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Steady State a—y-Recrystallization of Ferritic Iron Alloys with a
Cellular Structure of the Interfacial Surface during Carburization
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UA-49010 Dnipro, Ukraine

The mathematical model of single-phase cellular growth of the y-phase layer
during isothermal a—y-recrystallization of a carburized ferritic iron alloy is
constructed based on the performed analysis. Diffusion transfer of carbon
through the y-phase to the interphase surface is the main factor that deter-
mines the kinetics of a—y-recrystallization during carburization. The ex-
pression for the distribution of carbon within the y-phase in front of the flat
phase interface (PI) during a steady-state process is obtained. The near-
boundary concentration differences between the curved and flat PI are de-
termined. The near-boundary mole fractions of the components inside the a-
and y-phases are calculated. Diffusion processes within the a-phase before PI
are described. The expression relating diffusion processes within the a-phase
in front of PI with the velocity of front advancement is obtained. Longitudi-
nal sections of cells corresponding to limiting cases of surface-tension coeffi-
cient o and microstructures during a—y-recrystallization are presented. As
shown, the PI cells have a pronounced crystalline facet during solid-phase
recrystallization. In this case, the morphology of the cells depends on the
crystallographic direction of growth of the y-phase.
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IIpoBeneno amasisy i Ha migcrasi Hel mMOOYyZOBAaHO MaTeMATUUYHUHN MOJAENb OJ-
HO(a3HOTO KOMipKOBOTO 3pOCTaHHA ITapy y-dasu mix uac izorepmiunoi o—y-
nepexkpucraniszamnii ¢hepuTHOrO CTOIy 3aJi3a 3a HaByIJIeIIbOByBaHHA. BeraHo-
BJIEHO, 10 OCHOBHIUM YMHHUKOM, 10 BU3HAYa€ RiHeTI/IRy OL—)'Y-
mepeKpucTasisarii 3a HaByTJIeIIOBaHHA, € nudysiiiHa gocraBaaaus KapboHy
yepes y-hasy no mixxkdasHoi nmoBepxHi. Byso omep:xkano Bupas A PO3IOAiTY
Kapb6ony B y-(hasi nepex nirackoro ¢a3oB0o0 IOBEPXHEIO 3a CTAII0HAPHOT'O IPO-
mecy. BusHaueHo pisKHUII MPUMEKOBUX KOHIIEHTPAIIIM MisK BUKPUBJIEHOIO Ta
IJIaCKO0I0 (pa30BOIO IMTOBEPXHEI0. By10 po3dpaxoBaHO IPUMEKOBI MOJIbHI YaCTKU
KOMIIOHEHTIB y o- i1 y-hasax. Onucano gudysiitni npomnecu y a-dasi neperx da-
30B0I0 ToBepxHeio. Omep:raHo Bupas, 1Mo 3B’ A3ye audysiiiHi mporecu y a-¢asi
mepen asoBOIO MTOBEPXHEIO 3i MBUAKiICTIO TpocyBaHuA GpoHTy. IIpencrasie-
HO TO30BKHI mepepisu KOMipoK, IO BiATIOBiZalOTh IPAaHUUYHUM BUIIAAKAM
3Ha4YeHb KoedillieHTa MOBEPXHEBOI'0 HATATY G Ta MIiKPOCTPYKTypaM Hix dac
o—y-nepekpucranisarnii. Ilokasano, mo Komipku (a3oBoi HOBEPXHiI MarOTh
BUpPa)KeHe KPUCTAJiuHe OrpaHyBaHHS 3a TBepgodasHoi mepexpumcrasiszarii.
Bogzopas mopdoJioris KOMipOK 3aJIeXUTh Bify KpucTanaorpadivyHoro HampsaM-
Ky 3pocTaHH4 Yy-(hasu.

KarouoBi ciioBa: mepekpucrasnisaiis, GPoHT IIepeTBOPeHHA, KOMipKOBe 3poc-
TaHHA, HABYTJIEIILOBYBaHHA, CTAI[IOHAPHUIHA IPOIIEC, i7n Situ-KOMIIO3UT.

(Received 26 September, 2023; in final version, 25 September, 2024 )

1. INTRODUCTION

The development of diffusion structures in multiphase, multicompo-
nent alloys presents many features of metallurgical interest for study
[1]. One of these features is the morphology of interfaces between dif-
fusion layers. Interfaces can be planar or non-planar and affect not on-
ly the growth of layers but also the evolution of diffusion structure.

The paper [2] analysed theoretical information about morphological
stability of the transformation front during phase reactions. The theo-
ry of concentration supercooling is considered, the basis of which is
diffusion redistribution of alloy components in a melt near crystalliza-
tion boundary. The authors [3—8] have established that the cellular
structure of the interphase boundary arises in the case when the inter-
phase surface becomes unstable to wave distortions. It is also found
that transformation of a conversion front is carried out under the ac-
tion of concentration gradients.

Many researchers consider that the main reason for front curvature
and appearance of periodic structures is instability of the interphase
boundary in the process of phase transition. There are many theoreti-
cal calculations that give qualitative correspondences of one or another
mathematical model of directional crystallization with observable
structures since the classical paper [3].

The authors of Refs. [9, 10] observed the phenomenon of flat front
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transformation into cellular front at a—y-recrystallization of carbu-
rized Fe—Si alloys. The effect of concentration supersaturation of fer-
rite by carbon explained that. It was analogous to concentration super-
cooling during crystallization of alloys.

Many articles related to phase and structural transformations of
ferritic Fe—Me alloys during carburization have been published to date
[11-20]. Some of these articles [18—20] show that under certain condi-
tions of the carburization process, the flat front of the a—y-
polymorphic transformation (PI—phase interface) becomes unstable.
It transforms first into cellular PI (Fig. 1, a, b), and then into dendritic
PI (Fig. 1, ¢). The stability of the planar PI was analysed using the well-
known perturbation method of Mullins and Sekerka [3]. The results
generally correspond to the results obtained by studying the crystalli-

Fig. 1. Structure of the PI of Fe—25% Cr—-0.027% Si alloy during carburiza-
tion.
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zation of various alloys. The most significant factors affecting the sta-
bility of a flat front are the speed of its advance, the concentration
(mole fraction) of the a-stabilizer, as well as the difference between the
equilibrium concentrations of components in ferrite and austenite
[20].

Carburization of iron alloys with a carbide-forming o-stabilizer
makes it possible to obtain materials with in situ composite structure
in the surface layer. The composite is an austenitic (martensitic) ma-
trix reinforced with fibres or plates of special carbides (Fig. 1, d). The
plates or fibres are oriented along the carbon flow. This structure of
the carburized layer corresponds to a special set of performance prop-
erties, in particular, high wear resistance. Violation of the unidirec-
tionality of the reinforcing carbide phase due to the development of a
cellular structure leads to a decrease or loss of the required character-
istics.

The aim of this work is to analyse and construct a mathematical
model of single-phase cellular growth of a y-phase layer of a carburized
ferritic iron alloy during isothermal a—y-recrystallization.

2. THEORETICAL DETAILS
2.1. Research of Concentration on the PI

The following assumptions were made for subsequent calculations:
1) the mole fractions of components at the interphase boundaries cor-
respond to the equality of the chemical potentials of these components
(taking into account the curvature of the boundaries); 2) the mole frac-
tion of carbon in the initial a-phase corresponds to its maximum solu-
bility at a given temperature and the mole fraction of the a-stabilizer.
This is observed in most real systems; 3) the space in front of PI was
considered semi-infinite.

The isothermal section of the Fe—Me—C phase diagram was used to
calculate near-surface concentrations (where Me is an a-stabilizer). In
Figure 2, it is shown a diagram of a section of the Fe—Me—C phase dia-
gram at a temperature above the temperature of a—y-iron polymor-
phism. The following designations are accepted: ™ X% is minimum
mole fraction of component % in phase f; at the interface boundary with
phase f2, ™ X% is maximum mole fraction of component £ in phase f;
at the interface boundary with phase f», * X% is mole fraction of
component  in phase f; on flat PI; “ X; is mole fraction of component %
in the f-phase at an infinite distance from PI.

The fractions of components on both sides of the interface boundary
can be determined from the phase diagram using a simple relationship
with a known value of the mole fraction of one of their components
(e.g., X'%):
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Fig. 2. Scheme of the isothermal section of the Fe—Me—C phase diagram.
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(1)

The K ratios for Me and C in both phases will be equal to each other
if the chemical potentials of the components in the a- and y-phases on
the interphase surface are equal.

Diffusion carbon transfer through the y-phase to the PI is the main
factor that determines the kinetics of a—y-recrystallization during
carburization.

Boundary-line concentrations were calculated using this factor.
Further, the rate of advance of the interface during solid-phase diffu-
sion changes slowly. The phase transformation was represented as a set
of successive stationary states.

The scheme of a PI cell is shown in Fig. 3. The coordinate system
moves with the surface. The process was considered in a two-
dimensional approximation, assuming the axial symmetry of the cell.
The distribution of carbon in the y-phase ahead the flat PI in a station-
ary process is described by the expression:

PXI(z) =" X¢ + (XY =" X¢)exp(-vz / DY), (2)

where “ X is the mole fraction of carbon in the a-phase at an infinite
distance from PI is equal to the maximum solubility, *X!* is mole
fraction of carbon in the y-phase on planar PI, v is PI advancement
speed, D/, is carbon diffusion coefficient in the y-phase.
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% 27\_ >

Fig. 3. Scheme of a cell at the a—y-recrystallization front.

The mole fraction of Me in the y-phase on flat PI is equal to its frac-
tion in the initial alloy (at an infinite distance from PI), or
PX1* == X5 . This follows from the stationarity condition. Therefore,
the mole fraction of Cin the y-phase on flat PI is equal to:

0 o min v/o ymax y/a
— ( XMe — XMe ) Xc

many/a __min Xy/(x
Me Me

p X(v:/cx

(3)

The fractions of components on the curved (cellular) PI do not corre-
spond to the equilibrium phase diagram. This discrepancy is caused by
the surface tension of the interphase boundary and, as a consequence,
the appearance of capillary pressure (Laplace pressure) in one of the
phases. Its value can be calculated using the formula:

ap =22, @)
r

where ¢ is interfacial o/y-tension coefficient, r is average radius of
curvature of the interfacial surface.

M. Hillert’s calculation [21] was used to determine the difference in
the boundary concentrations between curved and flat PI. This ap-
proach was extended to a three-component system. The calculation
consists of constructing a common tangent plane to the surfaces of the
thermodynamic potentials G, and G, for flat and curved PI. It is as-
sumed that the concentration dependences of G, and G, are known. As a
result, we get the following ratio:

VAP = hf(Xél/fz 0 Xél/fz)_,_qf(XI&e/fz _0 le/lléfz), (5)

where V' is molar volume of the y-phase, AP is pressure difference in
the y-phase on flat and curved PI,
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209" (x)
(@ +(@'(x))*)*?

o is surface tension coefficient, °X}'* is mole fraction at the interfa-
cial surface without taking into account surface tension (o =0),

o*G' 0°G"
oxz’ Xy,

y:

h ( Xy/a 0 Xoc/y) gf — (OXI}\/II/OL 0 Xu/y

The equilibrium mole fractions at the curved interphase boundary in
both phases shift towards increasing X’® and decreasing X}/ when
capillary pressure occurs in the y-phase according to the obtained rela-
tion (5). The magnitude of the displacement depends on the magnitude
of the Laplace pressure, which in turn depends on the magnitude of
surface tension PI. The surface tension PI and, consequently, the capil-
lary pressure depend on the mutual crystallographic orientation of the
initial and growing phases during solid-phase recrystallization. The
displacement X* - °X}/* will be different at different pressures in
the y-phase at the top of the cell. Thus, the geometric parameters of the
cells, as well as their configuration, differ at constant values of other
factors (Fig. 1, a, b).

Borderline mole fractions of components in the a- and y-phases were
calculated using relations (1), (2) and (5). The phase compositions shift
along the a—y-conduits under the influence of capillary pressure (Fig.
4). The inclination of the conode to the X axis is equal to

=X =Xuy ) C XY -°X") . We assume that the curvature of
PI does not distort the concentration field X/ due to the diffusion in-
flux of carbon to PI determines the kinetic processes on it and is an in-

DXui‘r/ X/“/Y oxve 3N Fe
M Me Mo Me “*Me
YO0 aog O
YV _wy
Me — Me

a b

Fig. 4. Shift of equilibrium concentrations on PI: scheme of the isothermal
section of the phase diagram (a), distribution of X¢ along the depth of the car-
burized layer (b).
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dependent external factor. The value X/* was calculated using formu-
la (2). As aresult, we got:

XS+ (XY - X)) exp(-ve(x) / DY)
- max Xé/a

K , (6)

where
VYAPY
(h' +¢'m)™>°X

many/a :maXO Xy/a +
C C

The other values of concentrations on PI were determined from rela-
tions (1):

a/y /o min /o a/y min a/A
XC — XMe — XMe _ XMe — XMe -K (7)
max a/y max v/o min v/o ~ max a/y min a/y - ’
Xc XMe - XMe XMe - XMe
where
Y Y
maxXa/y — maXOX(x/y + V AP
C C 0 ’
(ha + qam)max X
Y Y Y Y
max v/a _ max0vyry/a V AP min vy/a _ min0 yv/a V AP
XMe - XMe + Y yymax 0 ’ XME - XMe + y min0 ’
(h"/m+q )™ X q X
Y Y Y Y
max o/y _ max0vyro/y V AP min yra/y _ min0 yro/y V AP
XMe - XME + o o ymax 0 ’ XMe - XMe + o min0 ¢
(h" /m+q")"™ X q X

2.2. Mass Transfer on the Interphase Surface

The following conditions are observed during a stationary recrystalli-
zation process: the moving speed of each PI element is constant; the
average content of Me in the growing y-phase is equal to its content in
the initial ferritic alloy * Xy, .

The rate of advancement of PI depends on the rate of carbon supply
to it through the growing y-phase and removal into the initial a-phase.
The initial a-phase has a narrow range of carbon homogeneity. There-
fore, as we have already stated above, in most real cases, the mole frac-
tion of carbon in the original ferrite is equal to its maximum solubility.
Consequently, the rate of PI movement is determined only by the dif-
fusion of carbon through the growing y-phase. The rate of PI move-
ment is conforming the formula:

D oX;

- ninl el I 8
AX[* o0z ®)
¢

VvV =
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where AX}® = X}/* — X&' = XU/*(1 - "X/ /mex X1,

If the boundary compositions of the phases shift along the cones un-
der the influence of Laplace pressure, and the concentration field
P X! (2) (2)isnot distorted when PI is bent, then,

AXé—oc ~ Xé/tx(l_ maxOXg/y /maxO Xé/a). (9)

Thus, the speed of each PI element will be the same. The PI configu-
ration is determined by the diffusion redistribution of Me between
phases.

The average boundary concentration of the a-stabilizer in the a-
phase is higher than in the growing y-phase. Therefore, the diffusion
redistribution of a certain amount of Me, which was pushed into the a-
phase at the initial stage of recrystallization, occurs ahead PI. This
quantity is constant during a steady-state process. Diffusion processes
in the a-phase ahead PI are related to the velocity v by the following
expression:

veos aAX® = -Dy,. (aXMe + %] n, (10)

ox 0z

where a is corner between the advancing direction (z-axis) and the
normal to PI, cosa.=1/(1 + (0p/0x)?)"/2, n is unit vector normal to PI.
Using (1) and (7), we obtain the expression:

v/a max 0 yo—y min0 y~o—y
XA Xy — AT X min oy |
+ A" X =
maxOXy/(x Me
C

= _DI(\IIIe 8XME + % n
ox 0z

VCOSOL[

(11)

The distribution of Me in the y-phase along PI was represented by a
Fourier series in order for it to satisfy the stationarity condition:

Xii(x) =" Xy, + 2, A% cos(nnx / 1), (12)
N .
Xy/a many/a _ mlnXY/(l ) Y i
where A;i/a — Ejdx C (x)( — M?/a Me ) +m1n0 XK/[/: + nyrﬁf:) .
Ay X¢ X

ng/e“ <”Xy. at the top of the cell, and vice versa,

¢ max

>” Xy at the base. Therefore, the diffusive transfer of Me

¢ min
occurs in the x-axis direction upstream of PI. The material balance
during this transfer can be represented as:
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; 0 a v/o o T a)(ls/tle
vjdx( X% - X}/%)y = -Dg jdz , (13)
o o ox et

where £ is value x, at which X}/* = “X¢ .

X/* decreases at the cell top at a constant value X}/* under the in-
fluence of Laplace pressure. In case of excess pressure occurs in the a-
phase and X}/ increases at the base of the cell. This creates the need to
transfer more Me in a direction perpendicular to the direction of
growth. However, at the same time, the average gradient 0Xj, /ox
decreases in the a-phase, which complicates this transfer. The growth
of the disturbance amplitude stabilizes according to the mechanism
[20] with a more flat-topped configuration of cells at high values of o
and; therefore, higher values of AP!. In this case, the value XJ/* is
close to P X}/* at the cell top, and the diffusion flux perpendicular to
the growth direction at the cell top is minimized.

Longitudinal sections of the cells are shown in Fig. 5. They corre-
spond to the limiting cases of surface tension coefficient values and
microstructures in Fig. 1, a, b. The results of the estimated calcula-
tions X/* are shown in Fig. 5. The disturbance amplitude ¢(x) was ap-
proximated by a piecewise continuous function during these calcula-
tions. The function consists of fragments of second-order curves and
straight lines. The values of o varied relative to the wvalue
Gav=1072J/m? used in Ref. [20].

As can be seen from the data presented, diffusion mass transfer in
the direction of the x-axis is localized at the periphery of the cell at

high values of c. This localization brings the value D;ZEJ‘ dzo0Xg,/ x‘ .
0

to the value required for mass transfer.

w

/AN,

N L/
K T
2 2

Fig. 5. PI patterns and corresponding distributions of Me concentrations
along PI.
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3. RESULTS AND DISCUSSION

PI cells have a pronounced crystalline facet upon solid-phase recrystal-
lization. This was shown by a detailed examination of the microstruc-
tures shown in Fig. 1, a, b. The growing y-phase has an f.c.c. lattice
with a family of close-packed planes of the {111} type. They have min-
imal surface energy. Analysis of the traces of the faceting planes lying
in the polished section showed that the octahedral {111} planes prefer-
entially facet the PI cells.

The morphology of the cells depends on the crystallographic direc-
tion of growth of the y phase. Usually this is one of the simple direc-
tions, coinciding with the axial structure of the carburized layer. If
this direction is close to <100>, then, the shape of the cell approaches a
quadrangular pyramid with a {100} plane at the base. The side faces
coincide with the {111} planes of the f.c.c. lattice of the y-phase. Thus,
the angle at the cell apex changes from = 70° (the angle between the
{111} planes) to = 90° (if the section passes through the side ribs of the
<110> pyramid) in the plane of the section. The corresponding micro-
structure is shown in Fig. 1, a. The volumetric structure of cells of this
type was studied in detail in Ref. [22].

The {111} plane is oriented predominantly parallel to PI in the case
where the growth direction is close to <111>. Then the cell has a flat-
topped morphology. Otherwise, the capillary pressure in the y-phase at
the top of the cell increases sharply. This leads to a decrease in the
equilibrium concentration of Me at PI and the need for diffusion
transfer of Me along the front. The lateral surfaces of the cells are also
faceted by {111} planes, and the cells are an inclined prism (Fig. 1, b).

Two or more columnar crystals of the y-phase can grow from one
grain of the a-phase. Therefore, the crystal lattices of the initial a- and
growing y-phases are randomly oriented relative to each other. The
{110} set of planes are the planes of lowest energy in theb.c.c. lattice of
the initial a-phase. If one of the {111} faceting planes of the growing vy-
phase turns out to be parallel to the {110} a-phase, the total PI energy
decreases sharply. At the same time, the growth rate of this face in-
creases. If {111} yand {110} o are mutually oriented according to one of
the variants of the Kurdjumov—Sachs orientation relation, for exam-
ple, (111)y||(011) o, [101] v || [111] o ; then, the growth of the faceting
plane occurs at maximum speed. An increase in the growth rate of one
of the boundary planes leads to the fact that the PI structure becomes
similar to Widmanstétten one.

4. CONCLUSION

Studies of steady-state a—y-recrystallization during isothermal car-
burization of a ferritic iron alloy with a cellular structure of the inter-



358 K. 0. CHORNOIVANENKO and O. V. MOVCHAN

phase boundary have been carried out.

Diffusion transfer of carbon through the y-phase to the interphase
surface is the main factor that determines the kinetics of a—y-
recrystallization during carburization.

The a—y-phase transformation was represented as a set of succes-
sive stationary states. The a—y-transformation process was considered
in a two-dimensional approximation, assuming axial symmetry of the
cell. An expression for the distribution of carbon in the y-phase up-
stream of the flat PI during a steady-state process was derived.

The mole fractions of components on cellular PI do not correspond to
the equilibrium phase diagram due to the surface tension of the o/y-
interface and, as a consequence, the appearance of capillary pressure in
one of the phases.

The boundary concentration differences between curved and flat PI
were determined by constructing a common tangent plane to the sur-
faces of thermodynamic potentials G, and G, for flat and curved PI.

The boundary mole fractions of the components in the a- and y-
phases were calculated. It was assumed that the phase compositions
shift along the a.—y-conduits under the influence of capillary pressure.

Diffusion processes in the a-phase before PI have been described.
The average boundary concentration of the a-stabilizer in the a-phase
is higher than in the growing y-phase. An expression connecting diffu-
sion processes in the a-phase before PI with the speed of front ad-
vancement was obtained.

Longitudinal sections of cells corresponding to limiting cases of sur-
face tension coefficient o and microstructures during oa—y-
recrystallization are presented. The disturbance amplitude ¢(x) was
approximated by a piecewise continuous function consisting of frag-
ments of second-order curves and straight lines when performing these
calculations.

A detailed study of the microstructures of the transformation front
shows that PI cells have a pronounced crystalline facet during solid-
phase recrystallization. The growing y-phase has an f.c.c. lattice with a
set of close-packed planes of the {111} type, which have minimal sur-
face energy. The morphology of the cells depends on the crystallo-
graphic direction of growth of the y-phase. Usually, this is one of the
simple directions, coinciding with the axial structure of the carburized
layer.

Two or more columnar crystals of the y-phase can grow from one
grain of the a-phase. The growth of the boundary plane occurs at the
maximum speed if {111}y and {110} o are mutually oriented according
to one of the variants of the Kurdjumov—Sachs orientation relation-
ship.

The resulting model can be used as a base model for studying the
growth of a natural austenite—carbide composite.
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Structure and Phase Composition of Sintered Alloys of the Al—
Fe—Ga System
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Peculiarities of phase transformations in the Al-Fe—Ga system at tempera-
tures of 800, 1000, and 1200°C are investigated. The objects of research are
samples obtained from mixtures of Al powders and Fe—Ga ligatures of
equiatomic composition. The proportion of Al in the mixture is of 90, 70, and
50% by mass. Sintering of the compressed samples is carried out in an Ar en-
vironment under a pressure of 0.2 MPa with isothermal holding at the sinter-
ing temperature for 1 hour. The structure of the samples is studied depend-
ing on the material composition and sintering temperature by x-ray phase
analysis and x-ray spectral microanalysis and microdurometry. As estab-
lished, the base of the structure of all samples is an Al-based solid solution
and ternary intermetallic inclusions mainly of the Al«(Fe,Ga)aoo-» type
(x=2...3.6). As found, the structure of the material with 90% mass. Al
changes little with temperature. Phase composition becomes increasingly
dependent on the temperature with increasing amounts of Al in the samples.
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The Al-based solution contains Ga atoms at the level of solubility of this met-
al in Al on the same level as in binary system Al-Ga (to 8-9% at.); at the same
time, very small amount of Fe is detected in the solution. A practically con-
stant ratio of Al atoms to the total number of other two components is found
in the composition of intermetallics. In addition, in the structure of samples
with 70% and 50% mass. Al, the residual Ga-based phase with a small
amount of Al and Fe is observed. The microhardness of the Al-based solution
depends slightly on both the composition of material and the sintering tem-
perature and is equal to 0.41...0.45 GPa. Microhardness of intermetallics
varies from 1.3...4.3 GPa (800°C) to 5.3 and 6.3 GPa (1000°C and 1200°C,
respectively) for samples with a content of 70 and 50% mass. Al. Variations
in hardness values are conveniently explained by variable composition of in-
termetallic inclusions. This indicator is maximal in the material with 90%
mass. Al and corresponds to the level of hardness of the intermetallide AlsFe.

Key words: Al-Fe—Ga system, powder metallurgy, intermetallics, micro-
hardness, microstructure.

Hocaimxeno ocobsuBocTi pa3oBux mepeTBopeHs y cucremi Al-Fe—Ga 3a Tem-
nepatyp y 800, 1000 i 1200°C. O6’exTamu gociigxens Oyam MaTepisanu, oxe-
pexaHi i3 cywmirreit mopomkis Al ta sirarypu Fe—Ga ekBiaTomHoro ckiazy, 3
yacTkoio Al B cymimri y 90, 70 i 50% mac. CuikaHHA cupecoBaHUX 3pPasKiB mpo-
Bomuaiu B Ar mig tuckom y 0,2 MIla 3 BUTPUMKOIO 3a TeMIIepaTypu CIiKaHHA
BIIPoxoB:K 1 rox. OCHOBOIO CTPYKTYPH BCiX 3pa3KiB € TBepAU PO3UMH HA OCHO-
Bi Al 1 moTpifini inTepmeranigui BKIouenHs nepepakuo tuny Al.(Fe,Ga)woo-x)
(x=2...3,6). CrpyxTypa marepisany, mo mictuts 90% mac. Al, majo smiHO€TE-
cs 3 TeMIIEPATyPOIO CIIiKaHHA 3paskis. 3i smenmenuam Kinbxkoctu Al B mare-
pisaui fioro asoBuii cKJaL cTae OiJbIN 3aJIE;KHUM BiJi TEeMIepaTypH CIIiKaHHS.
B posuwumni Ha ocHoBi Al BusBieno Ga Ha piBHI PO3UMHHOCTU I[BOT'O METAIy B
noBitiHii cucremi Al-Ga (8—9% ar.); BogHouac, y posunHi Fe npakTuumo Bia-
CyTHi#. ¥V cKJani imTepMeTrasifiB BUSBJIEHO BCi TP KOMIIOHEHTA 3i cTaimm
cuiBBigHOIIeHHAM aToMiB Al 0 3araJbHOI KiJIBKOCTH aTOMIB ABOX iHININX Me-
raaiB. Kpim Toro, B cTpyKTypi 3paskis i3 70 Ta 50% mac. Al npucyTHsa oKpema
(dasa na ocuosi Ga 3 masow kinbpkictio Al Ta Fe. MikporBepicts Al-posunny
c1a00 3aJIeKUTh Bif CKJIALy MaTepidny i TeMIepaTypH CIiKaHHA Ta JOPiBHIOE
0,41...0,45 I'a. [aa 3paskis i3 Bmicrom 70 Ta 50% mac. Al mikporBepaicTs
iHTepmeTasigiB aminioeThed Bix 1,3..4,3 I'lla (800°C) mo 5,3..6,3 I'Tla (1000°C
i 1200°C). Bapiarmia TBepmocTu, IeBHO, IOACHIOETHLCA 3MIiHHUM CKJIAJIOM iHTe-
pMeTanigHUX BKJIIOUEHD. [lell HOKa3HUK € MaKCUMaJIbHUM y MaTepiani 38 90%
mac. Al, 1o Binmosinae piBHio TBepmocTu moaBifinoro inrepmeraniny FeAls.

Karouori croBa: cucrema Al-Fe—Ga, moportiikoBa meTanypris, inrepmerasniau,
MiKpPOTBEpPAiCTh, MiKPOCTPYKTYypA.

(Received 13 June, 2024; in final version, 10 October, 2024 )

1. INTRODUCTION

In recent years, materials scientists have been increasingly interested
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in gallium (Ga) as an alloying element for obtaining a number of func-
tional materials; this element, despite its own low melting point and
low hardness, can form fairly hard and substitutional solid solution
and compounds with metals [1-3], creating a synergy effect.

So, in particular, Fe—Ga alloys are in the centre of attention due to
their giant magnetostriction in low saturation magnetic fields and
high mechanical properties (with the possible exception of low plastici-
ty) [2]. In recent years, special attention has also been paid to the ine-
lastic properties of these alloys [3].

Based on the results of the study of martensitic transformations and
magnetic properties of Heusler alloys (Ni—-Fe—Ga systems), the authors
[4] note that the martensitic structure formed in them has a low twin-
ning stress and high magnetocrystalline anisotropic properties. They
consider it expedient to use such alloys as efficient materials with
shape memory.

Materials based on non-stoichiometric Ni-Mn—Ga alloys have also
attracted considerable interest during the last decade due to their high
damping properties. The authors note that their relative damping ca-
pacity is better than that of any other known material. In addition,
these alloys demonstrated the presence of a shape memory effect, high
mechanical superelasticity and superelasticity under the influence of
magnetic field, and magnetocaloric properties[5].

Four-component alloys of the Ni—Fe—Mn—Ga system, obtained by
vacuum-arc melting and subsequent heat treatment, are also charac-
terized by the presence of ferromagnetic shape memory effect [6]. The
results of the study of the influence of Fe content in the alloys of this
system on the magnetic characteristics of the alloys showed that with
increase in the Fe content, the saturation magnetization and the Curie
temperature increase.

At the same time, the Al-Fe—Ga ternary system is currently practi-
cally unexplored, although dual-composition alloys based on the com-
ponents of this system are widely researched and, obviously, have sig-
nificant potential for the development of new functional materials
with specific characteristics. Thus, in particular, alloys based on the
Fe—Al double system (iron aluminides) are distinguished by a unique
combination of mechanical properties (in particular, at elevated tem-
peratures) in combination with resistance to corrosion and wear [7—
12], which made it possible to use these intermetallics in aggressive
environments in a wide temperature range.

The other side of the concentration triangle of the Al-Fe—Ga phase
diagram is the double Fe—Ga system, which has become the subject of
active research in the last three decades. The impetus for intensive sci-
entific research was unexpectedly high values of magnetostriction,
which Fe—Ga alloys demonstrate [1]. In this regard, studies of the Al—
Fe—Ga ternary system were mainly focused on the region of the iron
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corner of the diagram [13]. The concentration ranges enriched with
aluminium and the conditions for the formation of ternary compounds
based on it were neglected.

Taking into account the propensity of Al and Fe to form intermetal-
lics of different composition and the similarity of the physical and
chemical properties of Al and Ga, one can expect the formation of in-
termetallics of ternary composition in the Al-Fe—Ga system. Doping
solutions of double intermetallics with a third component provides op-
portunities to optimize their properties. Considering the fact that the
Al-Fe—Ga system combines in its composition components with a sig-
nificant difference in melting temperatures, the study of the phase
transformation of intermetallics in this system in the conditions of the
interaction of liquid and solid phases in a wide range of concentrations
seems to be particularly interesting and promising.

In this regard, the purpose of this work is to study the peculiarities
of structure formation and phase composition of powder alloys of the
Al-Fe—Ga system obtained by sintering in the temperature range of
800-1200°C.

2. EXPERIMENTAL DETAILS

Aluminium powder (PA-4, 98.99% mass. Al, GOST 6058-73), pulver-
ized iron powder (PZHR GOST 9849-86, 99.9% mass. Fe) and Ga (Gl-1,
GOST 12797, 99.99% mass. Ga) were used as starting components for
obtaining alloys of various component compositions.

Since Ga is a low-melting metal with a melting point of 29.8°C, it
was introduced into the initial charge in the form of a ligature alloy,
namely, ferrogallium (Fe—Ga system), which was obtained with a com-
position close to equiatomic one by melting a mixture of iron powder
and crushed Ga in bulk the ratio of the components as 55% mass. Fe—
45% mass. Ga (50% at. Ga) [14]. The melting of the ligature alloy was
carried out in Ar at a temperature of 1300°C.

The mode of the mixture components fusion was chosen according to
the state diagram of the Fe—Ga system [15], according to which the
melt of equiatomic composition crystallizes at temperatures lower
than 1037°C, and taking into account the required degree of overheat-
ing and time for the melt homogenization. Before mixing with alumin-
ium powder, the melt master alloy was crushed and the <100-pum frac-
tion was sieved.

Aluminium and iron powders and ligature alloy were mixed in ap-
propriate proportions to obtain mixtures of different component com-
position (Table 1). The resulting batch mixtures were dried in vacuum
at a temperature of 200°C for 2 hours. The composition of the mixtures
was selected in such a way as to investigate the competing effects of Fe
and Ga on phase transformations in the material in a range in a fairly
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TABLE 1. Component compositions of the original powder mixtures.

" . Atomic concentrations of metals in the mixture, %
Compos1t1(:)n of the mix- (at.)
ture, % mass. Al Fe Ga
90 Al-10ligature alloy 95 2.5 2.5
70 Al-30 ligature alloy 84 8 8
50 Al-50 ligature alloy 70 15 15

wide range of Al atomic concentrations.

The powder mixtures were consolidated into briquettes with a diam-
eter and height of 20 mm under the pressure of 400 MPa. The mixtures
had good compressibility, held their shape after consolidation and had
no visible cracks.

Samples of each composition, in turn, were divided into three
groups, which were sintered at temperatures of 800°C, 1000°C, and
1200°C, respectively, with isothermal exposure for 1 hour in a graph-
ite crucible in the chamber of an induction furnace. In order to degas
the chamber, 5 cycles of rarefaction to a vacuum of 107! MPa were car-
ried out, followed by filling the chamber with Ar. The choice of tem-
perature range is determined by the presence of phase transitions in
this range and taking into account the need for overheating. The rate
of heating the samples to the sintering temperature was 40°/min on
average, after isothermal exposure, cooling to room temperature was
carried out together with the furnace.

The phase composition of the obtained alloys was determined by x-
ray phase analysis and local x-ray microspectral analysis. Diffracto-
grams were taken on a DRON-3M spectrometer in point mode using the
powder method (U =35 kV, I =35 mA in CoK,, radiation). A graphite
single crystal was used as a monochromator. The shooting was carried
out in the range of angles 20 = 20—-100° with a scan step of 0.05° and an
exposure time of 2 sec. The x-ray spectrum analysis program MATCH
v.1.9 was used with the help of a JEOL microscope model JSM-46
CAMECA (France). Quantitative analysis was performed using the
program ZOND, which calculated corrections for absorbance, fluores-
cence, and atomic number.

For the metallographic analysis of the alloys’ structure, metallo-
graphic samples were made in a standard way, which were studied by
the methods of optical and scanning electron microscopy. To determine
the structural components, etching of the surface of the sections with
reagents of the composition (HF-HCI-HNOs;-H:O and FeCl,—HCI-
C:H;0H), which are used to detect the structures of Al-containing and
Fe-containing alloys, respectively. Microdurometric measurements
were performed on a PMT-3 microhardness tester at a load of 0.49 N.
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3. RESULTS AND DISCUSSION

The appearance of the compacts after sintering showed that while the
samples sintered at 800°C practically kept the shape of the initial pre-
forms (Fig. 1, a), the samples sintered at 1000°C and 1200°C lost their
initial shape as a result of melting (Fig. 1, b).

The porosity of samples with 90% mass. Al, regardless of the sinter-
ing temperature, does not exceed 1%. Reducing the concentration of Al
in the alloy to 50-70% mass. leads to a significant increase in the po-
rosity of sintered materials. Thus, the samples obtained by sintering at
800°C are characterized by porosity at the level of 40—-50%, while with
an increase in the sintering temperature to 1000—-1200°C, their porosi-
ty decreases to the level of <10%.

On the surface of the samples, there are separate places of sweating
of the liquid phase, caused by the low ability to wet the remains of the
oxide phases with liquid aluminium. Individual shrinkage shells are
found in fractures, stepped intercrystalline chips appear on the sur-
face of the fracture in places of accumulation of small and large crys-
tals, which alternate with regions of a viscous matrix.

The microstructure of the sintered samples is presented in Figs. 2
and 3. In the structure of the samples with the highest content Al (90%
mass.), the volume concentration of the Al-based matrix phase is about
70-75%, everything else is mainly needle-shaped intermetallic inclu-
sions (see Fig. 2, a).

b
Fig. 1. The appearance and fracture surfaces of samples with composition
70% mass. Al-30(Fe—Ga), sintered at 800°C (a) and at 1200°C (b).



STRUCTURE AND PHASE COMPOSITION OF SINTERED ALLOYS 367

Fig. 2. Structure of samples sintered at 800°C depending on the material com-
position (% mass.): 90A1-10(Fe—Ga) (a); 70Al-30(Fe—Ga) (b), 50Al-50(Fe—
Ga) (¢).

A similar shape of crystals, determined by separate directions of
rapid crystal growth, is quite typical for intermetallic inclusions in the
structures of materials of the Al-Fe system [12].

As the sintering temperature of samples of this composition in-



368 D. A.HONCHARUK, O. V. KHOMENKO, G. A. BAHLIUK et al.

Fig. 3. Structure of samples sintered at 1200°C depending on the material
composition (% mass.): 90Al-10(Fe—Ga) (a); 7T0Al-30(Fe—Ga) (b); 50Al-
50(Fe—Ga) (¢).

creases, the volume ratio of the matrix and intermetallics in the struc-
ture of the material is changed little (Fig. 3, a).

At the same time, an increase in sintering temperature contributes
to a noticeable increase in the size of intermetallic grains. In general,
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with the increase in the sintering temperature to 1200°C, the crystal-
line discharges can reach a length of 600—800 microns while maintain-
ing the cross-sectional dimensions of the latter at the level of 10—40
microns. At the same time, neither coalescence of contacting crystals
nor accommodation of their shape are observed.

As the concentration of Al in the alloy decreases, volume fraction of
intermetallics increases to 50—65 and 70—-85% (for materials with 70
and 50% mass. Al, respectively). At the same time, multiple separa-
tions of a separate light phase are observed in the matrix, the volume
fraction of which varies depending on the sintering temperature with-
in 15-25% (see Fig. 2, b, ¢).

The results of the x-ray phase analysis of the obtained materials
show that on the diffractograms of alloys with a content of 90% mass.
Al, the most intense are the lines that coincide with the lines of the
spectrum of Al from the planes (111), (200), (211), (311) and (222)
(Fig. 4, a). In addition, along with the Al(100) and Al(200) lines, peaks
of low intensity were detected, located at the angles of 43...45 and
50...53°, which coincide with the spectrum lines of some intermetallics
of Fe—Ga and Al-Fe binary systems.

In particular, the spectrum of Fe;Ga, intermetallide is characterized
by lines of high intensity in the above-mentioned regions. The base of
the ligature alloy, which is included in the original composition of the
samples, is precisely this intermetallic [14]; therefore, its partial
preservation is quite likely, at a relatively low sintering temperature
of 800°C. The interaction of aluminium with the components of the
ligature alloy during sintering leads to the formation of aluminides of
various compositions. Thus, the most intense peaks in the spectra of
double compounds Als 2Fe, Al;sFes and AlxFe; are also located in the re-
gions bordering the Al(111) and Al(200) lines. The lattices of these
compounds belong to syngony of low symmetry, and their spectra par-
tially overlap each other. Based on the data of micro-x-ray spectral
analysis (see below), it is possible to conclude that the undefined peaks
belong to iron aluminides. With increasing of sintering temperature,
no significant changes were found in the profile of these spectra, which
indicates the constancy of the phase composition of the material.

The diffraction patterns of the samples with content of 70 and 50%
mass. Al (Fig. 4, b, ¢) are significantly different from the spectra of the
material with 90% mass. Al, which indicates significant differences in
structural transformations when the composition of the material
changes.

In the spectra of samples with 70% mass. Al, the lines belonging to
the Al spectrum at the angles of reflection from the (111), (200), (220),
(311), and (222) planes are clearly visible, but these lines become less
intense. In addition, the detected lines coincide with the lines of the
spectrum of the a-Ga lattice.
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Fig. 4. Diffraction patterns of samples with compositions (% mass.): 90Al-
10(Fe—Ga) (a); 70 Al1-30(Fe—Ga) (b); 50A1-50(Fe—Ga) (c¢) depending on sinter-
ing temperature.

At the same time, the peaks in the regions of the lines of double in-
termetallic compounds become more intense. FesGa, peaks are probably
present in the spectrum of the sample sintered at 800°C, which practi-
cally disappear, when the sintering temperature is increased. On the
other hand, the temperature factor affects the intensity of the inter-
metallic peaks formed during the interaction of aluminium with the
components of the ligature alloy (Fig. 4, b).
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In the spectra of samples containing 50% mass. Al, the intensity of
intermetallic lines is higher than the intensity of Al lines, which indi-
cates their predominant number in the sample structure (Fig. 4, ¢).

In particular, the spectrum of the sample sintered at 800°C probably
contains lines of FesGays intermetallide, which is partially preserved in
the composition of the material. In the spectra of samples sintered at
higher temperatures, individual lines of intermetallics are inferior in
intensity to others, which is a sign of a change in their volume in the
material structure (Fig. 4, c).

Local x-ray microspectral analysis of sintered alloys provides an op-
portunity to clarify the information obtained by the XRA method. To
establish the nature of the distribution of components in the structure
of the samples, 7—10 ‘points’ in each of the phases were analysed on
different planes of the section. When the concentration of components
varied, the number of ‘points’ was increased to determine the range of
fluctuations.

Spectral microanalysis of the phase composition of the sintered
samples showed that the basis of their structure is Al-based solid solu-
tion, and intermetallics of a ternary composition with a constant ratio
of Al to the total amount of the other two components (Fig. 5).

For samples obtained from mixtures containing 70 and 50% mass.
Al in a solid solution Ga was detected at the level of its maximum solu-
bility in the binary system Al-Ga (8—-9% at. [15]) (see Table 2), while in
the material with 90% mass. Al, the solubility of this component in sol-
id solution does not exceed 1% at., which is probably due to a decrease
in its total amount in the alloy structure. Another component, namely,
Fe, dissolves very weakly in Al-based solution (0.2—0.8 and to 2% at. in
materials with 70 and 50% mass. Al respectively) and is practically ab-
sent in solid solution in the structure of the material with 90% mass.
Al.

Compositions of intermetallic inclusions include Al (70-78% at.), Fe
(25...27% at.) and Ga (up 3 to 8% at.) is found in some crystals. The ra-
tio of metal atoms at the points of determining the composition is rela-
tively constant and approaches Als(Fe,Ga). In particular, the ratio of
Al atoms to the total amount of other metal atoms varies from
Al; 5(Fe,Ga) to Alss(Fe,Ga), and changes in the amount of Ga are in-
versely correlated with changes in the concentration of Fe. It can be
assumed that such phase changes occur due to the partial replacement
of iron atoms by gallium atoms in the crystal lattice nodes of double
intermetallics.

As the sintering temperature increases, in the structure of the sam-
ples, the remains of the ligature alloy disappear, while the amount of
Ga-based phase allocations increases. Intermetallic inclusions contain
all three main components of the system and differ slightly in composi-
tion.
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pectrum 25

Fig. 5. SEM image of microstructure of samples produced from powder mix-
ture 70 % mass. Al-30 (Fe—Ga), sintered at 800°C (a), 1000°C (b) and 1200°C
(¢) (regime back scattered electrons).

The obtained results give grounds for assumptions about the mech-
anisms of mass transfer in the sintering process, which include the in-
teraction of aluminium with the components of the ligature alloy, their
dissolution in the melt, and the chemisorption of aluminium atoms on
their surface. This creates conditions for further chemical reactions
with the formation of solutions based on Al and Ga and iron interme-
tallics doped with gallium.

The influence of the sintering temperature on the phase changes in
the structure of samples containing 90% mass. Al is hardly noticeable,
and this indicates a certain thermodynamic stability of the composi-
tion formed by various mechanisms in the studied temperature range,
while the structures of the samples with 70 and 50% mass. Al show a
greater dependence on the temperature factor, which is due to a de-
crease in the amount of the liquid phase, which is the main accelerator
of diffusion processes in the system.

This leads to the fact that the sintering temperature of 800°C does
not ensure the completeness of the phase transformations and the
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structure of the alloys records the transitional stages of the diffusional
redistribution of the components.

Instead, the achievement of a liquid state by the system with an in-
crease in the sintering temperature eliminates all factors affecting the
diffusion activity of the components. In this case, the formation of the
structure is determined by the phase equilibria of the ternary system

TABLE 2. Local micro-x-ray spectral analysis of structural components of
samples with composition (% mass.) 7T0Al-30(Fe—Ga) sintered at different
temperatures.

Spectrum (0] Al Fe Ga Local phase
No.  [wt.%] at.% | wt.% | at.% |wt.%| at.% | wt.% | at.% | COmPosition
800°C
13 |17.36(|29.67/60.64|61.45| 2.65 | 1.30 |19.35| 7.59 | Al-based sol-
id solution,
14 1.15 | 2.20 [78.23|88.71| 0.36 | 0.20 |20.26| 8.89 :
the remains
15 |18.86|41.01|22.05|28.42| 8.89 | 5.54 |50.19(25.04| of the liga-
16  |19.86]43.07/20.40|26.24] 7.80 | 4.85 |51.93|25.84| turealloy
and Ga-based
17 7.89 (25.48| 5.09 | 9.75 | 1.56 | 1.44 |85.46(63.33|  phase
18 2.29 | 4.85 |56.41|70.82|85.38/21.46| 5.92 | 2.88 |Intermetallic
inclusions
19 1.77 | 8.76 |56.61|71.56| 35.5 |21.68| 6.13 | 8.00 |Al,, 4(Fe,Ga)
1000°C
20 1.53 | 2.87 [80.24|89.28| — — |18.23] 7.85 | Al-based sol-
21 | 1.58|2.99 [78.99(88.58] - | - |[10.448.43 | ldsolution,
separation of
22 0.98 [4.01|2.21 | 5.35| - — 196.80|90.64 | the Ga-based
23 1.67 | 6.43 | 4.88 [11.12]| - — |o3.45]82.45| Phase
Intermetallic
24 - - |59.66|75.55/38.89(23.49| 1.95 | 0.96 | inclusions
Als. 3.2(Fe,Ga)
1200°C
25 1.86 | 3.52 [77.96|87.69| — — 120.18] 8.78 | Al-based sol-
26 1.09 | 2.08 |78.26|88.82| 0.23 | 0.12 |20.43| 8.97 | id solution,
separation of
27 0.91(38.72]2.01 | 4.88| - — 197.09|91.40| the Ga-based
28 0.73|3.05 | 0.84 | 2.08 | 0.44 | 0.53 [98.00[94.34|  Phase
Intermetallic
29  [10.28|20.97(45.62(55.21|27.18/15.89(16.92| 7.93 | inclusions
Alz3(Fe,Ga)




374 D. A.HONCHARUK, O. V. KHOMENKO, G. A. BAHLIUK et al.

and the conditions of crystallization of the melt during cooling. An in-
crease in the concentration of Fe and Ga in the composition of the ma-
terial contributes to the formation of intermetallics of variable compo-
sition, which are probably solid solutions based on AlsFe and Al;Fe;
aluminides doped with Ga. At the same time, saturation of the Al solu-
tion with Ga is observed, and the excess of this component forms a sol-
id solution, which obviously crystallizes last.

The microhardness of intermetallic inclusions in the structure of sam-
ples with 90% mass. Al content is of 6.1...6.5 GPa. This indicator is weak-
ly dependent on the sintering temperature and corresponds to the average
level of FeAl; microhardness (5...8 GPa). The microhardness of the solid
Al solution, which is the basis of this material, is also practically un-
changed and equal to 0.41...0.45 GPa. For the samples with 70% and
50% mass. Al content, the microhardness of intermetallics varies from
1.3...4.3 (after sintering at 800°C) to 5.3...6.3 GPa (for 1000°C and
1200°C, respectively) depending on the sintering temperature. Fluctua-
tions in microhardness values are obviously explained by the variable
composition of intermetallics.

4. CONCLUSIONS

It was established that the samples with the maximum Al content (90%
mass.) regardless of the sintering temperature are characterized by the
highest density (porosity < 1%), due to the presence of a significant
amount of liquid phase, which increases the contact area of diffusion
interaction. As the concentration of Al in the alloy decreases, the po-
rosity of sintered alloys increases significantly. The samples with 50
and 70% mass. Al, sintered at 800°C, are characterized by significant
porosity (40—-50%), however, as the sintering temperature increases,
their porosity decreases to the level of <10%.

The base of the phase composition of an alloy with 90% mass. Al is an
Al-based solid solution, which contains a certain amount of Ga (up to
3% at.) and intermetallic inclusions of the type Al;sFes. The influence
of the sintering temperature on the phase changes in the structure of
the samples is insignificant, which indicates the completion of diffu-
sion redistribution of the components already after sintering at 800°C.

As the concentration of Al in materials decreases, phase transfor-
mations in the alloy are more dependent on the sintering temperature.
At the same time, the sintering temperature of 800°C does not ensure
the completeness of the phase transformations and the structure of the
alloys records the transitional stages of diffusion redistribution of the
components: in particular, FesGas peaks, which practically disappear
when the sintering temperature is increased. After raising the sinter-
ing temperature to 1000°C and 1200°C, intermetallic phases of varia-
ble composition are formed in the composition of materials, namely,
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AlsFe- and AlsFes-based solid solutions doped with Ga (up to 8% at.).
At the same time, the saturation Ga (up to 9% at.) in the Al-based solid
solution with is observed, and the excess of this component forms a Ga-
based solid solution, which obviously crystallizes last.
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CyuacHi MmeToqu HeliTpaJi3anii HETaTUBHOTO BILIUBY JOMILIIOK
depyMy HA BJIaCTHBOCTI 3aeBTeKTUYHUX Al—Si-cTomis

T.T. Iip, K. JI. IlleneBuasxo

Disuro-mexnonozitHull incmumym memanié ma cnaasie HAH Ykpainu,
6yave. Akademika Beprnadcviozo, 34/1,
03142 Ruis, Yikpaina

OpHiero 3 OCHOBHUX ITPOOJIEM IIOBTOPHOTO BUKOPMCTAHHA BTOPUHHUX 3a€BTEK-
TuuHuX cTouiB cucremu Al-Si € ixue 3abpynuenus Pepymom. B orusigi posr-
JIAHYTO BILJIUB BMicTy @epymy Ha MexaHiuHi BracTuBocTi Ta Mopdosiorio ¢as,
10 BUMIAAIOTHCA i3 PepyMoM, BIJINUB HA HUX AO0ABOK JOJATKOBUX XE€MiUHUX
eJIeMeHTiB, MeTOAiB 0OPOOJIEHHA PO3TOIIY Ta TEMIEPATYPHUX YMOB KPUCTAJi-
3arrii. 3asHavaeThCA, IO IPUCYTHiCTh PepyMy, KpiM HeraTuBHOTO eeKTy, 3a
IeAKUX KOHIIEHTPAIi ¥l HO3UTUBHO BILJINBAE HA OKPEMi XapaKTEPUCTUKHU.

Karouori croBa: 3aeBrekTuuHi cronu cuctemu Al-Si, depymBmicHi inTepme-
Tajgigu, TepBUHHUYN CUIIiITii, MOpGOJIOTiA, MexXaHiuHi BJaCTUBOCTI.

One of the main problems in the reuse of secondary hypereutectic Al-Si al-
loys is their contamination with iron. The review examines the influence of
iron content on the mechanical properties and morphology of precipitated
iron-containing phases, the effect on them of additions of additional chemi-
cal elements, methods of melt processing and temperature conditions of crys-
tallization. As noted, the presence of iron, in addition to the negative effect,
at some concentrations, has a positive effect on certain characteristics.
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1. BCTYII

3aeBTeKTHUHI JuBapHi cromu Al-Si MaroTh Taki npuBaOIUBI BJIaCTHUBO-
CTi, K HU3bKE TEIJIOBEe PO3INNPEHHSA, BICOKA 3HOCOCTiNKiCTh, BUCOKA
KOpo3iiiHa CcTifiKicTh, MaJjia IUTOMA Bara Ta BHCOKa TEeILJIOIPOBiAHICTG.
ITi cTonu € BiAMiHHUM MaTepiAJIOM AJA IIOPHIHIB AIBUTYHIB, ITI0 ITUPOKO
BUKOPUCTOBYETLCA B A€POKOCMIiUHiM, CyaZHOOYAiBHilT Ta aBTOMOOiIBHIM
ITPOMUCJIOBOCTAX, & TAKOK B iHIMMX rayysax mpomucaoBoctu [1]. Haii-
OiJBINT IITMPOKE 3aCTOCYBAHHSA BOHU 3HAWIIIN ¥ TPAHCIOPTHIM ramysi y
3B’ABKY 3 MOKJIMBICTIO 3aMiHM YaBYHY y JeTajJaX aBTOMOOiJNbLHUX IBU-
ryuis. OCHOBHI 3aCTOCYBaHHSA 3a€BTEKTUYHUX cTOmiB Al—Si BKJIroUaoTs
BUCOKOMNPOAYKTHUBHI JeTajli aBTOMOOLIbHUX IBUTYHIB, TaKi K IIIaTyHU,
KopoMmmucJia, MUJIiHAPYU, TOPIHI, (pikcaropu Kiaanauis [2]. [asa Bupoo-
HUIITBA BUJIMBKIB, KPiM KJACUYHUX METOLIiB JINUTTS, OCTAHHIM YacoM
3aCTOCOBYIOThCS HOBiTHi, B0KpemMa TUKcoauTTs [3], peosurta [4, 5].

OcHOBHOIO TPOOJEMOIO Y 3aCTOCYBAHHI IJIA TAKMX «CBiKMX» CTOIIIB €
KPUXKicTh, ITOB’sA3aHa 3 MOP(OJIOTricio KPpeMHilo Y BUJINBKAaX; IIPOoTe Ha
ITaHunil yac 3HANUAeHO YNCJIeHHI IMIJIAXY BUpineHuda miei mpobaemu [6, 7].
IIlomo BuKOpMCTAHHS BTOPMHHUX CTOIIiB aKTyaJbHOIO € IIpobjema ix-
HBOTO 3a0pyaHeHHA PepymMoMm.

IIpucyrhicts @epymy B s3aeBTeKTHuYHHX cronax Al-Si mocurs mo-
IBitHUE xapaxkTep. HesBaskarouu Ha Te, 1110 PepyM, B OCHOBHOMY, BBa-
JKaeThbCA MIKiIJMBOIO NOMIIITKOIO, y JiTepaTypi HaBOAATHCA TaHi IIPO
MMO3UTUBHUM BILJIUB foro mpucyTHocTu. Tak, y pobori [8] HaromomryeTs-
cd, mo Fe yTBopioe TepMmiuno cTabinbHi iHTepMeTamigHi dasu, po3Imnu-
pOOYM TeMIIepaTypPHi MeKi 3acTOCyBaHHS aJIOMiHiIOBMX CTOIIiB, TOI1
aK cronu 6e3 Fe maioTs pobouy Temmnepatypy Humxide 350°C [9]. Takox
Fe € e(peKTUBHUM €JIeMEHTOM ITi IBUIIEHHA KAPOMiIlHOCTU 3a€BTEKTHUY-
uux cromiB Al-Si [10]. B [11] roBopuThcs mpo Te, 110 Fe-BmicHi inTep-
MeTaJIiIy 3 BUCOKOIO TeMIIePaTyPOIO TOILJIEHHS B 3a€BTEKTUYHUX CTOIAX
Al-Si MOXyTh MOJIMIIIyBaTH TEILJIOCTINKicTh i 3HOCOCTifiKicTs 3a min-
BUIMEHUX TeMIiepaTyp. Pasu, 6arati ma Pepym, MOKYTh He TiILKHU IIO-
JIIIMMUTH TEePMiuHy cTabijbHICTH 3aeBTeKTHUHHX cTomiB Al-Si, ame it
COPUAIOTH JUTTIO i BUCOKUM TucKoM [12]. ¥ pobori [13] marosomry-
€ThCs, 1110 eBTeKTuKa Al-Si—Fe mictuth 61usbpko 0,8% Fe (tyT i maniy
TEKCTi cTaTTi BKasylThCSI MAacoBi BigcoTku). Kosu cTo1 jieroBaHO TPOXH
BUIIE IILOTO PiBHA, PO3TOIJIEHUM MeTaJ NPaKTUIHO He PO3UMHAE KPU-
IeBi eJJeMeHTH JUBAPHOI MAaIlINHN, IOKHY JBA MaTePifAan 3HAXOAATHCA B
TicHOMY KOHTaKTi. 3 Iiel MpuYmHN OJIA JUTTA IIiJ THCKOM OasKaHuM €
BMmicT crony Bix 0,8% 1m01,1% Fe.
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T'oBopAaYu 1mpo HeraTuBHiI CTOPOHU NpucyTHOCTH Pepymy, cJifn 3a-
3HAUYNUTH, 110 HaABHiCTEL Fe y saeBTeKTMuUHUX cTomax Al—-Si mpuBoguTth
[0 YTBOPEHHS TroJiyacTuX intepmeraniguux das B-Al;FeSi 3 poamipamu,
110 CATAIOTh KiJIbKOX COTEHb MiKPOMETPiB, Ta IXHA IIPUCYTHICTH CUIBHO
MIOTipIlye MeXaHiuHi BJAacTUBOCTI Takux marepisanis [14]. Yepes Buco-
Ky KpuxKicTh ¢asu f-Al;FeSi Bona gie AK cuabHUN KOHIIEHTPATOP Ha-
Ipy:KeHb, a HOro TPUBUMipHa IIacTuHYacTa abo rosuacra MmopdoJsorisa
BUKJMKAE YTBOPEHHS IOPOKHEU uepesd OJOKYBAHHSA MiKIEeHIPUTHUX
KaHAaJiB, ITI0 IPUTHiUye pyx poaromy [15].

IITomo mpupoau KpuXKocTH B pobori [16] 3asHauaeThe, 1110 cIoCTePi-
ramThCA IBa BUIY PO3TPICKYBaHHA IIJIACTUHOK [-(hasu — mo3q0BKHE Ta
nornepeude. OKCUAHI IJIiBKY IIPUCYTHI Y PO3TOIIL Y BUTJIALL «CAHABIUiB»
(ckIameHUX BIBOE); CTOPOHU, IO 3MOUYIOTLCS, IMOBipHO, € IepeBak-
HUMU MiciaMu Aaa 3apoiskeHHd B-dasu. «Ilinmumas misk gBoma cyxu-
MU TOBEPXHAMHU CKJAAEHUX YABiUi IJIiBOK € 0CHOBOIO Tpimmuuau. OcKi-
JbKU -(hasa B mporieci Kpucrasrisarii 3 BeIMKO0 IMBUIKICTIO po3pocTa-
€ThCA «BITUP», IPOHUIYIOUM TijIo BUJIUBKA (puc. 1), 1ie € 3HaUHOIO Hebe-
3IIEKOI0 JJIs MOT0 IiJIiCHOCTH.

Kpim B-Al;FeSi, ocmoBHuMU inTepmeraseBuMu (asaMu B CUCTEMi
Al-Si—Fe e¢ AlsFe, a-AlsFe,Si, 5-AlsFeSi, Ta y-AlsFeSi, AlsFe — Bci 3
IIepeBaskHo rojdacTor mopdoJoriero. Yceworo B cucremi Al-Si—Fe e
IBAHALAIATH CTAOLIbHIMX (pa3 Ha OCHOBI 3ajiza I ogHa MeracTabilbHa
daza. BoueBuan, 1110 HASBHICTh BEIMKUX KPUCTAJIB ITuX (a3 € HebaKa-

Puc. 1. IIpocropoBe posranryBauus -AlsFeSi (in situ mikporomorpadisa) [17].
HeHapuTy aaoMiHi0 He 300paKeH0; «IipKu», IO CIIOCTePiraroThesa, — Caigu
CTBOJIiB i T'iJIOK, HABKOJIO AKX pocTe -(hasza.

Fig. 1. Spatial arrangement of B-AlsFeSi (in situ microtomography) [17]. Al-
uminium dendrites are not shown; the observed ‘holes’ are traces of steams
and branches, around which f-phase grows.
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Hoto [18]. Pasza 6-AlsFeSi; uacto npucyTusa y cromax Al 3 BUCOKuM BMic-
toMm Si; daza y-Al;FeSi sycrpiuaeTbesa y cronax 3 Bucokum BmicTrom Fe Ta
BrucokuM BmicToMm Si. PiBHoBa)kHa rexcaromayibHa gopma o-AlsFeqSi €
TEePMOINHAMIUHO cTabiIbHOI0 TiIbKHY B cTonax Al-Si—Fe Bucokoi umcTo-
tu [16].

2. BIIJINB BMICTY ®EPYMY HA BJIACTHUBOCTI TA CTPYRTYPY
SAEBTEKTHYHHX CTOIIIB Al-Si

Bnuis KoHIleHTpatii @epyMy Ha MexXaHiUHi BJIaCTUBOCTI, TaKi AK MexKa
MiITHOCTU 3a PO3TATYBaHHS, BiJHOCHE HOJOBMKEHHSA U yJapHe HaBaHTa-
JKeHHs, 0yJ0 gociaimkeno B pobori [19] gusa cromis Al-12,5% Si—0,8%
Fe (crom 1) i Al-12,5% Si—6% Fe (ctou 2). Omep:kaHi pesyIbTaTu Mpe-
CTaBJIeHO Ha puc. 2. SIK BUIHO 3 PUCYHKY, 30iJbITeHHA BMicTy Pepymy
MIPU3BOAUTE A0 OiBIITOro (MesKa MIiITHOCTH 3a PO3TATYBAaHHA) a00 MEHIITO-
ro (yoapHe HaBaHTAYKEHH) HOHMKEHHSI MeXaHiYHNX XapaKTePUCTUK.
Busuenuio BIiIuBy 500aBOK PepyMy AJd 3a€BTEKTUYHOTO cTony Al—
15% Si npucssueno pooory [20]. Hob6asxu cramosuau 0,3%, 1,1% i
2,0% Fe. I3 36inbmenuam smicty gomimigu @epymy Bix 0,3% mo 1,1%

] llopgoBoxerna

Il VapHa enepris

2,35 Ik

1,69 Ix
49 Mllal,24%

Mexamiuni BaacTHBOCTI

1,32%

T T
Cron 1 Crom 2

Puc. 2. Mexaniuni xapakrepucturku s cromis Al-12,5% Si—0,8% Fe (cron
1) ra Al-12,5% Si—6% Fe (crom 2): UTS — merka MilfHOCTH 3a PO3TATYBAHHS,
MIla; momoB:KeHHsI — BigHOCHE IIOHOBXKEHHSA, % ; yIapHa eHepria — ymapHa
eHepria y craggapti ASTM E23, IT:x[19].

Fig. 2. Mechanical characteristics for alloys Al-12.5% Si—0.8% Fe (Cromu 1)
and Al-12.5% Si—6% Fe (Crom 2): UTS is ultimate tensile strength, MPa;
‘mopmoB:kenHs’ is relative elongation, % ; ‘ymapua enepris’ is impact energy in
ASTM E23 standard, J [19].
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yac KpHCTadiszaiii eBTeKTHUKHU 30iabInyeTheda 3 62 mo 76 c. Bommouac
30iIBIIyeThCS KiJbKiCTh eBTeKTHUHOI (asu, 1[0 NPUBOAUTH OO IIOHU-
JKeHHsA TeMIIepaTypu JikBigycy cromy 3 651 go 619°C. Iloganbime 36i-
JbITeHHsI KoHmenTpaiil @epymy 10 2,0% OIPUBOAUTEL 4O 3BOPOTHLOTO
ehpeKTy — HE3HAaYHOT'O 3MEHINeHHs Yacy KpPHUCTaJisaimii eBTeKTUKH IO
7,2 ¢ i miaBuienaa Temoepatypu JikBigycy mo 630°C. Illoxo mexaHiu-
HUX BJIACTHUBOCTEI, 30iabieHHs smicty @epymy y cromi 3 0,3 1o 1,1%
IPU3BOAUTD M0 MOHMKEHHS MeKi MiITHOCTH 3a po3TATryBaHHA Big 183 10
152 MIla i BigHOCHOrO mogoBxeHHsa 3 1,36% 1o 1,11% sigmosiguo. Ilo-
rajble 30iabineHHs smicty @epymy 10 2% 3HAYHO IOHUMKYE MEKY Mi-
IIHOCTH 3a posTaryBauHs (zo 132 MIlIa) ta miaactuusicTs (5o 0,51%) 3a
PaxXyHOK YTBOPEHHS KPYIMHUX iHTEpMEeTaJieBUX BKJOUEeHb (asu [3-
Al;FeSi, o maroTs Beauki posmipu (cepenus mos:kuua — 190 MEM,
MaKcuMaJbHa JOBXKIHA — 425 MKM) Ta posrany:keny dpopmy. Haroso-
IIyeThCd Ha IiKaBoMy (paKTi: 30iabIeHHsa BMicTy DepyMy IPUBOLMIO
10 HEMOHOTOHHOI 3MiHM CepeIHBOTO0 PO3MiPy UYACTUHOK IIEPBUHHOIO
KpeMHio, Bifmosiguo, 18,411 17 MmxmM.

Crom Al-16,7% Si 3 nobaskamu Pepymy y 0,4%, 1,2% i 1,8% nmoc-
JigsxyBaBcsa B [21]. AHasoriumo 1o momnepeqHboi poboTH, cmocTepirascs
HeraTUBHUYN BOuB PepyMy Ha MeKYy MIITHOCTHU 3a PO3TATYBaHHA, AKa
nmoumxyBsanaca 3 229 MIla npu 0,4% Pepymy mo 187 MIla 3 migsu-
meaaaMm Bmicty @Pepymy mo 1,8%; BomHOpas, crocrepirajgocs IIigBu-
IeHHs TBepaocTu. Taka moBemiHKa MOB’A3yBajacs 31 301/IbIIIEHHAM PO-
3Mipy ¥ KinmbkocTH B-hasu Ta 3ipKONMOAIOHMX iHTEepMeTaJIeBUX CHONYK.
3uoc crony Al-17,5% Si BuBuascs y pooori [22]. Beegenns 1,2% Fe B
OCHOBHHUIM CTOHN 30iJBITyBaJO INMBUAKICTh 3HOIINYBAHHS 34 PaAXyHOK
YTBOPEHHS I'oJIYacTuX OeTa-imTepMerasiais.

3aesrekTnunuii cron Al-20%Si 3 pismumu pob6asxamu Fe (0%,
1,0%, 1,5%, 2,0%, 2,5% ) Bupuascs B [23]. BunpoOyBauHsa Ha PO3TAT-
HEHHs II0KAa3aJIo, 110 MeyKa MiI[HOCTH 3a PO3TATYBaHHSA Ta BiJHOCHE II0-
ITOB:KEeHHA 3MiHIOIOTHCSI HEMOHOTOHHO — CIIOYATKY 30iJIbITYyIOThCA 3i
36imbiennam smicty Fe Big O mo 1,5%, a moTiM 3MeHIIIYIOTHCS 3 IIij-
BullleHHAM KoHmeHrtpaiii Fe 3 2,0 mo 2,5% . MakcuMaiabHi 3HaYeHHS
Me)Ki MIITHOCTH 3a PO3TATyBaHHS Ta BiTHOCHOTO IIONOBXKEHHS, —
175 MIIai 1,84% sBigmosigHo, — gocsaranocd iz 1,5% Fe. BigHocHo ce-
pemHbOro KoedilieHTa TepTA BCTAHOBJIEHO, IO BiH cKjamas 0,235 s
«umcroro» cromry (0% Fe), 3 nogasauusam 1,0% Fe smenirysascs go 0,17,
a 3a MOJAJILITIOro 301IbIeHHA BMicTy @epymy 3pocTtas 10 0,265 misa 2,5%
Fe. ¥V mipy s6inbinenns KoumenTparii Fe sig 0% no 2,5% Fe mBugkicrs
3HOIITYBAHHSA MOHOTOHHO 3MeHImyBajaca Bixg 2,7 mo 1,4 (10°r/m), 3Ha-
yeHHA Bpunesresoi TBepgocT 36iabIryBastocs Ha 24,5% Bix 76,0 HB no
94,6 HB.

ABTOpU TaKOX HABOAATL I[iKaBi pe3yJbTaTH CTOCOBHO 3aJIEKHOCTH
mapaMeTpiB MePBUHHOTO KPEeMHiIo Bif KoHIleHTpaIlii @epymy — 30iJb-
mrenHda iioro Bmicry Big 0% mpo 2,5% npuBOAUTE 4O TOrO, IO CEePesHil
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Puc. 3. SanexHicTh cepeIHBOT0 PO3MiPY YACTMHOK IEPBUHHOTO KPEMHiI0, MKM
(;1iBa BepTHMKaNBbHA Bichk, UepPBOHI KPy:KKHW Ha rpadiky) ta daxrtopa dopmu
(mpaBa BepTHKaJIbHA Bich, CMHI TPUKYTHUKY Ha rpadiky) Big Bmicty Fe B cTomi
Al-20% Si, % mac. (ropusoHTagIbHA Bick) [23].

Fig. 3. Dependence of the average size of primary silicon particles, ym (left
vertical axis, red circles on the graph) and form factor (right vertical axis,
blue triangles on the graph) on the Fe content in the A1-20% Si alloy, % mass
(horizontal axis) [23].

po3Mip KpHcCTaiB KpeMHil0 BMEeHNITYEThCA MalisKe BTpuUUi, a pakTop ¢o-
pMu — y miBTOpa pasu (ZuB. puc. 3).

BcraHoBIeHO, 1110 IePBUHHNUN KpeMHil qia crorry Al-20% Si 6e3 mo-
b6aBxu Pepymy Mmae rpy0y mmacTuHUYACTy (opMy, HEIpaBUJIbHY 6araTo-
KyTHIO (popmy Ta 3ipKomomiOoHy ¢dopmy; cepemHiii po3aMip CTaHOBUTD
6musbKo 87 mrM. s cromy is Bmictom 1,0% Fe Benuki miracturvacTi
Ta 3ipuacTi mepBuHHI (pasu Si IOBHICTIO BiICyTHi; cepeaHiii po3Mip mep-
BuHHHNX (pas Si smeninyerbeda g0 70 mEMm. MikpocTpykTypa cromy Al—
20% Si 3 gobasramu 1,56% i 2,0% Fe xapaxTepusyeThbCsa IIOJirOHAIE-
HOI0O MopdoJorieio, a cepenHiii po3mip sMeHmIyeThcsa Ao 49 MxM i
41 mxwMm BigmoBigmo. s sunaaky crouay Al-20% Si-2,5% Fe nepBus-
HUH KPEeMHill IPUCYTHIN y BUTJISAALI TOHKOI 6araToKyTHBOI (hopMHu Ta pi-
BHOMIPHO PO3IIOIiJIAE€THCSA B eBTEKTUYHIN MaTPUILi; HOT0 cepemHii pos-
Mip 3MEHIITYETHCA 70 21 MKM.

ITikaBo BimsHAUMTH, IO, IKIIO AJA BCiX 3a€BTEKTHUUYHMUX CTOIiB Al—
Si s6iapmieHHa BMicTy @epyMy IPHBOAMIIO OO 30iMbINEHHA KiJIbKOCTH
tdasu B-Als;FeSi, To gaa crony Al-0,4% Si—0,1% Fe i3 nogaBamnuam Pe-
pymy 1o 0,5% mepeBaskua depymBmicHa dasa -Al;FeSi sminoBanacsa
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Ha o-AlgFesSi [24]

3. BIIJINB JOBABOR HA CTPYRTYPY TA BJJACTUBOCTI
SAEBTEKTHUYHHUX CTOIIIB Al-Si—Fe

HeratuBuuii Buiaus @epymMy B OCHOBHOMY 3BOAUTHCA A0 (hOpMyBaHHSA
KPUXKUX posrany:keHux das tumny f-AlsFeSi. Omaum iz 3aco6iB 60poTh-
0u 3 TaKUMU (pasaMu € BBeJEHHS Y CTOI JOJATKOBUX XEeMiUHUX eJIeMeH-
TiB, 110 TPUBOAATH 0 (hopMyBaHHA HOBUX (a3 3 iHIMUMU KPUCTATiU-
HUMU I'PATHUIAMU Ta 3POCTAHHSA KPUCTAJIB B iHIINX KpHucTajorpadiu-
HUX HaAIpAMKax, 110, B CBOIO Uepry, IPUBOAUTH A0 peajisarii iHMIuX
mopdoJorii [25].

Haituacriime gasa HefiTpasisalii HeraTuBHOTo BILIUBY Pepymy 3acTo-
coByeTbcst Mn. CyTh eeKTy B TOMY, IO IIif BIuBoM Mn KpuxkKa pos-
ranys:keHa dasa -Al;FeSi samMmiH0€ThCS YTBOPEHHAM MeAKNX KOMIAKT-
Hux Mn-inTepmeranigis, 3okpema, Takux Ak Alis(Fe,Mn)s; [26]. ITutaH-
HA IIPO «OINTUMAJIbHY» KiJbKicTh Mn Ha faHuit MOMEHT He Ma€ OCTaTOY-
HOTO pimmeHHA. ¥ poboTi [27] mocaig:KyBaBesa 3aeBTeKTHUHI cTon Al—
17,5% Si—1,2% Fe, no axkoro nomasanu 0,6%, 0,9% i 1,8% Mn. IToxa-
BaHHA 0,6% mpuBesio [0 3aMiHM IJIACTUHYACTUX [B-iHTepMeTadimiB Ha
depymmanranoBi o-pasu. Ilogansine 30iabimenHsa sBMmicTy Mn yTBopeH-
HIO }-(dasu He MEPEITKOIKATIO.

B npunnumi, Take cuiBBiguomenua Fe/Mn ax 2 go 1, Ak Hai6iabIn
edbexTuBHe nia meperBopeHHs B-AlsFeSi — Alis(Fe,Mn)sSiz, € mocrar-
HBO TIOITUPEHUM; OfHAK y [28] moBimoMIgeThCs, 1110 HAMJIIIIII MeXaHi-
YHi BJIACTHUBOCTI JocATaloThCA 3a caiBBimHomenua Mn/Fe > 0,64, a Ta-
KOJK mpo mosuTuBHUH ederT 3a Mn/Fe <0,17. Ik 3azHauaeTbed, monaa-
BaHHsA Mn He 3aBKI1 BUABJISAECTLCA YCHINTHUM AJIA TpaHchopMmalii ge-
pPyMBMicHUX (a3 3 PO3Tay:KeHOro ILTaCTUHYACTOT'O TUIY Y TUI «KHU-
ralicbKuX rieporigin» . Ilbomy € aBi npuyuaM: Mn npuBOAUTH 40 YTBO-
peHHA nepBuHHOI (hasu Fe y Buraani mamy, Ha YTBOPeHHA KOMIIAKT-
Hux (Fe,Mn)-gas icToTHO BIIMBAIOTH YMOBU TBEPIiHHSA, 0OCOOJMBO
IIBUKICTE (CIIpUsIE BUCOKA, IO He 3aBXKIU pPeasidyeThes).

Taxo:x 3a3HaYaeTHCH, 110, KpiMm Mn, 3 MEeTOI0 3MEeHIIIeHHSA YTBOPEHHS
posrany:KeHol KpuxKoi 3-dasm 3aCTOCOBYIOTHCA iHII XeMiuHi eleMeH-
1, Hanpukrgan Co, Cr, Mo i Ni.

Brnaus mo6aBoxk Co BuBuaBca y pobori [29]. KobanbT 3asBuuaii
CIIPUAMAETHCA AK €JIEMEHT, AKUU MOMKe He JIUIIe HeHuTpaJisyBaTu Iilo
DepyMy, a i CIPUATH IIiABUIITEHHI0O MeXaHIiYHIX BJIACTUBOCTEH CTOMIB
Al-Si 3a Bucokux Temieparyp. ¥ Iiil poboTi JOCJiAKeHO0 BILIUB LOxA-
pauHs Co Ha MIKpPOCTPYKTYpy Ta BiaactuBocTi cromy Al-20% Si—2%
Cu—0,7% Fe. V¥ Buximumnii croa nogzasaau 0,3%, 0,7%, 0,91% i 1,05%
Co. Beranosieno, 1o 3i 30imbirenuaM KoHIeHTpalii KobansTy dhepym-
BMiCHI CHOJYKHW II€pEeTBOPIOBAJMCA 3 [JOBrUX TriyactTux @das f-
Al;(Fe,Ni)Si B sepuucTi abo crpuxHenonioui pasu a-Alis(Fe,Co,Ni)sSiz.
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TABJINIIA 1. Cxaan cronis Ha ocHOBi Al-19% Si—5% Fe it ogep:kaui Baacru-
BocTi [32].

TABLE 1. Composition of alloys based on Al-19% Si—-5% Fe and resulting
properties [32].

. . Me:xa mini- | IlomoB- |I'yermHa, | TBepaicTh 3a
Ne Crnaz cromis Hoctu, MIla| :xennsa, % | r/cm® Bikkepcom
1 Al-19% Si 220 1,31 2,9 158
2 Al-19% Si+5% Fe 50 0,87 3,2 179
Al-19% Si +
3 +5% Fe+0,6% Ni 60 0,62 3,3 180
— o, 3 0,
4 Al-19% Si+5% Fe+ 150 1 3.3 178

+0,6% Ni+1,3% Cr

TakoX BCTaHOBJIEHO, 1110 goxasanHsa Co Big 0,3% mo 0,91% mosuTuBHO
BILJINBAE HA MEYKY MiI[HOCTHU CTOIIY.

Bonue Bananito BuBuaBca B [30]. Hocaimxysanuca cronu Al-20%
Si—5% Fe iz smicTom 0%, 0,5% i 1% V. ByJso momiueno, 1110 JogaBaHHS
0,5% V npusBogmio 10 30iJIbIIEHHS CEPESHBOr0 PO3MIpPYy YACTHHOK Si.
HomaBauusa 1% V mpuBesio 10 yTBOPEHHS TOHKOI MiKPOCTPYKTYPH, Ta, B
OCHOBHOMY, IEPEeIIKOIKae YTBOpPeHHI0 (pepyMmBMicHuUX (as. Ilependa-
yaeThed, 10 V Moaudikye dasmu Si 3a paXyHOK iHIYKOBAHOTO JOMiIIl-
KaMu JIBiHUKYBaHHA.

s migBumeHHsa e)eKTUBHOCTU 3aCTOCYBaHHSA H00AaBOK, IO HOHI-
JKYIOTh HETaTUBHUY BILIUB [-hasu, MPOBOIUINUCA JOCTIIKEHHS CIib-
HOT'0 BILJIMBY 3aCTOCYBaHHS JTeKiJIbKOX XeMiUHUX eJIeMeHTiB OJHOYACHO.
Tak, y po6ori [31] mocaim:xyBaBca BuiuB god6aBok Ni it Cr Ha BIacTUBO-
cti saeBreKkTmuHOro crouny Al-19% Si—5% Fe. 3pasku rorysaaucs mpo-
CTOIO0 3aJINBKOIO PO3TOITy 3a TeMmieparypu y 750+ 15°C y uaByHHi# Bu-
auBHHIL poamipom 16x150x300 mm3, momepemuno mHarpiti mo 200°C.
CkJaz CTOIIiB Ta oZlep:KaHi pes3yabTaT HaBefeHo ¥ Tao. 1.

B pobGori BcTaHOBIEHO, 0 Ho0aBKuU PepymMy HPUBOLATH OO YTBO-
penHda BeauKoi miactTuuuactoi -Al;FeSi, Axa migBuIiye TBepaicTs, ae
MMOHMKY€E MPY:KHI BaacTuBocTi. [lo6aBKku Ni He IpUBOAATEL 0 KOMIIEH-
caIrrii mboro MOHMKEHHA, ¥ TOH uac 9K gJobaBKu Cr MpHUBOAATE IO IIE€PeT-
BOPeHHA MaacTUHYAcTOl - Ha KoMmmakTHY a-Al(Fe,Cr)Si, 1o mae Hac-
JiZKOM IIiABUIITEHHSA NPYKHIX BJaCTUBOCTEH i, BIIIIOBiTHO, 10 KOMIIEH-
camii mrigauBoro BuiauBy @epymy. ¥ pobori [32] mocaimxyBaBes cTom
Al-25% Si—5% Fe—3% Cu, mo sxoro goxasau gk okpemo 2% Mni 2%
Cr, mak i kombGinmamii (1% Mn+1% Cr), 2% Mn+1% Cr) i (1%
Mn+ 2% Cr). Hogapauas Maurany ta XpomMy OKpPeMO IPHUBOLUJIO IO
yacTKOBOI 3aminu B-dasu (Bizmosiguo B-Als(Fe,Mn)Si i B-Als(Fe,Cr)Si)
Ha o-(pasy (Bigmosiguo a-Alis(Fe,Mn)sSiz Ta a-Alis(Fe,Cr)sSiz); BomHO-
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yac, nobaBka Xpomy 0yia epeKTHUBHIIIIOW, Hixk fo6aBKka Maurany. Ciri-
abHa pobaBka (Mn + Cr) mpuBoamMIa [0 MOMAJBIIOTO 3MEHIIEHHS KiJb-
KocTu B-asu, npuuomy edeKT 30iTbIITyBaBCA 13 BMiHOIO CITiBBiJHOIIIEH-
Ha (Mn + Cr)/Fe Big 0,4 o 0,6.

4. METOAH OBPOBJIEHHS CTOIIIB Al-Si—Fe JJIS IIOHUKEHHSA
HET ATUBHOT'O BILJIUBY ®EPYMY

51 moinimeHHs CTPYKTYPH Ta BJIaCTUBOCTell 3aeBTeKTHUHuX Al-Si
3aCTOCOBYETHCS 0e3JiU MeTomiB, HAITPUKJIAL BILIUB CTPYMOM (Bin moc-
titinoro [33] mo immyabscHOTO [34]), BITUB Bibpattiero (Big HM3bKOUYACTO-
THOI [35] Mo yabTpasByKoBOi [36]) Tomro. [leAaKke yaBIEeHHS IIPO Pi3HO-
MaHIiTTS MeTOiB MOKHA 3HAWTHU B orJiaAmi [37].

BoiuBy 00pobJsieHHa Ha (pepyMBMicHI (pasy B 3a€BTEKTUUHIX CTOIAX
Al-Si npucesiueno He Tax 6arato pobit. B [38] mocaimsxyBaBcsa BILINB
nepeMillTyBaHHA PO3TONY IIiJl BIIMBOM €JIEKTPOMATHETHOT'O MOJIA AJIA
cromiB Al-12,8% Si—1,7% Fe, Al1-12,8% Si-2,4% Fei Al-15,2% Si—
1,7% Fe. BecramoBieHo 3arajbHy 3aKOHOMIDHICTE — HASBHICTH BUMY-
IIIEHOT'O0 TOTOKY HTPUBOAUTH IO 3MEHIIIEHHA UYMcja KPUCTATiB (asu -
Al;FeSi 3a mapajgeabHOro 30iIbIIeHHA IXHBOI'O IIPOCTOPOBOI'O PO3MipYy.
Taka moBemiHKa MOB’sA3yBajiacsd 3 «BiJIbHUM» 3POCTAHHAM KPHUCTAJIIB,
110 3aPOAUJINCS, B IIOTOI[i PO3TOITY.

BniuB MexaHiUHOTO mepeMillTyBaHHA B PiIKO-TBEPAOMY CTaHiI Ha Me-
xaHiuHi Bractupocrti cromy Al-20% Si—0,5% Mg-1,2% Fe mocaimxy-
BaBcd B [39]. OgepixaHni BI1acTuBOCTi HaBeleHO y Ta0JI. 2.

3MeHIIIeHHsA TBEPAOCTH Ta IIapajiejbHe 30iJIbIIeHHS «eJaCTUUYHUX»
BJIACTUBOCTEM, II[0 CIIOCTEPIiraeThCcsa B Pe3yIbTaTi 00PoOJIeHHA, TPAKTY-
€ThCA aBTOPaMU AK Pe3yJibTaT 3MeHIIeHHA KiabKocTu dasu B-Al;FeSi.

O06pobJIeHHsS YJILTPA3BYKOM B iHTepBaii Kpucrasisarii cromy Al-
17% Si—2% Cu—-1% Ni—0,8% Mn, 1o micturs 2% a6o 3% Fz, sxific-
HIoOBajsoca B poboTi [40]. OcHoBHUI pe3yabTaT 00pPOOJIEHHS IIOJATAB Y
noapiouenHi gpasu Aly(Fe,Mn)Si; Ta mepBUHHOTO KpeMHio. KII0 Mexxa
MinHOCTH IJ1s1 HeoOpobJsieHux cromie cramoBua 175 MIla (2% Fe) ta

TABJINIIA 2. Cxaan crorry Al-Si—Mg—Fe it ogepexkani Baactusocrti [40].
TABLE 2. Composition of alloy Al-Si—Mg—Fe and resulting properties [40].

ITepemimry- ITomoB- | Me:xa mit- | TBepaicTs 3a

Ne CkJaf cTot
A y BaHHA 'KeHHsA, % |HocTu, MIla| Bpunesriem

Al-20% Si—0,5% Mg—
1,2% Fe HeMae
Al-20% Si—-0,5% Mg— 400 06./xBs.,
1,2% Fe 120 ¢

1 1,2 160 82

2 2,3 171 76
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TABJINIIA 3. Sane:xkuicTh cepeqaboro podmipy @BD Bing koumenTparrii Mn.
TABLE 3. Dependence of the average size of ICP on Mn content.

Buicr Mn, % | 0 [o5]10][15] 20
Cepenniii posmip @B® 6e3 06podaennsa, mkm 44,0 128,3135,9146,3 156,2
Cepenniii poamip @BD 3 06podbaennsam, mem 17,3 19,8 18,0 16,5 16,7

167 MIla (3% Fe), To mysa o6pobieHrX BOHA MaJia 3HAUEHHS BiAIIOBigHO
190 MIIai 177 MIla.

¥V pobori [41] gocaig:KyBaBes BILIUB yJIbTPasByKy Ha cromnu Al-12%
Si—4% Fe ta Al-18% Si—4% Fe. Biopamia Hakaagaiacsa B o0gacTi TeM-
mepaTypu JiKkBimyc. YTBopioBasuca depymBmicHi dasu AlsFe, o- i B-
AlSiFe, 1m0 noapiOHOBaJMKUCA IIiJ BIUIMBOM YJIbTPas3ByKy. Pasu mau
ILIACTUHYACTY (POPMY [AJISA MEPIIOro CTOIY TA BEJIMKHX YACTHUHOK IJIS
Ipyroro. 3a3HavaeThCs, 110 Oisd YIbTPA3BYKY IIPUBOIMIA A0 30i/IbIIIeH-
HS IePeOXO0JIONKeHHA, 3 YNM i TOB’ A3yBaJIOCA IOAPiOHEeHHS.

IMixaBuit acmexkT yJIbLTPa3sBYKOBOTO O00pOOJIEHHSA Po3rasuyTo v [42].
fAx sasmavasocsa panimie (posxin 3), edheKTUBHICTE 3acTocyBaHHSA Mn
Iaa HeliTpasdisarmii meraTmBHOro BILIUBY PepyMy OOMEKeHO CIIiBBi-
HommeHHaM Fe/Mn = 2/1; BogHouac yacTuHa PepyMy 3aIUIIAEThCA «He-
CKOMIIEHCOBAHOIO» , a 3a CIIPO0OM IiABUIIeHH BMicTy Mn, HanpuKJIag g0
Fe/Mn=1/1, gocAaraerbcsa 3BOPOTHiH ederT. ¥V 1miit podoTi mocaimgKyBa-
Bed crorr Al-17% Si—2% Fe, no sixoro Bixg 0% 1o 2% 3 kpoxkom y 0,5%
momaBaBcsa Mn (Bcboro m’ATH cTomriB). s o6poOJIeHHS B PO3TOI 3a
700°C zanyproBaBcs BiOpaTop i BuiiMaBcs 3a mocaraenus 585°C. Cepen-
Hill posmip pepymBmicHuX (has (PBP) mixg BonamBoM yIbTPasByKOBOTO
00po0JIeHHsS iCTOTHO 3MiHIOBABCA; BOLHOpPA3 AJA OOPOOJIEHOTO CTOITY
crocTepiraBcs epeKT, 3BOPOTHIi T BIINBY 30i/bITeHHA KOHIIeHTpaIii Mn
I HeoOpobyeHoro crony (AuB. Tada. 3).

5. BIJIUB TEMIIEPATYPHHUX YMOB KPUCTAJII3AIIII HA
®OPMYBAHHA PEPYMBMICHHUX ®A3

Y pobori [43] BUBUaBCsA BILJIUB IIepPerpiBy (TepMOUYacoOBOT0 0OPOOIeHH)
poaTony Ha mMopdgoJiorito epyMBMicHUX (as, 110 popmyrTbed. ocri-
JOKEHHS IPOBOJUINCS 3 BUKOpHUcTaHHAM crony Al-15% Si—2,7% Fe.
Coouatky 3suimasnacsa tepmorpama ICK 3a marpiBamma spaska [0
1673 K (1400°C). Byno Buasneno tpu miku — npu 845 K (572°C) (Tem-
mepaTtypa moTpifinoi eBrekTurm), npu 915K (642°C) (Tomnenusa mep-
BuHHOI (pasu) Ta mpu 1227 K (954°C), axuii moB’sA3yBaau 3i 3MiHOIO
CTPYKTYpH poaTomry (IIiKkaBWil MeTon iHTepmperarllii asoBuUX IIepeTBO-
pensb y croni Al-Si—Fe Ha ocHOBIi aHaJi31 TepMorpaM 3aIpPOIOHOBAHO Y
[44]). Ha migcrasi mux ganmx 0yJio o6paHo TPU TEMIEPATYPH IJISA TEPMO-
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YACOBOT'0 OOPOOJIEHHA — HIMMKUE TeMIIePaTypPU CTPYKTYPHUX 3MiH PO3TO-
oy 1103 K (830°C ), 1203 K (930°C) Ta Bumre ii — 1303 K (1030°C). Ilix
yac o0poOJIeHH PO3TOII HATrPiBaBCsA A0 3a3HAUCHUX TeMIIepaTyp, BUTPH-
myBaBcs 20 XB., IicJIsd Y0ro B PO3TOII BBOAWJIN 3a3/aJIeTi b IPHUTOTOBICHI
IIIMaTKX TBEPAOro CTOIY, IO HmigiOpaJsii 3a Baroio, B pe3yJjbTaTi UOTO Te-
MIepaTypa po3TOoNy HIBUJKO MOHUMKYyBajlacda 0 TPaAUIiiiHOI TeMmIlepa-
rypu 3aauBKku y 1003 K (730°C), i cron BigiuBaBca y dopmy. I[aa KoHT-
poJIo TIpoBoAMJIACA 3BUUAMHA 3aJMBKA Bif 1iel Temneparypu (6e3 mepe-
TPiBy Ta BUTPUMKMN).

BcranoBseHo, 10 3a TpamUIiliHOI 3aJIMBKU Yy 3Pa3Ky (popMYIOTHCS
dasu: mmactunyacra 5-AlsFeSi, Ta romuacra B-Al;FeSi, moxkuna axoi
moske mocsaratu 300 mxMm. Ilicas o6podaenusa npu 1103 K (830°C) max-
cUMAaJIbHA JOBMKMHA rouacToi ¢asu 3aMeHInyeTbea o 60 mxm. ITig uac
o6pobsenua pu 1203 K (930°C) mosra rosuacra gasa 3HUKAE MPaKTH-
YHO MOBHICTIO, a IIJIacTHHYACTA MAa€ cepedHiil po3mip mopaary 20 MKM.
0O6pob6aenns npu 1303 K (1030°C) mpuBOAUTE 0 TOTO, ITI0 3’ ABISAETHCS
roauacta dasa o 60 MKM, a miaacTuHUYacTa 30iIbIIyeThea 10 30 MKM.
Taki mopgosoriuni 3MiHM iCTOTHO BIJIMBAIOTh HA MeXaHiUHi BJIAaCTHUBO-
cTi (muB. TabJI. 4).

s pesxuMy o0poOeHHsA, 10 IPUBOAUB A0 MaKCHUMAJILHOrO MiJgBHU-
meHHa BiaactuBocTeil (Ned), TakoK mepeBipamacsa iforo epeKTUBHICTSD,
3aJIeXKHO Bif BmicTy Pepymy Binx 0,2 mo 4,7% . BeranosieHo, 1110 MO3U-
TUBHUU eheKT TOCATAETHCS IJISI CTOIiB i3 BMmicTom Fe jmmmie B inTepBaJri
Big 0,7 10 3,7%.

BriuB TepMOIMKJIIYHOTO 00PO0JIEHHA B PiAKO-TBEPAOMY CTAHi HA MOD-
¢douorito pepymBmicanx ¢as y cromi Al-18% Si—0,8% Fe 6ymo mocui-
mxeHo B [45]. dudepentrifina ckamyBanbHa KamopumerpudHa ([[CK) ana-
JIi3a DOCIiAKyBaHOTO CTOIY IIOKAasaja, I1To TemMmueparypa eBTeKTuKH (T'x)
craHoBuTh 570,5°C, a Temneparypa JikBigycy (7T'L) cranoBuThL 665°C.

TepmonuKIiuHe 00pOOJIEHHS MOJIATAIO B HACTYIHOMY: CTOII HarpiBa-
BcA mo Temneparypu y 585°C (mixk Tr i TL), BuTpuMyBaBcsa 5 XB. i oxo-

TABJINIIA 4. Cepenni 3HaueHHA MeXaHiUHWX BJIACTHUBOCTEH 3pas3KiB, omep-
JKaHUX 3 PO3TOIiB, 00P0O0IEHUX 38 PISHUMYU PEIKMMAaMU.

TABLE 4. Average values of mechanical properties of samples obtained from
melts processed in different modes.

e ObpoSinexzs erun, % mocrr, MITa| Bpasenont
1 Bes 00pobaenna 1,2 173 82,1

2 Bwurpumka npu 1103 K (830°C) 1,5 187 84,6

3 Burpumka npu 1203 K (930°C) 1,8 195 90,3

4 Bwurpumka npu 1303 K (1030°C) 1,5 182 83,2
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Jom:xyBaBcsa 1o 550°C, 6e3 BUTPUMKY 3HOBY HArpiBaBCsA, BUTPUMYBaBCS
1 OXOJIOMKYBABCA Tak 3ajaHe umciio pasis. Ilicis saBepimeHHs o6poo-
JIEHHS 3PasoK rapryBaBcs. Pe3yjabTaTu IPOBEeIEHUX MOCIiIKeHDb IIOKa-
3YIOTh, IO BimauTi 6e3 0O0pPOOJIeHHS 3pas3Ky MiCTATL TOJKOHOLiOHI (e-
pyMBMicHI ¢asu, B Toit uac AK 06pobIeHi 1BOMA Ta TPhOMA ITUKJIAMU Mi-
CTATH MJINTONOAiI0HI I ApiOHI KpucTaau das.

IIuTaEHAM BIJIMBY IIBUAKOCTH OXOJIOMKEHHS Ha MOP(doJorio mep-
BUHHOr'0 KpeMHito 15 crony Al-20% Bar. Si—0,76 % Bar. Fe mpucss-
yeHo ctaTTio [46]. Cron 3aiuBaBca y MiTHUH KOKiJab 3 BUIMKaMu Pis3HO-
ro misgMeTpa, 3a PaXyHOK YOr'0 JOCATAJIKUCH IIMBUISKOCTI OXOJOMKEHHS Y
90°C/c, 293°C/c i 375°C/c. 3i 36iabIIeHHAM IITBUAKOCTH OXOJIOAKEHHST
po3Mip IepBMHHOTO KPEeMHiI0 3HAUHO 3MeHIlTyBaBcsa. Cepenui posmipu
MIEePBUHHOTO KPEMHiI0 CTAaHOBAATEL mpubausuo 150, 100 ta 70 MKM Bin-
noBigHo. IlikaBo Big3HAUYUTHU, ITTO 3a HAJBUCOKUX ITBUIKOCTEH 0XO0JIO-
MoKeHHs (cmiminrysamus 3i mBuakicTo > 106K /c) cron Al-17,4% Si—
13% Fe 0yB omep:xanuii B amopdaoMy ctani [47]. ¥V Toii 2Ke uac gBOBAJI-
KoBe rapryBaHHsA cromiB Al-15,33% Si—2,03% Fe—1,79% Mn i Al-
17,56% Si—2,08% Fe—1,74% Mn [48] upuBesio 10 TOro, 110 B Pe3yJb-
TaTi HAAIIIBUIKOTO OXOJIOAKEeHHA Oy ofleprKaHi 3pasKi, y SKUX i mep-
BUHHUU KpPeMHill, i epymBMicHI (asu manu poamipu menine 20 MKM;
TaKi 3pasKu MaJu BUCOKY 'HYUYKiCTh.

6. BUICHOBRKH

IIuranna HeliTpaJisallii HeraTUBHOIO BILIMBY JOMIIITOK PepyMy B 3aeB-
TeKTHUYHNX cronax Al—Si e nyske akTyaJIbHUM 3 IOIVIALY BUKOPUCTAHHS
BTOPUHHUX MaTepisanaiB. Ha ganmwii MOMEHT € BeJnKa KiJIbKiCTh Pi3HMX
METOXiB, OTHAK KOKeH 3 HUX Mae€ mepeBaru ta Hemodiku. Cirpobu KoM-
IJIEKCHOI'O IIOETHAHHSA Pi3HOMAHITHMUX ITIAXOMIiB IIOKHU IO HEe HIPUBEJIHN
IO CTBOPEHHSA OEesIKOl YHiBepcaJbHOI TexXHoJorii. MoKInBo, mogaabIe
morJyin0JieHe BUBUECHHS CKJIAJHNX MEXaHi3MiB IIPOIleCiB 3apo KeHHA Ta
dopmyBaHHA (hepyMBMicHUX (a3 YMOKJIUBUTL MPOCYHYTUCA B I[HOMY
HaIPSAMI UM TO IPHUBEJE N0 PO3YMiHHA HEOOXiTHOCTH PO3POOKM OKPEMUX
METO/iB IJIsI KOYKHOI I'PYIIX CTOII B, 3aJI€KHO BiJl iIXHBOI'O CKJIALy.
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The main features of manufacturing the Inconel-718 alloy products using
mixture of Inconel-718 powder and an organic binder are studied. Using die-
compacted and sintered feedstock, evolutions of microstructure and charac-
teristics are studied during debinding, powder sintering and heat-treatment
processing stages of metal injection moulding (MIM) manufacturing tech-
nique. The conditions and parameters ensuring formation of suitable micro-
structure and promising mechanical characteristics of final Inconel-718 ma-
terial are determined. Nearly dense sintered material is formed on sintering,
while post-sintering heat treatment ensures achievement of desirable phase
composition. Hardness of 364 HV, tensile strength of about 900 MPa, and up
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to 17% elongation are achieved; such characteristics are promising to rec-
ommend MIM approach for manufacturing net-shape Inconel-718 alloy prod-
ucts.

Key words: metal injection moulding (MIM), Inconel-718, powder, binder,
sintering, heat treatment, microstructure, mechanical properties.

Hocaimxeno ocobamBoCTi omeps:kaHusa 3paskiB cromy Inconel-718 i3 cymimri
nopoiKy Inconel-718 Ta opraniuHoi 3B’ A3KK. 3 BUKOPUCTAHHSAM IIPECyBaHHS
cyMminti y mpec-popmax i HacTymHe CIIiKaHHS IOCILIKEHO €BOJIIOIilI MiKpo-
CTPYKTYPU Ta XapaKTEPUCTUK IIiJ YaC TEXHOJIOTIYHUX ONepaIiii BUIAJIEHH
3B’fA8KM, CIIiKAaHHS IOPOIIKY Ta TEPMiuHOTO 0OpOOJEHHS, IO BiATIOBiZAIOTH
omepamnigAM TexHOJIOTII iHMKeKIifiHOro (OpMyBaHHA Ta CIiKaHHA BUPODiB.
BcTanoBieHo yMOBU Ta ImapaMeTpH, IMo 3a0e3meuyoTh (OpMyBaHHA 0aKaHUX
MiKDOCTPYKTYPH Ta MEXaHIiYHMX XapaKTepPUCTHK KiHmeBoro marepiany. Ilin
yac cuikaHHA c()OPMOBAHO MIIILHUN MaTepPifA, B TON Yac K HACTYIHUM TEp-
MiYHUM 00POOJEHHAM AOCATHYTO MOro 0akaHoro hasoBOro CKJIamy, 1o 3abes-
meuye TBepAicTh y 364 HV, minHicTs mig yac BUTpobyBaHb Ha PO3TAT OJIU3HKO
900 MIIa i BumoB:keHHA 00 17%. 3aBOAKM TaKUM XapaKTEePUCTUKAM METOJ
iHKeKIifTHOTO (hopMyBaHHA BUPODOIiB MOKe OyTH PEKOMEHIOBAHUM IJIA BUPO-
OHUIITBA AeTaliB cKJIagHol hopmu 3i cromy Inconel-718.

Karouosi cioBa: inkekilitine popmyBamHsi, ¢cTomn Inconel-718, mopoirok, op-
raHiuHa 3B’A3Ka, CIiKaHHA, TepMiuHe 00pPO0JIeHHA, MIKPOCTPYKTYypa, MeXaHi-
YHi XapaKTepUCTUKHU.

(Received 2 April, 2025; in final version, 3 April, 2025 )

1. INTRODUCTION

The development of materials and advanced technologies to manufac-
ture improved aircraft engines is an important strategic task. As for
today, the nickel-based alloys [1-2], including Inconel-718 one (52.50
Ni—-18.50 Fe—9.00 Cr—5.10 Nb—-3.00 Mo—-0.50 Al-1.01 Ti—0.08 C,
wt.%) are widely used for the manufacture of aircraft engine blades
owing to high strength and corrosion resistance at temperatures up to
650-700°C.

The manufacturing approach should supply not only the required
mechanical, service characteristics and high accuracy of a blade shape,
but also provide sufficient cost-efficiency of the processing. Noted
parts are usually produced by multistage technologies, including hot
deformation of ingots and their mechanical processing (cutting), but
this method results in significant losses of expensive material as
waste. Moreover, Inconel-718 alloy ingots require specific heat treat-
ment [3—5] to form the desired phase composition, microstructure,
and, hence, the appropriate properties of final products, while low ma-
chinability and narrow temperature—speed range of plastic defor-
mation for this material cause difficulties for mechanical processing
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when obtaining net-shape products. The above noted problematic is-
sues require the development of new cost-efficient methods of produc-
tion of aviation parts with specified characteristics from Inconel-718
alloy.

The metal injection moulding (MIM) powder technology [6—8] is
promising to overcome the problems mentioned above when obtaining
net-shape products with determined structure and characteristics. MIM
technologies include the forming of mixtures of metal powders and or-
ganic binders (feedstock) at relatively low pressures into workpieces of
complex geometric shape, followed by the binder removal and sintering
of the powders to obtain net-shape products. If necessary, the product is
subjected to post-sintering heat and mechanical treatment. The expense
of net-shape products manufactured using MIM technology is much
lower than the cost of products manufactured using conventional tech-
nologies owing to a relatively simple set of technological operations for
MIM processing and minimized material waste.

MIM technologies have made sufficient progress in the manufacture
of stainless steels and ceramic products [6—8]. However, the produc-
tion of Inconel-718 products by MIM requires preliminary adjustment
of processing parameters, namely, proper selection of the binder re-
moval regimes to avoid contamination of metal powders with binder
remnants (C, O), development of sintering conditions to transform
metal powders into massive (low-porous) sintered alloy and adjustment
of heat treatment to form promising microstructure, phase composi-
tion, and, hence, desirable mechanical characteristics of final product.

As an alternative cost-efficient powder technology, ordinary die
pressing and sintering of metal powders can be used for easy manufac-
turing of Inconel products [9] of relatively simple geometrical shape.
However, powders produced with the gas-atomization method have a
spherical shape and quenched microstructure, which commonly makes
their die-compaction worse, and, thus, hinders to use of these powders
for the press-and-sinter manufacturing technology. At the same time,
mixing gas-atomized Inconel powder with organic binder used in MIM
approach allows successful die-compaction of powder feedstock and
further studies of all processing stages (debinding, sintering and heat
treatment) which are similar to those in MIM processing. Therefore,
such characteristic peculiarities of the MIM process as debinding, sin-
tering and heat treatment, as well as the potential of the MIM approach
for manufacturing Inconel-718 alloy products, can be studied using a
simplified modelling approach based on die pressing and sintering of
feedstock granules usually used in MIM.

This work is aimed to study the main features of pressing, debinding,
sintering and heat treatment of the feedstock material consisting of In-
conel-718 powder and an organic binder to evaluate the suitability of the
MIM technique for manufacturing the Inconel-718 alloy products. To
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fulfil one’s production quota, it is necessary to determine the processing
parameters that ensure the desired microstructure and mechanical prop-
erties of finished components.

2. MATERIALS AND EXPERIMENTAL PROCEDURE

Spherical powder of Inconel-718 alloy (Fig. 1a) produced with gas-
atomization method was used as raw material in present study. The
powder was mixed with PolyMIM binder [10] (Fig. 1b) to obtain feed-
stock granules 3—4 mm in size (Fig. 1c¢).

The feedstock granules were die-compacted at 620 MPa to obtain cyl-
inders 10 mm in diameter, 12 mm in height. The debinding procedure
included two stages, the first of which was washing in hot (70°C) water
for 27 hours to evacuate water-solute components of the binder from the
compacts. For the final debinding stage, the compacts were heated in a
vacuum furnace to 800°C and exposed for 2 hours for evacuation of vol-
atile components of PolyMIM binder. After that, the heating under vac-
uum was continued up to 1230°C and compacts were exposed for 2 hours
at the noted temperature for powder sintering. As an alternative sinter-
ing option, the vacuumized heating chamber was filled with Argon
above 970°C to perform sintering (1230°C, 2h) under inert atmosphere.
During post-sintering cooling, the compacts were subjected to two-stage
heat treatment at 720°C (2—4 h exposure) and 620°C (2—5 h exposure) to
provide precipitation of strengthening phases.

The density of compacted and sintered samples was determined us-
ing precise mass and geometrical size measurements. The microstruc-
ture of initial powders and feedstock compacts at all stages of debind-
ing and sintering was studied with a scanning electron microscope
Tescan VEGA III equipped with a Brucker EDX analyser to evaluate
local chemical composition and impurity content. The microstructure
investigations were performed using polished surfaces of sintered and

c

Fig. 1. Raw Inconel-718 powder (a), microstructure of powder-binder feed-
stock (b) and general view of feedstock granules (c).
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heat-treated materials, as well as polished surfaces etched with a rea-
gent based on a mixture of HCI, HNO; and acetic acids with glycerine
to reveal microstructure constituents. Hardness tests (Wolpert 432
SVD tester) and tensile tests (Instron 3388 machine) were implemented
to evaluate the mechanical characteristics of the material depending
on sintering and heat treatment conditions.

The phase composition and crystal structures of the samples were
examined by x-ray diffraction (XRD) technique using filtered MoK,
radiation. The diffraction spectra were collected using a PC-driven
DRON-4 x-ray diffractometer (at 45 kV, 20 mA; in the 26-range of 5°—
60° with a step of 0.05° and an acquisition time of 5 s per step) within
the Bragg—Brentano geometry.

3. RESULTS AND DISCUSSION

Microstructure of the feedstock sample die-compacted at 620 MPa is
presented in Fig. 2a. The spherical Inconel particles (Fig. 1a) were not
deformed on die-compaction, but rearranged rather closer (Fig. 2a)
than they were packed in the initial feedstock (see Fig. 1b) due to the
applied compaction force. The surface of particles is covered and the
voids between them are filled with binder. The measured density of
die-compacted samples, which consisted of Inconel-718 powder and
PolyMIM binder, was 5.80 g/cm?, is lower than the standard density of
bulk Inconel-718 alloy (8.19 g/cm? [11]) due to the high volume frac-
tion of the light-weight binder and voids initially available in compact-
ed samples. It should be noted, additional experiments on die-
compaction of raw Inconel-718 powder without binder were not suc-
cessful. As it was predicted, the smooth surface and high hardness of
quenched Inconel-718 powder particles prevent die-compaction of the

Fig. 2. Microstructures of die-compacted feedstock samples (a); after the first
debinding stage (b); after the final debinding at 800°C within 2 hours and suc-
ceeding heating to 900°C in a vacuum furnace (¢).
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binder-free powder even at relatively high pressures (up to 950 MPa).

Washing compacted feedstock samples in hot water (first debinding
stage) resulted in 3.2% mass loss due to partial removal of binder.
Binder layers of reduced thickness were observed at powder surfaces
with the appearance of hollow voids between powder particles (Fig. 2b).
However, rearrangement of particles was not observed after the first
debinding stage.

Microstructure of samples after the final stage of binder removal
(800°C, 2h, vacuum) and further heating up to 900°C is shown in Fig.
2c¢. It is seen that, after debinding completion, the powder surface was
clear, and no binder remnants were found in the voids between powder
particles. However, sintering has not yet been developed; closer mutu-
al rearrangement of particles and formation of sintering necks be-
tween particles have not been observed. Mass measurements revealed
additional mass loss of 4.5% after the final debinding stage. So, feed-
stock compacts lost 7.7% of their initial mass during debinding.

Comparison of the chemical composition of powder particle surfaces
for raw powder (before mixing with binder) and after debinding com-
pletion (Table 1, columns 1 and 2) has shown that no marked increase
in carbon and oxygen impurities was observed after debinding. Hence,
the binder has been successfully eliminated without dangerous con-
tamination of powder particles. Despite that, the sintering process for
powder particles was not developed, presumably, due to the presence of
thin surface films with remnants of binder at the particle surfaces.

At this heating stage, the dangerous opportunity for fracture of pow-

TABLE 1. Chemical composition (mass.%) of Inconel powder particle surfaces
in initial condition and after vacuum heating up to 900°C using different
debinding regimes.

Powder after debinding
completion (heating up
t0 900°C using exposure

Powder after con-
tinuous heating up

Initial powder
Element | (before mixing

with binder), % at 800, 2h), % t0 900°C
Ni 52.7 52.4 52.2
Cr 19.0 19.3 19.5
Fe 18.9 18.5 18.2
Nb 4.1 4.1 5.1
Mo 1.4 2.7 1.3
Ti 1.0 1.0 1.1
Al 0.5 0.6 0.6
C 2.1 1.5 1.8

0 0.2 0.3 0.2
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der compacts occurs. Thus, while the powder sintering has not yet been
started, whole binder elimination creates dangerous reducing adhesion
forces between powder particles in compacts and leads to the risk of
compact fracture. For this reason, relatively quick heating of compacts
up to 900°C was tested to preserve the binder remnants and related
bonding forces between adjacent powder particles up to temperatures
sufficiently high for sintering activation. To test the binder effect on
the shape retention of the pressed compacts within sintering, we per-
formed continuous heating at 5 K/min up to 900°C (without exposure at
800°C for debinding). Really, for this case, measured mass loss was ap-
proximately 7.2%, i.e., 0.5% lower than for the debinding scheme includ-
ing 2 hours exposure at 800°C, thus, suggesting preservation of binder
remnants on the surfaces of Inconel particles. However, powder com-
pacts cooled from 900°C after such modification of heating and debind-
ing scheme (Table 1, column 3) did not demonstrate noticeable change of
chemical composition of particles surface, while any features for im-
proved bonding of powder particles were not observed (Fig.3). So,
debinding scheme using continuous heating was discarded due to ab-
sence of positive influence on compact strength.

Temperature of 1230°C sufficiently activates the sintering of powder
particles. Exposure for 2 hours at 1230°C resulted in 22% shrinkage of
powder samples and formation of quite dense Inconel-718 material.
Measured density reached 7.8 g/cm? that corresponds to 95% of theoret-
ical value. However, important factor is sintering environment, which
affects chemical composition of sample surface. Vacuum sintering re-

Fig. 3. Surface of powder particles after fast heating up to 900°C.
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Fig. 4. As-sintered microstructure of Inconel-718 alloy (a—b) and microstruc-
ture features (c) used for local EDX analysis (Table 2).

sulted in more than 4% losses of chromium at surface and sub-surface
areas of the samples due to evaporation of this alloying element at high
temperatures. Evaporation of chromium in vacuum at high tempera-
tures changes the chemical composition, which, in turn, affects critical
characteristics of the alloy surface. To avoid risk of characteristics’
degradation, argon atmosphere looks like more promising than vacuum.
Hence, argon atmosphere has been selected as sintering environment to
protect Inconel-718 surface. However, initial stages of heating were
implemented in vacuum to complete debinding process, after that heat-
ing chamber was filled with Ar at temperature of 1000°C.

The as-sintered sample microstructure (Fig. 4a, b) consisted of uni-
form grains 30—50 yum in size with residual pores (up to 5—10 ym) and
fine (1-2 pm) precipitations located near grain boundaries and inside
grains. Local chemical analysis (Fig. 4¢, Table 2) revealed that the
chemical composition of alloy matrix (area 3, Table 2) is rather similar
to total alloy composition, while precipitations are considerably en-
riched with Nb, Ti, Mo and C. The precipitations were identified as
(Nb, Ti, Mo)C carbides, similarly to NbC and (Nb, Ti)C carbides [3, 12—
14] earlier observed for Inconel-718 alloy. However, taking into con-
sideration approximately equal energy values for NbKp and MoK, x-
ray irradiation, measured enhanced Mo content (6—7%) in precipita-
tions looks doubtful in our case.

X-ray diffraction study confirmed two-phase composition of sin-
tered alloy (Fig. 5a): main peaks of y (f.c.c.) nickel-iron—chromium-
based matrix were observed together with weak peaks of (Nb, Ti)C car-
bide phase. Following reference data [3, 12, 13], undesirable Laves
phase (Ni, Cr, Fe)2(Nb, Mo, Ti) and 6 (NisNb) phase, which negatively
affect mechanical characteristics, can be formed at temperatures be-
low 1100°C in Inconel-718 too. However, these phases were not ob-
served for as-sintered condition because they did not exist at sintering
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TABLE 2. Total and local chemical composition of alloy matrix and precipita-
tion phase after sintering and subsequent not-controlled furnace cooling con-
dition.

Local compositions (see Fig. 4c¢)
Element, Total composition| T .
wt.% 1 (precipitation | 2 (precipitation 3 (alloy ma-

phase) phase) trix)

Ni 52.2 12.3 19.6 51.9
Cr 18.9 5.5 8.3 19.1
Fe 17.8 4.6 7.1 18.1
Nb 4.0 53.1 43.1 3.7
Mo 2.9 7.4 6.2 2.9
Ti 1.0 6.8 7.5 1.0
Al 0.6 0.5 0.3 0.5
C 2.3 8.0 7.2 2.5
0] 0.3 0.9 0.6 0.2

temperature of 1230°C and were not formed on relatively fast post-
sintering cooling in furnace.

Hardness of sintered alloy was relatively low at the level of 192 HV,
which can be explained with not optimized phase composition of alloy
formed during sintering and subsequent not controlled furnace cooling
condition.

To achieve required set of hardness and tensile characteristics, heat

111)

# = (NDTi)C ©-y"Ni,Nb

2500 4

2000 1

(200)

1500 -

1000 +

Intensity (a.u.)

500 4

0-
5 10 15 20 25 30 35 40 45 50 55 60
20, degree

Fig. 5. X-ray diffraction patterns of sintered (a) and aged Inconel samples at
720°C + 620°C during 2+2 hours (b) and 4+5 hours (¢).
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treatment after sintering was used. The procedures of compact debind-
ing in vacuum, and subsequent sintering and heat treatment under Ar-
gon atmosphere were successively performed within the one heating
cycle, thus, promoting cost-efficiency of processing.

Strengthening heat-treatment regimes for Inconel-718 alloy [3, 11,
15] recommend annealing at temperatures of about 980-1200°C, subse-
quent fast cooling, and relatively long-time ageing consisted of two con-
secutive stages: 720°C, 8 h and 620°C, 8—10 h. Such heating scheme al-
low to avoid formation of undesirable phases like Laves phase and 6-
NisNb phase, while two-stage ageing at noted temperatures ensures
formation of highly dispersed strengthening y'-Ni3(Ti,Al) and y"-NisNb
precipitations in y-matrix. In our case, direct ageing during post-
sintering cooling was used to precipitate disperse y'-Nis(Ti,Al) and y"-
NisNb phases in alloy matrix and, hence, to improve hardness and ten-

Fig. 6. SEM microstructures after ageing 720°C + 620°C during 2+2 hours (a,
b) and 4+5 hours (c, d).
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sile characteristics. Usually, the most important microstructure chang-
es take place during first stages of the ageing. For this reason, two age-
ing regimes of different durations: 2+2 hours and 4+5 hours at recom-
mended temperatures 720°C and 620°C were tested to evaluate micro-
structure evolution and kinetic of mechanical characteristics change.
Aged microstructures are shown in Fig. 6. SEM observations did not
detect obvious changes in microstructure compared to as-sintered con-
dition (Fig. 4); transformation or dissolution of initially presented
carbide particles were not observed the same as precipitation of new
phases. Maps of alloying elements redistribution (Fig. 7) show that
particles presented in aged Ni—Fe—Cr-based matrix are enriched with
Nb, Ti, Mo and C, being quite similar to (Nb,Ti)C carbides observed for
as-sintered condition, which did not undergo marked changes during
subsequent ageing. Furthermore, surface of some pores observed in
microstructure are enriched with Nb, Ti, Mo and C (Fig. 7), hence,
these pores can be identified as remnants of brittle carbide particles,
which were fractured and fell out during polishing operations. Howev-
er, despite absence of obvious microstructure changes (Figs. 4, 6), x-
ray diffraction analysis (Fig.5) demonstrated some differences in
phase composition for as-sintered and sintered+aged materials. Sin-
tered+aged conditions (Fig. 5b, ¢), in addition to smartly prominent x-
ray diffraction peaks corresponding to y (f.c.c.) nickel-chromium-—

wes g 1123
BSE MAG: 1788x HV:20kV WD: 15.1 mm 5 - 1 BSE  MAG: 1795x HV: 20KV WD: 154 mm

Fig. 7. Alloying element map distribution for sample aged 720°C 4 h + 620°C, 5 h.
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iron-based matrix and f.c.c.-(Nb,Ti)C carbide phase, demonstrate weak
peaks belonging to y"-NisNb phase. The y"-NisNb phase has an ordered
body-centred tetragonal (b.c.t.) DOss-crystalline structure, which be-
longs to the 14/mmm space group (No. 139) [16]. Also, the difference
in x-ray diffraction patterns for as-sintered and aged conditions is
slightly increased wide of diffraction peaks of y (f.c.c.) matrix and dis-
placement of peaks positions towards higher angles with increased age-
ing duration. Such result can be interpreted as gradual decrease in in-
terplanar distance and appearance of some stresses in y (f.c.c.) matrix
with long-time ageing due to precipitation of phases with another
chemical composition, y"-NisNb phase in our case like it was observed
in [13] due to 6-NisNb phase precipitation.

The ageing resulted in continuous hardness growth with increase in
ageing duration. The hardness was noticeably increased after 720°C,
2 h plus 620°C, 2 h ageing, achieving 333 HV. Increase in ageing dura-
tion to 4+5 hours at corresponding temperatures resulted in further
hardness growth up to 364 HV.

The reference data proofs that reinforcing y”-NisNb and y'-Nis(Ti,Al)
phases in alloy matrix precipitate as nanosize particles (10—200 nm)[3,
12-14], observation of which needs high-resolution SEM equipment.
So, noted phases can be observed, when particle growth and develop-
ment of coagulation result in formation of particles of sufficiently
high sizes. Presumably, during used ageing regimes the nuclei of rein-
forcing particles were formed in y (f.c.c.) Ni—Cr—Fe-based matrix,
their weak traces can be detected with x-ray diffraction analysis (Fig.
5b, c), but formation of highly-disperse nuclei hardly can be observed
with used SEM technique. On another hand, formation of high-
disperse y"-NisNb and y'-Nis(Ti,Al) nuclei in y (f.c.c.) matrix is con-
firmed with observed increase in hardness from 192 HV to 364 HYV.
The kinetic of precipitation process is slow and formation of coarse
precipitations visible with SEM technique will take relative long time
ageing, which duration is higher than used in present study.

Preliminary tensile test of aged material (Fig. 8) revealed sufficient
strength/ductile characteristics promising for further development
and adaptation of MIM approach in industry to produce Inconel-718
products. At the same time, additional experiments are necessary to
adjust processing parameters for further optimization of sin-
tered/aged material microstructure and properties.

4. CONCLUSIONS

1. Feedstock granules consisted of Inconel-718 powder and PolyMIM
binder were successfully used in press-and-sinter approach for manufac-
turing bulk Inconel-718 products. The main processing parameters ensur-
ing formation of suitable microstructure and mechanical characteristics
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Fig. 8. Stress—strain tensile curve of sintered and heat treated Inconel-718 mate-
rial.

of final material were determined and recommended to be used in MIM
processing to achieve desired characteristics of net-shape Inconel-718
products manufactured by MIM.

2. Two-stage debinding of powder compacts (washing in hot water and
subsequent vacuum exposure at 800°C) ensured formation of clean pow-
der surfaces not contaminated with binder remnants, however, sintering
of powder particles developed at temperatures quite above 900°C.

3. Sintering at 1230°C under argon atmosphere is recommended because
of vacuum sintering resulted in Cr evaporation from surface of the pow-
der compacts. Sintering ensures formation of nearly-dense microstruc-
ture of Inconel-718 alloy, while post-sintering heat treatment increases
the material hardness owing to precipitation of nanoscale strengthening
v'-Nis(Ti,Al) and y"-NisNb phases in y (f.c.c.) matrix.

4. Hardness of 364 HV, tensile strength of about 900 MPa, and up to
17% elongation were achieved with post-sintering heat treatment;
such characteristics are promising to recommend MIM approach for
manufacturing Inconel-718 alloy products.
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Peculiarities of Atomic Migration in the Near-Surface Layers of
the 2099 Al-Cu-Li Alloy during Ultrasonic Impact Treatment
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*Lodz University of Technology,
116 Zeromskiego Str.,
90-924 Lodz, Poland
“*Institute of Security Technologies ' MORATEX’,
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90-505 Lodz, Poland

The redistribution of %Co atoms in the near-surface layer 2099-T83
Al-Cu-Li alloy during ultrasonic impact treatment (UIT) is studied. As
shown by microdurometric analysis, the UIT results in a significant harden-
ing of 2099 Al-Cu-Li alloy. However, the increase in the UIT duration re-
sults in the microhardness decrease, which is explained by the stress-
relaxation processes occurred in the alloy. The higher microhardness of the
UIT-processed alloy is stable for more than a half year. The radioactive iso-
tope technique reveals a nonmonotonic dependence of the ®°Co-atoms’ distri-
bution curves observed for the surface layers of the alloy samples UIT-
processed for 60, 120 and 180 seconds. Moreover, the optimal mode is the
UIT processing for 120 s. The calculated mass-transfer coefficients during
UIT performed at room temperature match up the diffusion coefficients
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known for the stationary homogenizing annealing at premelting tempera-
tures. The mass-transfer coefficient value for ®°Co in 2099 Al-Cu-Li alloy
during the room-temperature UIT exceeds the diffusion coefficient of °Co
into aluminium at T'=300 K about = 10® times that indicates that the phe-
nomenon of anomalous mass transfer is realized.

Key words: ultrasonic impact treatment, diffusion, mass transfer, radioac-
tive isotope, deformation, microhardness.

Busueno nmepeposmnogin aromis °Co y mpumosepxmesomy mapi cromy 2099
Al-Cu-Li micas repmomexaniuaoro oopobiienus T83 3a yMOB yIbTPasByKOBO-
ro ymapHoro oopodOaenHsa (Y3VO0). MeromoM MiKpOAIOPOMETPUYHOI aHAi3U
IMOKasaHo, 110 ¥Y3YO Beze 10 icrorHoro aminuenusa crony Al-Cu—Li 2099-T83.
Opuaxr 36inbreHHESa TpuBajaocTy ¥ 3Y0O IpU3BOAUTE 10 3MEHIIIEHHA MiKpPOTBe-
PZOCTH, III0 HOACHIOETHCA IIPOIlecaMu pesiaKcallil HanpysKeHsb y cromi. ITinBu-
meHa MiKpoTrBepaicTh micaa Y3YO sanuiiiaerbea cTabibHOIO y CTOINL ITOHAT
miBpoKy. MeTomom pafioaKTHBHUX 130TOIB 0yJIO BUABJIEHO HEMOHOTOHHY 3a-
JesKHicTs KpuBoi posmoxiny *°Co y cromi micisa yabTpasByKOBOIO YIAPHOTO
00pobsienna BuponoB:x 60, 120 Ta 180 ¢, npruoMy ONTHMATIBHUM PEXKUMOM €
yac obpobsenua y 120 c. KoeditienTn maconepenecenua 3a ymoB ¥3VYO 3a
KiMHATHOI TeMIepaTypu BiamoBimarTh KoedinienTam qudysii B ymoBax cra-
nioHapHoro audysiifHOTO Bignasy 3a mepeaTONUIBHUX TeMIiepaTryp. Bemxnun-
Ha Koe(imienTa maconepenecennsa aromis °Co y cromi Al-Cu-Li 2099-T83 mif
uac Y3YO za kiMHATHOI TemMIepaTypu nepesulye Koedimient nudysii *°Co B
amominiit 3a T=300K y =108 pasis, mo csiguuTs npo peanisamiro sBuima
aHOMAJILHOT'O MacOIlepeHeCeHH .

KarouoBi ciioBa: yJaIbTpasByKoBe yaapHe obpobisieHHsA, nudysisa, MacomepeHe-
CeHHs, PagioaKTUBHUH i30TOII, JeopMarllisa, MiKpoTBEePHiCTS.

(Received 18 December, 2024; in final version, 13 March, 2025 )

1. INTRODUCTION

Spacecraft design methods and technologies are based on aircraft en-
gineering principles. A greater emphasis is put on a weight minimiza-
tion, vibration interactions, fatigue strength, and materials selection.
The spacecraft design has to operate under conditions of static and dy-
namic loads occurred during testing and launch, and then in a zero-
gravity environment[1].

The Al-Cu-Li alloys [2, 3] are widely used in aerospace engineering
owing to the unique combination of low density, required strength and
exceptionally high elastic moduli values compared to other aluminium
alloys. Every percent of lithium reduces the density of the aluminium
alloy by 3% and increases Young’s modulus by 5%. The 2099 alloy of
the Al-Cu-Li system has improved corrosion resistance and fatigue
crack propagation properties in comparison with other alloys of this
system. This alloy has the best set of mechanical, operational and anti-
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corrosion properties, allowing it to compete in aerospace engineering
with traditional aluminium alloys and polymer composite materials.

Optimum chemical composition of 2099 Al-Cu-Li alloys with a tem-
per T83, where is solution heat-treated, strain hardened by 3%, then
artificially aged [4] allow to obtain more favourable properties than
previous generations of AlI-Cu-Li alloys [5].

However, according to the literature data [6], the operational char-
acteristics of 2099 Al-Cu-Li, namely, low density, increased elastic
modulus, and high strength, were not significantly improved in com-
parison with other alloys of various series and modifications.

Therefore, the search and development of new techniques and pro-
cessing methods allowing improving the physical-mechanical proper-
ties of AlI-Cu-Li alloys for application in the aerospace industry is now
an urgent task.

This work considers the mechanisms of atomic migration, micro-
structure evolution, and their influence on some mechanical properties
of the near-surface layers in the 2099 Al-Cu-Li alloy of modification
T83 under ultrasonic impact treatment (UIT).

2. EXPERIMENTAL DETAILS

The samples of 2099 Al-Cu-Li alloy made by Smiths (USA) and under-
went a T83 temper involving solution heat treatment, water quenching
and stretching prior to artificial ageing, in accordance with the ac-
companying factory technical certificates, has the following chemical
composition: 2.6% Cu, 1.6% Li, 1% Zn (wt.%) and other elements of
much less content (Mg 0.15, Mn 0.15, Ti 0.1, Zr <0.1, Fe 0.07, Si
0.005) [7]. Additional chemical analysis [8] confirmed this percentage
of chemical elements in the alloy. For the experiment, four samples
were cut out (one initial and three for processing) with dimensions:
12x12x5 mm. A layer of the radioactive isotope ¢°Co was electrolytical-
ly deposited onto the surface of three samples to be treated with ultra-
sonic impact treatment (UIT). The isotope layer thickness was = 0.3 ym
and its activity was = 5-10% imp/min. The radiation intensity is known
to be directly proportional to the concentration of the °Co isotope.

The UIT process duration was chosen for each individual sample to
be 60, 120, and 180s. Ultrasonic impact treatment of 2099-T83
Al-Cu-Li alloy samples coated by °Co isotope was carried out at room
temperature = 300 K in a step-like manner for 60 seconds each step to
avoid UIT-induced overheating above 350K [9]. Thus, the samples
treated for 120 s and 180 s were cooled after every 60 s before continue
the processing cycle. A detailed description and operating principles of
the UIT equipment can be found in [10]. Parameters of the UIT: the os-
cillations’ amplitude and frequency of the ultrasonic waveguide tip are
30 nm and 21 kHz, respectively, and the natural frequency of the im-
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pact pin (i.e., the frequency of the impact pulses) was of = 0.5-1 kHz
[11].

To obtain the depth profile of the concentration distribution of °Co
isotope, the autoradiography and layer-by-layer removal techniques
were used [12, 13]. The sample deformation extent was assessed as the
ratio of the sample thicknesses measured before and after ultrasonic
impact treatment [14]. The Vickers microhardness was measured using
a microhardness tester. The plastic deformation rate & is determined
by the formula [15]

é;:_’ 1)

Teff

where ¢ is the relative plastic deformation of the sample, defined as the
ratio of the sample thickness measured in the initial and treated states;
Ttz is the effective processing time.

3. RESULTS AND DISCUSSION
3.1. Microhardness

In this work, the microhardness (HV) values for the 2099-T83
Al-Cu-Li alloy samples in the initial state and after UIT process were
measured at both the treated surface and backside. As shown, the mi-
crohardness of the initial sample is equal to 1.7 GPa; it increases to
5.47 GPa, 5.26 GPa, and 4.39 GPa after UIT lasted for 60s, 120 s, and
180 s, respectively. Consequently, the UIT leads approximately to tri-
ple strain hardening of the alloy in comparison with the initial state.
However, the microhardness is decreased with increasing of processing
time, which indicates the occurrence of relaxation processes in the
metal [16] (Table 1).

The deformation extent € of the sample defined as the ratio of the
sample thickness measured in the initial and processed states and after

TABLE 1. Values of relative deformation and microhardness of 2099-T83
Al-Cu-Li alloy before and after UIT.

Tproc.s S €, % HV,GPa SHV, GPa
initial 0 1.7 1.7
60 2.8 5.47 3.9
120 4.2 5.26 3.6
180 6.8 4.39 3.11

- - Al: 2.09[17] -
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various UIT-processing times is given in Table 1 too. Analysis of these
data shows that this dependence can be satisfactorily fitted by a linear
function (Fig. 1). Thus, it is possible to interpolate the deformation
extent for any other processing time. At the same time, it should be
taken into account that the deformation extent is distributed non-
homogeneously over the sample height and its maximum is near the
sample surface. It leads to a slightly higher local heating, i.e., to a
higher probability of the recovery and dynamic recrystallization of the
deformed microstructure in the near-surface region of the sample [18].

The backside microhardness of the sample (**HV) measured after
UIT is changed similarly to the microhardness of the processed sur-
face; however, its magnitude is lower. Approximately 2 times harden-
ing is observed (HV increases up to 3.6-3.9 GPa; Table 1). The micro-
hardness values induced by the room-temperature UIT process are re-
vealed stable for more than six months.

3.2. Mass Transfer

In this work, the effect of the UIT duration on the migration and redis-
tribution of atoms of the ®°Co isotope from the surface to the bulk of
the 2099-T83 Al-Cu-Li alloy sample is considered. To calculate the
plastic deformation rate and mass-transfer coefficient the UIT effec-
tive time (i.e., the total time of the interaction between the impact
striker and the surface of the AlI-Cu-Li alloy) was taken into account.
This UIT effective time is equal to a half of the total processing time
[19]. Consequently, the time of effective processing (Tett.proc.) Was re-

7_- —u— Deformation
|| — Linear Fit of Sheetl B“Deformtion”

|Equation y=athx
| weight No Weighting
| Residual Sum of 0335
| Squares
| Pearson’s 099283
|Adj. RSquare 097857

Value  Standard Error
| Intercept 0.2 0.34242
B Slope 003583 0.00305
0 T T T T T T 4 T T T

0 60 120
Time, s

Deformation, rel. units

180

Fig. 1. Dependence of the deformation extent on the UIT duration.
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Fig. 2. Depth distribution of %°Co isotope in 2099-T83 Al-Cu-Li alloy after
UIT (Tproc. = 60 S).

spectively adopted tobe 30 s, 60 s, and 90 s.

As can be seen in Fig. 2, the concentration distribution of the ¢°Co
isotope in 2099-T83 Al-Cu-Li alloy sample after UIT applied for 60 s
has a non-monotonic character. Its feature is the presence of two max-
ima of the isotope concentration at a depth of about 3 ym and 11 um.

The presence of the first maximum (3 ym) in the concentration pro-
file is typical for the repeated pulse processing [20]. Moreover, it
should be noted that the diffusion migration of atoms, as a rule, leads
to appearing the stresses in crystals and to the formation of new dislo-
cations [21]. As experimentally shown in Ref. [22], the physical nature
of the first maximum of the isotope concentration (3 uym), related to
plastic deformation, which leads to the accumulation of dislocations in
this zone, and these dislocations can settle the diffusing atoms. The
following continuation of processing generates more new dislocations,
and the resulting stresses facilitate the diffusing atoms to overcome
the dislocation barriers [19, 23]. The second maximum is located at a
depth of about 11 ym. Apparently, the second maximum was formed for
the same reason, due to the formation of a layer of the increased disloca-
tion density. The mass-transfer coefficient estimated after UIT per-
formed for effective processing time of 30s achieved the value of
6.7-10% cm?/s.

Figures 3 and 4 show the experimental profiles of the %°Co isotope
distributions in 2099-T83 Al-Cu-Li alloy samples processed by after
UIT for 120 s and 180 s, respectively. As seen, the regions with the in-
creased concentration of isotope atoms at different depths are also ob-
served.



PECULIARITIES OF ATOMIC MIGRATION IN THE NEAR-SURFACE LAYERS 411

0 5 10 15 20 2 30 35
X, mkm

Fig. 3. Depth distribution of %°Co isotope in 2099-T83 Al-Cu-Li alloy after
UIT (Tproc. =120 S).
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Fig. 4. Depth distribution of %°Co isotope in 2099-T83 Al-Cu-Li alloy after
UIT (Tproc. =180 S).

With the increase in the UIT duration, there is a continuous dynam-
ic process of the structure rearrangement of the Al-Cu-Li alloy, with
the unchanging strain rate (Table 2). During processing, even with a
low strain rate (10™#-107° s7!), plastic deformation of alloy promotes
the increase in the diffusion activity of impurity atoms on the surface
and in the near-surface layers [21].

The most significant changes in the structural and concentration



412 O.V.FILATOV, V.F. MAZANKO, S. Ye. BOGDANOV et al.

TABLE 2. Data on the strain rate, mass-transfer coefficient versus the UIT
duration of 2099-T83 Al-Cu-Li alloy.

No. ‘ T,K ‘ Tetf, S ‘Depth, um‘ €, % ‘ ¢, 871 Dets, cm?/s

300 30 17 2.8 9.10°2 6.7-10°8

2099-T83 s .
Al-Cu—Li 300 60 26 4.2 7-10 5.6-10

300 90 26 6.8 7.6-1072 3.5-10°8

Co — Al (hetero- 5
diffusiony 210 - - - - 3.0-10

60Co —» Al 300 - - - - 5.0-10716

characteristics of the 2099-T83 Al-Cu-Li alloy during ultrasonic im-
pact treatment applied for 60, 120, and 180 s are observed at the depth
ranges in the near-surface layers of 5-15um deep. As seen in Figs.
2—4, the increase in the UIT duration from 60 s to 120 s leads to the in-
crease in the penetration depth of the °Co isotope in the alloy sample.
Further increase in the UIT duration to 180s practically does not
change the penetration depth. Therefore, in the UIT mode applied, it is
advisable to use the processing time of 120 s.

The mass-transfer coefficients were calculated using Albert Ein-
stein’s formula [24]:

2 2 -8 2
Deff _ X _ (20) 10 _ 6,7 . 1078 cm , (2)
9t  2-30 s

where x is the maximum penetration depth of diffusing atom, 7. is the
effective duration of the UIT process.

The values of the mass-transfer coefficients calculated for the 2099-
T83 Al-Cu-Li alloy samples at different UIT processing durations are
presented in Table 2. For comparison, the heterodiffusion coefficient
of Co into aluminium during stationary annealing are also presented
there[13].

As can be seen from Table 2, the mass-transfer coefficient gradually
decreases with the increasing UIT process duration. At the UIT lasted
for 60s, 120s, and 180s, the ®°Co —» Al-Cu-Li mass-transfer coeffi-
cients are comparable to the Co— Al heterodiffusion coefficient
known for stationary annealing at 910 K. At the same time, the value
of the diffusion coefficient of °Co — Al at room temperature (obtained
by extrapolation) gives a value of 5.0-107'6 cm?2/s. The Dy/D ratio is of
7-10° times, i.e., in this case, the phenomenon of anomalous mass trans-
fer is realized not due to the temperature exposure, but owing to the
presence of a driving force induced by the impact (pulse) mechanical
action on the 2099-T83 Al-Cu-Li alloy driven by UIT. It can be as-
sumed that the nature of the driving force involves an increase of pen-
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etrating-atoms’ quantity promoted by moving dislocations. This phe-
nomenon was observed in works[19, 23].

CONCLUSIONS

1. The linear increase in the plastic deformation extent with increasing
time of the ultrasonic impact treatment from 60 to 180 seconds is ob-
served.
2. The UIT process leads to three times microhardness increase of
2099-T83 Al-Cu-Li alloy. The higher microhardness value obtained
after the UIT is stable for more than a half of year.
3. The nonmonotonic dependence of the ®°Co concentration distribu-
tion in 2099-T83 Al-Cu-Li alloy after ultrasonic impact treatment is
observed.
4. The increase in the UIT duration from 60 s to 120 s results in the in-
crease in of penetration depth of ®°Co isotope in 2099-T83 Al-Cu-Li
alloy. Further increase in the UIT process duration to 180 s does not
change the penetration depth. Therefore, in the applied UIT mode, it is
advisable to use a processing time of 120 s.
5. The mass-transfer coefficients at the room temperature UIT match
up the diffusion coefficients known for the stationary homogenizing
annealing at premelting temperatures.
6. The most significant changes in the structural and concentration
characteristics of 2099-T83 Al-Cu-Li alloy at UIT lasted for 60, 120,
and 180 s are observed in the near-surface layers at the depths of
=~ 5-15 pm.
7. The mass-transfer coefficient magnitude for the 2099-T83
Al-Cu-Li alloy at the room temperature UIT exceeds the diffusion co-
efficient °Co — Al at T =300 K by =108 times that indicates the reali-
zation of the phenomenon of anomalous mass transfer.

The work is carried out within the framework of R&D (Reg.
No.0122U002366) supported by the National Academy of Sciences of
Ukraine, which is gratefully acknowledged.
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CrpyKTypa Ta BJIACTHBOCTI KOMIIO3UI[iHHUX HiKJIeBUX TOKPHUTTIB,
olep:KaHUX MPOTrPaAMHO-PeryJIbOBAaHHM CTPYMOM

B. B. Turapeuxo, B. O. 3a6,1y50BCLKHIT”

HayionanvHuil mexniunuil ynigepcumem «/[Hinpoécvka nosrimexHikxa»,
npocn. Imumpa AeopHuyvrozo, 19,
49005 [uinpo, Yrpaina
“Vrkpaincokuil depicasHuil yHigepcumem HAYKU i MeXHOL02iiL,
s8y.. Axademira Jlazapaua, 2,
49010 quinpo, Yrpaina

Amnariza pesynabTaTiB MOCHiM:KeHHA KATOAHUX HOJAPUSAIIMHUX KPUBUX i
BILJIUBY PEKUMIB OCaI’KEHHA HA KATOJHUI BUXiT 32 CTPYMOM, TOHKY CTPYKTY-
PV, CTPYKTYPY POCTY y IIOIIEPEYHOMY Iepepisi, MiKpoTBepAicTh i 3HOCOCTIfi-
KicTh KOMIO3UIITHUX HiKJIEBUX HOKPUTTIB YMOYKJIUBUJIA BCTAHOBUTHU PEIKU-
MU IIPOTPaAMHO-PEr'yJILOBAHOTO CTPYMY (TYCTHHY CTYIEHIB €JIEKTPUYHOTO
CTPYMY, IO YePTYIOTHCA, a TAKOYK IXHIO TPUBAJIICTE), 38 AKUX CIIOCTEPiraeTh-
ca opMyBaHHA MiKpOIIIapyBaTUX CTPYKTYDP KOMIOSUIIHHUX HiKJIEBUX IIOK-
PUTTiB 3 ImigBUINEHMM BMiCTOM 4YaCTHHOK HaHOmismaHTy (2,6% wmac.) i ToB-
muHOoI Mikpomapis < 1 mgm. ITokasaHno, 1110 UepryBaHHA CTYIEHiB IIOCTiiTHO-
T'0 CTPYMY TI'YCTHHOIO BiJl TPAHWYHO AOIYCTUMOI 3a AKiCTIO MOKPUTTS, II[0 OCa-
IPKYETBbCA, OO I'PAHUYHOI 3a AUMY3i€I0 YMOKIMBIIIOE MiABUIIUTH MiKPOTBED-
IicTh i 3HOCOCTIMKiCTh MOKPUTTIB, 301MBIINTH IIBUAKICTH IXHBOTO OCAAKEH-
Hsa. [locaigKeHo KiHETUKY 3apOJIKOYTBOPEHHS TAa POCTY KOMIO3UITIMHUX HiK-
JIEBUX IIOKPUTTIB, OJIeP}KAHNX IPOTPAMHO-PEIYJIBOBAHUM CTPYMOM. 3i 306i1b-
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IeHHAM KaTonuol nepenanpyru Bix 0,97 B no 1,26 B i 3i 30inbIiieHHAM I'ycTH-
Hu cTpymy Big 100 A/m? mo 500 A/M? MIBUAKICTD 3apOMKeHHA KPUCTATIUHIX
3apoakiB s36imbiyeTbesa y 1,3—1,7 pasiB, a mBugKicTs pocty — y 2,5—3,0 pa-
su. Cmocrepiraerbcss (QOpMyBaHHA KOMIIOBUIIMHUX HIiKJIEBUX ITOKPUTTIB 3
OinbIT IPiIOHOKPUCTANIYHOIO CTPYKTYPOIO, IIPO IO CBiAYNTH 3MEHIIIEHHA PO3-
MipiB 6J10KiB Mo3aiku Big 96 um 10 65 HM.

Karouogi ciioBa: KoMIo3uItitHi HiKJIeBi MIOKPUTTS, YACTUHKY YJIbTPAAVCIIED-
CHOTO TiAMaHTYy, IIPOTPaMHO-PeTyJILOBAHUN CTPYM, MiKpOIllapyBaTa CTPYKTY -
pa pocTy, TOHKa CTPYKTypa, MeXaHiuHi BJIaCTUBOCTI.

Analysis of the results of studying cathodic polarization curves and the in-
fluence of deposition regimes on the cathode-current efficiency, fine struc-
ture, cross-sectional growth structure, microhardness and wear resistance of
composite nickel coatings makes it possible to establish program-controlled
current modes (density of variable steps of electric current, as well as their
duration), during which the formation of microlayered structures of compo-
site nickel coatings with an increased content of nanodiamond particles
(2.6% wt.) and a microlayer thickness of <1 um is observed. As shown, the
variable DC steps with a density from the maximum allowable quality of the
deposited coating to the maximum on diffusion allow both increasing the mi-
crohardness and wear resistance of coatings and increasing the rate of their
deposition. The kinetics of nucleation and growth of composite nickel coat-
ings obtained by program-controlled current are studied. With an increase in
cathode overpotential from 0.97 V to 1.26 V and with an increase in current
density from 100 A/m? to 500 A/m?, the nucleation rate of crystalline nuclei
increases by 1.3-1.7 times, and the growth rate increases by 2.5-3.0 times.
Composite nickel coatings become more finely crystalline, as evidenced by a
decrease in the size of mosaic blocks from 96 nm to 65 nm.

Key words: composite nickel coatings, ultradisperse diamond particles, pro-
gram-controlled current, microlayered growth structure, fine structure, me-
chanical properties.

(Ompumano 9 eepecna 2024 p.; ocmamoyn. sapianm — 20 aucmonada 2024 p.)

1. BCTYII

Po3pobieHHA HAMOIIBLINI €eKOHOMIUHMX i TeXHOJOTiYHO IIPOCTHUX METOiB
OCaI KeHHs MEeTAJIeBUX IMOKPUTTIB i3 HEOOXiTHIM KOMIIJIEKCOM BJIACTU-
BOCTeHl 3aJIMIIAETLCA aKTyaJbHUM 3aBHAaHHAM i HuHI. Tpaguiiiinum e
eJeKTPOOCAIKEeHHs 3a TOIIOMOT0I0 mocTittHOTo cTpyMy [1—-3]. Bogmouac
BJIACTHUBOCTI IIOKPUTTIB, IO OCAIKYIOThCS, 3MiHIOIOTH IILJIAXOM Bapiio-
BaHHA CKJAAy eJIeKTPOJIiTy, TeMmepaTypu, KHCJIOTHOCTH, BBEIEHHS
KOMILJIEKCOYTBOPIOBAJIBbHUX 1 OJMCKOYTBOPIOBAJIbHUX N00ABOK, IITO He
3aBIKIU JA€ MOKJINBICTEL OEePKYBATH IIOKPUTTS 3 HOTPiOHNM KOMILIEK-
COM BJIACTHUBOCTEM.

Binbie MosKJIMBOCTEeH Yy KePyBaHHI mporecaMu (hopMyBaHHS CTPYK-
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TYPHU Ta BJIACTUBOCTEH IOKPUTTIB 3’ABJIAECTHCA IIiJi YaC BUKOPUCTAHHS
IIPOrpaMHUX PeKUMIB eneKTposisu [4—6]. Tak, y pobori [7] Hamu 6yB
3aCTOCOBaHUI MPOrpaMHO-PeryJbOBaHUM CTPYM IJIA OCa/KeHH HiKJIe-
BUX IIOKPUTTIB. 3MiHOIO 3a IIPOrpaMoi0 I'YCTHUHU CTPYMY BiJ I'PaHUYHO
IOIIyCTHMOI 3a AKiCTIO MOKPUTTA, 110 ocamskyeTbesa (100 A/m2), mo rpa-
Hnunoi mo mudysii (1000 A/m?) Bramoch omep:kaTH MiKpoIIapyBaTy
CTPYKTYPY Y HOKPUTTAX UKUCTOTO HiKJII0, (DOPMYBAaHHA AKOI BUKJIMKAaHE
TIacHUBYBaJIbHOIO Jici0 amcopboBaHoro Iimzporeny, BMicT SKOTro B HiKJIe-
BOMY IOKPHUTTI cTaHOBUTH 0113bKO0 1 aT.% . IIporpaMHuii CTPyM yMOK-
JUBUB OHepPsKaTH IIOKPUTTS 31 3MEHINIEHOI0 BHYTPIITHLOI0 HAIPYTOIo,
36imbInTH MiKpoTBepAicTh mokpuTTiB Bix 1850 MIla mo 4300 MIIa ta
IIBUAKICTE OCcaJ»KeHHA HiKJeBUX MOKPUTTiBy 1,5—1,6 pasu.

KoMmnekCcHUM BUDIIIEeHHAM IIPO0JeMHM IOJIMINeHHs (GYHKIioHATb-
HUX BJIACTUBOCTEI MOBEPXHi y maHiil poOoTi € Mogu(pikyBaHHS MeTaJIe-
BOI MaTpHIIi YacTUHKaMM yJabTpagucuepcHoro xiamanty (Y I) 3 oxep-
JKaHHAM KOMITO3UITIHHUX ejeKTpoaitTnunux nokputTis (KEIT) ma ocHo-
Bi HIKJIIO Ta 3aCTOCYBaHHSA IIPOTPAMHOI0 PEKUMY €JIEKTPOJIi3N.

2. MATEPIAJIN TA METOIUKA

EnexTpoocam:keHHA KOMIIOBUI[IMHIUX HiKJIEBUX IIOKPUTTIB IIPOBOIUJIN 3
cynbhaTHOTO  eJEeKTPOJIITY  HIKJIOBAHHA  HACTYIIHOTO  CKJALy:
NizSO4 7TH:O — 300 I‘/JI, H3;BO; — 30 I‘/JI, NazS0410H:0 — 50 I‘/JI 3a
pH 5 i remmeparypu y 293—-298 K. Koumnenrparia uactuuox ¥ I[Il y Bo-
JTHOMY PO3UMHI eJIeKTPOJIiTY cTaHoBua 2 r'/J. 11 ocamgsKeHHs IOKPUT-
TiB BUKOPUCTOBYBAJN IPOTrPaMHO-PEr'yJILOBAHUNA CTPYM I'YCTUHOIO, ITIO
nepioguuno uepryerbea sig 100 A/m? mo 500 A/m2? i TpuBasicTio mep-
IIIOT0 Ta APYTroro crymneHis moctiiinoro crpymy y 300 ¢ i 30 ¢ BigmoBigHoO.
JJ1 TOPiBHAHHSA 3 BOSZHOTO PO3UYMHY €JIeKTPOJIITYy O0YJIO Omep:KaHO KOM-
MO3UIiMHI HiKJeBi MOKPUTTA 3a JLOIIOMOI'0I0 IIOCTiHHOTO CTPYMY I'yCTH-
Hor y 100 A/m21i 500 A/m2.

EneMeHTHUN cKJIa[ IIOBEPXHI HOKPHUTTIB JOCJILIMKYBAJIN 3a JOIIOMO-
TOI0 PACTPOBOTO eJIeKTPOHHOTO MiKpockomna JSM-64901LV (Anonisa) 3
eumeprogucnepciiium cruextTpomerpoM INCA PENTAx3 (OXFORD In-
struments). CTpyKTypy poCTy y IIOIIepeYHOMY Hepepisi MIiBOK HiKJIIO
JOCJLIKYBAJM 3a JOIIOMOTOIO OIITHYHOTO MiKpockoma « MMM-8M». To-
pueBi nuipu aia metagorpadivHuX JOCTiIKEeHDb OJep:KyBaIr MeXaHi-
YHUM IOJipyBaHHAM. [JIs BUABJIEHHA CTPYKTYPHU IIOIIEPEYHOr0 IIepepi-
3y ILIiBKY HiKJI0 XeMiuuo maBuianchk y 50% -pos3unui a3oTHOI KUCIOTH
yupomoB:k 10—15 c. Buxin sa crpymom metany (BCM) BusHauaau 3a pe-
3yJibTaTaMH 3icTaBJeHHA I'PaBiMETPUUYHMX BUMIipIOBaHb Macu OcajKe-
HOT'O MEeTaJIy 3 KiJIbKiCTIO eJIEKTPUKH, IO IIPOUIILIA Yepes3 MeKy HIOLiIy
¢as3. Mikporsepaicts H, IOKPUTTIB Mipaau Ha MikporBepaomipi IIMT-
3 3a HaBaHTaKeHH Ha ingenTop y 0,196 H.

Jia mocaigsxkeHHA (asoBOro CKJAAY Ta TOHKOI CTPYKTYPHU ILIiBOK HiK-
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JII0 BUKOPHCTOBYBAJIM PEHTIeHiBChKe O00JIafHAHHA — Iu(PPaAKTOMETP
JPOH-2.0 i3 3acTocyBaHHAM CIUHTHJAILINAHOI peecrpaliii PenTrenoBux
IpOMeHiB. 3HIMaHHA AJIA BU3HAUeHHA (pa30BOro CKJIAAY HiKJIEBUX ILIiBOK
3mificHIOBasocA y MoHOXpoMaTuunoMy BunpominernHi CoK .. Cepentio Be-
JUUnHYy 0JI0KiB Mo3aiku D Ta BigHOCHY MiKpomedopMalliio KpruCTaIivHOol
r'paTHUII Aa/a BU3HAYAJIU METOI0I0 anmpokcuMartii [8]. ¥V akocTi eTangona
3aCTOCOBYBaJIU BifTiasieHu Hikesb. I'ycTUHY quUCI0OKAIlil p OIiHIOBAIU 34
icTuHHUM (QiBMUYHUM pO3UIUPEeHHAM Audpariiiinoi ginii. Ilepios KpucTa-
JIIYHOI I'PATHUIII @ BU3HAYAJIN 38 BUIMMUM MaKCHMyMOM Au()PaKITiiiHOI
JiHii 3 ypaxyBaHHAM Ii HMIMPUHY Ta IONPAaBKU Ha TeOMeTPilo 3HiMaHH4.

3. PE3YJIBTATH TA IX OBTOBOPEHHSA

Buxoasum 3 pe3yJIbTaTiB HOCTiAMKeHb KAaTOAZHUX IIOJIAPUIAIINHNX KPH-
Bux (puc. 1), 114 HaHeCeHHS KOMMIO3UIIMHNX HiKJEBUX MOKPUTTIB TO-
BIIMHOIO vy =25—30 MKM OyJi0 pOo3po0JIeHO IIporpamMy peryJbOBaHOTO
ctpymy [9], cxemy AKOI HaBeseHO Ha puc. 2.

3a mepiox xii mporpamu y 330 ¢ rycTrHA MOCTIAHOTO CTPYMY 3MiHIO-
erwea Bix 100 A/m? o 500 A /m2.

Bubip cepeqHbOI IyCTHHY CTPYMY IO IIPOITECY Ta TPUBAJIOCTI CTYIIEHIB
€JIeKTPUYHOTO CTPYMY, ITIO YEPTYIOTHCA, 3YMOBJIEHUN AKICTIO IMOKPUT-
riB. Tak, momycTuMa 3a AKiCTIO MOKPUTTA I'yCTUHA CTPYMY IJIA HiKJIIO-

0,0 T T T T
-0,4 -0,6 -0,8 -1,0 -1,2 —1.4 -1,6 -1,8
E,B

Puc.1. Karomai momapusartiiini sajie;KHOCTi, OmepiKaHi y CipuaHOKMCIOMY
eJeKTpoJiTi HikmoBanHA: 1 — 6e3 Y, 2 — 3 V1.

Fig. 1. Cathodic polarization dependences obtained in sulphuric nickel-
plating electrolyte: I—without UDD, 2—with UDD.
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Puc. 2. Cxema mporpamMoBaHOro CTPYyMY.

Fig. 2. Programmable current circuit.

BaHHA y cipuaHoKmciaoMy eaekTtpoaiti — =80-100 A/m2. 3a mux ryc-
TUH CTPYMY IJIs JAHOTO BOAHOTO PO3UMHY €JIEKTPOJITy He BCTYHAIOTh B
CHUJIy KOHIIEHTPAI[iiHI 00MeKeHHsI, TOOTO He CIIOCTepPiraeThCs «IIiATO-
paHHa» maiBok [10].

Ha pucysry 3, a HaBemeHo muppaxrorpamy mnopomka Y[, Ha axii
MIPUCYTHI AuGpaKITiiiHi MaKCUMYMHM JisIMaHTOBOI (hasu ByTJIeIio 6e3 JoMi-
ITTOK..

PeHTI'eHOCTPYKTYPHI HOCHig:KeHHA (PAa3OBOT0O CKJIAAY KOMIIO3MILili-
HUX HIiKJEeBUX IMOKPUTTIB, OJlepP:KaHNX 3a JOIIOMOTOIO IIOCTiHHOT'O CTPY-
my ryctunon y 100 A/m? (puc. 3, 6), MOKa3aan YyTBOPEHHA OgHO(DAZHUIX
noxpurtiB 3 'IIK-rparannamu. 3 ananisu nudpaxrorpam (puc. 3, a, 0)
BUOHO, IO AU(MPaAKIiiiHi MAaKCUMyMH, IO BiIIOBiZarOTh OiAMaHTOBiNA
¢asi ByrJerrio, HakJIagalOThCs Ha JIiHii, IIT0 BiATIOBiIa0Th KPUCTAJI YHINT
¢dasi eJeKTPOJITUYHOrO HiKJIIO, IO YCKJATHIOE BU3HAUEHHS CIIiBBij-
HOIIIeHHS HAHOAIAMAHTY Ta HiKJII0 Y KOMIIO3UIIITHOMY IIOKPHTTI.

Y KoMOO3HUIiHHMX HIiKJEBUX IIOKPUTTIB, OJepP:KaHUX AK 3a JOIIOMO-
r'oio mocTifiHoro crpymy rycruroo y 500 A/m? (puc. 3, 8), Tak i mporpa-
MHO-Per'yJIbOBaHUM CTPpyMoM (puc. 3, 2), Ha BeJIUKUX KyTax PeHTr'eHO-
Boi mudpakriii (y KobarbTOBOMY BUIIPOMiHEHHi) BUABJIEHO AU(y3HU
maxcumyMm d =0,126 am. [[ocriKeHHA IOKa3aJH, [0 BiH HAJICKHUTH
BiIOMBaHHIO BiJf rpaHeIleHTPOBaHOI I'PATHUIIL JiAMAaHTY.

Ha mudparTorpamax 3paskiB cocTepira€TbCsa mepepos3mnonis iHTeH-
CHUBHOCTU IUPPaAKIiHHIX MaKCUMYMiB, SKi BiAmIoBiZaoTh BigOMBaHHIO
Big morrmuH (111) i (220), 110 cBigunTh IPO (GPOPMYBaHHSA Y IIOKPUTTAX
KOMIIOBUITITHOTO eJIEKTPOJIITUYHOTO HiKJII0 aKCiAJIbHOI TEKCTYPU TUITY
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Puc. 3. Iudparxrorpamu moporika Y (a), a Takox maiBoxk Ni+ VI, oca-
IPKEeHUX 3a JOIOMOIOI0 SK IocTiiimoro crpymy: j=100 A/m? (6), j=500 A/m?
(8), Tak i mporpamMuo-peryaboBaHoro crpymy ji= 100 A/m?, ju= 500 A/m? (2).

Fig. 3. X-ray diffraction curves of UDD powder (a), as well as Ni + UDA films,
deposited using direct current j=100 A/m? (6), j=500 A/m? (8) or program-
controlled current ji=100 A/m?, ju= 500 A/m? (2).

[110]. ®opmyBaHHS aKCiAIBLHOI TEKCTYPHU 3 BEIUKNMU KpUcTasorpadi-
YHUMU iHIEKCAMU IOSCHIOEThC 30iIbIIIEHHAM KaTOMHOI IIepeHanpyru
Bix 0,74 B 1o 0,97 B 1714 peXuMiB ocaKeHHs 3a JOIIOMOTOI0 IIOCTiNHO-
ro crpymy rycruaon y 100 A /m? 3a BBemenHs o6aBKy yacTUHOK Y [y
BOOHUM PO3UYMH €JIEKTPOJIITY KOHIleHTpaItieio v 2 r/xa (puc. 1). Huaa pe-
JKUMY OCaIKeHHSA 3a [JONOMOIOI0 MIOCTIiMHOIO CTPYMY TI'YCTHHOIO Y
500 A /m? 3HAUEHHA KaTOAHOI IepeHalpyTru CTAaHOBUTE 1,26 B.
HocmigxeHHa TOHKOI CTPYKTYPHU MOKPHUTTIB (Tabdsa. 1) mokasanam, 1Mo
3a eJIEKTPOOCAIKEeHHA KOMIIO3UI[IMHINX HiKJIeBUX IIOKPUTTIB 3a IOIIO-
MOTOI0 IIOCTiliHOro cTpymy ryctuHor y 500 A/mM? Ta mporpamHo-
peryjp0BaHOrO CTPYMY IIEPiofl KpUCTAJTIUHOl I'PATHUIII HiKJII0O Ma€e 3Ha-
YeHHs, MEHIIe eTaJoHHOTrO (ao=0,3524 um). [IpuunHoi0 3a3HAYEHOTO
3MEHIIIeHHSA BeJIMUYNHY @ €, HacaMIlepel, HepiBHOBaKHa KPUCTaJIi3aIisd,
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TABJINIIA 1. Boius pekuMiB eJIeKTPOOCAIKEeHHA Ha CTPYKTYPY KOMIIO3HU-
IMiAHUX HiKJIeBUX MTOKPUTTIB.

TABLE 1. The influence of electrodeposition modes on the structure of com-
posite nickel coatings.

Pexxum ocamxerHsA ‘ js A/m? ‘ a, HM p), Hnﬂp, x1010.372 ‘Aa/a, x10‘3‘ BCM, %

o 100 0,3526 96 6,7 40,57 93
ITocrifinuii cTpym

500 0,3523 104 3,3 ~0,28 7

Iporpamuo- 446 506 3515 65 14,2 ~2,55 63
pPeryiboBaHUuM CTPYM

IIT0 CYIPOBOIKYETHCSI YTBOPEHHAM HEePiBHOBAKHUX Me(PeKTHUX CTPYK-
Typ. I3 3acTocyBaHHAM HPOTPAMHO-PEI'yJIbOBAHOTO CTPYMY BeJUUYMHA
MiKpomedopmMalliit i rycTuHA UCIOKAIif 30iMbITYIOTHCA. SMEHIIIeHHST
po3MipiB 6JI0KiB MO3aiKM BUKJIMKAHO 30iJIbIITEeHHAM HIePeHAIIPYTU KPH-
cTaJIisarii, 1Mo IPUBOAUTE M0 OiJLIIT HEPiBHOBAsKHOIO IIPOIlECY KPHCTa-
Jisalrii, a TaK0K 3SMEHIITeHHA BUXOAY METaJIy 3a cTpyMoM (TabJr. 1).

Cynsauu 3 BeJIMYMH IIapaMeTpa I'PaTHUIL, MiKPOHAIIPYKEHHA B KOM-
HO3UITIMHNX HiKJEBUX IIOKPUTTIAX, OZEPsKaHUX 34 JOIOMOI'OI0 IOCTIiM-
HOro cTpyMy ryctuuoo y 100 A/M2, € HAIPYKEeHHAMN CTUCHEHHS, a B
HOKPUTTAX, OCAIKEHNX 3a JOIIOMOI'0IO IIOCTiAHOTO CTPYMY I'yCTHHOIO Y
500 A/M? Ta mPOrpaMHO-PEryJIbOBAHNM CTPYMOM, — HAIIPYKEHHAMHN
po3TATYyBaHHA.

3a 3MiHOIO Tepiofy KPUCTANIUHOI TI'PATHHUIIL HIiKJIO OIiHIOBAJACS
KOHIIEHTPAI[id BAKAHCIA y KOMIIOUI[IMHUX MOKPUTTAX. BogHOpPas Bpa-
XOBYBAJIOCSH, IO y TPAaHEIIEHTPOBAHNX KYOiUHMX KPHUCTAJaX 3MEHIITeH-
Hs a Ha 0,2% copuunHOeThes 1 at.% Baxamnciii [10]. Ockinbku 3a eJe-
KTPOOCAIKeHH KOMIIOSUI[IMHNX HIKJEBUX HOKPUTTIB 3a JOIIOMOI'OIO
IporpaMHO-pPeryanLoBauoro crpymy a =0,3515 um, Bu3HaUeHO, 110 KOH-
IeHTparnia Bakanciii cramosuts 1,0-1,2 ar.% . MoskHa IPUIIyCTUTH,
1[0 HAAJHUIINOK BaKaHCiii, IO YTBOPIOETLCS, COPHUsIE 00’€¢THAHHIO iX y
napm — aiBakamcii. BHacaiok IbOT0 3MEHIITYETHCA 1XHSA CyMapHa II0-
BEepXHdA, a BiATOBIZHMI BUTrpalll y IOBEepXHeBill eHeprii 3abeameuye
CTiHKiCTh cHapeHol BaKaHCii; eHepria akTusalii mirparmii cmapeHoi Ba-
KamHcii ckiaagae 6ausbko 0,7-0,8 eB. Benrnunna eHeprii akTusaiii s
MIOKPUTTIB, OfEPKAaHUX 34 IMITYJILCHOI €JIeKTPOJIidu, CTAHOBUTDL OJIN3b-
ko0 0,7eB (1,16-107° II3x), ToOTO MeHIIIe eHeprii yTBOpPeHH A Ta Mirpaii
MOHOBaKaHCill y HiKJIi, 1110 mopiBHioe 1,4—1,5 eB[10].

3a eJIeKTPooCcaIKeHHA KOMIIO3UI[IMHNX HiKJeBUX HOKPUTTIB 3a IO-
IIOMOT'0I0 TPOTPAMHO-PEI'yJIbOBAHOTO CTPYMY HilOTh IBA YNHHUKU — IIe
HepiBHOBasKHA KpucTaJisaiia Ta I'igpores, mo BUALIAETHCA V BeJINKIN
KiJILKOCTi Ha KaTo/Ii Ta MOKe 3HaXOAUTHCh Y BakaHciax. He Bukouene
YTBOPEHHS KoMILJIeKciB aToMm I'igporeny—BakaHcifd, SKi TaKOMXK PYyXJIUBI,
Ta eHepria ixHboi akTUBAIIil Mirparii menIte, HisKk MoHOBakamciit [10].
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I3 s6inbiennam ryctuuu crpymy Big 100 A/m2 o 500 A/m?2 cmocre-
piraeTbcsA 3CyB KaTOMHOTO THOTEHIIISANIY B eJIeKTPOHEr'aTUBHY 00JacCThb
(puc. 1). 3mMiHa KaTOOHOrO IMOTEHITIANY IIPUBOAUTEL IO IIEPEPO3IOIiTy
OapHiAJbHUX CKJAJOBUX CTPYMiB BimHOBJeHHA HiKJI0 Ta Iigporemy.
Boanouac razoBumijieHHA Ha KaTOi TaKO0K 30iJIbITyeThCs, a BUXiJ Me-
TajJy 3a CTPYMOM 3MeHITyeThes (Tadia. 1). Ominka xoumenTparii I'igpo-
r'eHy, I0 BUIIJIAECTHCSI Ha KATOMi, II0 BUXOAY HiKJIIO 3a CTPYMOM CBif-
YUTH IPO Te, II0 y IIPOIleci OcaaKeHH Ha IIOCTiHHOMY CTPYMi I'YyCTHMHOIO
y 500 A/m? Buxin 3a crpymom Iigporeny B 3 pasu mepeBUINye KiIbKicTh
Tigporeny, 1m0 BugiiAeThHCA 3a rycTuHN cTpyMy y 100 A /m2.

HocaimxeHHa ToOpIeBUX NLIi(hiB KOMIO3SUI[IMHUX HiKJIEBUX ITOKPUT-
TiB (puc. 4, 8) moOKaszaJu, M0 IIOKPUTTA MAIOTh YiTKO BUPaKeHy IIapy-
BaTy CTPYKTYPY POCTY Y IIOIIEPEUYHOMY IIepepisi, 10 CIPUYNHEHO Iacu-

Puc. 4. CTpyKTypa KOMIO3UI[IHOTO HiKJIEBOT'O MMOKPUTTS Y IOIEPEYHOMY Iie-
pepisi: moctitiunit crpym j=100 A/m? (a), mocritiamit ctpym j= 500 A/m2 (6),
IPOrpPaMHO-PEI'yJIB0BAHUY CTPYM (8).

Fig. 4. The structure of the composite nickel coating in the cross section: di-
rect current j=100A/m? (a), direct current j=500A/m? (6), program-
controlled current (8).
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TABJINAIA 2. Buaus pesXuMiB eJI€eKTPOOCAKEHHSA HA MeXaHiUHi BJIaCTUBOCTL
KOMIIO3UIIiTHMX HiKJIE€BUX IIOKPUTTIB i BMicT cniBOoCa3KeHOTr0 HAHOAIAMAHTY Y
MeTaJieBiit MaTpuUILi.

TABLE 2. The effect of electrodeposition modes on the mechanical properties
of composite nickel coatings and the content of co-deposited nanodiamond in
the metal matrix.

Pexxum ocamxenHsa js A/m? Cyf)m +0,01, H,, MIla Cepenniid aroc,
% Mac. MI'/TOmI.
. 100 1,43 3295 +40 1,8
ITocrifinuii cTpym
500 1,75 2800 + 30 0,6
IIporpamo- 100, 500 2,60 4187+ 30 0,5
peryiboBaHUM CTPYM

BYBaJILHUM BILIMBOM ajacopb6oBanoro Iimporeny rta uactuuok ¥ LI,
CITiBOCA»KEHNX Ha MOBEPXHIO IIOKPUTTS, IO (POPMy€ETHCH.

3a mepiox mii mporpamMu 3a 3MiHHOI I'yCTUHU IIOCTiMHOT'O CTPYMY Bin
rPAaHUYHO TOIIYCTHMOI 34 SIKICTIO ocamsKyBaHoro mokpurrs y 100 A/m2
IO TpaHuMYHOI 3a maudysiero y 500 A/mM? dpopMyeThbCs MiKpoIIapysaTa
cTpyKTypa (puc. 4, 2), 1110 CKJIATAETHCA 3 MiKpOITapiB KOMIIO3UIIiTHOTO
HiKJeBoro moKkputta ToBmimuow y 0,7-0,8 MM i 0,4-0,5 MKM Bigmo-
BigHO.

CTpYKTYpHIi 3MiHM IT03HAYAIOTLCA Ha MEXaHiUYHNX BJIACTHUBOCTIX IIO-
KPUTTiB, 110 0CaIKYIOThCA (Taba. 2).

30imbITeHHA KOHIIEHTPAIlil YaCTUHOK AUcIIepcHOl (has3u Y MOKPUTTAX,
ocaKeHNX 3a JOIOMOI'0I0 IIPOTPaMHO-PeryJIbOBAaHOTO CTPYMY, 3YMOB-
JIEHO BUCOKUMHU MUTTEBUMHU I'yCTHHAMU CTPYMY 3a dac Aii Apyroro cry-
TIeHs IMOCTiAHOTO CTPYMY, a OT:Ke, i po3pamoM ioHiB Hikiaio 3a 6iabIm
BHCOKUNX 3HAUYeHb KaTOMHOI IIepeHalpyru, IO BU3HAUYA€E 30iJIbIIeHHS
MiKpPOTBEPAOCTH Ta 3HOCOCTIMKOCTU HiKJEBUX KOMIIO3UIIAHUX TIOK-
pUTTIiB.

SMeHIITeHHA TPUBAJOCTU CTYHEHA MHOCTIAHOTO CTPYMY TI'YCTHUHOIO Yy
500 A/m? crpuse HaGIMKeHHIO Au(y3iiiHOro (PpOHTY 40 IOBEPXHI Ka-
TOAV Ta IPUNIBUANIEHHIO IPOIlecy BUPiBHIOBaHHA KOHIIEHTpAIIil HOHiB,
AK1 po3pAmKaOThCA, II[0 3YMOBJIOE OiJIbIIT PIBHOMipHMI PO3IIOALI UaC-
TrHOK ¥ [ y moKpuTTi.

I3 30inmbIIeHHAM KOHIIEHTpAIlil AMCIEPCHUX YACTUHOK Yy IIOKPUTTI
Po3Mip KpucTaNiTiB HiKII0 3MeHITyeTheA (TabJ. 1) BHaCaigoK amcopOIrii
yacTuHoK Y Ha Kpucramitax, AKi pocTyTh, 110 TPUBOAUTH 10 I'aJlb-
MYBaHHS IXHBOTO IOJAJBLIIIOTO 3pocTaHHsa. Takuii mpoiiec cupuse 30i-
JIBINIEHHIO IMIBUAKOCTHY YTBOPEHHA KPUCTATIYHUX 3apoaKiB (TabJ. 3).

TeopeTuuHi 1 eKCIepUMEHTAJbHI [OCHiAKeHHS KiHeTHKH 3apo-
IKEeHHs Ta POCTY MMOBepXHeBUX 3apoakis [11] mokazanu (Taba. 3), 110
IIOYaTKOBIi cTamii GopMyBaHHA CTPYKTYPU Ta MEXaHi3M POCTY ILTiBOK [6]
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TABJIMNIIA 3. 3anme:xHICTL MTBUAKOCTH 3aPOIKOYTBOPEHHS Ta POCTY KOMIIO3H-
IifHUX HiKJIeBUX IOKPUTTIB BiJf PE;KMMIB eJIEKTPOOCA P KEeHHA.

TABLE 3. Dependence of the rate of nucleation and growth of composite nick-
el coatings on electrodeposition modes.

Nxp.» JTeop., Jerccn.,

Pesxum ocamxennsa j, A/m? uB M2l Mol | Ureons M/C [Vexen., M/C

100 74  3,2:10* 6,5-10* 0,2:.10% 0,3-10°®

N

OCTIMHEHCIDYM 500 97 4,310 7,410 0,510° 0,810
ITporpammuo-

perymbosarmii 100,500 126 5,610 1,1.10° 0,3-10° 0,5-10°
CTPpyM

BU3HAYAIOTLCSI PEKMMOM eJeKTpoocamsKeHHs. Tak, 3i 30iabIneHHAM
Karoguoi mepenanpyru Bixg 0,97 mo 1,26 B, 3i 30iabIIeHHAM T'yCTHHU
crpymy Big 100 o 500 A/M?, MIBUAKICTE 3apOMKeHHA KPUCTATIUHIX
3apoakiB J s0imbiryeTnca y 1,3—1,7 pasis, a MIBUAKICTE POCTYy U — V
2,5-3,0 pasu (Tabis. 3). IIokpuUTTA cTaloTh GiIBIT APiOHOKPUCTATIUHM-
MM, IIPO IO CBiIUNTL 3MEHIIeHHs PO3MipiB 6,10KiB Mo3aiku (TabdJ. 1).

Takum YMHOM, BapilfoBaHHAM BEeJIUYMHU I'YCTUHU CTPYMYy Ta HOT0 TpU-
BaJIOCTH 3a IIePiof Ail mporpaMu MOKHA KepyBaTH KiHEeTHUKOIO 3apOIKeH-
HfA Ta POCTYy KPUCTAJITIB, a, OT:Ke, CTPYKTYPOIO Ta BIACTUBOCTAMU ITOK-
putTa sarajgoM. PopMyBaHHS 3a JOMOMOTOI0 IIPOTPAMHO-PEr'YJIHOBAHOTO
CTPYMY MiKPOIIIapyBaTOl CTPYKTYPH KOMIIO3UIIIMHUX HiKJEBUX IIOKPUT-
TiB 3 MOiABUINEHMM BMIiCTOM YaCTHUHOK HAHOIAIAMAHTY Ta TOBIIITHOIO
MiKpoIapiB < 1 MKM YMOMKJIMBIIIOE ITIiABUITUTH MiKPOTBEPIICTEL i 3HOCO-
CTiHiKiCTh IIOKPHUTTIB, 30LMBIINTH INMBUAKICTE IXHBOrO OocamKeHHSI v 1,5
pasu.
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02-016 Bapwasa, ITorvwa

B crarTi onmcaHo pesysbTaTy IOCHIAKEHB O0COOJIMBOCTENM MacCOIEPEeHECEHH:
mig gyac exekTpoickpoBoro geryBanuda (EIJI) 3paskiB 3 BHCOKOMIITHOTO YaBYHY
mapru BU50. E1JI nmpoBogmiiocss KOMIAKTHUMY €JIEKTPOAAMU-iHCTPYMEeHTaM U
(EI), BuUroToBIeHMMH METOIOM IIOPOIIKOBOI merasyprii (IIM) craaxy: 90%
BK6 +10% 1M i1lM, ge 1M — 70% Ni, 20% Cr, 5% Si, 5% B, a rako:x EI 3 TBe-
pmoro cromy BK6 i mixpomoBoro apory mapku X20H80, 3a BuKOpuCTaHHS
AKWX Ha 3pa3KM MOIepeIHbO HAHOCUJIM CIEIiAJbHI TeXHOJOTIiUHI HacuJuyBa-
abHi cepemosuina (CTHC) ckaany 0,5% Si + 0,5% B + 2% Cr + 7% Ni + 90%
Bagesin i 5% Si+5% B+90% Basenin Bigmosiguo. EIJI 3paskiB mpoBogmIn IuK-
aiuaum geryBaHaaMm (1 mura = 0,5 xB.). 3a pe3yabTaTOM TOCTiAMKEHHA Maco-
nepeHecenHd 3i 30inbmenaam vyacy EIJI 30inbmryeTses KinbKicTh mepeHeceHo-
ro MaTepiany 3 anonu (Am.) Ha KaTony (Amsx), a MEePCTKICTh i CynijbHICTD IOK-
PUTTS TPAKTUYHO He 3MiHI0I0ThCA. Haibinbima KiTbKicTh MaTepisaay mepeHo-
cutbca crnouatky mnporecy EIJI, morim mpomec macomepeHeCeHHSA IIOCTYIIOBO
3MEHIITYETHCA, 30BCIM MPUIMHAETHCA Ta MOYKe 3SMiHUTUCSA PyHHYBAaHHAM Ha-
HECEeHOTO Ifapy, To6TO Am cTae HeraTuBHO. 3i 30ibITeHHAM eHeprii po3ps-
Iy, MacoIlepeHeceHHs TaKO0MK 30iMbITyeThCs, ajie IIPOoIlec PYHHYBaHHA HaHece-
HOTO IIIapy HOKPUTTA POIMOUNHAETHCA PaHilie, BOZHOPA3 30i/IbITy€eThCA IIep-
CTKiCTh MOKPUTTA Ta 3MEHITyeThbCA 1oro cyninbHicTs. EIJI 3 BUKOpucTaHHEAM
EI, BuroroBnenumu merogom ITM, 3 Bukopuctanuam CTHC cympoBomKyeThCa
MOHMKEHHAM MeKi IInHHOCTHY (C:) i Mexki minmHOoCcTH (0:), a8 BiJHOCHE ITOLOB-
KeHH (0) 3pocTrae. [llepcTKicTh TOBEPXHEBOTO MIAPY 30iMBITYETHCS, a CYIiIb-
HicTh MOKPUTTA (S) 3sMeHHTyeThCA. [IOKABHUMKM SAKOCTM IOKPUTTA ITOJIiMIITY-
I0TheA i3 BacTocyBaHHAM mricsia EIJI 6esabpasuBHOr0 yabTpasByKOBOTO 00p006-
nerHs (BY®O).

KarouoBi ciioBa: eIeKTpPoiCKpoOBe JeTyBaHHA, eJIeKTPoJa-iHCTPYMeHT, aHoza,
KaToma, MacollePeHeCeHHsI, IOBEPXHEBUI I1ap, MOKPUTT, CTPYKTypa, MiKpo-
TBEPHAiCTb, IEPCTKICTD, CYIiMbHICTS.

This paper describes the results of mass-transfer specific-aspect studies dur-
ing electrospark alloying (ESA) process for the samples made of the high-
strength BU50 (VCh50) cast iron. The ESA was carried out by the compact
electrode-tools (ETs) made with the use of the powder metallurgy (PM) meth-
od and having the composition of 90% BK6 (VK6) + 10% 1M and 1M, where
1M is of 70% Ni, 20% Cr, 5% Si, 5% B, as well as by the ETs made of BK6
(VKG6) hard alloy and X20H80 (Kh20N80) nichrome wire. When using those,
the samples had been pre-coated with the special technological saturating
media CTHC (STSM) of the compositions 0.5% Si+0.5% B+2% Cr+7% Ni+90
petroleum jelly and 5% Si + 5% B+ 90% petroleum jelly, respectively. The
ESA of the samples has carried out by cyclic alloying (1 cycle = 0.5 min). The
mass-transfer study has shown that the amount of the material, which is
transferred from the anode (Am.) to the cathode (Am«), increases with an in-
crease in the ESA time, while both the roughness and the continuity of the
coating do not change practically. The largest amount of the material is
transferred at the beginning of the ESA process; then, the mass-transfer pro-
cess is gradually decreasing, stops completely, and eventually, it may be
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changed by destruction of the applied layer, i.e., Am. may become negative.
With an increase in the discharge energy (Wp), the mass-transfer process
increases, but the process of the applied coating layer destruction begins ear-
lier, while the roughness of the coating increases and its continuity decreas-
es. At Wp =0.55J, the ESA process, which is carried out by the ETs made by
the PM method and having the composition of 90% BK6 (VK6) + 10% 1M and
with 1M of 70% Ni, 20% Cr, 5% Si, 5% B, as well as by the ETs made of BK6
(VKG6) hard alloy and X20H80 (Kh20N80) nichrome wire, with the special
technological saturating media CTHC (STSM) of the compositions of 0.5% Si
+0.5% B + 2% Cr + 7% Ni + 90 petroleum jelly and 5% Si + 5% B + 90% petro-
leum jelly, respectively, for the samples made of the B450 (VCh50), and the
above ESA process are accompanied by decreasing yield strength and
strength limit and increasing the relative elongation (8). The roughness of
the surface layer increases, and the continuity (S) of the coating decreases.
After non-abrasive ultrasonic finishing, the yield strength and strength lim-
it increase, and & decreases. Surface roughness decreases and S increases. As
Wp increases from 0.55 to 1.3 and 3.4 J and, at using the same ETs, yield
strength and strength limit decrease, and & increases, the roughness of the
coating increases, and S decreases. After the next non-abrasive ultrasonic
finishing, the yield strength and strength limit increase, and & decreases,
surface roughness decreases and S increases.

Key words: electrospark alloying, electrode tool, anode, cathode, mass trans-
fer, surface layer, coating, structure, microhardness, roughness, continuity.

(Ompumano 25 ciuna 2024 p.; ocmamoun. eapianm — 27 yepens 2024 p.)

1. BCTYII

Ha croroaHi B pisHMX rajys3ax rocruogzapcTBa YKpaiHu, — BiZl CiJIbCBKO-
TOCIIOIapPCHhKOT0 Ta KOMYHAJBHOT'O Xa3AMCTBA O aTOMHO-eHepPreTHYHOl
1 aepOKOCMiYHOI ITPOMMCJIOBOCTH, — BUT'OTOBJISIETLCS, BiJHOBJIIOETHCS
Ta 3MIITHIOETLCS AYsKe BeJIMKa KiIbKicTh AerasiB 3 uaByHiB. IlopiBHAHO
i3 KpuIAMU, y YaBYHIiB HMKYi MeXaHiuHi BJIACTHUBOCTI, ajie icCTOTHO JIiIl-
IITi TeXHOJOTiUHi: 3HOCOCTiHKiCTL, AaHTUPPUKITIHIHiCTE, 00POOIIOBAHICTE
pizaraam Toio. Cepen uaByHiB 0c0o0JIMBE MicIle 3aiiMaiOTh BUCOKOMIITHI
YaBYHU 3 KYJACTUM rpadiToM, AKi 3aBAAKYN ONTUMAJILHOMY HOETHAHHIO
JUBapPHUX, (QidMKO-MexXaHiYHUX M eKCIIyaTal[iiHUX BJACTUBOCTEN Ta
€KOHOMIiUHOCTI BUPOOHUIITBA iX IMIMPOKO 3aCTOCOBYIOTHLCS B CYyUYaCHOMY
MarmmuHoOyayBauHi [1]. 3aBAaKM iXHIM MeXaHiUHUM XapaKTepUCTUKAM
(60,2=370...700 MIla, c = 2...7%, TBepaicTsb 3a BprHeIeBO0 IIKAJIO0 —
153...360 HB) BHUCOKOMIiITHI YaBYHM BHKOPHCTOBYIOTHL 3aMiCTh KPHIIi,
ciporo Ta KOBKOI'0 4YaBYHIiB i TeAKNX KOJbOPOBUX CTOIiB [2]. 3 BHCOKO-
MiITHMX YaBYHIiB Ha IepPJiTHIiH ocHoBi, Mmapox BY 50, B4 60, B4 70, BY
80, BY 100 BUTOTOBIAIOTh MOPIIHEBI KiabIldA, riJb3u, IIIeCTePHi, JeTai
IBUTYHiB, KOMIIPECOPiB, BUJIMBHUIII, IPOKATHI BaJKu TOIIO [ 3].

BaraTo uaByHHUX AeTajiB IPAIIO€ V BaAXKUX yMOBaxX aO0pasmBHOTO,
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rigzpoabpasmBHOT0, KOPO3iHHOTO H iHIIINX BUAIB 3HOCY, a METOAU BUTO-
TOBJIECHHS iX i PEMOHTY OysKe YacTO € eKOJIOTiUYHO HeOe3IeuHuMH: HaTo-
IJICHHS, TePMiuHe HAIlOPOIIeHHs, PAL Au(ys3iiiHNX MeTomiB 00po0IeH-
Hd TOIIO.

Jia yecyHeHHA MeeKTiB mig yac peMOHTY YaBYHHUX JeTaJliB ITUPOKO
3aCTOCOBYIOTh 3BapIOBAJIbHI IIPOIlECH Ta METOAM HATOILJIEHHSA. ¥ PisHHX
rajgysax IIPOMUCJIOBOCTA BUKOPUCTOBYIOTH OJHI I Ti K MeTOAUW 3Bapro-
BaHHSA, SIKi JeIIo BipisHATHCS 3a TEXHOJOTIYHNMHI IPUIOMaMM Ta 3a-
CTOCOBYBAHNMMU 3BapOBAJIbHUME MaTepisiamu [4, 5]. 3rigmo 3 [6], Bix-
HOBJIEHHS 3Py HOBAHUX TiJIAHOK Higdparmu (puc. 1) kommpecopa « PCL»
ITPOBOAMIIN IILJIAXOM eJIEKTPOAYTOBOTO HATOILTeHHa Ha anapaTi TIIM-305
mIapy HikJo cueniaabauMu eaextpogamu UTP 86 FN 111 4 m.

TexwHoJoril IigBUINMEHHA 3HOCOCTiIHKOCTH, BTOMHOI MiITHOCTH, KOPO-
3ifHOI CTIMKOCTH TOIIO0 YaBYHHUX JeTajiB, a TaKOXK BUIIPABJICHHS Je-
GeKTiB Ha IXHiX MOBEPXHAX PIBHOTO eKCILIyaTaliiiHOIro IIpu3HAYeHHA
TMOBUHHI 0yTH eKoJIoTiuHOo Oe3neunuMu. Po6oTu HalIpaBJIeHi Ha YIOCKO-
HaJIeHHA HASBHUX TEXHOJIOTIH i po3po0JieHHs HOBUX METO/iB BiJHOB-
JIEHHA Ta 3MiI[HEHHS IIOBePXOHbL YaBYHHUX [eTaJiB, AKi IpamioiTh y
BaKKHUX YMOBAaX i IMiAJIAra0Th BILIMBY HETaTUBHUX CEePeIOBUII], €K0JIO-
riuHo 6e3meYHMMU METOIaMU € aKTYaJIbHUMHU Ta CBOEYACHUMH.

2. AHAJI3A OCTAHHIX TOCJIZKEHD I ITYBJIKAIIIN

Besmka KijgbKicTh 3MIiIHIOBAJIBHUX i PEMOHTHUX (BiJHOBJIIOBAJIBLHUX)
TeXHOJIOTill, HaIIpaBJeHNX HAa IIiABUINEHHSA ImapaMeTPiB AKOCTH IIOBEpP-
XHEBUX IIIapiB JeTaliB, a TaKOXK 0e3Jiu MaTepiaaiB AJad IXHBOTO 3aific-
HeHHSA POOJIATE AysKe CKJIATHNM BUOip O1/IBII JOIiIBLHOI.

a [+

Puc. 1. Mictie pyitnyBauasa gisdparmu Kommupecopa «PCL» (a), KoabopoBa Je-
dexTOCKOMIisa 3pyHHOBAHOI AiaauKY (0).

Fig.1. The location of the ‘PCL’-compressor diaphragm failure (a); dye-
penetrant inspection of the failure area (b).
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OpuHuM 3 HAWIIEePCIeKTUBHININX HANPAMIB PO3BUTKY CyYaCcHOTO BHU-
POOHUIITBA € BOPOBAMKEHHS IHTEHCUBHUX TEXHOJIOTil 3MiITHEeHHSA Ma-
TepifAIiB BUCOKOKOHIIEHTPOBAaHUMH m:Kkepenamvu Harpisy (BKIIH) — na-
3€PHUM i €JIeKTPOHHUM IIPOMEHAMHU, IIJIa3MOBUM CTPYMEHEeM ToIno. B
[7] mocaimskeHO BILIMB TEXHOJIOTII IIJIa3MOBOTO IIOBEPXHEBOT'0 MOIM(i-
KyBaHHS (6e3 OTOIJIeHHS a60 3 MiKpPOOTOILJIeHHAM) Ha MexaHismu ¢aso-
BUX IIEPETBOPEHb, TBEPAiCTh i 3HOcoCTiMiKicTh uaByHiB (CH18, CU40,
BY80, 300X25H3C3). [Ina cipux i BUCOKOMIITHUX YaBYHIiB CTPYKTypa
mMoaudiKoBaHOI 30HU Ta PiBeHb €KCILJIyaTal[iiHUX BJIACTUBOCTEN 3ajie-
JKaTh Big Tumy i ()a3oBOrO CKJIAAY MATPUILL Ta He 3aJieKaTh Bix hopmu
rpagiToBUX BKJOUEHb. [[JId BUCOKOMIIITHOTO YaBYHY HaMBHUIIla 3HOCO-
CTiMKiCTh JocATraeTheA I Uac IJIA3MOBOTO MOAM(piKyBamHsa 0e3 OTOI-
JIeHHA IIOBEPXHi, a AJId cipuX 4aBYHIB — 3 MiKPOOTOILJIeHHAM MOBEPXHi.

B [8] mpoBoauucsa mocaigsKeHHs, HalpaBJeHI Ha CTBOPEHHS Jelre-
BUX CyMillleil, 3faTHUX 3MiIlTHIOBATH PO0O0OUi opranu I'pyHTOOOPOOHOI Te-
xHiKH. 14 BUBHaUeHHA CKJAAy CyMiIlleil ITpoBedeHO PO3PaxXyHKU U
OJIep:KaHo Pe3yJIbTAaTH CTOCOBHO TEPMOXEMIUHMX IapaMeTpPiB AJIs BOX
TuIiB (hepocToIiB i3 pisauMu MmacoBuMu BMicTamu Kapbony y vaByHi —
Bix 2,2 10 6,2%. CyMiIll i3 mMOPOIIKY HU3LKOBYIJIEIeBOTO (hepoXpoMy Ta
MeJIeHOI CTPY:KKU 0iJI0ro YaByHY HAHOCUJIM Ha JeTalli y BUTJIALIL IILTiKe-
pa. lllap, o yTBOpPUBCA, BUCYIITyBaJM, a IOTIiM HarpiBaJju I1J1a3MOTPO-
HOM a’k IO iHiImiroBaHHS eK30TepMiuHOl peakIlii Ta HagaHHA MOMY Pin-
KO-TBepJIoTo cTaHy. AHajiza MiKPOCTPYKTYypHU HATOILJIEHOTO IIapy IIo-
Kasaja, II0 BiH Mae apiOHO3epHUCTY OYAOBY, BiAIIOBiZae IPUHITUITY
ITapmi: cymim TBepaux xKapbimis i M’ aKoi 3amisHoi maTpuIli 3i cTpyKTY-
Ppoo mepJIiTy, COpPOITY UM TO TPOCTUTY, 3aJTE€IKHO BiJ IIIBUAKOCTH OXO0JIO-
IKEeHHs, Mae BUCOKY TBepAicTb y me:xkax Bim HRC 52 mo HRC 63. 11i
CYMiIlli MOKYTh OyTH BUKOPHMCTAHI B pasi ra3orepMiyHOT0O 3MilTHEHHS
IIOBEPXOHb JEeTaJIiB.

Jlo sMillHeHHs MaTepidAliB BUCOKOKOHIIEHTPOBAaHUMU [IKepeiaMu
HATrpPiBY BiZHOCATH TaKOMK i QpuKIliiine 00poOieHHA. ¥ 30HI KOHTaAKTY
mig yac GPUKIiHOT0 00PO0JIeHHA IPOXOAUTh iHTeHCBHE 3CyBHE JIedo-
PMyBaHHSA MeTaJly IOBEPXHEBOTO IMapy obpobsatoBaHoi moBepxHi. Ilix
Yyac BUCOKOMIBUAKICHOTO HarpiBaHHA MeTaJy Ta HACTYIHOT'O BHUCOKOIII-
BUIKiCHOTO OXOJIOM:KEeHHA ¥ MOBEPXHEBUX ITapax AeTaliB popMyeThCs
3MiruEeHnt 61Kl MIap 3 HAHOKPUCTAJIIYHOIO CTPYKTYpoio [9].

Hocrmimxennamu, npexacraBienuMu B [10], mokasamo, 1Mo AKicTb
BTYJIOK 3 BUCOKOMIITHOT'O YaBYHY iCTOTHO 3aJIEKUTh BiJl CTPYKTYpPH, IKa
dpopMy€eThCA Y BUINBKAaX. IHHOBAIIMHUMY TEXHOJIOTiAMM JJIS MAIITITHO-
OyAyBaHHS MOXKYTL OyTH e(PeKTUBHIi CIIOCOOM BBEIEHHS Ta TUIIN JOMi-
HIOK-MOAU(PiKATOPiB, AKi JOKJIAJHO aHATIiI3yIOThCA B poOOTaxX i BUKOPU-
CTOBYIOTBHCS 32 PEKOMEHIAIliAMY Ha ITPOMUCJIOBUX IriampuemMmcTBax [11].

[ peryaoBanHA yMOB KpucTaJisallii BUpo0iB, AK IPaBUJIO, IIepe
3aJMBaHHAM IIiAirpiBaroTs Gopmy, vy AKY ix BigmuBaroTh. lleit meton
BUKOPUCTOBYIOTh NIJIA BUPOOHUIITBA AK MACHUBHUX BUJWBKiB, Hampu-
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KJaJ IIPOKATHUX BaJIKiB, TaK 1 TOHKOCTIHHUX — BTYJIOK T'iJIb3 IUJIIHT -
piB, KOPIIyCHUX JeTaJiB, TaIbMiBHUX AUCKiB Tomto [12—14]. Ik mpaBu-
JI0, MeTajeBy (popMy Iepen 3aJNBaHHIM YaBYHY, He3aJIeKHO Bill cIimoco-
0y BUpOoOHUIITBa BUPOOY (cTariomapue abo BiAIleHTPOBE JUTTs), il mome-
penHbo ImimirpiBaioTh y rasoBiit meui [15] mo HeoOXxigHUX TeMIepaTyp
(1110 BU3HAYAETHCA MAcOI0 BUJIMBKA Ta BUMOTaMM 3a PiBHEM BJIACTHUBOC-
TeH i CTPYKTYypHU).

Amajisa jgiTepaTypHHX i HaTeHTHUX AKepes MOKas3ye, IO B OCTAHHI
POKU 3’ABAAETBCA AYy:Ke OaraTo mKepes, NPUCBAUYCHUX IIiJBUIIEHHIO
AKOCTHA METaJIeBUX IIOBEPXOHL AETAJiB Pi3HMMHN TEXHOJIOTisIMM: HaHe-
CEeHHAM TBePAUX i 3HOCOCTIHKMX MeTaJIOKepaMiuHMX IIOKPUTTIB [16—
18], HaHeceHHAM KOMOO3UIITHNX MaTePiAIiB IILIIX0M HaTOILIeHHA [19,
20], mraxoMm BiAIleHTPOBOrO apMyBaHHA Kapbimom Boabdpamy [21],
HaHeCeHHAM IapiB okcuxy AJstominiio [22—24], XpoMyBaHHAM y IIPOTO-
YHOMY eJeKTPOJIiTi [25] eneKTposiTuuaum meTogoMm [26—28] Torrio.

IlepcneKTUBHUM IILJIAXOM ITiABUINIEHHA 3HOCOCTIMKOCTU IIOBEPXOHDb
Iap TepTs MOMKYTh OyTH 6araTorapoBi MOKPUTTHA, ITI0 IIOEAHYIOTE ¥ CO0i
3MalllyBaJbHi 1 aHTUBHOITYBaJIbHI BIacTuBocTi [29].

[o sMinmHOBaJILHUX TEXHOJOTiH, 10 BuKopucToByioTh BKIIH, caix
BifHeCTH OOHY 3 HAMOLJBII HMEePCIeKTUBHUX CYUYACHUX TEXHOJOTIH —
enexkTpoickpoBe jgeryBanus (EIJI), sacTocyBaHHsA AKOI 1ae 3MOTy B IITH-
POKUX MeKaxX YIPaBJIATH HapaMeTpaMi SKOCTU IIOBEPXOHD JAeTaliB. 3a
Bukopucrtanuda TexHoJjorii EIJI moBepxHi AeTalliB MOEAHYIOTH HUSKY
oco0mBUX (GisMKO-MeXaHIYHUX i TPUOOJOTiYHMX BJIACTMBOCTEIH Ha Ha-
HopiBHi [30].

Meromom EIJI MOKJIMBO HAHOCUTH IMMOKPUTTA 3 YUCTUX MeTakiB [31,
32], neroBanux Kpunb [33—35], HikaeBUX i MigHuMX cTomiB [36—38],
rpadity [39] Tomo.

PesepBoM migBuIlleHHA AKOCTHM METAJEeBUX IIOBEPXOHL MOKYTh OyTH
bararomrapoBi [40—42] Ta KombimoBaHi eeKTpoicKkpoBi mokputTa (KEII)
[44—-46], a TaKO:K TTOKPUTT, c)OPMOBaHiI KOMOiHAIIi€I0 3 TEKiIHLKOX Te-
xuoJoria ELJI i IITI]T [47—50], EIJI, naseproro 00pobaeHHA Ta HAHECEH-
Ha MeTasonosiMmepHux Mmarepisaiais (MIIM) [51], EIJI i koumeHcoBaHOTO
ornHoro 6ombapayBauua [52], ELJI i ftiomnoro azoryBamua [53], KEII,
MIIM, IITII (o6kaTkoi0 KyJabKoio) [54], HampaBiieHI Ha TiABUIMEHHS
SAKOCTHU IIOBEPXOHB JeTAJiB AK IIiJ] Yac BUT'OTOBJIEHHS, TaK 1 I yac Bifg-
HoBieuuA. Kpim Toro, merogu EIJI Mo:KyTh OyTH albTepHATUBHUMU Te-
xHOJOrii XeMiko-Tepmiunoro oopobaenns (XTO): memenrTarii [55], miT-
pouemenrarii[56, 57], asoryBauuio [58], cyabdoriemenTartii [59] Torro.

B [60] m1sa po3pobKu paltioHAJILHUX TEeXHOJIOTiHM BiZHOBJIEHHS 3HO-
IMIeHNX KPUIEBUX i YaBYHHUX JIeTaJiB CiIbCbKOTOCHIOAAPCHKOI TeXHIKHT
IPOBeIeHO aHAJI3Y JiTepaTypHUX IKepes, a TAaKOXK II0JaHO ITPOIIO3UITil
IITO/I0 BiJHOBJICHHS 3HOIIIEHNX JeTaJiB MAIlINH. ABTOpaAMH PO3TJIALABCS
eJeKTPOJiTHUHUHA MeTox [27, 28], MeTom1 ra30TePMiUHOTO HATIOPOIITEH-
Ha [61, 62], 1asepHOro 06podimenusa [63—66] ra EIJI. Ilig uac ysaraian-
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HeHHs IIPOBeIeHUX MOCIiMKeHb mepesary OyJso Bimmamo meroxny EILJI,
AKUHN MOKe OyTH aJbTepPHATUBHUM [0 TPAOUIIHHNX TeXHOJIOTil BigHO-
BJICHHS JETAJiB 3 IIOBEPXHEBUM 3MiITHEHHAM. 3aBIAKM HU3LKill eHep-
TOEMHOCTi, MaJIorabapUTHOMY Ta MOOIILHOMY TeXHOJOTiUHOMY OO0JIa-
HaAHHIO, eKO0JIOTiuHil uncToTi nmpoiiecy Toifo meton EIJI mepeBaskae 6i-
JBIITICTh TPASUIIIHHUX MeTOAiB [67]. 3aBAAKYM IPOBeIeHUM AOCIiIKEH-
HAM PO3P00JIeHO Ta BUKOPHUCTOBYIOTHL TEXHOJOTII0 BiTHOBIEHHS METO-
nom ELJI nayH:XepHUX Hap, HOHOBIIOIOTHLCA AETAJL 3 YaBYHY, 30KpeMa
BUJIKU IIEpEeMUKAHHA Mepesad KOpPoOKM 3MiHM IIBUIKOCTEH (KOopoOka
ZF). Ycminao peanisyoThCa TeXHOJOrII BimTHOBIEHHS 6JIOKY Ta I'OJIOB-
KU IWJIIHAPIB AuseabHOro asuryHa Dxill BaHTaKHHUX aBTOMOOiTiB
«BoasBo». Cuig BigMiTuTH, 110 IIiJ Yac BiIHOBJIEHHSA B SKOCTi eJIeKTPO-
nu-imerpymenty (EI) sacTocoByBasiu mpyTku 3 Hixpomy X20H80 misme-
Tpom y 2 MM [60].

Kpim mosutuBuuX BiractuBocteii, EIJI meTon mae it memomikm. Ilo xa-
PaKTepHUX HEraTUBHUX OCOOJMBOCTEH, AKi MOHMMKYIOTHL MOT0 PO3IOB-
CIOIKEHHs, CJiJ BimHecT 0OMeKeHH A TOBITMHY HAaHEeCeHOoro Iapy, He-
PiBHOMipHiCTb ITOBEPXHEBOTO 3MilTHEHH, IIOHMKEHHA BTOMHOI MilfHOC-
T BUPoGiB [54].

[ ycyHeHHA O3HAUeHUX HENOJiKiB, AK yiKe Bigmiuajsocsa BUIIE,
BUKOPUCTOBYIOTH KoMOinoBaHi TexHoJorii (KT), aki ckaagaroTbes 3 me-
KiIBbKOX, IO JOTMOBHIOIOTEL onHAa iHmry. Tak, y momepenHix po6orax Ha-
mu 0yiso sanpomnounoBano KT BigHOBJIeHHA 3HOIIEHUX IIOBEPXOHL JeTAa-
JiB HeHTPpuGyYT I OUUINEHHS CTIiYHUX BOJ, AKi ImiAgAramTh rigpoal-
pasuBHoMYy 3HorreHH0. Il KT Bkaouae miAroToBKYy mMOBEPXHi JeTaJio,
nanecenuda Ha mHei KEII, mactynny IIII]l omep:xaHOro MOKPUTTA Ta Ha-
Heceuusa Ha Hboro MIIM. Ilepen mamecemnam KEII moBepxHIO meTaJio
nuIigyooTs 10 R, = 0,5 mxMm. ITig uac popmyBarua KEII cmouaTKy mpo-
BOJATH IleMeHTAaIliio mIidgoBanoi moBepxHi getaaio merogoMm ELJI, TooTo
IIEILJI. Ilicnia mporo BUKOHYIOTH aJIiTyBaHHA I[eMEHTOBAHOTO IMapy
AJIOMiHiIFOBOIO €JIEKTPO/IOI0 3 ITOAAJBIIINM HaHEeCeHHAM Ha Hel eJJeKTPo-
iCKPOBOTO MOKPUTTSA €JEeKTPOo 010 3 TBepaoro cromy T15K6. aii mose-
pxuio chopmoBanoro KEII mignators ITIII] meTomoM 06KaTKU KYJIbKOIO
(OR). Ilicna moaimepusariii MIIM apmMoBaHMM IIOPOIITKOM TBEPAOCTOII-
HOi cymimri BK6 wacTuHy miapy BHUIAJSAIOTH A0 BHCTYIIB ITEPCTKOCTHU
MOKPUTTA 3 TBepaoro cromy T15K6 [51, 68].

3 MeTo0 3acTOCYyBaHHSA AK eJeKTpon Yy EIJI HOBUX KOMMIO3UIIHHUX
3HOCOCTIiMKMX MaTepisiB, ofep:KaHUX 3a JOIOMOIOI0 IIOPOMIIKOBOI Me-
TAJYyPrii, HAMU JOCJI K YBaJJINCA MaTePisfAan, IO CKJIALAI0OTLCA 3 TOHKO-
nucnepcHoi cymimti 1M (70% Ni, 20% Cr, 5% Si, 5% B) ra BK6. Haii-
O1JIBIII MEePCIeKTUBHUM € JIETYBAHHS €JIEKTPOLOI0 3 MAaTePidAly CKJIALY
90% BKG6 + 10% 1M, 1o mae amory opMyBaTu IIOBEPXHEBUH ITap Ha
KPHUIIEBUX ITOBEPXHAX 3 MiKkpoTBepaicTio 1o 14200 MIla. ITix uac 3acTo-
CYBaHHSA €JEeKTPOJ 3 TOHKoAucmepcHoi cymimnti 1M MiKpoTBepaicTh Ho-
carae 11500 MIla. ITigmiap 3 iHAit0, HOHMIKYIOUHN ITTEPCTKiCTh TOKPUTTSI
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(8 R.=3,5...4,2mx™m 10 R,=0,6...0,9 MKM), He3HAUHO HOHUIKYE IOTO
MiKpOTBepPAiCTh, ajie BOAHOUAC BOHA 3aJUINAETHCA Ha JOCTAaTHLO BUCO-
KoMy piBHi (Bigmosimmo 13250 i 12250 MIIa [69]). B [70] moxkpurTs Bu-
meosuaueroro cxkiaany (90% BK6 + 10% 1M) HakxocHJIM KOMOAKTHUMU
eleKkTpomaMu 3 Hixpomonoro apory X20HS80 i Teepmoro cromy BK6 3
BUKOPUCTAHHAM CIEIisIIbHUX TEeXHOJOTIUHNX HAaCUUYBAJIbHUX Cepemo-
Bui (CTHC), B ckJag SKUX BXOIATHL HEOOXiMHi eTyBaIbHi eleMeHTH.

TakuM uMHOM, BUHMKAaE AK HAYKOBUI, TaK i MpakTHUYHUI iHTepec
JocJimuTy MexaHiuHi, disuuni, TpubosoriuHi # iHITi BIacTuBOCTI HyH-
KIioHATBLHUX MOKPUTTIB cKaany (90% BK6 + 10% 1M) ra 1M, cuuTeso-
BaHUX HAa IIOBEPXHAX 3 BUCOKOMIITHOTO YaBYHY CIIOCOOOM, AKMM OU ITij-
BUIIIMB 3/IaTHICTh MOBEPXHEBOTO ITapy YaBYHHUX JeTaJ[iB YMHUTU OIIip
3HOIIIYBaHHIO, TapaHTyBaB OM HANINHICTE i JOBroBiUHiCTh iIXHLOI POOOTH
B aI'PECUBHUX CEPefOBUINaX, OyB 01 eKOJOTiuHO 6e3IMeUYHNM i CKOPOTHUB
BUTpaATU Ha IX BUTOTOBJIEHHA.

MeTo10 poOOTHU € YIOCKOHAJEHHS TeXHOJOTII 3aXMCTy AeTajiB 3 BUCO-
KOMIITHOT'O YaBYHY BiJl 3HOIITYBaHHA IIJIAXOM AOCJi?KEeHHSA Macollepe-
HeCeHHs, Tormorpadii, CTPyKTypu, eJIEMEHTHOT'O CKJIaAy Ta MeXaHIuHNX
BJIACTUBOCTEM KOMOiHOBAaHMX IIOKPUTTIB, ofep:xauux merogoMm ELJI, ak
komnaxkTauMu El, BuroroBieanmu metomom IIM, Tak i 3 BUKopuCTaH-
aam CTHC.

3. METOJIUKA JOCJII:KEHD

Jia mocmifskeHHA 3aKOHOMIpPHOCTEH IIijf uac popMyBaHHA eIeKTPOiCK-
POBUX HNOKPHUTTIB MEPIIOPALHEe 3HAUEHHS Ma€ BUBUEHHA XapaKTepPHUX
0CO0JIMBOCTEH MAacoIllepeHeCceHHs, TOOTO KiJILKOCTU IIepeHeceHOl pedo-
BUHU 3 aHOAU (JIer'yBaJIbHOI eJIeKTPOAM-iHCTPYMEHTY) Ha Karomy (3pa-
30K abo meTasb).

B arkocti KaTomu mig yac gOCTiAiKeHHS MacollepeHeCeHHsI BUKOPHCTO-
ByBaJIu 3pas3ku 3 BucokoMmirtaoro uaByny BY 50 posmipom 10x10x8 mm,
nutidoBani 10 R, =0,5 MKM. AHomoro Oyau KomnakTHiI EI, Burorosaeni
CIiKaHHAM METOIOM IIOPOIIKOBOI MeTanyprii, ckaany (90% BK6 + 10%
1M) i 1M (70% Ni, 20% Cr, 5% Si, 5% B). Tako:x BUKOPHUCTOBYBaJIU
komnaxkTHi EI 3 TBepmoro cromy BK6 i HixpomoBOro ApoTy MapKu
X20H80; nnsa BUKOPUCTAHHSA iX HA 3Pa3KM IONepPeIHbO HAHOCUJIN CIIe-
iaabHi TexHOJOTiUuHiI HacuuyBaJybHi cepemoBuiia (CTHC) cknany, Bin-
moBiguO, 0,5% Si+0,5% B+ 2% Cr + 7% Ni + 90 Bazeniumi 5% Si + 5% B +
90% Baszexin. ELJI 3paskiB mpoBoaAuIN MUKJIIUHNIM JIeI'YBaHHAM HA yCTa-
HOBII Mopmemio «EmaiTpou-52A» 3 pydyHHM BiOpPaTOPOM YIIPOZOBK IO
2,5 xB. (1 muka=0,5 xB.). 3pasku i El sBamysanu go EIJI i morim uepes
KoxkHi 0,5 xB. Ha aHamiTnuanx Barax Mapku « BJIA-200» 3 TouHicTIO IO
107 smarky. E1JI mpoBoauiu 3a enepriii pospany 0,55, 1,3, 2,6, 3,4 k.

Ha Bcix eTanmax o6po6yeHHSA BUMiploBajiacs MIePCTKiCTh MMTOBEPXHI HA
npunani npodimorpad-upodisomerep mox. 201 zaBony «Kamiop». Pe-
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3yJabTaTH (piKCyBaJIM 3a JOIIOMOI'OIO CHEIiAJbHOI IIPHUCTAaBKH.

[ npoBesieHHA MeTajgorpadiyHUX MOCTiIKeHb BUTOTOBJANU ITLJIi-
du, axi gocaimkyBasiu Ha onTUYHOMY MiKpocKormi « Heogor-2» Ta pact-
poBOMY eJIeKTPOHHOMY MiKpocKomi-aHamizaTopi «PEM-1061» BAT
SELMI, ge mpoBoamJacs OIliHKa AKOCTHU IIapy, HOTO CYIiJIbHOCTH, TOB-
IUHA Ta O0yT0BU 30H IiAInapy — audys3iiiHoi 30HM.

Taxoxx 3a mormomoroio « PEM-106 I» BuKoHyBaJiacsa JOKaJbHa MiKpO-
PeHTTeHOCIeKTPaJbHA aHajli3a OJep:KaHUX IOKPUTTIB, HTPOBOIMUJIACS
JIOpOMETPHUYHA aHallida Ha PO3MOIiJ MiKPOTBEPAOCTH ¥ TOBEPXHEBOMY
mapi Ta mo rambumHi nuTidy Bim moBepxHi. MipaHHS MiKpOTBEpIOCTHU
npoBoauan Ha MiKpoTBepaoMmipi IIMT-3 BmaBiaioBamHAM aJIMa3HOI IIi-
pamigu mig HaBauTaxkenuaMm y 0,05 H, sriguo 3 TOCT 9450-76.

Ilicaa EIJI gia nigBunieHHA HapaMeTpiB AKOCTU IIOBEPXHEBUX MIapiB
(TOHMIKEHHA IIMEePCTKOCTH IIOKPUTTIB, MiABUINEHHS CYIiJIBHOCTH Ta
BTOMHOI MiITHOCTH, 3MiH! XapaKTepy 3aJUIIKOBUX HAIIPYKeHb 3 PO3TsI-
ryBaJbHUX Ha CTHUCKAaJbHi) BUKOPUCTOBYBaJu Oe3abpasmBHE yJILTPAa3-
BYKoOBe (ininrae o6pobaenus (BYPO).

Huaa gocaimsxennda BoiauBy merony ELJI ma mexaniuHi BiiacTuBOCTI
meraiio (MeXy MiITHOCTH, Me:KY ILJIMHHOCTH, BiITHOCHE IIOJOBYKEHHS Ta
BiHOCHE 3BYJKeHHsI) OyJIM BUTOTOBJIEHI 3pasKu i3 BUCOKOMIITHOrO YaBy-
ny BY 50, Bigmosiguo mo 'OCT 7855-84. [In1a Ko:KHOTO MaTepisaay eje-
KTpoau-iHcTpyMeHTy Ta peskumy ELJI BuroroBisaau mo 3 3pasku.

4. PESYJBTATHU JOCJIIKEHD
Hocnidncenna maconepenecennsn

B rabauii 1 i Ha pucyHKax 2 i 3 mpeacTaBaeHO Pe3yIbTaTHU JOCIiIKeHb
IUHaAMiKM MacolepeHeceHHs Marepiany amogu ckaany (90% BK6 + 10%
1M)i 1M ma moBepxHeBIi mapu 3pas3kiB 3 uaByny BY 50 6e3 momepegHbO-
ro HaneceHHsa moKpuTTiB 3 CTHC (puc. 2) i 3 CTHC (puc. 3), a Takox
IIIePCTKOCTHU Ta CYIIiJILHOCTH cDOPMOBAHUX IIOKPUTTIB.

B pesyabrarti amasrisu Taba. 1 ipuc. 21 3 BcTaHOBIEHO:
- 3i s6inbimernHam gacy ELJI 36imb1yeThea KiTbKicTh mepeHeceHoro Ma-
Tepiany 3 amonu (Am,) Ha Katomy (Amy), a IIEePCTKiCTh i CyImiJabHICTD
OIPaAKTUYHO HE 3MiHIOIOThCS;
- HaMOiJbIa KiJbKiCTh MaTEepisaTy, 10 BUSHAYAETHLCA KoedillieuToM Ma-
comepeHeceHHs (ky), IepeHoCUTRLCA 3 mouaTKy mporiecy ELJI i gari 3i 3po-
CTAHHAM dYacy JieI'yBaHHsA, IIPOIeC MacolepeHeCeHHs MOCTYIIOBO Tajb-
MY€TBLCA, IIOTIM 30BCiM IPUINHAETLCA 1, 6iJBIIT TOTO, MOXKEe 3MiHUTHCS
Ha pyHHYBaHHSI HAaHECEeHOro ITapy, TOOTO Am, 3MiHIOETHCA 3a BHAKOM;
- 3i sbinmpmIieHHAM eHeprii pospaxy Wp macomepeHeceHHs 30iJIbIITYETh-
cd, aje mpoIlec PYMHYBaHHS HAHECEHOT'O MIapy HOKPUTTS PO3IMOUMHA-
eThcA paHie, Hanpukjaan 3a Wp=1,3, 2,61 3,4 [I:x mmicaa 2,0,1,5i1 1,0
XB. BUIIPOOYBAHb BiIIIOBiAHO;
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- 3i 30iabIIIeHHAM eHeprii po3pAay 3pocTae IIEePCTKIiCTL ITOBEPXHEBOTO

TABJINIA 1. PesysnbraTu mocaimxkeHHA MaconepeHeceHHs wmarepiany EI
cxaany (90% BK6 + 10% 1M) i 1M ua spasku 3 uaByny BY 50 3 Bukopucrau-
Ham CTHC i 6e3 HUX, a TAKOIK IIIEPCTKICTD i CYyIiIbHICTE HTOKPUTTIB.

TABLE 1. The results of the study of mass transferring the ET (electrode-tool)
material, which has a composition of (90% BK6 (VK6) + 10% 1M) and of 1M,
onto the high-strength B4 50 (VCh-50) cast iron samples with and without the
use of the CTHC (STSM), as well as the coating roughness and continuity.

Yac ser xB. | -
ac JeryBaHHS, XB £ 4 § E -
0,5 [1,0[1,5[2,0[2,5| 8.8 = 50
Marepian g * K &
eJIeKTPOIU - Cxaan CTHC, % 36i
: 1LJIBIII€EHHA Baru Katogu, o &
HHCTPYMEHTY Amy, r-10*/Koe@imienT § g § g
MAacoIllepeHeCeHHs, By 5| Ex
o M o [
=
Eneprisa pospany Wp =0,55 [[:x
90%BK6+10%1M - 80/0,77 90 95 98 99 3,2/0,7 60,70
1M - 90/0,76 110 115 118 119 3,3/0,8 80,90
BK6 0,581+0,6B+2Cr+7Ni+90 7,0 79 80 85 89 90 3,3/0,8 95/100
Ba3eJIlH
0/ Qi 0 0 _
mixpom X20H80 °7°S1+ 53/;]131; 90%3Ba-  g50 78 95 100 103 103 3,5/0,7 90/95
Eneprisa pospagy Wp=1,3 I:x
90%BK6-+10%1M - 105/0,76 110 115 118 114 3,7/0,8 55/65

1M - 120/0,72 125 128 130 126 3,9/08 70/80
0,58i+0,5B+2Cr+7Ni+90

BK6 : 90/0,75 95 98 99 97 4,2/0,9 85/95
Ba3eJIlH
0/ Qi 0 0 _
Hixpom X20HS0 5/"3”53/;]131; 90%Ba- 110/0,74 115 119 121 118 4,3/0,9 80,90
Enepria pospany Wp =2,6 Ik
90%BK6+10%1M - 115/0,68 121 123 115 5,4/1,1 50/60

1M - 140/0,68 150 156 142 5,71,1 60/70
0,58i+0,5B+2Cr+7Ni+90

BK6 : 95/0,67 110 114105  5,9/1,1 75/85
Ba3eJIlH
0/ Qi 0 0 _
mixpom X20H80 ° /"3”53/;;31; 90%3Ba- 196067130 137123 6,1/1,2 70/80
Enepria pospany Wp =3,4 Ik
90%BK6+10%1M - 120/0,65 127 118 104 6,0/1.2 45/55
1M - 150/0,66 155 141 135 6,3/1,3 55/65
BK6 0,581+0,5B+2Cr+7Ni+90 5/ 64 109 98 91  6,7/1,4 70/80
Ba3eJIlH
5% Si + 5% B + 90% Ba-

Hixpom X20HS80 130/0,66 133 125 117 7,5/1,5 65/75

3eJIiH
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3aeKHICTE MaconepeHocy 3aIeKHICTE MAaconepeHocy
Am , Big uacy obpobrn Wp = 0,55 Ik  Am , Bix uacy ob6pobkun Wp = 1,3 I
K K
r 10t r 10!
150 150
100 100
50
50
0
0
-50
-50 -100
-100 -150
150 -200
-250
-200
. -300
-250 -350
Am_ -9-90%BK6+10%1M —— BK6+CTIC1 Am, -8-90%BK6+10%1M —— BK6+CTHCI
w0 1M —o - Hixpom X20H80+CTHC2 vt 1M —o -nixpom X20H80+CTHC2

Puc. 2. TlpupicT Baru Karomgu i eposia anoxam minx uac EIJI Bucokomimaoro ua-
ByHy Mapku BY 50 komnakTEuMEu El, BUTOTOBIEHMMEU METOIOM IOPOIIKOBOL
meranyprii, ckaany (a) (90% BK6 + 10% 1M) Ta (6) 1 M.

Fig. 2. The cathode-weight increase and the anode erosion in the course of ESA pro-
cessing high-strength B4 50 (VCh-50) cast iron by the compact powder-metallurgy
manufactured ET of the composition of: (a) (90% BK6 (VK6) +10% 1M), (b) 1M.

Iapy IMOKPUTTS Ta 3MEHIITYETHCS HOT0 CYIiJIbHICTD;
- 3a He3MiHHOI eHeprii po3pAay 3a PiBHI HPOMiIMKKK UYacy KiJbKiCTb
BTpaueHOi Baru (epoaii) anoxzu Am, MaiiKe He BMiHIOETHCA.

Hocnidncenns monozpagiii mexaHitHux 6racmueocmeil

o TomorpadgiuHux mnapaMeTpiB HOKPUTTIB, cHOpPMOBAaHUX METOI OO
ELJI, caig BimgHecTH IIEPCTKICTh i CyHiJMbHICTD, 8 O MEeXaHIYHUX BJac-
THUBOCTEH — MEIKY MII[THOCTH, MeKYy IJINHHOCTH, BiJHOCHE IIOIOBKEeHHS
Ta BiJHOCHE 3BYKEHHS JeTaJIo.

B Tabaumi 2 mpeacTaBieHO 3BeleHi MaHi pe3yJbTAaTiB JOCTimKeHHS
BILUIUBY PiBHUX TEXHOJIOTi#i HaHeceHHdA NOKpPUTTIB Metomom EIJI i
ELJI+BY®O0 ma Tomorpadiio Ta MexaHiUHi BJIACTHBOCTI AeTAJiB 3 BHCO-
Kowmimnuaoro yasyny BY 50. ITix uac agasxisu Tabdj. 2 0yJ1o BU3HAUEHO, IO
EIJI EI ckaany 90% BK6 + 10% 1M i 1M, BurorosieHumu metogom 1TM,
3pas3KiB 3 BUCOKOMIITHOTO YaByHY 3a eHeprii pospanxy Wp = 0,55 JI:x i
npoaykTuBHOCTH @ =0,67 cM2/XB. CYIPOBOMKYETHCA IIOHUIKEHHIM
Me:ki mamHHOCTH (0.) Ta MexXi mimHocTu (03) Ha 32,0% i 32,78% Ta
34,0% i 28,7% BigmoBimHO, a BiTHOCHE TOZOB:KEHH () BOAZHOYAC 3POC-
tae Ha 5,71% i 5,43%. Caix BigmiTuTu, mo sa ELJI, konu migsuiyeTbses
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Bame;RHicTE MACOEPEHOCY SamemuicTs Maconepenocy
Am,, Big uwacy o6pobru Wp = 2,6 Ik Am_, Bin wacy obpofrun Wp = 3,4 [Tk
r 10* r 104
150 a G O iy 150
100{ — T 1001 >
50 50
042 0 25
N 1,0 1,5 20 25 _5p{™ !
=501 t, XB.
t, XB. -100
-100
i
-2001 i 250
350 = B
y -400 .
-4001 & 450 Al
-450' - 00
Am, -2-90%BKG610%1M  ——BK6+CTHC1 M, _a-90%BK6+10%1M ——BK6+CTHC1
oo 1M —o - nixpou X20H80 | CTHC2 o 1M —o —mixpoy X201180+CTIIC2

Puc. 3. IIpupict Baru xaTomu ta epodis anonu nig uac EIJI Bucokomitizmoro ua-
Byry Mapkru BY 50 kommakTaumu El 3 TBeproro cromy BK6 (a) i HixpomoBoro
apoty mapkm X20HS80 (6) 3 Bukopucranuam CTHC ckmamy 0,5% Si+0,5%B
+2% Cr + 7% Ni + 90% Basenin i 5% Si + 5% B +90% Basesin Bigmosigmo.

Fig. 3. The cathode-weight increase and the anode erosion in the course of
ESA processing high-strength BY 50 (VCh-50) cast iron by the compact ET
made of BK6 (VKG6) hard alloy (a) and nichrome wire of X20H80 (Kh20N80)
grade (b) with the use of the CTHC (STSM) having a composition of 0.5% Si
+0.5%B +2%Cr + 7% Ni + 90% petroleum jelly, and 5% Si + 5% B + 90% petro-
leum jelly, respectively.

mapameTtep (8), HEPiAKO HMOTiPITYIOTHCA 3HAUEHHA O; i G,. Ile moscHIo-
eTbesa HacTynHuM unHOM. Hanecenns metomom EIJI moxpurriB cympo-
BOIKYETHCA 30ibIIIEHHAM ITIEPCTKOCTH IIOBepxHeBoro mapy (3 R, =0,5
MEKM 10 R, = 3,2 i 3,3 MKM) i BUHUKHEHHAM 3HAUYHUX KOHIIEHTPATOPiB
HAIIPyKeHb, a CYIiJIbHICTL MOKPUTTA cKIamae 60% i 80% BigmoBimwzo
(Tabu. 1).

Tako:x y moBepxXHEeBOMY INIapPi BUHUKAIOTH 3AJIMIIKOBI PO3TAryBaJIbHi
HaIPyKeHHd.

ITicna npoBemenusa EIJI i o6podimenna BY®O EI ckaany 90% BK6 +
10% 1M i 1M 1miepcTKicTh MOKPUTTA 3MeHINyeTheA 0 R, =0,7 mxm i 0,8
MKM BiAIIOBiZHO, a CyIiJdbHiCTE 36iabmryeTbesa o 70% i 90% sigmosif-
HO.

B pesyabTaTi Meka MJIMHHOCTH Ta MeyKa MiIlTHOCTH 30iJbIIMYIOTHCS 40
325 MIIa i 324,1 MIla ta 512 MIIa i 526 MIla BigmosizHO, a BigHOCHE
TIOJOBKEHHA 3MeHIyeTheA 10 1,16% i 2,14% sigmoBiguo. IllepcTKicTs
moBepxHi 3ameHIIyeTheda 10 R, = 0,8 MM i 0,7 MKM, a cyImiJabHICTE 30i-
JbITyeTheA i cKkamae 70% i 90% (Taba. 1).
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TABJINIA 2. PesyabTaTu OCHiAKeHHA BILIUBY PiBHUX TEXHOJIOTiM HaHECEH-
HA NOKPUTTIB Ha Tomorpadiio Ta MexaHiuHi BJIaCTUBOCTI JeTaaiB 3 BUCOKOMIII-

Horo uaByHy BY 50.

TABLE 2. The results of the study of the various coating technologies impacts
on the topography and mechanical characteristics of parts made of high-

strength BY 50 (VCh-50) cast iron.

2 e © S
] ~ = "
=6 = = g &
5, 8 5 - g
il B § &
= Q A
=3 9 o 8 o
MeTox HaHECEHHSA IOKPUTTS é z = 2l X
= | 5| E| | ¢
[ < o
= | 8| % £ g
SE| & 2 E
= | = &
1 2 3 4 5 6
Bes moxkpurra — — 320 500 7
EnexTpomoro, Buroropiaenowo merogom ITM,
craany 90% BK6 + 10% 1M 0,55 0,67 217.6 330 7,40
-32,0 -34,0 +5,71
EnexTpomoro, Buroropiaenowo merogom ITM,
caany (90% BK6 + 10% 1M) + BY®DO 0,55 0,67 325 512 6,92
+1,56 +2,40 -1,16
EnexTpomoro, Buroropiaenowo merogom ITM, 055 0,67 241 356,5 7,38
ckaany 1M
-32,78 -40,25 +5,43
EnexTpomoro, Buroropiaenowo merogom ITM,
cknazy 1M + BY®O 0,55 0,67 324,1 526,5 6,85
+1,28 +5,30 -2,14
EnexTpomoro, BurorosiaeHoo 3 Apoty X20H80
3 CTHC, cxany 5%Si + 5%B + 90% agenin 200 0,67 283,83 375,56 7,20
-26,3 -33,16 +2,86
EnexTpomoro, BurorosiaeHoo 3 Apoty X20H80
3 CTHC, craany 5% Si+5% B+90% Basemiu + 0,55 0,67 341,1 538,2 6,72
BY®O
+6,59 +7,64 -4,0
EeKTpo1010, BUTOTOBJIEHOIO 3 TBEPIOTO CTO-
oy BK6 3 CTHC ckaany 0,5%Si+ 0,5% B + 0,55 0,67 250,1 374,3 17,25
2% Cr + 7% Ni+ 90% Basemniu
-21,87 -33,58 +3,57
EJ1eKTpomo10, BUTOTOBJIEHOIO 3 TBEPOr'0 CTOITY
BK6 3 CTHC ckanany 0,5%Si+ 0,5% B + 2% Cr 0,55 0,67 335,4 532,1 6,79
+ 7% Ni + 90% Basenin + BY®O
+4,81 +6,62 -3,0
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(npodosicerns ) TABJINIIA 2. PesynbTaTul HOCHi3KeHHSA BIJINBY Pi3HUX TeX-
HOJIOTifl HaHEeCEeHHs MOKPUTTIB Ha Tomorpadiro Ta MexaHiuHi BiacTUBOCTI ne-
TajiB 3 BUcCOKoMiruHoro uaByny BY 50.

(Continuation) TABLE 2. The results of the study of the various coating
technologies impacts on the topography and mechanical characteristics of
parts made of high-strength B4 50 (VCh-50) cast iron.

1 | 2 [ 3 ] 4 ] 5 | s
EnexTpomoro, Buroropiaenowo merogom ITM,
cxaany 90% BK6 + 10% 1M Ls 10 211,83 3753 715
-51,44 53,70 +2,14

1,3 1,0 321 506 6,89
+0,31 +1,20 -1,6

EnexTpomoro, Buroropiaesowo merogom ITM,
craany (90% BK6 + 10% 1M) + BY®O

EnexTpomoro, Buroropiaesowo merogom ITM, 1,3 1,0 225,7 349,2 7,17
criany 1M

-41,78 -43,18 +2,42
EnexTpomoro, Buroropiaenowo merogom ITM, 1,3 1,0 321,5 507,1 6,81
craany 1M+ BY®O

+0,47 +1,42 -2,79
EexTpo010, BUTOTOBIEHOIO 3 IPOTY 1,3 1,0 243,3 363,9 7,20
X20H80 3 CTC craaxy 5% Si+ 5% B+
90% Bazenin

-31,52 -37,4 +2,86
EexTpomot0, BUTOTOBIEHOIO 3 IPOTY 1,3 1,0 325,1 509,8 6,75
X20H80 3 CTC craaxy 5% Si+ 5% B+
90% Basemnin + BY®O

+1,59 +1,96 -3,70
EnexTpomoi0, BUTOTOBJIEHOIO 3 TBEPAOTO 1,3 1,0 245,383 354,2 7,18
crory BK6 3 CTC ckaany 0,5% Si+ 0,5% B
+ 2% Cr+ 7% Ni+ 90% Baseniu

-30,45 -1,16 +2,567

XapakTep 3MiHU MexXaHiYHWX BJIACTUBOCTEM He 3MiHIOETHCA HijJ dac
HanecernHs MeTogoM EIJI 3HOCOCTIHKMX IIOKPUTTIB HAa 3pa3Ku 3 BUCOKO-
minuoro uasyHy BY 50 3 sukopucranuaMm EI 3 gpory X20HS80 i TBepmo-
ro crony BK6 i criernigbHNX TeXHOJIOTIYHNX CePegOBUII cKJIany 5% Si +
5% B + 90% Baszexin Tta TBepmoro crony BK6 3 CTHC ckaany 0,5% Si +
0,5% B+ 2% Cr + 7% Ni + 90% Bazesin BigmoBigHO.

B nanomy Bunajaky MOHUMKEHHA MeXKi IJIMHHOCTHU Ta MeXKi MiImHOCTH
MeHIIe i ckiaamae 26,3% 1 21,87% Ta 33,16% i 33,58% sBigmosixgHo, a
BiTHOCHeE IIOMOBKEHHS 3POCTAE TaKOoK MeHIe i ckaagae 2,86% 1 3,57%.
3a nmogaJbiioro BY®O 3pocTaHHS MeKi IIMHHOCTH Ta MeXi MiIfHOCTH
TAKOK 30iJbIIyeThCs, BigmoBiguo 10 341,1 MIla i 335,4 MIla Tta 538,2
MIIa i 532,1 MIla, a BigzHOCHe IOAOBKEHHS 3MeHINyeThcsa Ha 4,0% i
3,0% Bigmosiguo. IllepcTKicTh moBepxXHIi 3MeHITyeTheA A0 R, = 0,8 MKM i
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(npodosicerns ) TABJINIIA 2. PesynbraTyn JOCTiAKEHHS BIJIUBY Pi3HUX TeX-
HOJIOTifl HaHEeCEeHHs MOKPUTTIB Ha Tomorpadiro Ta MexaHiuHi BiacTUBOCTI ne-
TajiB 3 BUcCOKoMiruHoro uaByny BY 50.

(Continuation) TABLE 2. The results of the study of the various coating
technologies impacts on the topography and mechanical characteristics of
parts made of high-strength B4 50 (VCh-50) cast iron.

1 | 2 3] 4 | 5 | s
EnexTpomoro, Buroroiaexnowo merogom ITM 3,4 2,0 320,5 502,1 6,92
ckaany (90% BK6 + 10% 1M) + BY®O

+0,16 +0,42 -1,16

EnexTpomoro, BuroroBiaexnowo merogom ITM 3,4 2,0 211,4 325,2 7,18
criany 1M

-51,37 -5,04 +2,57
EnexTpomoro, Buroroiaexnowo merogom ITM 3,4 2,0 320,9 503,6 6,83
ckaany 1M + BY®O

+0,28 +0,72 -1,01
EnexTpomoro, Burorosiaeno 3 apory X20H803 3,4 2,0 223,83 331,4 7,19
CTHC ckaazny 5% Si + 5% B + 90% Basenin

-43,30 -0,86 +2,86
EnexTpopmoro, BuroroBiaeno 3 apory X20H803 3,4 2,0 323,1 505,8 6,89
CTHC ckaany 5% Si + 5% B + 90% Basein +
BY®O

+0,97 +1,16 -1,60

EnexTpomoro, BUTOTOBIEHOIO 3 TBepaoro crony 3,4 2,0 221,7 330,383 7,19
BK6 3 CTHC ckaany 0,5% Si+ 0,5% B + 2% Cr +
7% Ni+ 90% Basenin

-44,34 -1,38 +2,71

0,7 MKM, a cyniabHicTh cKaamae 100% i 95% sigmoBigmo (TabJr. 1).

3i soinmbmrenuaM eHeprii pospany mo Wp=1,3 [Ixx i 3,4 I i mpogyx-
rusHocTu ELJI no @ = 1,0 cm?/xB. i 2,0 cM2/XB. BiAIOBiHO XapaKTepu
3MiHM MeKi mamHHOCTH (G.), MeKi MirtHocTH (O ) i BiZTHOCHOTO ITOIOB-
JKeHHd (0) He 3MiHIOIOTECA. Meika IIJIMHHOCTHY Ta MeKa MiITHOCTH 3MeH-
ITYIOThCA II0 Mipi 3pocTamua Wpi Q.

3a Bukopucrauug KommakTaux EI 90% BK6 + 10% 1M i 1M, Buroro-
Biaeaux metomoMm IIM Ta EI 3 TBepmoro crory BK6 i HixpomoBoro aporty
X20H80 3 Buxopucranuam CTHC, mMe:ka MIMHHOCTH 3MEHIIIYETHLCS 3a
Wp=1,3 II:x oo 211,3 MIla, 225,7 MIlIa, a sa Wp = 3,4 [I:x — mo 205,3
MIla i 211,4 MIla, mexxa mimHOCTH 3MeHINTyeThbesa 3a Wp = 1,3 Ik 1o
375,3 MIlIai349,2 MIla, a3a Wp = 3,4 II:x no 321,2 MIla i 325,2 MIIa;
BifHOCHEe IIOJOBKeHHsA BomHouac 36iapmiyeThes mo 7,15% i 7,17% Ta
7,20% 1 7,18% BigmoBigmo. IllepcTKicTh MOBEePXHEBOTO IIAPY IIOKPUTT
36iabpiryeTbea 3a Wp =1,3 Ik i npogykTusaoct EIJI y 1,0 cm?/xB. 10
R.=3,7,3,9,4,2i4,3 MmKM BigmoBigHo, a 3a Wp = 3,4 JI:)x i mpoayKTUB-
noctu EIJI y 2,0 cm2/xB. — mo R, =6,0, 6,3, 6,71 7,5 MKEM; CyL[iIbHICTE
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(S) smenmyeTbca Ta ckaagae 3a Wp=1,3 [I)x i npoayktusuoctu EIJI
®R=1,0cm?/xB. S=55,70,85i80%,asaWp=3,4 [k i 1poAyKTUBHOC-
™ EIJI @ = 2,0 cm?/xB. — S=45, 50, 701 65% (Taba. 1).

Ilicta wmactymaoro BY®O wmexa DIIMHHOCTHM 30iJBITYETHCA 3a
Wp=1,3 I:x no 321 MIla, 321,5 MIla, a 3a Wp = 3,4 II:x — mo 325,1
MIIa i 324,4 MIla; me:xa MilfHOCTH BogHOUAac 30iabmIyeThes 3a Wp=1,3
% mo 506 MIla, 507,1 MIla, a 3a Wp = 3,4 I:x — mo 509,8 MIla i
508,5 MIla; BiZzHOCHE MOZOBKEHHA BOAHOUAC 3MEHINTYeThCI 00 6,89% i
6,81% Ta 6,75% i 6,59% Bigmosigmo. IllepcTKicTh MOKPUTTSA 3MEHIITY-
erbeda 3a Wp =1,3 II:x mo 0,8 mkm, 0,8 MM, 0,9 mxm i 0,9 MM, a 3a
Wp=3,4 I:x — no R.=1,2 mxm, 1,3 MM, 1,4 Mmem i 1,5 MKM; BogHOpA3
CYILiJbHIiCTB 30imbITyeTHCA 0 60%, 75%, 85% i 80% Ta 55%, 65%, 80% i
75% BigmosiguoO.

5. BUCHOBRH

1. B pesyabTari HocaigiKeHHs MacoIllepeHeceHHs 3i 30iIbIIIeHHAM Yacy
ELJI 36inpiTyeThesa KiTbKicTh IepeHeceHoro MaTepiary 3 anogu (Am,) Ha
Karony (Amy), a IIePCTKIiCTh i CYIiJbHICTL HOKPUTTA MPAKTHUYHO HeE
3MiHIOIOTHCA.

2. HaiibinpIia KiJbKicTs MaTepisay IepeHOCUTHCA 3 IMOUYATKY IIPOIleCy
ELJI, moTimMm mporec MmaconepeHeceHHs IIOCTYIIOBO 3MEHIMYEThLCA, 30BCiM
MIPUOUHAETHCA Ta MOMKe 3MIHUTHCS PYUHYBAaHHAM HaHECEHOTOo Iapy,
TOOTO Am cTae BiJ €eMHUM.

3. 3i 30inbIIeHHAM eHeprii po3paAny MacolIepeHeceHHS 3pPOocTae, aje
IIpolec pyHHYyBaHHA HAHECEHOTO Iapy IIOKPUTTS PO3MOUYMHAETHLCA pa-
Hillte; BogHOUAC 301JIBINYETHCSA MIEPCTKICTh IIOKPUTTS Ta 3MEHIITYETHCS
Moro cymiabpHICTD.

4. 3a He3MiHHOI eHeprii po3pAny 3a piBHI HpPOMiKKM Yacy KiJIbKicTb
BTpaueHoi Baru (epoaii) anoxzu Am, MaiiKe He BMiHIOETHCA.

5. Enektpoickpose smeryBauns El ckmany (90% BK6 + 10% 1M)i 1M, Bu-
roroBiaeHumMu MetomoMm IIM, 3paskiB 3 BHCOKOMIIIHOrO YaBYHY 3a
Wp=0,55 I i @ = 0,67 cm2/XB. CyIPOBOIIKYETHCA IIOHMKEHHAM MEKi
IInHHOCTH (C,) i Mexki mimHoCcTH (05) Ha 32,01 32,78% 1 34,01 28,7% Bin-
MIOBiZHO, a BimHOCHEe mOmoB:KeHHA (0) BogHOUAac 3poctae Ha 5,71 i 5,43%.
IIlepcTKicTh MOBEPXHEBOTO IIapy 30ijabiryeTheda 3 R, = 0,5 1o 3,2 1 3,3
MKM, a CyHiJIbHiCTS MOKPUTTA (S) craagae 60 i 80% sigmosigmo. Ilicas
00pob6seHHa BY®PO Mexa MIMHHOCTH TAa MeXKa MiIIHOCTH 301IbIIYIOThCS
mo 3251 324,1 MIla ta 512 i 526 MIIa BigmoBizHO, a BiZHOCHE IIOLOB-
JKeHHs 3MeHIryeTbes 0o 1,16 1 2,14% sigmosiguo. IllepcTricTs moBepxHi
3MeHITyeThCsa 10 R, = 0,81 0,7 MKM, a CyIiJIbHICTS 30iIbIIYETHCA i CKJIIA-
mae 701 90%.

6. 3a E1JI spaskiB 3 Bucokomimntaoro uasyny BY 50 EI 3 npory X20HS80 i
TBepmoro crorny BK6 ta 3 Bukopucramaam CTHC moum:kenHa Mexi
IJINHHOCTH Ta MeXKi MinHocTn MeHIe i1 ckiaazae 26,31 21,87% ta 33,16
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i 33,58% BimmoBigHO, a BilHOCHE MOZOBKEHHA TAKOXK 3MEHIITYEThCA Ta
ckaamae 2,86 i 3,57% Bigmosimmo. 3a momaawmioro BY®O 3pocranus
MeXKi IIMHHOCTH Ta MeKi MimHocTHu 30iabInyoThesa mo 341,1 i 335,4
MIIa Ta 538,2 i 532,1 MIla BigmoBigHO, a BiZHOCHE IOJOBKEHHA 3MEH-
myeTbes Ha 4,0 i 3,0% BigmoBiguo. IllepcTKicTh TOKPUTTA 3MEHIITYETh-
cagoR,=0,810,7MKM, a cymiabpHicTs ckaagae 100 i 95% BigmoBigwo.

7. 3i s6inbmrenuam Wp mo 1,3 i 3,4 I3k i BUKOPHUCTAHHAM KOMIIAKTHUX
EI ckaxany (90%BEK6 + 10% 1M) i 1M, BurotroBienux meromom IIM, Ta
EI 3 tBepamoro crony BK6 i mixpomosoro apory X20H80 3 BuKopucTaH-
Ham CTHC merxa namuHOCTH 3MeHIMyeThesda 3a Wp = 1,3 IIxx mo 211,3
MIla, 225,7 MIla, a 3a Wp = 3,4 [I:x — mo 205,3 MIla i 211,4 MlIla;
MesKa MiITHOCTU 3MeHMmIyeThesa 3a Wp = 1,3 II:x go 375,3 MIla i 349,2
MIla, a sa Wp = 3,4 I)x — mo 321,2 MIla i 325,2 MIla; BizHOCHE IOZ0-
ByKeHHA BogHOoUac 30iapmryeThes go 7,151 7,17% ta 7,201 7,18% Bigmo-
Bigmo. IllepcTKicTh MOBEPXHEBOTO IIAPy HOKPUTTA 30iJIBIITyeThLCA 3a
Wp=1,3 I oo R, = 3,7, 3,9, 4,21 4,3 mxm, a3a Wp = 3,4 [I:)x — 1o
R.=6,0, 6,3, 6,71 7,5 mxm. CyminbHicTh (S) 3MEHIITyeThCSA Ta CKJIAIAE
saWp=1,3I:x S=55,70,85i80%,asaWp=3,4 lI:x —S=45,50, 70
i65%.

8. Ilicaa wmactymuoro BY®O wmexa IJIMHHOCTH 30iJBIITYETHCA 3a
Wp=1,3 I)x mo: 321, 321,5, 325,11 324,4 MIla, a 3a Wp = 3,4 I:x —
mo 320,5, 320,9, 323,1 i 322,8; mexxa MimHOCTH 30iJBIIyETLCSI 3a
Wp=1,3 lI:x mo 506 i 507 MIIa, a 3a Wp = 3,4 I:x — mo 502,1, 503,6,
505,8 i 504,9 MIla; BiZzHOCHE MOMOBKEHHS BOLJHOUAC 3MEHIITYETHCS IO
6,8916,81% ta 6,751 6,59% BigmosigHo. IllepcTKiCcTh MOKPUTTSA 3MEH-
mryersest 3a Wp =1,3 % mo 0,8, 0,8, 0,91 0,9 mx™m, a 3a Wp =3,4 [k
—1moR.,=1,2,1,3,1,41i1,5 MKM, ajie CYyIiJbHIiCTE 301IBIITYETHCA.
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