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The mechanisms of strengthening of the surface layer of D16AT aluminum alloy irradiated with a
high-current relativistic electron beam were studied. The alloy was irradiated with an electron beam with
a particle energy of 0.35 MeV, a beam current of 2.0 kA, and a pulse duration of 5 ps. This article shows
that the processing of D16AT aluminum alloy by a high-current relativistic electron beam leads to melting
of irradiated surface and the formation of a surface layer with a modified structural-phase state. The
thickness of this layer is approximately 100 um. A solid solution based on aluminum is the main constitu-
ent of this layer. At the same time, intermetallic phases that were present in the initial state of the alloy
cannot be detected by means of X-ray diffractometry. It was established that processing of the surface of
D16AT alloy with a pulsed electron beam leads to grain refining. In the initial state of the alloy, the aver-
age grain size is 11 um. In the modified layer, the average grain size is approximately 0.8 um. The micro-
hardness of the irradiated layer increases by almost 50 %. The contribution of different strengthening
mechanisms to the change of strength characteristics of the modified surface layer was analyzed. It was
shown that the dispersion mechanism makes the main contribution to the strengthening of the alloy in the
initial state. While the dislocation mechanism of strengthening plays a key role in increasing the micro-
hardness of the irradiated layer. The importance of these observations for thermomechanical processing of
aluminum alloys in order to further improve their strength characteristics was discussed.
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1. INTRODUCTION

The energy flux density technique is widely used in
the surface treatment of structural materials. The ef-
fect of intense pulsed electron beams on the material
serves as an example of such a technique [1-5]. The
implement of high current relativistic electron beams
can improve the surface layer properties and achieve
better values than when using conventional treatment
techniques. It is about pulse energy transfer from a
charged particle beam to the treated surface, including
the irradiation way and ability to pass through struc-
tural and phase transformations. The irradiation ener-
gy at the time of pulse activity is almost completely
absorbed by the material layer, the thickness of which
is equal to the electron path length, and is converted
into heat energy. The only exception is bremsstrah-
lung. We have to concern the peculiarities of heating by
electron beams, e.g., the absorbed energy is distributed
through the irradiated layer unevenly, penetrating no
more than 1/3 of the electron path length. If there is
enough absorbed energy to melt the target compound,
we can observe the maximum variety of processes.
Herewith, during impulse activity and a little bit later,
there are processes of ejection of the molten compound
from the surface, melting of the target beyond the elec-
tron path length, crystallization of the molten part, and
solid phase transformation. As a result, the structure
and properties of the surface layer change. Thus, we
can obtain better hardness, corrosion resistance and
dynamic tensile strength of the item [1]. The molten
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layer thickness depends on both the particle energy
and irradiated specimen density. Microsecond intense
pulsed electron beams with a high-current density of
up to 109 W/em? and particles with energies exceeding
0.3 MeV are able to heat and melt fairly evenly the
upper surface layer of the aluminum alloy to a depth of
about 100 microns [2, 3]. Due to this treatment method,
it is possible to localize the modification of the upper
surface layer of items.

At the same time, the establishment of correlation
between the composition, structure and properties of
metallic materials is the most important task of metal
science. However, despite the vast accumulated exper-
imental material distinguished the correlation between
the item structure and properties, this issue is subject
to further research, as well as the mechanisms respon-
sible for the hardness of aluminum alloys of the Al-Cu-
Mg system, despite the growing number of works de-
voted to thermal hardening of these items [6, 7]. The
paper studies D16AT aluminum alloy, which belongs to
the wrought aluminum alloy brand. Investigation of
the strengthening mechanism after intense pulsed elec-
tron beams is important to recognize the cause of struc-
tural and phase transformations, leading to better
hardness of aluminum alloys.

2. EXPERIMENTAL PROCEDURE

Irradiation of alloy sheets was performed with a
high current pulsed beam of relativistic electrons at the
TEMP-A accelerator in the NSC KIPT NAS of Ukraine
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[2, 3]. The energy flux density on the target W was ap-
proximately 10° W/cm? (beam energy FE ~ 0.35 MeV,
current I~ 2000 A, pulse duration z; ~5-10-6s, beam
diameter D ~ 3 cm).

Mechanical properties at room temperature were
obtained from static tensile tests of the alloy, and the
Keller’s reagent (1 % HF, 1.5 % HCI, 2.5 % HNOs, 95 %
H20 (ml)) revealed the grain microstructure on the
polished etched surface. The grain microstructure re-
search was carried out using a TESCAN VEGA3 LMH
scanning electron microscope (SEM) and an MIM-10
optical microscope. A PMT-3M microhardness tester
was used to confirm the microhardness changes. The
Vickers microhardness (HV) was found by applying a
force of 50 g with the help of an indenter for dwell time
of 25 s with a microhardness tolerance of 10 %. The
microhardness was defined by the equation

= ; (€Y

where P is the load, R is the length of the diagonals of a
square indentation measured in two mutually perpen-
dicular directions.

X-ray structure analysis was carried out on a DRON
4-07 diffractometer with CuK, radiation at a current of
30 mA and a voltage of 40 kV. The lattice parameter
and the dislocation density were evaluated using X-ray
diffraction (XRD) line-profile analysis according to the
Rietveld method. Energy dispersive X-ray spectroscopy
(EDS) giving the spatial distribution of alloy elements
was done by applying a TESCAN VEGA3 LMH SEM
equipped with an EDS Bruker XFlash 5010 detector.

3. RESULTS

The paper focuses mainly on examining D16AT
aluminum alloy (comparable to 1160 aluminum alloy).
D16AT aluminum alloy of the Al-Cu-Mg system is able
to compete in hardness against some steel grades, but
it has a much lower specific gravity [9]. Table 1 shows
the complete chemical composition of D16AT aluminum
alloy.

Table 1 — Chemical composition (wt. %) of D16AT aluminum
alloy

Al Cu Mg Mn Si Fe Zn Ti
Bal. 438 137 0.73 035 0.35 0.16 0.05

A specimen for research irradiation with a thick-
ness of 4 mm was cut from a sheet of D16AT aluminum
alloy. Sheet products made of D16AT aluminum alloy
are cladded and undergo quenching and natural aging.
Before being irradiated, the cladding layer was ground
away, and the specimen surface was polished. Fig. 1
shows the microstructure of D16AT aluminum alloy.
The grain structure is obviously completely recrystal-
lizing. It is mostly equiaxial grain structure with slight
grain inhomogeneity. The average grain size is 11 um.

Mechanical testing of the specimens made of sheet
products with applying a tensile strength testing ma-
chine at room temperature showed a tensile limit equal
to 425 MPa and ovz =312 MPa. The maximum tensile
strength of the target specimen at room temperature
was 16 %.
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Remelted layer:

Fig. 2 — View of the irradiated surface of D16AT aluminum
alloy (a); view of the cross-section of D16AT alloy in the elec-
tron beam treatment zone (b)

Fig. 2 shows the surface of D16AT aluminum alloy
after relativistic electron beam irradiation and the view
of the cross-sectional cut in the electron beam treat-
ment zone. Intensive specimen heating generated by a
pulsed electron beam melted partially its surface layer.
The solidification of the melted layer in a wide range
of temperatures and at high pressure caused directed
crystallization of the melt under nonequilibrium condi-
tions and resulted in nanocrystalline and amorphous
structures [1-5]. At spatial beam intensities exceeding
107 J/cm2, the pressure inside the target can achieve
several megabars. Since the surface zone absorbs the
maximum of the beam energy, a surface microexplosion
occurs, which is accompanied by a shock-plastic wave,
propagating towards the target, and the material emis-
sion towards the beam activity. The melted layer of the
target material crystallizes due to heat exchange with
the unmelted area. The mentioned above effects form a
remelted layer, serving as a modified one, on the spec-
imen surface of D16AT aluminum alloy. Fig. 2a shows
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that the surface of the remelted layer is covered with a
population of cracks. The thickness of the remelted
layer is on average about 100 um (Fig. 2b). It was es-
tablished that the surface treatment of D16AT alumi-
num alloy by a pulsed electron beam reduces average
grain size up to 0.8 um in the remelted layer. The
structure of the modified layer is considered nonequi-
librium due to the blurred outlines of grain boundaries.

D16AT aluminum alloy can contain phase particles
in equilibrium with the aluminum matrix at room tem-
perature: S-phases (Als=CuMg), 6O-phases (Al2Cu),
Als¢(CuFeMn), Al15Si2(CuFeMn)s and (Al2oCu2Mns). The
phase composition of the target alloy in its state and its
surface layer after irradiation was established by X-ray
testing. Fig. 3 shows the X-ray image of the initial spec-
imen of D16AT aluminum alloy with intense diffraction
peaks meeting the aluminum-based solid solution
(aa-phase). The microstructure of as-cast D16AT alu-
minum alloy shows the presence of diffraction peaks of
6- and S-phases. Fig. 3b shows the X-ray diffractogram
of the D16AT aluminum alloy surface layer remelted by
a pulsed electron beam, with intense diffraction peaks
meeting the aluminum-based solid solution (aal-phase),
but the X-ray diffractogram of the remelted layer
shows no peaks meeting &- and S-phases. This speaks
about hardly possible minimal presence of phases in
the remelted layer. Fig. 3 compares the X-ray diffracto-
grams and shows that irradiation is the reason for the
redistribution of the orientation of a-crystallites of
aluminum-based solid solution due to the change in the
intensity ratio of aal-phase diffraction peaks.
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T (b) irradiated
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Fig. 3 — X-ray image of the initial D16AT aluminum alloy
specimen (a) and the real X-ray image of the remelted surface
layer irradiated with an electron beam (b)

It is important to consider the irradiation tempera-
ture of the remelted layer over 1000 K for proper
recognition of the phase compound changing processes
occurring in the modified layer of D16AT aluminum
alloy [3]. The melting temperature of the S-phase
reached 500 °C and 591 °C for the &-phase. So, both
phases are present in as-cast D16AT aluminum alloy
and require a lower melting temperature than the one
under irradiation of the surface layer with a pulsed
electron beam. The electron beam affects the treatment
zone with the accompanied emerged high pressure
crashing the various structural elements there. Irradi-
ation of D16AT aluminum alloy meets these conditions,
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so available in the alloy phases will be crashed, partial-
ly melted and dissolved. High cooling rates of the melt
at 10%-10% K/s exceed dramatically the critical cooling
rates preventing phase segregation in the aluminum
matrix. Therefore, the remelted layer may involve a
hardening phase, but very small in size with an equal
distribution along with the modified layer.

Irradiation of D16AT aluminum alloy with a pulsed
electron beam increases the dislocation density of the
modified layer. In compliance with the data of X-ray
structure analysis, the dislocation density of the as-cast
alloy specimen is 0.7 x 104 m~-2 and of the irradiated
layer is 5.9 x 10 m~-2. So, the dislocation density of
the modified layer increases dramatically.

The lattice parameter of the aluminum-based solid
solution is 0.4051 nm in the as-cast specimen of D16AT
aluminum alloy and 0.4049 nm in the modified remelt-
ed layer, e.g., the treated surface layer comes with the
lattice parameter decrease. To recognize the reason for
the lattice parameter change, we have to consider the
following: melting and dissolution during irradiation of
strengthening phases should increase the amount of
alloying elements. EDS distinguishes that the alumi-
num-based solid solution of the as-cast alloy contains
approximately 0.4 wt. % Cu, a close value to limit solu-
bility of copper at 20 °C, and 0.3 wt. % Mg. The copper
concentration in the remelted layer of the aluminum-
based solid solution increases up to 3.1 wt. %, and
magnesium — to 0.9 wt. %. The magnesium concentra-
tion increases in the aluminum matrix (the atomic ra-
dius of Mg is greater than that of Al) leads to an in-
crease in the lattice parameter. The lattice parameter
increases due to the possible presence of an excessive
concentration of quenched vacancies [8]. However, the
concentration of copper in the modified layer is signifi-
cantly higher than its limited solubility at 20 °C, indi-
cating the formation of a supersaturated solid solution
of copper in aluminum. It is the reason for alloy lattice
parameter decrease (the atomic radius of Cu is less
than that of Al). A decrease in the grain size to nano-
crystalline one leads to an increase in the fraction of
grain boundaries. This, according to [9], should also
lead to a decrease in the lattice parameter. Thus, the
factors affecting the decrease in the lattice parameter
are more significant than the ones causing the increase
in the lattice parameter.

Structural-phase transformations in the surface
layer under the action of a pulsed electron beam should
cause changes in hardening properties. Fig. 4 shows
the distribution of microhardness values over the cross-
section of D16AT aluminum alloy from the side affected
by a pulsed electron beam. The microhardness of the
alloy is 101HVo.05. Fig. 4 shows a dramatic increase in
the microhardness of D16AT aluminum alloy, modified
by irradiation, with an average value within 147HVo.05.
Thus, the pulsed electron beam performance improves
the hardening of the surface layer of D16AT aluminum
alloy as twice as of the as-cast one. The microhardness
values go beyond the boundaries of the remelted layer
affected by the electron beam. However, these micro-
hardness values are still higher than the ones for the
as-cast specimen. The values of the modified layer meet
the ones of the as-cast specimen only at a distance of
200 pum deeper from the surface.
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Fig. 4 — Distribution of the microhardness values over the
cross-section of D16AT aluminum alloy along the side affected
by the electron beam

4. STRENGTHENING MECHANISMS

The hardness properties of metals and alloys re-
sponsible for the microhardness change are deter-
mined by a set of strengthening mechanisms. Regular-
ly, the yield strength of aluminum alloys is described
by the additive effect of various strengthening mecha-
nisms [10-12]:

ov.2 = ov+ 0GB+ Oss + o4 + oor, (2)

where oo is the yield strength of pure aluminum
(Peierls-Nabarro stress oo =10 MPa), ocs is the yield
strength change due to the grain boundary strengthen-
ing, oss is the yield strength change due to the alumi-
num-based solid solution concentration change, oy is
the impact on the strengthening due to the dislocation
mechanisms, ocor is the influence on strengthening due
to the presence of secondary phase particles.

To recognize properly the nature of the strengthen-
ing processes when modifying the surface of D16AT
aluminum alloy by an electron beam, we should per-
form impact analysis of strengthening mechanisms.
Being aware of the reasons for the increase in the mi-
crohardness of the D16AT aluminum alloy surface lay-
er, we can speak about the prospects for further hard-
ening by irradiating the surface layer.

It is known that in polycrystalline materials, the
conditional yield strength is related to the grain size,
and the grain boundaries are effective barriers for mov-
ing dislocations. The finer the grains, the greater the
extent of the boundaries and, consequently, the more
often they occur along the path of moving dislocations.
According to the Hall-Petch effect [13, 14], the impact
of grain boundary hardening on the yield strength is
defined as follows:

ogp = KdV?, ®3)

where K=0.10 MPa x m'/2 is the index of the grain
boundary hardening of the Hall-Petch constant [15], d
is the average grain size. It is 30 MPa for the initial
structural state of D16AT aluminum alloy and it sharp-
ly increases to 112 MPa for the modified layer.

A change in the alloying elements concentration in
a solid solution can lead to solid-solution hardening.
This type of hardening is caused by the interaction of
moving dislocations with atoms of the distorted lattice
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and dissolved atoms causing distortion. Due to this
mechanism, the obtained hardness value is kept under
control mainly by the difference in sizes of dissolved and
matrix atoms. Generally, oss can be expressed as [16]:

Oss = Otrace T zi kch/g ’ (4)

where C; is the concentration of the i-th alloying ele-
ment, k; is the coefficient that determines the interac-
tion of dislocations and the i-th alloying element.

Mg and Cu are the main alloying elements involved
in solid solution hardening of D16AT aluminum alloy.
Their values due to [17] are kmg = 9.35 MPa/(wt. %)%
and kcu = 15.0 MPa/(wt. %)¥3. The values provided by
the averaged EDS for the as-cast alloy are the follow-
ing: Cmg=0.3 wt. % Mg and Ccu=0.4 wt. % Cu. And
the values for the layer modified by the electron beam
are Cyg=0.9 wt. % Mg and Ccu=3.1 wt. % Cu. Since
D16AT aluminum alloy includes additional elements
Mn, Fe, and Si, we should consider the entry of these
atoms into the solid solution as accumulated Girace, €5-
timated at approximately 24 MPa due to [18]. There-
fore, oss for the as-cast alloy is 37 MPa, while for the
irradiated layer it increases up to 65 MPa.

Dislocation hardening is caused by the interaction
of dislocations during deformation. An increase in the
dislocation density causes an increase in the interac-
tion of dislocation and the stress required for the dislo-
cation motion. The Taylor equation evaluates the effect
of dislocation hardening as follows [13]:

o, =MaGb\/p , (%)

where a is a dimensionless parameter approximately
equal to 0.24 for aluminum alloys and which takes into
account the distribution behavior and dislocation mo-
tion [12], M is the Taylor factor considering the shear
stress in a sliding system, which takes a value of 3.1 for
aluminum alloys), G is the shear modulus (G = 26 GPa
for aluminum alloys), b (0.286 nm) is the Burgers vec-
tor, pis the dislocation density.

The value of oy for the as-cast alloy is 46 MPa and
134 MPa for the modified layer.

Dispersion hardening caused by the presence of sec-
ondary phase dispersion particles impeded the disloca-
tion motion. The effect of dispersion hardening is ex-
pressed by the Orowan equation [10]:

_ 0,4MGb , D

N InF’ ©

where L is the effective distance between particles, vis
the Poisson's ratio, D is the average particle diameter.

The effective distance between particles is meas-
ured as [19]:

GOr

-1/3
L= 0,4155[§3j , ©)

where F, is the number of particles per unit volume,
r is the average particle radius.

The particles of 8- and S-phases present in the heat
treatment process of cast semi-finished D16AT alumi-
num alloy affect mainly the dispersion hardening. The
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modified layer can affect the dispersion hardening per-
formed by oxide particles arising during irradiation [2].
SEM shows cor =203 MPa for the initial D16AT alloy
and cor = 131 MPa for the modified layer.

5. DISCUSSION

If the microhardness is known, we can estimate the
other mechanical properties. There are some methods
for the approximate determination of the ultimate ten-
sile strength and yield strength of a material based on
microhardness data. According to [20], the Vickers mi-
crohardness value is equivalent to the true stress at
8 % strain and can be expressed as:

0,(MPa) =3,27HV . (8)

For approximate calculations, the conditional yield
strength of the material ov.s is evaluated on the basis of
HV measurement according to the equation ov.2 ~ HV/3.
Thus, the microhardness of as-cast D16AT aluminum
alloy takes a value of 101HVo.05 and should correspond
to a ov2 value of approximately 336 MPa. The micro-
hardness of the modified layer is 147HVo.05 and should
correspond to a ov.2 value of approximately 490 MPa.

Table 2 shows the overall impact of the various
hardening mechanisms of D16AT aluminum alloy that
were evaluated on the basis of the obtained microstruc-
ture parameters. The calculated value of the condition-
al yield strength for the as-cast alloy (326 MPa) differs
slightly from the value ov2 =312 MPa obtained in the
simulation, as well as from the value ov2 calculated
from the microhardness data (336 MPa). The ov.2 value
calculated on the basis of the microhardness data for
the modified layer is equal to 490 MPa and is slightly
more than ovz obtained from the microstructure pa-
rameter data (454 MPa). However, considering some
difficulties in studying the modified layer microstruc-
ture, such tolerance is acceptable.

Thus, the calculated values of the effect of various
strengthening mechanisms on the modified layer can
help to recognize some structural and phase transfor-
mations upon irradiation of D16AT aluminum alloy
with a pulsed electron beam. Table 2 shows that the
0GB, 0ss and o4 values in the irradiation-modified layer
increase. At the same time, one of the main reasons for
the microhardness increase in the irradiated modified
layer can be considered the dislocation strengthening
mechanism. The cor value for the irradiated surface is
slightly reduced compared to the non-irradiated sur-
face. However, the dispersion strengthening mecha-
nism of the microhardness of the remelted layer re-
mains significant. This is due to several factors. De-
spite the fact that most of the particles of the harden-
ing phases dissolve upon irradiation, some of these
phases remain in the modified layer due to the uneven
temperature distribution in the alloy molten zone.
Therefore, it is likely that some of the large particles of
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the hardening phases did not completely melt and dis-
solve. Also, during irradiation, the nucleation of alumi-
num and magnesium oxide particles is possible [2].
They will also affect the hardening of the modified lay-
er. However, the effect of dispersion hardening on the
modified layer hardness is significantly less than for
the as-cast alloy.

Table 2 — Various impact mechanisms on the overall D16AT
aluminum alloy hardening

o0 OGB Oss Od OOr 00.2

MPa MPa MPa MPa MPa MPa
initial 10 30 37 46 203 326
modified 10 112 65 134 131 452

An important consequence of the performed calcula-
tions is the statement of the possibility to achieve bet-
ter hardening values in the surface irradiated layer
while keeping the core parameters of its microstructure
unchanged due to the introduction of additional dislo-
cation density. Cold rolling can increase the hardening
value by 10-20 % of the irradiated specimen. Thus, the
application of intense pulsed electron beams along with
cold rolling processing makes it difficult to obtain high-
ly hardened surface coatings.

6. CONCLUSIONS

The D16AT aluminum alloy surface processed by a
pulsed electron beam creates a surface layer with a
thickness of 100 um along with a modified structure
and phase states. The submicrocrystalline structure
with an average grain size of 0.8 um, an increase in the
dislocation density and a decrease in the lattice param-
eter serve as the structural-phase state properties. The
Al2Cu and Al:CuMg intermetallic phases available in
the as-cast alloy are not detected by X-ray methods in
the modified layer. The pulsed electron beam performs
hardening of D16AT aluminum alloy with an increase
in the layer microhardness over 50 %.

To recognize properly the nature of the strengthen-
ing processes in the electron beam modified surface of
D16AT aluminum alloy, we performed impact analysis
of strengthening mechanisms. The as-cast alloy re-
ceives the basic impact due to dispersion strengthening
mechanisms, and the modified irradiated layer receives
the basic impact due to the dislocation motion and
strengthening mechanisms. An additional dislocation
density option, such as cold rolling processing, can con-
tinue improving the irradiated surface hardening.
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B.B. Bpoxoseupkmniil, B.B. JIutsunenxo!?, J1.€. Mual, 10.®. Jlouiu2, A.I'. Ilomomapros?, B.T. Yeapos?

L Tuemumym enekmpoghizukru i padiauyilinux mexrono2iii HAH Yikpainu, eyn. Qepruwescora, 28,
a/c 8812, 61002 Xapxie, Vrpaina
2 HauionanvHutli Haykosul yenmp «Xapkigcokull pisurku-mexuiunuli incmumym» HAH Ykpainu, eyn. Akademiuna,
1, 61108 Xapxise, Yrpaina

JocmimxeHo MexaHI3MHU 3MIIlHEHHSI IIOBEPXHEBOTo Inapy asoMinieBoro ciuiasy J[16AT, ompomimenoro
CUJIBHOCTPYMOBHM PEJIATHUBICTCHKUM eJIEKTPOHHUM IydkoM. CILIaB ONMpOMIHIOBAJIN €JIeKTPOHHUM IIyYKOM 3
eneprieo vactuuok 0,35 MeB, crpymom myuka 2,0 KA Ta TPpHBAJIICTIO IMITyJIbCY 5 MKC. ¥ CTaTTI IMOKA3aHO,
1m0 06po0Ka CHIIBHOCTPYMOBUM PEJISTHBICTCHKUM €JIEKTPOHHUM IIydukoM asoMinaieBoro cruiaBy J[16AT mpu-
3BOJIATH JI0 OILJIABJIEHHS OIPOMIHEHOI ITOBEPXHI Ta yTBOPEHHs ITOBEPXHEBOr0 IIapy 3 MOAU(MIKOBAHUM CTPY-
KTypHO-(pa3oBuM craHoMm. TormuHa mrapy cksamae mpubiansdao 100 mem. OcroBHOW0 (pa30i0 IIHOTO IIApPY €
TBEPJUH PO3UNH HA OCHOBI aJTIOMIHIIO, a IHTepMeTaTIHI (asdu, ikl OyJIu MPHUCYTHI y BUXITHOMY CTaHI CILIa-
BY, HE BHUSIBJISIOTLCS METOJAMHU PEHTIeHIBChKOI nudpakTomerpii. BeranoByewo, mo 06pobka MoBepxHI CIuia-
By J16AT iMmysabcHHM eJIEKTPOHHHM IIyYKOM IPH3BOAUTH 0 IIOAPIOHEHHS 3epHA. ¥ BHUXIJHOMY CTaHI
CILTIABY CepeHIi po3Mip 3epeH crJyamae 11 MM, a y MOIM(IKOBAHOMY IIapl CepeTHii po3Mip 3epHa CKJIIaIae
npubmusuo 0,8 MEM. MikpoTBepaicTh OIPOMIHEHOro IIapy 30iabiryerbesas Mmatske Ha 50 %. [Ipoanasizosamo
BHECOK PI3HUX MEXaHI3MIB 3MIITHEHHS y 3MIHYy MIIIHICHUX XapaKTEePUCTHUK MOOU(IKOBAHOTO MOBEPXHEBOIO
mapy. [Tokasawo, 1o it CIJIaBy y BUXIHOMY CTAHI OCHOBHUUN BHECOK y 3MIIHEHHS A€ JUCIEePCIHHUN Me-
XaHI3M, TOMl AK KJIIOYOBY POJIb y 301JIbIIEHH]I MIKPOTBEPIOCTI MOAU(IKOBAHOIO OIIPOMIHEHHSIM IIAapy Bimir-
pae OUCIOKAIIMHNN MexaHidM 3MirtHeHHsA. OOroBOPIOETHCA 3HAYEHHS IIUX CIIOCTEPEIKeHD I TePMOMeXaHi-
YHOI 00POOKH ATIOMIHIEBUX CILIABIB 3 METOIO HMOJAJIBIIIONO IIIIBUINEHHA XapAKTePUCTUK TX MIITHOCTI.

Kmiouori caoBa: CuIbHOCTPYMOBHI €JIEKTPOHHHWN IIy4YoK, AJTIOMiHIEBHU CIuiaB, MIKpOTBEpIiCTS,

MexaHi3MH 3MIITHEeHHS.
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