52004 U_
5000;
4800 -
4600;

4400

4200 - 4}

4000

In the test modes, the material is characterized
by the appearance of specific areas of localization of
deformation in the form of increased etched regions
as it shown in Fig.10 (c, d).

The cross-section shows typical spall split
(Fig. 11a), perpendicular to the wave propagation
direction or spall zigzag split (Fig. 11b), placed at an
angle of 450 to the direction of wave propagation.

—p— ZrNiCuAl

u.,m/s
P

0 100 200

300 400 500

Fig. 9. Dependence Us = f(up) for ZrNiCuAl alloy

d

Fig. 10. Free surface of ZrNiCuAl shock loaded specimens
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c

d

Fig. 11. Microstructure of the cross-section for ZrNiCuAl BMG shock loaded specimens

The shear bands are arranged in the wave prop-
agation direction (Fig. 11d), and at a certain angle
(close to 45°).

Microstructural studies of the samples showed
the presence of non-etched areas with fine-grained
structure. In these areas under shock loading the
conditions necessary for the occurrence of dynamic
recrystallization are created. Near free surface of the
specimen, i.e. in the region of high strain rate, it is
seen in polarized light the areas of dynamic recrys-
tallization (white in Fig. 12) consisting on nanocrys-
tals [22]. Figure 12a presents the cluster of recrys-
tallization areas near the free surface. Typically,
recrystallization region in the samples of the materi-
al have a shape close to a circle (Fig. 12b). At the
same figure it is seen shear bands along the wave
propagation direction (Fig. 12a).

The presence of localized shear bands and areas
of recrystallization can be conditioned by the suffi-
ciently great amount of free volume (i.e., structural
defects), which is formed in the manufacture of the
specimens [17, 18]. The localization of defects leads

to the formation of zones with the different material
parameters and hence to the nucleation of shear
bands and to the transformation of the grains.

Mescheryakov and Atroshenko et al. [22, 23]
have shown that in the field of shear localization can
be quite large absolute values of shear strain and
significant, although insufficient to melt, rise of
temperature. So in the fields of the shear localization
can be expected the processes with formation of the
new crystal structure.

XRD analysis of samples Nell and Nel7 showed
(Fig. 13, Table 3) that the appearance of the crystallized
structure is observed: a sample Nell — 4,6% of crys-
tals, in a sample Nel7 — 0.7%. At the same time the
increasing of the percentage of crystallinity leads to
decreasing of the average size of the zones of re-
crystallization (the average size of the regions of
recrystallization for sample number 11 is 9.7 mi-
crons, and for the sample Nel7 is 16,0 microns). Al-
S0, one can see an increase in the values of micro-
hardness for sample Nell HV = 3758 MPa and
sample Nel7 — HV = 3438 MPa.

BecmHuk MITY um. I'. N. Hocoea. 2016. T. 14. Nel
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b

Fig. 12. Dynamic recrystallization in cross-section of the ZrNiCuAl specimens after shock loading:
a) nucleus; b) “pancake” pocket of the nanocrystallization

100
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Fig. 13. X-ray measurement profile for specimen Ne11

Table 3
Dependence of crystallinity quantity in shock loaded
specimens on microhardness and dynamic
recrystallization areas

Sample | % of the HV, Size of areas of dynamic
Ne crystallinity | MPa recryste}ll!zat|on, Hm
Average | Minimum [Maximum
11 4,6% 3758 94 2,9 79,6
17 0,7% 3438 | 16,0 3,7 49,4

2.3. Conclusions

From the above results one can draw the follow-
ing conclusions:

The investigations of amorphous metallic alloys
on the base of Zr justified the qualitative picture for
response of these materials on shock loading.

It was found that for our alloy composition on the
base of Zr the HEL value one. and spall strength o,
are 4.57 and 4.43 GPa correspondingly. Nevertheless,

despite the value of the spall strength of less than
HEL on the fracture surface are observed local re-
gions with shear bands and grains of recrystallization.
The experimental results indicate a complex de-
formation process during shock compression.
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HHDOOPMALUA O CTATHE HA PYCCKOM A3bIKE
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XAPAKTEPUCTUKU OB BEMHOIO METAJITUYECKOIO CTEKNA

NMPU YOAPHOM HAIPYXEHUU
Atpomenko C.A.

Wuctutyt npobiem mammHoBenenust PAH, Cankr-IlerepOypr, Poccns

Annomauyua. Ha OCHOBE SIEKTPHYECKOrO B3pPhIBA
MPOBOAHKMKOB Pa3paboTaH METOX BBICOKOCKOPOCTHOH Jie-
(bopmary MaTepUaoB Uil UCCIICI0BAHUI TUHAMUYECKOU
MPOYHOCTH MPH YIOAPHBIX Harpy3kKax MHKPOCEKYHIHOW H
CYOMHKPOCEKYHJTHOM JIMTENbHOCTH. [IpoBereHbl JKcIie-
PUMEHTAJIbHBIE UCCICIOBAHMS JUHAMHUIECKUX XapaKTepu-
CTHK 00OBEMHOI'0 METAJIIMYECKOro CTEK/Ia Ha OCHOBE TUTa-
Ha M [MPKOHUS TPU YyAApHBIX Harpy3skax cyOMHKpoce-
KyHaHO# mmurensHocTH (~0.5-0.7 MKC) B quama3oHe jiaB-
nenus 1o 12 I'Tla. {ns 5Tux aMop(HBIX CIUIABOB HOJIy4EHBI

3HaYeHMs Tperena yrnpyroctd [ToroHuo u mpezesna mpod-
HOCTH Ha pactpeckuBanue. OnpeseneHsl napaMerpsl yaap-
Hoii aguabatel I'toronuo B npoctpancrse Ug, — Uy B pe-
3yJIbTaTe aHAIN3a MHUKPOCTPYKTYPHI COXPaHEHHBIX 00pa3-
I10B BBISBIICHBI 00JIACTH PEKPHUCTALIN3ALHN.

Knrwouesvie cnosa. o0beMHOE METAIINYECKOE CTEKIIO,
yIOapHOE HarpyKeHue, 3JIEKTPUYECKUi B3pHIB IPOBOJHU-
KOB, IJMHAMHYECKasi IIPOYHOCTD, Npejiell ynpyroctu [roro-
HHO, TIpeJIeN IPOYHOCTH Ha PaCTPECKUBAHHE.
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