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Abstract. Natural metal composite materials represent a promising class of modern structural materials that need to be welded. Such
materials can be welded by fusion, as has been established with the Ti-TiB alloy as an example. The enhanced operational properties
of such materials are determined by the microstructure, which is characterized by the presence of microfibers of borides, carbides, or silicides
in the metal matrix. To preserve the mechanical properties of materials in a welded joint, it is necessary to ensure the formation of reinforcing
microfibers in the welded seam material. Determination of formation mechanism of boride microfibers, originated in the welded seam material,
will become the basis for optimizing of fusion welding modes, in particular, electron beam welding mode.

The purpose of this study is the determination of formation mechanism of boride microfibers originated in the welded seam material. Two most
probable variants of the formation mechanism are analyzed, which involve eutectic decomposition during crystallization from a liquid melt or
eutectoid decomposition from a metastable crystallized alloy. The third version is a mixed variant of the two above-mentioned mechanisms.
In the article the results of metallographic analysis of features of boride phase distribution and an analysis of elemental composition
of boride fibers based on local Auger electron spectroscopy are presented. The object of study was a Ti-TiB alloy joint obtained by
electron-beam welding. The analysis factors were the features of size, orientation, and nature of the distribution of boride phase
microfibers in different areas of the welded seam. The characteristic elemental composition of boride microfibers, which characterizes
the correspondence to equilibrium phases, is also studied.

The degree of deviation of the ratio of boron and titanium in such a phase from the thermodynamically equilibrium in different layers
of the material of the welded seam, formed by an electron beam in vacuum, is determined. The dependence of boride phase distribution
under various conditions of heat exchange in the welded seam material on the side surfaces and in the central regions is established.
It is shown that some of boride microfibers formed in the material of the welded seam are characterized by a deviation from the
thermodynamically stable composition TiBn (n = 1) to TiBx (n = 0.85). The dendritic nature of boride microfibers distribution and the
presence of meta-stable phase formations on Ti and B basis provide the grounds for proposing the predominant mechanism for the
formation of structure of the welded seam material in the Ti-TiB alloy during crystallization.

An analysis of hypothetical variants of the formation mechanism of boride microfibers originated in the welded seam material showed
that the formation of a dendritic type of structure is characteristic for the growth of crystals of a new phase in the liquid phase. Such
growth is characterized by the formation of equilibrium phases. The presence of a significant amount of non-equilibrium boride phase
in the welded seam indicates the residue of non-equilibrium boron in the titanium matrix and continuation of growing of boride fibers
in the crystallized welded seam. A determined mechanism for formation of boride microfibers originated in the welded seam material
is eutectic decomposition during crystallization from a liquid melt with the formation of TiB microfibers and further growth of such
crystals due to eutectoid decomposition from a metastable crystallized Ti-TiB alloy. The results obtained make it possible to understand
the mechanism of formation of a welded seam in welded natural-composite metal materials, which permits to develop the recommen-
dations for optimizing the welding technology for such materials.

Kntoueswie cnoga: titanium alloys, titanium boride; micro-structure; mechanical properties; welded joint; electron-beam welding;
heat treatment.

_ _ 1. Introduction
< Constantine Zvorykin

constantine.oleg@gmail.com . . . .
Welding of microcomposite alloys of the Ti-B sys-

tem is successfully implemented by melting occurring in
the welded joint area due to the heat supply by an electron
* Paton Electric Welding Institute of the National Academy  beam [1-2]. The electron beam is the main factor influenc-
of Sciences of Ukraine, Kyiv, Ukraine ing formation of structure and properties of the material in
3 LLC TECHNOL, Kyiv, Ukraine

! National Technical University of Ukraine “Igor Sikorsky
Kyiv Polytechnic Institute”, Kyiv, Ukraine

ISSN 2521-1943 Mechanics and Advanced Technologies

© The Author(s).
The article is distributed under the terms of the license CC BY 4.0.



Mech. Adv. Technol. Vol. 7, No. 1, 2021

25

this zone. The emergence of a steam-gas channel, which
under conditions of single-pass welding is of a through na-
ture, forms a liquid pool behind it, which crystallizes into
a welded seam during the cooling. Under conditions of
welding of titanium alloys, which are characterized by low
thermal conductivity, the cooling occurs less intensively
than in steels or aluminum alloys, however, it is accompa-
nied by appearance of significant temperature gradients.
This promotes the formation and growth of TiB reinforcing
fibers during crystallization [3], and cooling through a heat
sink into the materials to be welded causes traditional
changes in phase decomposition that usually occur in eu-
tectic alloys. Provided a narrow welded seam that meets
the conditions: [] < 0.3A (where [] is the welded seam
width, mm, and A is thickness of materials being welded,
mm), and under the condition of a fast movement of ther-
mal energy source, the features of such changes include re-
finement of granular structure, changes in liquation heter-
ogeneity and a change in shape of macro and micromor-
phology of crystals [4].

2. Materials and Methods

The Ti-TiB alloy used in this study was obtained by
the method described in [3]. After machining the ingot with
removing a 2.5 mm layer, multiple deformation processing
was performed on a Skoda 500/350 rolling mill with
€ = 20% degree of plastic deformation. The final blank
thickness for the experimental samples was 10 mm. The
blanks for welding investigations were then extracted by
water-jet cutting. The ends of the cut of the samples were
ground to ensure parallel joint of the welded surfaces, so
that the resulting surface roughness Ra was less or equal to
3.2 pm.

Samples for metallographic studies were prepared
using a precision hydroabrasive complex KGA 2-R-2500
(“Roden” Private Enterprise, Ukraine) by cutting in a plane
perpendicular to the surface of the welded joint, followed
by grinding and polishing, removing 0.5 mm. The experi-
mental welded samples were also cut with water along the
welded seam, displacing the water jet away from the
welded seam in such a way that one of cut planes passed in
the material near the center of the welded seam or near the
heat-affected zone of the welded seam at its center.

To obtain the welded samples based on the Ti-TiB
alloy, used for the investigations fulfilled in this work, fu-
sion welding was performed by means of UL-144 electron-
beam welding installation (UL-144, Pilot Paton Plant,
Ukraine), which was carried out in a vacuum of 102 Pa.

When performing elemental and structural analysis
of surfaces, the following methods of elemental and struc-
tural analysis of surfaces were used:

— high-resolution scanning electron microscopy us-
ing JSM-840 electron microscope (JEOL Ltd., Japan) with
a Noran-Quest X-ray analysis system;

—local Auger electron spectroscopy of JAMP-9500F
Auger microprobe (JEOL Ltd., Japan).

The microstructure of the Ti-TiB alloy, consisting of
a Ti-matrix with reinforcing boride fibers, is shown in Fig. 1.

The quantitative ratio of the Ti and TiB phases in the
experimental samples was controlled by quantitative X-ray
phase analysis (by the RIR reference intensity method) and
Auger spectral analysis, by which the quantitative ratio of
boron and titanium content was determined.

50 MM

Fig. 1. Microstructure of the Ti-TiB alloy before
welding [5]

Metallographic analysis is showed, that in the Ti-TiB
welded material the TiB microfibers were evenly distrib-
uted throughout the volume of titanium matrix
(a-Ti), their thickness was 2—7 um (see Fig. 1), the length
of fibers varied in the range from 8 pm to 70 um. The thick-
ness of the TiB fibers correlated with their length on aver-
age in a ratio of 1:6, however, the indicated ratio for differ-
ent inclusions varied from 1:3 to 1:15.

3. Results and Discussion

Changes, occurring in the material during the welded
seam formation owing to the electron beam moving, can
have a significant effect on the mechanical properties of the
welded joint, so it is necessary to analyze the features of
structure and phase composition of the welded seam mate-
rial.

Fig. 2 shows the microstructure of the welded seam
material in the plane of section, approximately coinciding
with the plane of joint of welded elements.

Metallographic analysis of the welded seam material
showed, that in the material of the Ti-TiB welded seam,
TiB microfibers were distributed in the form of dendritic
clusters throughout the all volume of (a-Ti) titanium ma-
trix, at that the thickness of microfibers was 1-2 um and
the fibers length was varied in the range from 3 pm up to
10 pm. The thickness of the TiB fibers correlated with their
length on average in a ratio of 1:7, however, the indicated
ratio for different inclusions varied from 1:4 to 1:12.
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Fig. 2. Microstructure of welded seam material of
the Ti-TiB alloy in the longitudinal section
(U:=60kV, I. =90 mA, v. = 10 mm-s™")

The conducted experiments are characterized by the
ratio [[ / A ~ 0.2, according to [4]. This gives grounds to
believe, that at ve = 10 mm-s™' the weld pool cooling is fast.
With slow cooling of liquid solution on the interfacial sur-
faces, its composition has time to even out, so the TiB and
Ti phases are able to grow freely until they meet, forming
a rough conglomerate of crystallites. On rapid cooling, the
crystallizing TiB phases usually alternate, which leads to
the formation of dispersed structure, typical for eutectic. It
is believed [4] that eutectic crystallization occurs from
crystallization centers with the formation of eutectic colo-
nies or eutectic grains, characterized by different macro-
and micromorphology. In the welded seam zone (see Fig. 2),
the eutectic colony is formed by the Ti crystal and dis-
persed inclusions of TiB fibers. Nevertheless, under high
supercooling conditions, the eutectic of Ti-TiB can consist
of TiB fibers that are in contact with each other and mixed
with irregularly shaped titanium matrix globules.

Upon cooling, after the melt reaches the temperature
of crystallization beginning, the Ti—B alloy containing less
than 48 at.% B (assuming an uniform distribution of com-
ponents), corresponds to a liquid solution of titanium and
boron with the TiB phase crystallizing in the melt. As is
known [6], to start the melt crystallization, its overcooling
AT from the phase equilibrium temperature is necessary.
At that, the new phase nuclei originate by fluctuation way
and grow or dissolve depending on the ratio of their effec-
tive nucleus radius to the critical radius r. of the nucleus.
Critical radius r¢ corresponds to the value at which the free
energy Ey reaches its maximum and decreases with each
change in the effective radius of nucleus and is determined

by formula:
nT
AT 0

where 1 is surface tension coefficient, J-m; Tp. — phase
equilibrium temperature, K; AT — temperature subcooling,
K; Q — latent crystallization heat, J.

Under conditions of equilibrium in the TiB alloy in
the liquid state, there are atomic clusters corresponding to
the structure of crystals of stable or metastable phases.
When the size of such a cluster exceeds the critical radius
For, it becomes the nucleus of a new phase. Accordingly,
with significant supercooling, the number of clusters that
become nuclei increases, which contributes to an increase
in the number of grains and a decrease in their size. Pro-
vided, that the surface tension coefficient 1, the phase equi-
librium temperature 7y and latent crystallization heat Q
are unchanged, an increase in temperature overcooling also
contributes to the formation of metastable phases.

Changes in the structure, caused by rapid cooling,
include: refinement of granular structure, change in liqua-
tion microheterogeneity, and crystal morphology shape
change [4]. In the range of rates of transition to the solid
state, which promote the cooperative growth of TiB, the
acceleration of cooling leads to the development of a cel-
lular substructure, to a change in the shape of segregation
accumulations, and to an expansion of region of boron sol-
ubility in solid solutions. Since metastable intermediate
phases often determine the type of segregation accumula-
tion, their contribution to the formation of alloy properties
can be significant.

In [6], the metastable intermediate phases are di-
vided into new metastable phases and phases with limited
metastability. New metastable phases (Ti,B, Ti,B3) may
not be present in the equilibrium state diagram and be met-
astable in the entire temperature-concentration region of
the “titanium” — “boron” diagram. Phases with limited met-
astability are present in the stable equilibrium diagram, but
due to the acceleration of cooling, they can expand the area
of their existence, being metastable precisely in such in-
creased boundaries. The acceleration of eutectic solidifica-
tion during rapid cooling can also be accompanied by the
crystallization of metastable intermediate phases. Since
metastable intermediate phases often determine the type of
colony, their contribution to the formation of alloy proper-
ties is often more significant. The level of metastability of
these phases is different and is characterized by the differ-
ence between the free energies of formation of metastable
phase formation and a mixture of stable phases of the same
composition [6].

For the case of single-phase alloys crystallization, it
is known [7], that supercooling depends on grain orienta-
tion, at that a change in the crystallization rate can lead to
a change in the “favorable” direction of growth. A similar
situation is also observed during the growth of two-phase
eutectic grains [8]. An increase in heat removal from the
crystallization zone can cause an increase in the growth
rate and lead to a change in the direction of the predomi-
nant growth of the TiB phase; in this case, a change in the
nature of its branching and the morphological appearance
of the eutectic is likely.
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For eutectic composites, of paramount importance is
the question of limits within which the crystallization con-
ditions can be changed while maintaining the composi-
tional nature of TiB fibers growth. For a wide range of al-
loys subject to compositional growth, it has been estab-
lished [9—11] that an increase in temperature gradient in a
liquid leads to an expansion of the concentration region of
compositional growth.

The crystallization rate has a more complex effect on
the limits of compositional growth. It was shown in [8] that
the boundaries of composite growth change at different
cooling rates, depending on the form of growth of primary
crystals with which the composite microstructure borders.

With an increase in crystallization rate of the Ti-TiB
alloy, the boundary of compositional growth approaches
the eutectic concentration of 8-9 at.% if the primary TiB
crystals grow unfaceted and move away from the eutectic
concentration of 8-9 at.% under the condition of faceted
growth of primary crystals. According to the concept of
competing growth [8], primary crystals will be absent in
the welded seam microstructure if the temperature at their
crystallization front of primary crystals is lower than the
temperature at the growth front of the boride phase of the
composite microstructure. The boundaries of the composi-
tional growth of the eutectic phase correspond to the equal-
ity of these temperatures and are determined by their de-
pendences on the crystallization rate, temperature gradient,
and melt composition. Since the strengthening phase of
TiB has a high temperature and melting entropys, it is rec-
ommended in [11] to use the highest possible crystalliza-
tion rates to maximize the proportion of the fiber-like state
of the strengthening phase by expanding the boundaries of
its compositional growth.

With a controlled flow of phase transformations, a
composite microstructure can also be formed through eu-
tectoid decomposition, which occurs under conditions of a
sharp temperature gradient, the source of which moves
along the sample [12]. The eutectoid transformation occurs
in the solid state, but resulting microstructure of the alloy
is similar to the eutectic one.

The formation of the oriented structure of eutectoids
has its own peculiarities [12—13], which were discovered
in the study of the stationary decomposition of the high-
temperature phase in the case of a temperature gradient of
200-600 deg-cm!, which is close to the case of electron-beam
welding of the Ti-TiB alloy. These features are as follows [8]:

1. A microstructure oriented in the direction of heat
removal is formed in the case of a temperature gradient less
than a certain value VTmax (VT, VTmax are temperature gra-
dients, °C).

2. Under the condition VT > VT, the alloy micro-
structure consists of a large number of flat or fibrous eutec-
toid grains, for which their orientation relative to the sam-
ple axis is practically arbitrary.

To evaluate the mechanism of welded seam for-
mation during electron beam welding of the Ti-TiB micro-
composite alloy, taking into account the above results,
three possible options can be assumed:

1. After the weld pool formation by the electron
beam, rapid crystallization occurs through eutectic transfor-
mation with the formation of secondary TiB fibers, prefera-
bly oriented in the direction of the temperature gradient
(from the welded seam axis to the samples being welded).

2. After the weld pool formation by the electron
beam, rapid crystallization occurs with fixation of metasta-
ble state of a boron solid solution in titanium, followed by
eutectoid decomposition in the solid state with formation
of an alloy microstructure oriented in the direction of heat
removal (at VT < VT ) or misoriented (at VT > VT iax).

3. Upon the first option implementation, the partial
formation of metastable phases occurs, followed by eutec-
toid decomposition at elevated temperatures due to residual
heating or final annealing of the welded joint.

Determination of predominant mechanism for the
welded seam formation during electron beam welding of
the Ti-TiB microcomposite alloy is possible on the basis of
analysis of structural features and phase composition of the
weld seal material.

Fig. 3 shows the microstructure of the welded seam
material in the plane of section, which approximately coin-
cides with the plane of joint of the welded elements near
their edge.
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Fig. 3. The microstructure of material in extreme
region of the welded seam of the Ti-TiB alloy in
longitudinal section (Ue = 60 kV, I. = 90 mA,
ve=10 mm's™!)

The structural features of the material in extreme re-
gion of welded seam of the Ti-TiB alloy (see Fig. 3) in
comparison with microstructure of welded seam in other
regions (see Fig. 2) are due to the presence of a free surface
in such extreme region, which provides additional heat re-
moval. Taking into account low thermal conductivity of ti-
tanium alloys, this can be an influential factor accelerating
the welded seam cooling in its extreme zones. The size of
TiB inclusions in extreme area of welded seam is much
smaller and their direction in direction perpendicular to the
welded seam is more clearly defined. At that, the general
distribution of TiB microfibers has a dendritic character. In
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central regions of welded seam the microstructure of the
Ti-TiB alloy has a transitional form: from cellular to den-
dritic. Formation of such structure is practically impossible
during eutectoid decomposition in solid state, which ex-
cludes this mechanism as the only one and typical for
welded seam formation during electron beam welding of
the Ti-TiB microcomposite alloy.

To analyze the probability of the 1st or 3rd option
from the above described mechanisms of welded seam ma-
terial structure formation during electron beam welding of
the Ti-TiB microcomposite alloy, a spectral analysis of the
TiB fibers was carried out to determine the boron content.
60 fibers were used in the sample. The results of analysis
of composition deviation for containing boron phases are
shown in Fig. 4.

The results obtained indicate that a greater number
of fibers in the welded seam zone correspond to TiBn with
n ~ 1, which is consistent with the results of X-ray phase
analysis. At the same time, up to 13% of containing boron
fibers have deviations from this composition (50 at.%Ti,
50 at.%B), Ac/c > 1%.
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Fig. 4. The results of analysis of TiB microfibers
statistical distribution according to the deviation
from the equilibrium composition (n = 1) based
on the Auger spectral analysis of the Ti-TiB mic-
rocomposite alloy in the welded seam

This indicates that significant part of reinforcing fi-
bers in the welded seam is in a metastable state and an in-
crease in temperature to a level ensuring the diffuse pro-
cesses occurrence will lead to relaxation to the thermody-
namically stable state (TiB, with n ~ 1). In such a state,
when boron is deficient near the microfiber, diffusion of
extra Ti atoms from its volume to the surface to the tita-
nium matrix should be expected. Intensification of such
type diffusion processes is a positive factor influencing the
mechanical properties of the alloy as a whole, since it helps
to reduce mechanical stresses at the interface between tita-
nium matrix and TiB microfiber.

Microstructure of material near the heat-affected
zone of the Ti-TiB alloy in the longitudinal section of the
welded seam (U.=60 kV, I. =90 mA, v. =10 mm-s™) is
shown in Figure 5. It should be noted that in this area there
is a greater directivity of TiB microfibers in the direction

from the heat supply zone to the colder base metal. This is
evidenced mainly by the cross sections of the TiB fibers in
the plane parallel to the joint of the welded elements
(Fig. 5).

The results of analysis of TiB, microfibers statistical
distribution by deviation from the equilibrium composition
(n = 1) based on the Auger spectral analysis of the Ti-TiB
microcomposite alloy with respect to the boron containing
composition are shown in Fig. 6. Comparison of TiB, mi-
crofibers distribution by deviation from the equilibrium
composition of the welded seam (see Fig. 4 ) and the heat-
affected zone (see Fig. 6) allows us to state that there are
much more microfibers, containing boron and being in a
non-equilibrium state with respect to the boron concentra-
tion, in the welded seam material near the heat-affected
zone than in the central region of the seam welded material.
This may indicate a higher crystallization rate of the melt
in contact with the Ti-TiB base material, which remained
in the solid state.

WD 21.5mm  100um

Fig. 5. Microstructure of the welded seam mate-
rial near the heat-affected zone of welded joint of
the Ti-TiB alloy in the longitudinal section
(Ue=60kV, I.= 90 mA, ve= 10 mm-s™!)

w1y

2 40f

é 351

= 304

FQ 254

= |

5 1

: N I

0| —

= - 35

E RE I 2 1

5 I— I
1 5 10 15 20 25 %

Interval of deviation from equilibrium atomic
composition. Ac/c

Fig. 6. The results of analysis of statistical distri-
bution of Ti-Bn microfibers according to the de-
viation from the equilibrium composition (rn = 1)
based on the Auger spectral analysis of the
Ti-TiB microcomposite alloy at the "welded
seam" — "base material" boundary
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The fact of existence of non-equilibrium phase for-
mations of the TiB, type with n <1 in the material of the
welded joint and at the boundary with the heat-affected
zone gives grounds to believe that after the weld pool for-
mation by the electron beam, rapid crystallization occurs
through eutectic transformation with the formation of second-
ary TiB fibers, preferably oriented in the direction of the tem-
perature gradient (from the welded seam axis to the welded
samples) with partial formation of metastable phases.

4. Conclusions

1. The structure of the Ti-TiB alloy in longitudinal
section of the welded seam, formed under the conditions of
electron-beam welding, is characterized by distribution of
TiB microfibers in the form of a dendritic type clusters
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368apHo20 wiea. Ananizyiomucs 06a Haudinbw 8ipo2ioni eapianmu mexanizmy gopmysanhs, ki nepeddbaiaioms eGmeKmudHul po3nao
nio wac kpucmanizayii' 3 pioko2o po3niagy abo esmexkmoioHuti po3nao iz MemacmadiibHO20 3aKPUCMANi308aH020 cnaasy. Tpemvoio
eepcicio 6Y8 SMIUAHULL 6APIAHM 080X BUWEEKAZAHUX MEXAHIZMIE.

V pobomi naseoeni pesynomamu memanoepagiunozo ananisy ocobausocmeii po3nodiny 60puonoi azu ma ananizy eiemMeHmHo20
CKAQY OOPUOHUX BOIOKOH HA OCHOBI I0KANbHOI Odice-enexmponnoi cnekmpockonii. 06 ekmom 00ciodcents 6y10 3 €OHanHs 3i Chaagy
Ti-TiB, ompumane enekmpoHHO-RPOMeEHe8UM 38aplosanHiam. Daxmopamu ananizy oyau ocoorueocmi pos3mipis, opicnmayii ma xapa-
Kmepy po3nooiny MiKpo8oioKoH 60puoHoi gasu y pisHux oo obnacmsax 36apHoco wea. Taxooc 00caioxncy8ascs xapakmepHuil ene-
MeHMHULL CKIA0 6OPUOHUX MIKPOBONOKOH, AKUL XAPAKmMepu3yeas Gi0NosioHicme pigHOBAICHUM pazam.

Busnaueno cmynins ioxunenns cniggionoutenns 60py ma mumany y maxii @asi 6i0 mepmoOUHAMIYHO PIBHOBAICHOZO Y PIZHUX WUAPAX
mamepiany 36apHo20 wiea, chopmMoO8aH020 eNeKmpOHHUM NPOMEHeM Y 6aKyyMi. Bcmanoeneno sanexcricme po3nodiny 60puonoi gasu
Y DI3HUX YMOBAX MENN08020 0OMIHY MaAmepiany 36apHo20 wiea Ha OOKOSUX NOGEPXHAX MA Y yenmpaibhux ooaacmsx. Ioxazano, wo
0715 HacmuHu GOPUOHUX MIKPOBOIOKOH, U0 YMBOPIOIOMbCS 8 Mamepiali 36apHo20 wiea, Xapakmepue GiOXunNeHHs 6i0 MepMOOUHAMIYHO
cmabinvrozo cxnady TiBy (n = 1) oo TiBn (n = 0,85). /lenopumonodionuti xapaxmep po3nooiny 60pUOHUX Mikpo8OIOKOH Ma HAs6-
Hicmb MemacmadiibHux gasosux ymeopenv Ha ocHosi Ti ma B Haoae niocmasu 015 nponosuyii 000 nepesadcarnyoco MexaHizmy
Gopmysanns cmpykmypu mamepiany 3eaprozo wea y cnaasi Ti-TiB y npoyeci kpucmanizayii.

Ananiz einomemuynux éapianmis mexanizmy opmyeanus GOPUOHUX MIKPOBOIOKOH, SKI YMEOPIOIOMbCA 8 MAmepiani 36apHo20 Wed,
NOKA3as, Wo YMEOPEeHHs OeHOPUMHO20 U0y CIPYKMYPU XAPAKMEPHO O POCIY KpUcmanie Hogoi ¢asu y piokitl ¢asi. /s makoeo
pocmy xapakmepro (popmyeants pienosadchux ¢as. Hasenicme y 36apHomy w6l 3HauHOI KITbKOCMI Hepi6HO8ACHOT 60puoHOl phasu
CBIOUUMb NPO 3ANUUIOK Y MUMAHOBI MAMPUYT HEPIGHOBANCHO20 OOPY MA NOOOBICEHHS pOCHTY DOPUOHUX BOIOKOH 8 3aKPUCMATIZ084-
HOMY 36apHOMY W6i. Busnauenum mexanizmom popmysants GOpUOHUX MiKpOBOIOKOH, AKI YMEOPIOIOMbCA 6 Mamepiai 36apHO20 Wea,
€ eemeKkmuyHUll po3naod nio 4ac Kpucmanizayii 3 piokoeo posniagy i3 gopmyeanusm mikpoeoiokua TiB ma nodanvuiuii pocm maxux
KpUucmanie 3a paxyHox e8meKkmoioHo2o posnady iz memacmaobinbhozo 3axpucmanizosanozo cnaasy Ti-TiB. Ompumani pe3yismamu
0aomsb MONCIUBICIMb POZYMIMU MEXAHI3M POPMYBAHHA 38APHO20 WEA 8 36APIOBAHUX NPUPOOHO-KOMNOZUYILIHUX Memanesux mamepi-
anax, wo 00360J51€ PO3POOIAMU PEKOMEHOAYIT W00 ONMUMI3AYI] MeXHON02I 36aPIOBANHS MAKUX Mamepiaie.

Kniouosi cnosa: mumanosi memanu,; 60pu0 mumany; MikpOCmMpyKmypa, Mexaniuni 61acmueocmi, 36apHe 3'€cOHaHH:; eleKmpoHHO-
npomenese 36aploGanis; mepmiune 06poOIeHH.
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