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Modified model of ‘inclusion in the matrix’ is proposed to determine the so-
lute-atoms’ characteristics in a multicomponent alloy at different tempera-
tures. The model allows calculating the effective diameter of dissolved atom
and the effective shear modulus attributed to it for each component. This be-
comes possible with the correct interpretation of the input parameters for
modelling, in particular, with the correct determination of the correction
factors for atomic sizes, shear moduli, and Poisson’s ratios for alloy compo-
nents in a certain temperature range. It depends on the type of crystal lattic-
es of the pure components and the alloy. The same atom in crystal lattices
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with a different co-ordination numbers will exhibit a different size, and the
lattice of a pure component may differ from that of an alloy. Statements
about different shear moduli and Poisson’s ratios, which can be attributed to
atoms in pure components and dissolved atoms in an alloy, if their crystal
lattices are different, are also valid. The effective diameters and shear modu-
li for the dissolved atoms make it possible to determine the temperature de-
pendence of atomic-sizes’ misfits and elastic-moduli misfits. This is enough
to calculate the temperature dependence of the lattice distortion of the alloy.
Using the example of CrCoNiFeMn alloy, it is shown that the distortion de-
termined using the proposed model increases with temperature.

Key words: lattice distortion, solid solution, solute atom, inclusion, matrix,
multicomponent alloy.

3anpomoHoBaHO MOAM(MDIKOBAHUI MOJAENDL «BKJIIOUEHHA B MATPHUIL» IJII BU-
3HAUEHHA XapaKTePUCTUK POSUNHEHUX aTOMiB y 6araTOKOMIIOHEHTHOMY CTOIIi
3a pisHUX TeMmuepaTtyp. Mogesb YMOKINBIIOE Po3paxyBaTu epeKTUBHUN Iis-
MeTep PO3UYMHEHOTO aToMa i ePeKTUBHUMN MOAYJb 3CYBY, IO HOMY IIPUIIUCY-
€ThCH, JJIA KOYKHOTO KOMIIOHeHTa. lle cTae MOKIMBUM 3a YyMOBU HPaBUIBHOL
iHTepmperanii BXifHWX mapaMeTpiB [JIAd MOJAEJIIOBAaHHSA, 30KpeMa, 32 yMOBU
IIPABUJIBHOTO BU3HAYEHHA IIONPABOUYHUX KoedimieHTiB mua posmipis aTowmis,
mMonyaiB 3cyBy Ta IlyaccoHoBux Koe(illieHTiB A KOMIIOHEHTIB CTONY B II€B-
HOMY misima3oHi Temmepatyp. Ile 3a1eXuUTh Bif TUITY KPUCTATIYHUX TDATHUIH
YNCTUX KOMIIOHEHTIB i cromy. OnvH i TOl caMuil aTOM y KPUCTATIYHUX I'PaT-
HUISAX 3 PIBHUMU KOOPAWHAIITHUMHY YMCJIaAMU MaTHUMe PisHuil posMmip, a r'pa-
THUII YUCTOTO KOMIIOHEHTA MOXKYTH BiApisHATHCA Bij KpHUCTAJNiYHUX I'paT-
HUIb cToIry. TakoK crrpaBeinBi TBepA:KeHHA PO pisHi moxyi 3cyBy Ta Ilya-
CCOHOBI KoedirieHTH, AKi MOKHAa BiIHECTH IO aTOMIB y YMCTUX KOMIIOHEHTaX i
PO3UYMHEHUX aTOMIiB y CTOIIi, AKIO IXHi KpucTaniuni rpaTauni pisui. EdQexTn-
BHi IissMeTpu Ta MOZAYJIi 3CyBY POSUMHEHUX aTOMiB YMOYKJINBJIIOIOTH BU3HAYN-
T TeMIEPATypPHY 3aJI€KHICTh HEBiATIOBiZHOCTE! pPo3MipiB aTomiB i HeBixmo-
BifHOCTEH MOAYJiB mpysKHOCTH. I|HOT0 JOCTATHBO IJIA PO3PAXYHKY TeMIIepa-
TYpHOI 3aJjie}XHOCTH AucTopcii Kpucrasmivnmx rpatHuns crouny. Ha npukmazni
crony CrCoNiFeMn moxasaHo, ITT0 AMCTOPCis, BU3HAUEHA 3a JAOIOMOIOI0 3a-
IIPOIIOHOBAHOT'O MOJZEJII0, 3POCTAE 3 TEMIIEPATYPOIO.

KarouoBi ciioBa: aucropcisa rpaTHUIb, TBEPAUII PO3YWH, POIUYMHEHUHN aTOM,
BKJIIOUEHHS, MATPUILA, 0araTOKOMITOHEHTHUH CTOTI.

(Received 1 August, 2025; in final version, 8 August, 2025)

1. INTRODUCTION

Multicomponent alloys are a promising class of materials from the
point of view of engineering applications and, in many cases, represent
substitutional solid solutions [1, 2]. The solid solution strengthening,
i.e., an increase in the yield strength of the corresponding material, is
the result of the fact that there is resistance to the movement of dislo-
cations in the glide plane due to the shear stresses created by solute at-
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oms. The solute atom differs from the atoms surrounding it. This dif-
ference leads to local distortion of the crystal lattice, and this, in turn,
creates stresses. Local distortion changes with temperature, and un-
derstanding the features of these changes is important for determin-
ing the temperature dependence of the yield strength of a material.

Various aspects of solid solution strengthening have been consid-
ered theoretically and experimentally in many works [3—21]. Lattice
distortion and yield strength in multicomponent alloys can be deter-
mined in various ways [22—26]. Characteristics of the distribution of
shear stresses in the glide plane in a solid solution can be calculated
both by direct summation of contributions from many solute atoms
[27, 28] and by using a special statistical method [29]. The main four
parameters of such a distribution are the standard deviation and corre-
lation length of the short-wave component of the stochastic shear-
stress field in the glide plane and the standard deviation and correla-
tion length of the long-wave component of the field. The distribution
of shear stresses is a major factor in modelling dislocation motion in
the glide plane by the method of discrete dislocation dynamics [30, 31].
This simulation, in particular, shows the reality of the sequential ac-
tion on the dislocation motion of the short- and long-wave components
of the shear-stress field, and clarifies the sinusoidal shape of the bulg-
es on the dislocation line, which are formed and disappear under the
action of an external load as well as by means of which the dislocation
itself moves.

Since multicomponent alloys are often used at high temperatures,
the temperature dependence of their yield point is also important. In
many cases, such dependence exhibits an almost constant yield-point
value within the certain temperature range known as the ‘plateau’. In
Ref. [32], the idea was first proposed that the mechanism of ‘plateau’
formation may be associated with an increase in crystal-lattice distor-
tion with increasing temperature. This distortion results from the dis-
placement of atoms in the process of thermal vibrations, which chang-
es the equilibrium position of the atoms and, in particular, leads to
thermal expansion of the material with increasing temperature. In
other words, these displacements, namely, the root-mean-square dis-
placements of atoms from ideal positions in the crystal lattice, lead to
an increase in the distortion of the crystal lattice with increasing tem-
perature.

A solute atom in a solid solution may exhibit characteristics, such as
size, which are different from those it exhibits in the pure metal. The
atom’s environment affects its effective characteristics.

The goal of this work is to develop a model to determine the effective
characteristics of solute atoms in a multicomponent alloy at various
temperatures and to derive the temperature dependence of the average
distortion of the multicomponent-alloy crystal lattice.
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2. CALCULATION ALGORITHMS

As a simple model of a solute atom, we take a sphere (‘inclusion’) in-
serted into a spherical cavity in an infinite block (‘matrix’) of elastic
material [33]. Such a model is schematically depicted in Fig. 1. To de-
termine the effective elastic characteristics of an inclusion inserted
into the cavity, we modify the model by applying a pressure p on the
outer surface of the matrix. An elastic ball with radius ro is inserted
into a spherical cavity with radius r, in the centre of another elastic
ball with radius R. In this case, the following conditions
u,u.,r, —r, <<r,r,r, << R are satisfied, which actually ensure the
‘infinity’ of the matrix. In addition, K’ is the bulk modulus of the in-
clusion in the free state, |’ is the shear modulus of the inclusion in the
free state, v’ is the Poisson’s ratio of the inclusion in the free state; K is
the bulk modulus of the matrix, p is the shear modulus of the matrix, v
is the Poisson’s ratio of the matrix. After inserting the ball into the
cavity, all the elastic displacements obey spherical symmetry relative
to the centre of the inclusion, i.e., only radial displacements are non-
zero. This spherical symmetry is not violated by the pressure p applied
in the modified model on the outer surface of the matrix. The points of
the ball surface have radial elastic displacements u/(7;), and the points
of the cavity surface have radial elastic displacements u.(ro). After in-
serting the ball into the cavity, the surfaces of the ball and the cavity
coincide and create a single spherical surface with radius r;;. According

P
Inclusion v f
N
» e
i e

P
—

I ~

A Matrix

s e X

Fig. 1. The dashed lines show the surfaces of the sphere (larger circle) and the
cavity (smaller circle) in the free state before the sphere is inserted. The solid
line shows these surfaces after the sphere is inserted into the cavity.
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to the analysis given in Ref. [33], the radial displacements of the points
of the inclusion and the matrix will be

u((r)y=Cr, u(ry=Cr*+Cyr, (1)

respectively, where C, C' and C; are the constants, r is the radial co-
ordinate. Then, the radial components of elastic stresses associated
with these displacements will be

o/ (r)=38K'C', o, (r) = -4uCr= + 3KC, (2)

for the points of the inclusion and the matrix, respectively.
For the model shown in Fig. 1, the following conditions must be met:

c,.(R)=-p,
o, (1) = 6,,.(1,), )
Anri[u.(r,) —ul.(r,)] = 8Q,

where the difference in the volumes of the inclusion sphere and the
spherical cavity is as follows:

8Q =4nri(r,—r1,). (4)

Taking into account (1), (2) and (4), conditions (3) can be rewritten
as a set of equations for the constants C, C’' and Cr:

~4uCR™® + 3KC, = —p,
3K'C' = -4uCr;® + 3KC,, (5)
C+Crd —C'rd =3Q / (4n).

After solving set (5), we find that:
_8Krj(,-r) B3K-K) p

C —Ty, (6a)
4+ 3K’ 4u+3K' 3K

o - 4p(rm—r0)/ B 4u+3K'L, (6b)
r,(4p+3K') 4p+3K' 3K

C, = -p/BK). (6¢)

It should be noted that each of the constants C and C’ has the term,
which does not depend on p (i.e., the value of a constant at p = 0), and
the term, which is directly proportional to p. The constant C;is directly
proportional to p and equals 0 at p=0. Usually, the ‘inclusion in the
matrix’ model was considered only at p=0, but taking into account
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non-zero values of p allows us to obtain effective elastic characteristics
of the inclusion, when it is inserted into a cavity within the matrix.
These effective characteristics may differ from the elastic properties
of a ‘free’ inclusion, when it is not within the matrix. If the expres-
sions for the constants are substituted into Eq. (1), we obtain the fol-
lowing expressions for the displacements in the case r=ro:

4u(rm—r0)_4u+3KrL
4p+3K' 4u+3K' °3K’
3K'(r0—rm)_4u+3KrL
4p+3K' 4u+38K' °3K°

ul(ry) = (7a)

(7D)

ur(rO) =

Here, there are also terms, which correspond to p =0 and are directly
proportional to p. Using Eq. (7), it is easy to obtain an expression for
the radius of the inclusion, when it is inserted into a cavity within the
matrix:

3K’r0+4urm_4u+3KrL
4u+3K'"  4p+3K' °3K°

no=rtuln)=r, +u ()=

(8)

The dilation or relative change in volume of an inclusion inserted
into a cavity within the matrix, when pressure p is applied, will be

-r,
A=gl 0 _ D (9)

r.4| K.

ii| p=0 ii

where
K' 4
rl = 8K'r, +4ur, (10)
p=0 4u + 3K’

and K is the effective bulk modulus of the inclusion, when it is insert-
ed into a cavity within the matrix:

3K’ +4ur, K Tl 4u+ 3K

ii (11)
4u+3K 1, r, 4p+3K
r;i =0
Note that —*— = 1 due to the fact that u_,u. << r,,r,,r, , and thus,
rO
4
: KK =K K (12)

K, = K+
41+ 3K 41+ 3K

where f, +f, =1, and 0 < f,,f, <1. These conditions lead to the fact
that the value of the effective modulus K;; always lies between the val-
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ues K and K'.
The relationships between the bulk moduli and the shear moduli will
be as follow:

K' =21+Vv) /[30-2Vv)], K =21+ v)u/[30-2v)], (13a)

K, =20+v,)G, /[3Q0-2v,)], (13b)

where v;; is the effective Poisson’s ratio of the inclusion, when it is in-
serted into a cavity within the matrix, G; is the effective shear modu-

lus of such an inclusion. If we use Egs. (12) and (13), we can derive the
equation

Gii = fuu+fu’l"l’,7 (14)
where
;= 21-2v,)A+v) = a-2v,))A+v)A+V) (15)
o3 +v,)A-v) Y 31+ v,)A-v)A-2V)
The unknown parameter v; can be determined from the condition
1+v 1-v' 1-2v,
+ , = g - ]_ . 16
fot T, 1-v1-2v' 1+v, (16)
In this case, we have
Vii:v+2v—3vv amn
3—4v' +v
and
21 -2v' 1+V
go20o2v) e v (18)
31-v") 31-Vv")

Note that f, and f,r depend only on the Poisson’s ratio of the inclusion
in the free state.

Equations (14), (16), (18) lead to the fact that the value of the effec-
tive shear modulus G;; always lies between the values pand .

Now, it is necessary to interpret the parameters of the ‘inclusion in
the matrix’ model from the point of view of the solute atom. Firstly,
ro=Fkisi/2, where s; is the distance between the nearest atoms (atomic
diameter) in the pure component i, and k&; is the correction factor for
the interatomic distance, which is due to the fact that the same atom in
different crystal lattices with different co-ordination numbers will ex-
hibit different sizes (interatomic distances), and the lattice of the pure
component i may differ from the lattices of the alloy. For example, we
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know about the Goldschmidt’s correction, which allows us to convert
the size of an atom in the lattice of a metallic material with a certain
co-ordination number into the size that this atom would have in a close-
packed lattice with a co-ordination number of 12. In particular, if an
atom in a b.c.c. lattice with a co-ordination number of 8 has a certain
size (the distance between the nearest atoms), then, this atom in an
f.c.c. lattice with a co-ordination number of 12 will exhibit a size ap-
proximately 1.03 times larger. Secondly, rm = s1.t/2, where s1,t is the av-
erage distance between the nearest atoms in the alloy (the average ma-
terial—the virtual matrix-solvent). Thirdly, ri,-o=s./2, where s; is
the effective diameter of the atom of component i, which is dissolved in
the matrix-solvent. In addition, u' = g.G:, u =G, V' = nv;, where G; is the
shear modulus of the pure component i, g; is the correction factor for
the shear modulus, which is related to the fact that the same atom in
different crystal lattices can be assigned a different shear modulus
similarly to different size, G is the shear modulus of the alloy (virtual
matrix-solvent), v; is the Poisson’s ratio of the component i, n; is the
correction factor for the Poisson’s ratio, which is related to the fact
that the same atom in different crystal lattices can be assigned the dif-
ferent Poisson’s ratios similarly to different sizes and shear moduli.
Let us add that v is also the Poisson’s ratio of the alloy (virtual matrix-
solvent).

It should be explained here that an individual solute atom certainly
does not have a real shear modulus and Poisson’s ratio, and the attrib-
ution of these characteristics to such an atom is purely conditional. For
clarity, one can imagine that such elastic properties are possessed by
some virtual material, which has a crystal lattice such as an alloy has
and consists entirely of atoms identical to the solute; nevertheless, this
will be only an approximation. In fact, the shear modulus and Pois-
son’s ratio attributed to a solute atom characterize indirectly its po-
tential for interatomic interaction. The use of elastic characteristics
attributed to a solute atom is successfully used in modelling solid solu-
tions [33, 34].

It should also be added that averaging the corrected atomic sizes of
the components should give us the average distance between the near-
est atoms in the alloy (the average atomic diameter in the alloy). For
the shear moduli and Poisson’s ratios, the only assumption that will be
valid is that the shear modulus and Poisson’s ratio of the alloy should
lie between their respective estimates by Voigt’s and Reuss’s formulae,
which are made using the corrected values of the shear moduli and
Poisson’s ratios of the components. Thus, the following conditions
should be satisfied:

S = 25X, Gy SG <Gy vy SV vy, (19)
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where X; is the atomic fraction of component i (note that the sum of the
atomic fractions of all components is equal to unity), G, = Zi gGX, is

the estimate of shear modulus of the alloy by Voigt,
Gy = 1/zi[Xi/(giGi)] is the estimate of shear modulus of the alloy by

Reuss, v, = ZiniviXi is the estimate of Poisson’s ratio of the alloy by

Voigt, v, = 1/Zi[Xi/(nivi)] is the estimate of Poisson’s ratio of the al-

loy by Reuss.

Note that Gi; and v;; can be interpreted as the effective shear modulus
and Poisson’s ratio of the atom of component i, which is dissolved in
the matrix-solvent, i.e., is surrounded by atoms of other components.

Determination of correction factors k;, g; and n; is a separate task for
each alloy. Here, we show, as an example, a possible algorithm for de-
termining these factors for the Cantor’s alloy CrCoNiFeMn. Let us set
i=1 for Cr, i=2 for Co, i=3 for Ni, i=4 for Fe, i =5 for Mn. Firstly,
this alloy has an f.c.c. lattice, which is close-packed with a co-
ordination number of 12. Secondly, the pure components Co and Ni
have an h.c.p. lattice and an f.c.c. one, respectively, which are also
close-packed with a co-ordination number of 12; thus, we can assume
that the size, shear modulus and Poisson’s ratio for the atoms of these
components will be the same in the lattices of the pure components and
in the lattice of the alloy, i.e., the correction factors k;, g; and n; for
these components will be equal to unity at all temperatures (k2=ks=1,
g2=g3=1, na=n3=1). Thirdly, the pure Cr and Fe components have
b.c.c. lattices with a co-ordination number of 8. Thus, we can assume
that k&; for these components are the same and close to 1.03 according to
the Goldschmidt’s correction (k1 = k4= k). Fourthly, the pure Mn com-
ponent has a special cubic lattice, in which there is no single co-
ordination number; nevertheless, we assume that the correction factor
ks =C:k for its atomic size will be close to the corresponding correction
factors of Cr and Fe, where {, is a number close to unity. When k; and &
are sufficiently close to each other over a wide temperature range, the
temperature dependence of {; can be neglected. Similarly, we can as-
sume that g1 =g41=g, n1=ns=n and g5 =g, ns={.n, where {, is a num-
ber close to unity, the dependence of which on temperature can be ne-
glected, (. is the same for all temperatures, since the temperature de-
pendence of Poisson’s ratio can be neglected. If we set {;, then, we can
find k and ks from the balance Eq. (19) for a given temperature with
known temperature dependences of Siat, S1, S2, S3, S4, and s5. The task of
finding g, gs, n, and n; is more complicated. In addition to selecting ¢,
and (., we must set and solve for each temperature the auxiliary equa-
tions (GV -G)/ (GV - GR) = §G9 (VV -v)/ (VV - VR) = gv , where E_aG and E.aV
determine the exact positions of G and v between the corresponding
estimates according to the Voigt’s and Reuss’s formulae. The parame-
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ters ¢ and &, can take values between 0 and 1. The auxiliary equations
replace essentially inequalities (19). It should be noted that the bulk
modulus and Young’s modulus of the alloy at each temperature must
also lie between their corresponding estimates according to the Voigt’s
and Reuss’s formulae, which are made using the bulk moduli and
Young’s moduli of the components, which are found through the cor-
rected shear moduli and Poisson’s ratios of the components.

Thus, taking into account formulae (10), (14), and the above-
mentioned interpretation of the model parameters, both the effective
diameter and the effective shear modulus of the solute atom of compo-
nent i required to calculate the average distortion of the alloy will be

S = fhatSiae + RS, (20)
where
P 21 -2n,v,)G ;= 1+nyv,)sG 21)
o1 -2nv)G + A+ nv)e G 0 2(1-2n,v,)G + (1 +n,v,)gG,
and
G, =1,G+1.8G,, (22)
where
21 -2n,v, l1+nv,
fG:M, fy = ———————. (23)
31-n,v,) 31-nyv,)
Average distortion of the alloy crystal lattice is defined [27] as
N 2/3
= [Z(n? + aﬁﬁf)Xi] , (24)
i=1

where oy is a constant, which is equal to 16 for edge dislocations [22,
27, 35], 8:=(1/81t)(ds1at/d X;) is the size mismatch of the solute atoms of
component i compared to the atoms of the virtual matrix-solvent, and
n=n/QQ+ 0.5|ni ), M, =1 /G)dG /dX,) is the elastic modulus mis-
match of the solute atoms of component i compared to the atoms of the
matrix-solvent [27]. In accordance with Ref. [22], the parameters 0;
and n; can be calculated as
8, — Sius G -G

5, =21 lat ' =2 1K . 25
i T Spat E G, +G >

To find the temperature dependence of the average distortion y(T)
of the crystal lattices of the alloy, it is necessary to determine 6,(T) and
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Nn«(T) for different temperatures, i.e., to determine s;(T) and G:(T); for
this purpose, it is necessary to use the dependences si(T), s1(T), G«(T),
G(T), and Poisson’s ratios v; (the parameters v; can be approximately
considered independent of temperature).

Next, it is useful to calculate and analyse the temperature depend-
ences of the relative shear modulus G(T)/G(0), the relative average dis-
tortion %(T)/%(0), and the factor «(T) = y(T)G(T)/(x(0)G(0)).

3. RESULTS AND DISCUSSION

To verify the modified ‘inclusion in the matrix’ model for determining
the effective characteristics of solute atoms in a multicomponent alloy,
the CrCoNiFeMn alloy was chosen. The temperature dependences of
si(T), s.a(T), G(T) and G(T) for its individual components and the alloy
itself are described in Ref. [36]. The CrCoNiFeMn alloy is a substitu-
tional solid solution with an f.c.c. lattice. At T=0 K, this alloy has an
average distance between the nearest atoms s..:=0.253 nm, a shear
modulus G=84 GPa, a Poisson’s ratio v=0.25, a bulk compressive
modulus K =140 GPa, and a Young’s modulus E = 210 GPa. The atomic
sizes, shear moduli, and Poisson’s ratios of the pure components at
T=0K are given in Table 1.

To calculate the effective diameter s; of the solute atom of compo-
nent i and its effective shear modulus G; according to formulae (20)
and (22) at various temperatures, it is necessary to determine the cor-

TABLE 1. Atomic sizes, shear moduli and Poisson’s ratios of the pure compo-
nents, correction factors and corrected values of sizes, shear moduli and Pois-
son’s ratios for solute atoms in the CrCoNiFeMn alloy.

i Cr Co Ni Fe Mn
' 1 2 3 4 5
X, 0.2 0.2 0.2 0.2 0.2
siat T=0K, nm 0.252  0.249  0.240  0.248  0.25
G.at T=0K,GPa 110 84 88 87 86
vi 0.21 0.34 0.32 0.29 0.22
kiat T=0K 1.021 1 1 1.021  1.037
gatT=0K 0.879 1 1 0.879  0.87
m 0.642 1 1 0.642  1.284
kusiat T=0K, nm 0.257  0.249  0.249  0.253  0.259
gGiat T=0K, GPa 97 84 88 76 75

nivi 0.14 0.34 0.32 0.19 0.29
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rection factors ki, g; and n; for each temperature. We will do this ac-
cording to the algorithm described above for the CrCoNiFeMn alloy.

Since Co and Ni as pure components have close-packed lattices with a
co-ordination number of 12, we assume that the sizes, shear moduli
and Poisson’s ratios for the atoms of these components will be the same
in the lattices of the pure components and in the lattices of the alloy,
i.e., at all temperatures, ka=ks=1, go=g3=1, and nz=ns;=1. For the
temperature-dependent diameter of the solute atom of Mn, we assume
that {;=1.016 in the entire temperature range considered. That is, we
assume that the correction factor for the size of the solute atoms of Mn
is slightly larger than the factor for the sizes of the solute atoms of Cr
and Fe. Then, k1 = ks=Fk and k5 can be calculated in the entire tempera-
ture range considered taking into account the balance equation for the
dimensions (19), s; and siat, for each temperature (Fig. 2). It is seen that
these coefficients depend weakly on temperature and are very close to
1.03, i.e., to the Goldschmidt’s correction factor (with transition from
co-ordination number of 8 to co-ordination number of 12). This is an
indirect proof of the correctness of such an approach.

Let us also assume that {,=0.99 in the entire temperature range
considered, i.e., the correction factor for the shear modulus of solute
atoms of Mn is slightly smaller than the factor for the shear moduli of
solute atoms of Cr and Fe. This is plausible, since it is logical to associ-
ate a slightly smaller shear modulus with a slightly larger diameter of
solute atom of Mn. For the auxiliary equation corresponding to the
shear modulus, we will assume §;=0.5 that is the best value for esti-

1.1

0.6

1 1 ] 1 1
0 200 400 600 800 1000
Temperature, K

Fig. 2. Dependences of correction coefficients & and g; on temperature for Cr,
Fe and Mn atoms. Gray lines are for Cr and Fe atoms; black lines are for Mn
atoms.
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mating the shear modulus.

Then, g1=g.=g and g5 can be calculated in the entire temperature
range considered using the auxiliary equation, G;, and G for each tem-
perature (Fig.2). These coefficients depend on temperature more
strongly than the coefficients for the atomic sizes and are less than
unity that corresponds to a decrease in the effective shear modulus of
the solute atom relative to the modulus of the pure component. An in-
crease of the atomic size contributes to a corresponding decrease of the
shear modulus. The task of determining n;=n+=n and n; is more diffi-
cult. The parameters (, and &, must be determined, so that the bulk
modulus and Young’s modulus of the alloy lay between their corre-
sponding estimates according to the Voigt’s and Reuss’s formulae at
each temperature. These estimates should be made using the bulk
moduli K" and Young’s moduli E*™ of the components, which are
found through the corrected shear moduli and Poisson’s ratios of the
components: K = 2(1+ n,v,)g,G,/[31 - 2n,v)], E°™ =21+ n,v,)gG,.

In addition, it should be taken into account that the average distor-
tion of the alloy, according to formula (24), at T=0K should be
v =0.094 as calculated in Ref.[36]. Taking into account these condi-
tions, we have {,=2 and §,=0.095. Then, the auxiliary equation for
Poisson’s ratio allows us to calculate the correction factors ni=ns=n
and n; (Table 1).

When all the correction factors are determined, we can calculate the
effective diameter s; of the solute atom of component i and its effective
shear modulus G; according to formulae (20) and (22) at various tem-
peratures (Fig. 3). The temperature dependences s:;(T) and Gi(T) look
qualitatively like the corresponding dependences si..(T) and G(T) for

0.265 100

0.261

8ijs Spge» NIM
=
by
&
bl
olg
9
G, G, GPa
(=2
3

Mn

Co Fe
0.25 Ni G
o 200 400 600 806 1000 40 T T T T T
200 400 600 800 1000
Temperature, K Temperature, K
a b

Fig. 3. Dependences of the distances between the nearest atoms si(T) and siat
(a) and the shear moduli Gi: and G (b) on temperature for the CrCoNiFeMn al-
loy.
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1.8+

x(T)/%(0)

®(T), G(T)/G(0), x(T)/x(0)

G(T)/G(0)

0.2

L] L) L) T L]
0 200 400 600 800 1000
Temperature, K

Fig. 4. Dependences of the relative shear modulus G(T)/G(0) of the alloy, its
relative average distortion y(7)/y¢(0), and the factor «(7) on temperature for
the CrCoNiFeMn alloy. Black lines are calculated in this work; grey lines are
calculated in work [36].

the alloy, but lie above and below the latter. Thus, we can calculate the
atomic-size mismatch and elastic-modulus mismatch of the solute at-
oms of component i compared to the atoms of the virtual matrix-
solvent using formulae (25) throughout the entire considered tempera-
ture range.

Next, according to formula (24), the average distortion y of the
crystal lattice is calculated for various temperatures; then, the relative
average distortion y(7T)/%(0) and the factor x(T)=y(T)G(T)/(x(0)G(0))
are calculated. The temperature dependences of these parameters to-
gether with the dependence of the relative shear modulus are shown in
Fig. 4. It can be seen that the relative average distortion, which is cal-
culated using the effective characteristics of solute atoms determined
using the modified model proposed here, increases with temperature.

In general, complementing the calculations made in Ref.[36], the
modified model allows us to calculate the effective characteristics of
solute atoms in a multicomponent alloy at various temperatures.

4. CONCLUSION

A modified ‘inclusion in the matrix’ model is proposed to determine
the effective characteristics of solute atoms in a multicomponent alloy
at various temperatures. The model allows calculating the effective
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diameter of a solute atom and the effective shear modulus assigned to
it for each component. This becomes possible with the correct interpre-
tation of the input parameters for modelling, in particular, with the
correct determination of the correction factors for atomic sizes, shear
moduli, and Poisson’s ratios for alloy components in a certain temper-
ature range depending on the type of crystal lattices of pure compo-
nents and the alloy. The effective diameters and shear moduli of solute
atoms make it possible to determine the temperature dependences of
the mismatches of atomic sizes and elastic moduli, i.e., to calculate the
temperature dependence of the average distortion of the crystal lattice
of the alloy.
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AHajxiza CTpyKTypHUX 3MiH 3BapPHHUX 3 €IHAHB cTomiB AMr6

C. O. A6pamos, 10. II. Cunumnina”

Kuiscvruil incmumym Hauionaavroi z6ap0dii Yrpainu,

sya. Oboporu Kuesa, 7,

03179 Ruis, Ykpaina

*[Hinpo6cvKuil Oeprcasrull yHiGepcumem HYMPIULHIX CNPAs,
npocnexkm Hayxu, 26,

49005 [uinpo, Yrpaina

AurromiHif0Bi cTOIIM HIMPOKO BUKOPUCTOBYIOTHCA B aBiAIiliHil, aBTOMOOiNb-
Hill, cyqHOOYIiBHINA Ta iHINX Taay3saX IPOMUCIOBOCTHU 3aBAAKU IXHIM BHCO-
KUM MOKA3HUKAM MiITHOCTH 3a MaJIoi MMUTOMOI Baru, KOPO3iifHOi CTiHKOCTHY Ta
Iobpiit TexHoMOriuHOCTI. OZHAK ITiT Wac 3BaplOBaHHA ITMX MATEPisIiB Bim0y-
BAIOTHCA iCTOTHI CTPYKTYPHi 3MiHU, IO MOKYTh BILJIMBATU Ha MeXaHiuHi Ta
eKCILTyaTalliliHi XapaKTepUCTUKY 3’ €THAHHA. ¥ HpoIleci 3BapIOBaHHA aJIIOMi-
HifiOBi cTOMU iAIAI0THCSA BUCOKOTEMIIEPATYPHOMY BIJIUBY, IO IIPUBOAUTH 10
POBYMHEHHS Ta ITOBTOPHOTO BUMIAAIHHA (das, 1110 3MiITHIOE CTPYKTYPY YV TEPMO-
3MiITHEHUX CTOIaX, M0 MOYKJIMBOTO 30iJbITIEHHA 3epHA B 30HiI TepMiuHOrO
BILJIUBY, III0 MOKe IOTipITyBaTH MeXaHiuHi BJIACTHBOCTI, a TaAKOX O0 (opmy-
BaHHSA IEHIPUTHOI CTPYKTYPH Y 3BAPHOMY IIIBi, ITT0 BILIMBAE HA IIJIACTUYHICTD i
MinHicTh 3’emHaHHSa. Uepe3 BHCOKY TeIJIONPOBIAHICTL i IMUPOKUWE iHTepBaJ
Kpucrasisamii amromMiHifioBi cTomu CXWJIBHI M0 rapaumx TpimwuH. AHamisa
CTPYKTYPHUX 3MiH Ja€ 3MOTYy BUABUTH BIJIUB XEMIiUHOTO CKJIaAy CTOIY Ha
CXUJBHICTb IO YTBOPEHHS TPIimuH i opMyBaHHA eBTeKTHUHUX (hasd, AKi Mo-

Corresponding author: Serhiy Oleksiyovych Abramov
E-mail: abramovs706@gmail.ua

Kyiv Institute of the National Guard of Ukraine,
7 Oborony Kyivy Str.,UA-03179 Kyiv, Ukraine
*Dnipro State University of Internal Affairs,

26, Nauky Avenue, UA-49005 Dnipro, Ukraine

Citation: S.0O. Abramov and Y.P. Synytsina, Analysis of Structural Changes in
Welded Joints of AMg6 Alloys, Metallofiz. Noveishie Tekhnol., 47, No. 8: 799-818
(2025) (in Ukrainian). DOI: 10.15407/mfint.47.08.0799

© Publisher PH “Akademperiodyka” of the NAS of Ukraine, 2025. This is an open access
article under the CC BY-ND license (https://creativecommons.org/licenses/by-nd/4.0)

799


https://doi.org/10.15407/mfint.47.08.0799
https://creativecommons.org/licenses/by-nd/4.0
https://doi.org/10.15407/mfint.47.08.0799

800 C. 0. ABPAMOB, IO. II. CHHUIITHA

JKYThH CIIPUSATH PO3BUTKY TPIITUH Y 3BapHOMY IIBi. PO3moim 3aIUIITKOBUX Ha-
IIPY’KEHDb Y 3BAPHOMY 3’€THAHHI MOYKe BUKJIMKATU JOJATKOBIL CTPYKTYPHI 3Mi-
HU, 110 TOHWKYIOTh JOBTOBiUHiCTE BUPOOY; TOMY OyJio 0OpaHO BiKOBi mOKas-
HuUKH y 9 i 13 pokiB. 3a 10TIOMOro0 AOCIiAKeHHA MiKPOCTPYKTYPHU 3IiiCHEHO
OIiHIOBAaHHS Jerpajallii MaTepissy B 30Hi CTOIIJIEHHS IicJid 3BapIOBAaHHS Ta
BILJIUB 3QJIMIIIKOBUX HAIPY’KeHb Ha MMOBIpHiCTH moABM KOpo3ii mix Hampy-
xeHHAM. Kopogifina cTifikicTs 3BapHUX 3’€IHAHD i 3MiHU Yy CTPYKTYpi MaTepi-
SAJIy TiCJIA 3BapIOBAHHSA MOMKYTH IPU3BEeCTH 40 (DOPMYBAHHSA aHOLHUX i KaTox-
HUX JiJISHOK, 10 MIPUIIBUANTYE KOPO3ilo Ta BUNAAiHHA BTOPUHHUX (das, dKe
IIOHWIKYE CTiAKicTh 10 MisKKpHcTaIiTHOI KOpO3ii. AHanisa CTPYKTYPHUX 3MiH
Yy 3BapHUX 3’€THAHHAX aJIOMiHiOBMX CTOMIB € HEOOXiTHOO 3415 IIiIBUIITEH-
HS HAIAHOCTH Ta HOBTOBIYHOCTH 3BAPHUX KOHCTPYKILiii. BoHa yMOMKIUBIIIOE
OIIiHMTH MexaHi3Mu Aerpazariii mMarepisny, OmITHUMisyBaTH PeKUMU 3BapIO-
BaHHSA Ta PO3POOUTH METOIU AOAATKOBOT'O TE€PMOOOPOOIEHH A AJIA O TITIeHH A
eKCILIyaTallifHMX XapaKTePUCTHK.

Karouosi ciioBa: 3BapHi 3’eqHaHHA, CTONY, TEPMIYHWH BIJIUB, CTapiHHA, (hpa-
KTOorpaMa.

Aluminium alloys are widely used in aviation, automotive, shipbuilding and
other industries due to their high strength at low specific gravity, corrosion
resistance, and good processability. However, during welding of these mate-
rials, significant structural changes occur that can affect the mechanical and
operational characteristics of the joint. During welding, aluminium alloys
are exposed to high temperatures that leads to dissolution and re-
precipitation of strengthening phases in heat-strengthened alloys, to a possi-
ble increase in grain size in the heat-affected zone, which can worsen mechan-
ical properties, as well as to formation of a dendritic structure in the weld,
which affects the plasticity and strength of the joint. Due to their high ther-
mal conductivity and wide crystallization interval, aluminium alloys are
prone to hot cracks. Analysis of structural changes allows identifying the
influence of the chemical composition of the alloy on the susceptibility to
cracking and the formation of eutectic phases, which can contribute to the
development of cracks in the weld. The distribution of residual stresses in the
welded joint can cause additional structural changes that reduce the durabil-
ity of the product; therefore, the age indicators of 9 and 13 years are chosen.
Using the study of the microstructure, the degradation of the material in the
fusion zone after welding and the influence of residual stresses on the proba-
bility of stress-corrosion cracking is assessed. The corrosion resistance of
welded joints and changes in the structure of the material after welding can
lead to the formation of anodic and cathodic areas that accelerates corrosion
and the precipitation of secondary phases, which reduces resistance to inter-
granular corrosion. Analysis of structural changes in welded joints of alu-
minium alloys is necessary to increase the reliability and durability of welded
structures. It allows evaluating the mechanisms of material degradation, to
optimize welding modes, and to develop additional heat-treatment methods
to improve performance.

Key words: welded joints, alloys, thermal effect, ageing, fractograph.

(Ompumano 10 keimusa 2025 p.; ocmamoun. gapiaum — 21 mpaeusa 2025 p.)
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1. BCTYII

B maHuii yac icTOTHO 3POCJIO0 BUKOPUCTAHHSA AJIIOMiHIIOBUX CTOIIiB ¥y
TPAHCHOPTHIi, OyIiBeJabHil Ta iIHITUX rayy3AaX MPOMUCIOBOCTH. 3HAUHE
HOIIMPEHHa OTPUMAaJIN aJIOMiHINOBI cTonu, aKi gedopmyoTbesa. Born
OIITMMAJbHO IOETHYIOTH MeXaHiuHi XapaKTepUCTUKHU 3 ONTUMAJIbHOIO
TeXHOJIOTiYHiCTIO 3a TOPiBHAHO HEBUCOKOI BAPTOCTH.

IIi cTonu MarwTh JOCTaTHHO BUCOKY KOHCTPYKIiMHY MimHicTh i mmix-
BUIMEHY MJIACTUYHICTD, IO Ja€ 3MOTY YHUKHYTH KPUXKOT'0 PYHHYBaHHS
JIleTalliB i KOHCTPYKIIiil, IT0 3 HUX BUT'OTOBJIAIOTHCA. ¥ TOU Ke yac, Iid
OUKJIYHUX i JUMHAMIYHNX HaBaHTaKeHb IIiJ 4ac eKCILJIyaTallil Moxke
OPU3BOIUTH 10 Aerpajarlii moBepXHeBUX IMapiB, IO iCTOTHO IIOHUMKYE
JITOBTOBiUHiCTL BUPOOiB 3a paXyHOK BTOMHU Ta cIrpaifoBauusd [1].

AKTyaJlbHUM HAOPAMOM IOJINIIIEHHA eKCIIyaTalliiiHuX BJIACTHUBOC-
Teir € Mogu(iKyBaHHS POOOUMX MOBEPXOHb JaHUX cTOoImiB. HaifibiabIm
IO PEHOI0 MEeTOH0I0 3MiIITHEeHHS IIOBEPXHEBUX IIIaPiB METAaJIiB i CTOHiB
€ IoBepxXHeBa IIacTuuyHa gedopmarisa[2, 3], 30KpeMa B TaKUX MaTepis-
Jax, aK crorn AMr6, akui 3HAHUIIOB IMTNPOKeE 3aCTOCYBaHHS B Pi3HUX ra-
JY3AX IPOMUCJIOBOCTH 3aBAAKHU IIJaCTUYHOCTI Ta rapHiii 3BaproBaHOCTI.

IIim vac momepenuix mociim:xeHs [4] O0yJsIo BU3HAUEHO ¥ 00T PYHTOBAHO
KOHCTPYKIIiI0, MAaTePifAJIN Ta METOLU BHPOOHUIITBA BiTpOeHEPTreTUUHNX
YCTaHOBOK JJI BUKOPHUCTAHHS iX B yMOBaxX 3a0e3meyeHHs HAI[IOHAJIHLHOL
Oesmexu i ooopoun. ToMy IIpoBeAeHHA SOCTiIKEHHI 3 METOIO CIIPUAHHS
PO3pPO0JIeHHIO MAJOIOTYKHbOI BiTpOEHEePreTHYHOI YCTAHOBKH, AKA Oyme
BigmoBimaTi moTpebaM HeBeJUKUX MiAPO3LiJIiB, 30KPeMa CIIOCTEPEKHUX
MIOCTiB, KOMaHIHUX CIIOCTEPEIKHUX ITOCTiB B3BOJ[iB ONIE€PATUBHOIO IIPU3-
HaUYeHHs, POT OIEePATUBHOTO IIPU3HAYEHHS IJId 3abe3eueHHsa 3apany 6a-
Tapeil pagiocTaHIrii, 0€3MiJOTHUX JiTATbHIUX allapaTiB, poOOTH amapary-
pu, cucteMm 3B’ 3Ky Ta iH. migposgisis Hamionansuol reapaii Yxpainu 3
MEeTOIO MHiABUINEHHA eeKTUBHOCTH 3a0e3meueHHs BUKOHAHHS 00MOBUX
3aBIaHb IIiJ yac Bigciui 30poiiHoi arpecii, € ak TyaJabHIIM.

MeTo0 cTaTTi € IpPOBeleHHA aHANi3W CTPYKTYPHUX 3MiH 3BapPHUX
3’eaHaHb cToniB AMr6 micisa 3BapioBaHHS JIOIIaTel BiTpOeHEPreTUYHUIX
ycTaHOBOK. J[J1s mOCATHEHHS BU3HAUEHOI MeTH 0yJIO OKpecieHO OCHOBHI
3aBlaHHA, a caMe: IIPOBeJleHHA aHalisu (G OpMyBaHHA CTPYKTYPHU Y CTO-
max cucremu Al-Mg mig uac crapiHHs; aHaiza CTPYKTYPHHX 3MiH y
3BapHUX 3’€THAHHAX ITiCJIA TPUBAJOro 30epiranHsa (cTapiHHA); IIPOBe-
IeHHA dpaKTorpadivyHOro AOCTiMKeHHA CTPYKTYPHUX 3MiH Y 3BaApHUX
3’¢ THAHHAX IIiCJIA TPUBAJIOTO 30epiranud (cTapiHHA).

2. EKCITEPUMEHTAJIBHA /TEOPETHUYHA METOJJUKA

MeTonuka OOCIHiIKeHHA MoJidATalia y OPoBeleHHI MeTtajiorpadiuHoi,
dpakTorpadgiuHoi, PEHTI'€HOCIEKTPAJbHOI Ta PEHTIeHOCTPYKTYpPHOI
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aHaji3. 3a pes3yJbTaTaMU PETPOCIEKTUBHOI aHaJisW BCTAHOBJEHO, ITIO
crornu Al-Mg He BiIHOCATLCS JO TEPMIiUHO HE3MIiI[HIOBAHUX, OTIKE, He-
CXUJIBLHUX IO CTapiHHsA. AJle JOCIiIyKeHHsS OCTaHHIX POKiB Jaau 3MOry
BCTAHOBUTH MOKJIUBICTL IPUPOAHBLOTO cTapinHa. OCKiJAbKU cTOIHU
AMr6 TpamuiiiHno BUKOPHCTOBYIOTHCA Y BHpPoOAaX, Bil AKMX BUMAra-
€ThCA MigBUINeHAa HALiNHICTL i 30epe:KeHHa MeXaHIUHMX XapaKTepHc-
TUK YIPOMOB:K TPUBAJIOTO Uacy, Ile MUTAaHHA € aKkTyaabuuM. Cronu i3
BMmicTom Maruito y 6% (3a macoro) i Buire, SK OIpaBUJIO, MiCTATH iHTEp-
meranigny dasy MgsAls (B-dasy), 1110 Mae rpaHeINeHTPOBaHY KYOiuHy
I'PATHUIIO, KiJIBKicTh i MopdoJoria AKoi BIJIMBae Ha BJIACTUBOCTI CTO-
miB Tuny AMr6 [5]. 3a pesyabTaTaMu aHaidu AisirpaMHU CTaHY CTOIIiB
Al-Mg, BunimBae, 110 JOCTATHLO 3HAYHA 3MiHA PO3UMHHOCTHU [-(hasu
(Mg;Als) v a-dasi same:xutsb Big remeparypu. Ile moske 3abe3mneunTu B
cromax i3 Bmictom Marwito y 1,4-17,4% (3a macorw) miciid 3arapTyBaH-
HA ogHO(a3Hy CTPYKTYPYy — mepecuuyeHuM TBepauit posuuH. Ilig uac
cTapiHHS Takoro cromy 3a remuepatypu y 200°C BizbyBaeThCs BUiIeH-
HA BUcoKomucmepcHoi hasu MgsAls (B') 3 yIOpAZKOBAHOI CTPYKTYPOIO
IIepeBakHO II0 MeKax 3epeH. Takuii xapaKTep po3naay IIPU3BOAUTE IO
PiBKOro MOHMKEHHSI KOPO3iiiHOol CcTiHKOCTH 3a Ay Ke HeBeJIUKOro 30iJIb-
meHHA MirHOCTH [6]. Lle moB’A3aHe 3 HUBLKUM PiBHEM CIIOTBOPEHb Me-
JKi JacTHHKA BUIIJIEeHb—MATPUIA, a TaKOK HMU3BKOI MIITHICTIO caMMX
YacTUHOK. TaKO0XK IIe SIBUINEe MOKHA MOSACHUTH PeaKTHUBHOIO nu(dysico,
sIKa CYIIPOBOMKYETHCA PYHHYBaHHAM a00 BUHHUKHEHHAM HOBUX Qdaa.
PeakTuBHa nu(pysia 3milCHIOETLCA I Yac BUIIQJAHHS XeMiUHUX CIIO-
JYK y cTomax (cTapinusa) a00 po3uMHEHH IIUX CIIONYK. XapaKTepPHOIo €
HasABHICTh CTPUOKA KOHIIEHTPAIlill y MicI[AX 3iTKHeHH (as.

B Toii ke yac MOKHaA I'OBOPUTU CTOCOBHO CTPYKTYPHOI MeTaIypriiinoi
cuagkoBocT. CaM TepMiH «CTPYKTypHA MeTaJaypriiiHa CIIafKoBiCTb» Po-
3yMiIOTh SIK CYKYIIHICTBL SIBUIIl, IIOB’A3aHUX i3 mepegaveio CTPYKTYPHUX
0COOJIMBOCTEH IINXTH UepPes3 PiAKuii cTaH 4O BUJINBKA, OCKiJILKY IIPUBO-
OUTH IO YABJIEHHS IIPO Te, IO B 3aJIEXKHOCTI Bij ImepemicTopii 3a ogHUX i
THUX K€ TEMIePaTyp i XeMiuHOTO CKJIAAY PO3TOII MOXKe IIepe0dyBaTH B Pis-
HUX CTPYKTYPHHUX CTaHaX, IO, B CBOIO Uepry, HiATBEPAKYETHCSI Po3Ta-
JYKEeHHAM TeMIIepaTypPHUX S3aJesKHOCTel BJIaCTHUBOCTel (TicTepesoro)
[7], omepsxanux mix yac HarpiBaHHA Ta MOTAJIBIIIOTO OXOJIOMKEHHS 3pas-
KiB. HeoiHO3HAYHICTDL CTaHIB PO3TOMIB B yMOBaxX OJTHAKOBUX IIapaMeTpiB
XeMiuHOro CKJIaAy Ta TeMIEepaTyPH CBiIUNTE IPO Te, 1110 6araTo pPoO3TOIIiB
€ HepiBHOBaKHUMHU Ta MeTacTabibHuMu [ 7].

3. PE3YJIBTATH TA IX OBTOBOPEHHSA

3.1. CTpykTypHi 3MiHM Yy 3BapHUX 3’ € THAHHAX ITiCJIA TPUBAJIOTO 30€epi-
raHHAg (CTapiHHT)

VY arocTi mociimHoro MaTepianry 6yJo BUKopucTano 3pasku crony AMr6
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B XOJIONHOKATAHOMY CTaHi, a TAKOMK IicJd cTapiHHA iX ynpomos:x 91 13
POKiB AK y BUXiTHOMY CTaHi, TaK i micJjsa 3BapioBaHHA.

ExcrepuMeHTH TmojArajyd B aHaAJNiI3i CTPYKTYPHUX IlapaMeTpiB
(o6’emua yacTra) B-dasu, ii fucrepcHOCTH Ta piBHOMipHOCTH ii POBIIO-
miny (xoegimienT cymiskmocTn) (Tadi. 1) Ajia XoJIoZHOKATAaHUX 3Pas3KiB
medopmoBaHoro cromy Tuny AMr6 y BuxigHoMYy cTaHi Ta micjas TpuBa-
Jgoro (9-13 pokiB) MPpUPOAHLOTO CTAPiHHA iX 3a KiMHATHOI TeMIlepary-
pu.

KoedimieHT cyMisKHOCTH BU3HAYAJIYN AK YaCTKY CYMAapPHOI IJIOIIL Irpa-
HUYHOI IIOBepXHi maHol (ha3um, PO3JijeHy MiKpodyacTHHKAMHU Tiel K
¢asu, 3a popmMyJa0I0

o Sy "
'S,

e ©Sps — cyMapHa ILI0Ia 3iTKHEHHA MiKPOYaCTUHOK (hasdu MiK c000i0
B ogquHUII 00’emy cromry AMr6; ~Sg — cymapHa morma rpaHUYHOL I10-

TABJIAIA 1. CTpyKTypHi XapakTepucTuku crorry AMr6 micas mpupogHBOTO
cTapinHs.

TABLE 1. Structural characteristics of the AMg6 alloy after natural ageing.

Ne Cran 06’emua yactka |[lucmepcHicTh,| Koedimmieur cy-
3/ 3pasKiB B-daswu, % MEKM MixxHOCTH, -107°
1 Xomonnoxarane, 4,8+0,2 1,1+0,1 0,01
BUXiTHE
g Xonomuoxarame, 5,6+0,1 1,4+0,1 0,01
micaa 9 pokis crapinHA
g XonomHokarame, 5,4+0,1 1,240,1 0,01
micsa 13 pokiB crapinua
3BapHe 3’eTHAHHSI,
micaa 9 pokis crapinHA
4 — OCHOBHUM MeTaJI; 5,7+0,1 1,6 £0,1 0,02
— CTPYKTYypa I1Ba; 11,0+0,1 3,4+0,1 0,01
-3TB 8,6+1,3 4,1+0,9 0,16
— 3TB B obsacTi migBapy 7,9+1,3 3,8+0,9 0,39
3BapHe 3’eTHAHHSI,
micsa 13 pokiB crapinua
— OCHOBHUM MeTaJI; 5,7+0,1 1,6 £0,1 0,11
5 _ crpysrypa msa; 13,0+0,1 4,6+0,1 0,04
-3TB 11,2+1,3 4,6+0,9 0,46

— 3TB B obsacTi migBapy 19,0+0,2 6,2+0,3 0,18
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BepxHi B-hasu B oguHUIi 06°emy crory AMr6. (¥ tabsauni 1 Buropuc-
ToByBajsocAa ckopouenHa 3TB — 3o0Ha TepMiuHOrO BIJIMBY 3BapHOTO
II1BA. )

CTpyKTypHI ImapaMeTpW BU3HAYAJNM 3a DOIIOMOTOI0 aBTOMATHUYHOT'O
crpykTypHOro amasaizaropa EPIQVANT Carl Zeiss (Himeuunna). Pe-
3yJIbTAaTH HABEeAEHO y BUTJIALL ricTorpam Ha puc. 1, 2.

Ha pucynkax 1, 2 cranu 3paska mpejcTasjeHo muppamvu 1-5: 1 —
BUXIiTHIH XOJOTHOKATAHWI cTaH Iricjaa 30epiranus 9 i 13 pokiB Bifgmo-
BimHO; 2 — 3BapHe 3’ € JHAHHA—OCHOBHUI MeTaJI micjas 30epiranaa 9-13
POKiB BigmoBimHO; 3 — 3BapHe 3’€IHAHHSI—IIOB IIicJa 30epiranusa 9-13
PoKiB BixmoBigHO; 4 — 3BapHe 3’¢THAHHA—30HA TePMiUHOT'O BILJIUBY IIi-
cas 36epiramua 9-13 pokiB BigmoBimHO; 5 — 3BapHe 3 ¢ THAHHI—30HA
TEPMiUYHOT'O BILIMBY B 00JIaCTi PYYHOTO ImiAgBapy miciaa 3bepiramasa 9-13
POKiB BimmoBimHO.

@ 9 poxis
B 13 poxis

S

I~
1]

06’emua acTra asm, %
Y
;o

(o]

1 2 3 4 5
Cran spaska

Puc. 1. SanexkHicTb 00’ eMHOI vacTKU (pa3u Bi cTaHy 3pasKa.

Fig. 1. Dependence of the volume fraction of the phase on the state of the sample.

7. @ 9 pokis
56_ H 13 poxis
.5
£ 4]

H
291
B2
Al
0
1 2 3 4 5
Cran 3paska

Puc. 2. SanexHicTb AucmiepcHoCcTH (has3u BiJ cTaHy 3pasKa.

Fig. 2. Dependence of phase dispersion on the state of the sample.
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Puc. 3. 3anexkHicTh eKCIIepUMEHTAIBHOI MIOMUJIKY BiJl CKJIaLy MeTamy.

Fig. 3. Dependence of experimental error on metal composition.

3 MeTOIO OIIiHKIM TOUHOCTH BUMipIOBAaHbL O0YJIO IIPOBEAEHO KOMILIEKCHEe
IOCJiMKeHHs TPhOX 3pasKiB cromy AMr6 3 BU3HAUEHHAM XEMidHOTO
CKJany MarTpulli Ta HagaumkoBux (as (C;) MeTomoM MiKpPOpPeHTI'eHO-
CIeKTPaJbHOI aHaNMi3u Ta iXHiX 00’emHUX yacTok (V;). CymapHy eKcie-
pUMeHTaJIbHY MOMUJKY (E) BU3HAUYAIN SK PiKHUIIO MisK PO3paxyHKO-
BOIO KOHIIEHTPAIIi€I0 eJIeMEeHTY B CTOIIL Ta il cIpaB:KHIM 3HAUYEHHAM 3a
pesysabTaTamu xemiunoi aHanisu (C,):

E-= %100% . (2)

o

O06pob6IeHHS oflep:KaHUX TaHUX IIOKAa3aJjo, 0 cyMapHa IIOMUJIKAa BU-
3HAYAETLCS YMCJIOM KOMIIOHEHTIB CTONY Ta oro (a3oBUM CKJIAIOM i He
nepeButye 4% BimzHOCHO (puc. 3).

Axricuy merasorpagiuny amanaisy Ta ororpad)yBaHHS 3pasKiB Ipo-
Boamyu 3a momomoroio Mikpockoma OPTOM AXIOMAT [13]. Mikpo-
CTPYKTYpa XOJOZHOKATAaHOro 3paska cromy AMr6 aBise cob0i0 OpieH-
TOBaHiI B HAIIPAMKY IPOKATYBaHHS 3epHA TBEPJOTO PO3UNHY 3 HEBEJIN-
KO0 KiJbKicTi0 HamJauIIKOBOI dasu (puc. 5, a). 3ajle;KHiCThL eKcIIepu-
MEHTAaJIbHOI MOMUJIKY BiJl CKJIAAY CTOIIY IIPEJCTABJICHO Y BUTJIAIL KBaJ-
patuunol QYHKII y=a+bx+cx? 3 xKoedimienramu a=0,21868132,
b=0,47156177,¢c=0,085181485.

CTpyKTypHa aHaJiza He BUABMJA BidyaJbHUX BigMiHHOCTEH i3 BUXi-
ITHUM CTaHOM, IIPO IO CBiJUaTh pe3yabTaTu IIOPiBHAHOI aHAJJIi31 MiKpO-
CTPYKTYD, HaBeleHUX Ha puc. 4.

KinekicTh HiIAHOK, IO MAIOTh CXUJILHICTE M0 IMOTATIBLIIOT0 KPUXTY-
BaHHsA, He BUABJIEHO, a caMe, He BUABJIEHO ()OPMYBaHHS Oe3IIepepBHUX
3ePHOMEXKOBUX IIPOILIAPKiB i mepebiry mpoiieciB KoaJjieciieHITil Ha InIII-
KO0BOi [-(ha3u, OCKiIbKY TaKe He IPUSBOAWJIO A0 BUANMUX CTPYKTYPHUX
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Puc. 4. Crpyxrypa merany AMr6: suxiguwmii cran, x 500 (a), micasa npupogubo-
ro crapinaa 9 pokis, x 100 (6), micia npupomsasoro crapiaua 13 pokis, x 500

(8).

Fig. 4. Structure of AMg6 metal: initial state, x 500 (a), after natural ageing
of 9 years, x 100 (6), after natural ageing of 13 years, x 500 (8).

amin. OT:Ke, CTPYKTypa BUXiTHUX 3pas3KiB i 3paskiB, BigiOpanux micuas
36epiranasa ynpomoB:k 9—13 pokiB, Mae He3HAUHI 3MiHH.

3a pesyJibTaTaMU PEHTI'€HOCTPYKTYpPHOI aHarisu -dhasa Mae cTexio-
meTpuuHy hopmyay MgsAls (puc. 5).

BigMiHHICTL IPOABISETLCS JUIIE Y HE3HAYHOMY CTapiHHI cTOomy (He-
BeJImKe 301ybIeHHA 06’ eMHOI wacTKu B-hasu Ta ii posmipy). OgHak cra-
PiHHA He NPHUBOAUTL A0 KOAJIeCHEeHIIil HaAJIuITKOBUX (a3 uu (hopMmy-
BaHHA Oe3mepepBHUX 3ePHOMEKOBUX HIpOINTapkiB. BcramoBieHo, II0
OPOAYKTHU PO3Naay TBEPJOT0 PO3UUHY CHPUAIOTHL MisKKPUCTATITHIN KO-
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Puc. 5. Pearrenorpama crory AMr6 y Buxignomy crasi.

Fig. 5. X-ray diffraction pattern of the AMg6 alloy in the initial state.

po3ii Ta KOopos3iiiHOMY PO3TPiCKYBAaHHIO IIiJ HAIPY:KEHHAM OCOOJUBO B
arpecuBHHUX cepemoBuIiax [8].

MoskHa IPUIYCTUTH, 1[0 O1JIBIIIO0 MipOI0 BUAiIeHHA HALJIUIITKOBUX
das3 mig yac OpUPOTHBOTO CTApPiHHA ITO3HAYAETHCA Ha BJIACTHUBOCTAX
3BapHUX CHOJYK cTorry AMr6. Ile mosicHIOETHCA BiTHOCHOIO KPYITHO3€EP-
HHUCTICTIO Ta JIKBAIlilfHOI0O HEOAHOPiMTHICTIO MeTaJy IIIBa, a TaAaKOXK JIO-
KaJbHUMH HAIPYKEeHHAMM B 30Hi 10T0 TEPMiUHOT'O BILJINBY.

TexHOJIOTisA 3BAPIOBAILHOTO BUPOOHUIITBA SABJAE cOO0I0 MiKpomera-
JYPrifo, ssKa BKJIIOUAE TOILIEHHS METAJIy 3a AOIIOMOTOI0 eJIeKTPHUYHOI
Iyru abo ra30BOro HaJbHUKA (3a Ta30BOT'O 3BAPIOBAHHS) Y Pi3HUX 3aXU-
CHUX CEePeIOBUIIAX.

Ilicyg TomIeHHA MeTay BifOyBaeThCA 3aTBEPAiHEA PiAKol MeTaieBoi
BaHHU YacTO 3 Ay:Ke BUCOKMMH ITBUIKOCTSIMHU UYepe3 HeBeJUKi obcaru
PiAVHN Ta BHUCOKY TeIJIONPOBIAHICTL OCHOBHOTO MeTany. BHacaizok
CIPAMOBAHOIO TEILJIOBiABeAeHHA y OiK OCHOBHOT'O MeTaJIy, II[0 3aTBePAiB
y 30Hi IIIBa, YTBOPIOIOTHCS CTOBHYACTI KPUCTAJJIMU, AKi CTUKAIOTHCA Ha
Jginii B menTpi mea (puc. 6).

Ha croromuimiHiil geHsb OIS IMePeBipKU AKOCTH 3BAPHOTO 3’€THAHHS
BUKOPHUCTOBYIOTh CyUYacHiI METOAM KOHTPOJIIO, AKi He PYHHYIOThH BUPOOU
— PEeHTI'€HiBChbKi, yJIbBTPa3BYKOBi, MAarHeTHi, JIIOMiHeCIIeHTHi Ta iH.

OpHaK MaKpPOCTPYKTYPHA Ta MiKPOCTPYKTYPHA aHaJIi3u MOMKYTh Ja-
TH HaNOLJLII IIMPOKE YABJEHHS IPO CTPYKTYPY Ta JedeKTH 3BapHOro
3’eguanHsd. [licaa maBiaenHa Ta CyNIIiHHS 3pa3KiB HaBiTh Imix yac Bisya-
JIBHOT'O OTJISIAY ITOBEPXHi MaKpoILIipa 3BapHOro 3’¢THAHHSA MOKHA BHU-
SIBUTH CTPYKTYPY, HaBeIeHy Ha puc. 7.
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Puc. 6. Sarsepaiuns msa: x 250 (a), x 700 (6).
Fig. 6. Seam hardening: x 250 (a), x 700 (6).

Puc. 7. Cxema MaKpOCTPYKTypU 3BAPHOTO 3’€JHAHHS: OCHOBHUIT MeTaJ (1), Ha-
Tonsenui meraJ (2), 3oHa TepmiuHOro BIuBY (3) [9].

Fig. 7. Scheme of the macrostructure of a welded joint: base metal (1), weld
metal (2), heat-affected zone (3)[9].

CTpyKTypa MeTajJy B HO3MOBKHBOMY Ta IIOINEPEUHOMY HaOpPAMEKAaX
niono AedopMalliitHoro BIJIMBY Ma€ DPiBHOMipHO AedopMoBaHi 3epHa
TBEPAOr0 PO3UMHY; iCTOTHOI aHi30OTPOIIii, AKa BIJINBAE HA MOKJIMUBICTD
HNOHMKEHHA MeXaHiuHMX BJIACTHUBOCTEHM 3pasKa, IIiJ Jac IpoBeIeHOl
aHaJIi3y BUABJIEHO He 0YJIO.

CrpyKTypa OiJSHOK 3BApIOBAHHS PI3HOTOBIIMHHUX JUCTIB (AKi Ma-
IOTh 3MIiHHUH IIepepis i pisHi cTymeHi 00THMCHEHHS IIig yac ILIaCTUYHOI
medopmarlii) mpaKTUYHO igeHTHYHA i He Mae TPillUH, HMOB’SI3aHUX 3i
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CTapiHHAM CTOITY.

Ilig yac 3BapioBaHHA HeMUHYYe HAarpiBaHHs OCHOBHOT'O METAJy y 30-
Hi, ITTO0 IpUMJIATAE OO0 3BAPHOrO IMIBa, IO TeMIepaTryp, OJU3bKUX A0 TeM-
mmepaTyp TOILJIEHHS, ITI0, B CBOIO UEpPry, MOKe IIPUBECTU 0 3POCTAHHSI
3epeH i moaBu iHIMUX nedeKTiB. Ili cTPyKTYypHI 3MiHM B OCHOBHOMY Me-
TaJli IPUBOAATE A0 YTBOPEHHA HEPiBHOMIDHOCTHY BJIACTUBOCTEM 3BapHO-
T'o IITBA.

Amnajiza cTpyKTypH 3BapHOTro 3’€qHAHHS IO IIepepidy BUPOOY IIiciisd
9-13 poKiB cTapiHHA ITOKA3y€e BilCYTHICTh MAKPOCKOIIIUHUX He()eKTiB.

CrpykTypy 3BapHoro ImiBa (puc.8) mpeacTaBIeHO PiBHOBicHUMU
BKJIIOUEHHAMM HAIJUINKOBOI (padu, CXMJBHOL A0 cerperarrii y mMikBic-
HUX 00JIaCTAX MIEPBUHHUX TEHIPUTIB.

Bruarouenns -dasu (MgsAlg) 3mauno 6iabi, HisK v 1edopMoBaHOMY
MeTaJIi, IpoTe ii KoaJIeCcIleHIril Ta 3epHOMEKOBO1 OpieHTAIlil He BUABJIE-

Puc. 8. CrpykTrypa 3BapHoro mBa crony AMr6 micia mpupogHbLOTO CTapiHHA,
x 500: 9 pokis (a), 13 poxkis (0).

Fig. 8. Structure of the weld of the AMg6 alloy after natural ageing, x 500:
9 years (a), 13 years (0).
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HO.

3a aBTOMATHUYHOTO 3BapIOBaHHSA I ONTUMAaJbHUX 3HAUYEHL HOTO IIO-
TOHHOI eHeprii 30Hy TepMiUHOI0 BILIMBY IPEACTABJIEHO AeIo O0iJIbIIoI0,
TIOPiBHAHO 3 MeTaJioM ITBa, KijabKicTio fB-hasu (MgsAls), 1110 BUABISAE
IesIKy TeHIEeHIIiI0 10 TeKOpyBaHH 3epeH (puc. 9).

IIpoTe 3epHOME:KOBiI BUIiJIEHHA MAaIOTh (pparMeHTapHUU XapaKTep.
Ax 6aunmo Ha puc. 9, y 30HI TepMiUHOTO BIIMBY ITTBa HA MeXKi 31 3Bapio-
BAJILHOIO BAaHHOIO CIIOCTEPIiraeThCs YTBOPEHHSA 0e3IepepBHUX ITPOIIap-
KiB B-hasu (MgsAls), 1110 1eKOPYIOTH TIePBUHHI 3epHa. Binbin geransHe
IOCJLMKEeHHS ITUX 00JIacTell IMoKasye, 10 TOBIMHA MijK3ePeHHUX BUIi-
JIeHb HAAJIUINTKOBUX (a3 cAarae 2—3 MKM, IpoTe IPiOHiCTL 3epHAa CTOIY
OOopsa 3 UM He HOPYyINyeThbcsa. PasomM 3 TuM, KiJbKiCTh IiJISTHOK, SIKi
MaOTh CXUJIBHICTB IO IIOAAJBLIIIOT0 OKPUXUYYBAHHS, 301/IbITHIIACS.

Bogmouac y micmax meperpiBy abo pydyHOTO IigBaplOBaHHS CTHUKIB
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Puc. 9. CrpykTypa 30HU TepMmiuHoro BuiauBy irBa crorny AMr6 miciasa npupon-
HBOTO cTapiuud, X 250: 9 pokis (a), 13 pokis (0).

Fig. 9. Structure of the heat-affected zone of the AMg6 alloy weld after natu-
ral ageing, x 250: 9 years (a), 13 years (0).
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Puc. 10. CrpykTypa 30HU TepMiuHOTO BOIUBY IrBa crony AMr6 micas npupos-
HBOT'O CTapinHda (pyuHUi nigsap), x 250: 9 poxkis (a), 13 poxis (6).

Fig. 10. Structure of the heat-affected zone of the AMg6 alloy weld after nat-
ural ageing (manual underwelding), x 250: 9 years (a), 13 years (6).

(puc. 10) maTL Micile JOCTAaTHLO IIPOTSAMKHI 3€pPHOMEIKOBI BUIiJIeHHS,
30HA PO3TAIITyBAHHA AKUX € IapaJIeIbHOI0 HAIIPSIMKY 3BapIOBaHHS.
IopyIieHHA CYIiJBbHOCTH MAaTEPiAIYy Ta MiKPOTPIIIUH BUABJIEHO He
0yJio, IPOTEe 3EPHOMEYKOBE PO3TAIIyBaHHA [-(hasy CTAHOBUTH SHAUHY
Hebe3lMeKy, TOMY IO 3 HOJAaJbIIUM TPUBAJIUM 30epiranuaM BUPOOiB
MOKJIMBe MeXaHiuHe Ta KOpo3iiiHe po3TpickyBauua meraay [9-11].

3.2. ®pakTorpadiune TOCIiIKEeHHA CTPYKTYPHUX 3MiH y 3BaPHUX
3’€¢IHAHHAX IiCJIA TPUBAJIOTO 30epiraHHd (CTapiHHSA)

dpaxTorpadivaa aHariza IMOBEePXHiI PyHHYBaHHA — I METOJ OCJi-
IJKeHHA, AKUH BUKOPUCTOBYETBHCA AJI BUBUEHHS MeXaHi3MiB pyUHY-
BaHHS MaTepPidAJiB MIJIAXOM aHAJi3W IXHiX MOBEPXOHb. PparTorpadisa
YMOJKJIUBIIIOE OJIePKaTH BaKJIUBY iH(opMaIliio IIpo TPUYNHU Ta XapakK-
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Tep IOMIKOIMKEeHHS, BUABUTH Ae(deKTH B MAaTepidyai ¥ OIiHUTH iXHIiH
BILJIUB Ha MiIHiCTB i HamifiHicTh KOHCTPYKIiti. @paKTorpadiuna aHai-
3a MOBEPXHiI PyHHYBaHHSA IIPOBOAMJIACS 3 3aCTOCYBAHHAM PaCTPOBOTO
eJIEKTPOHHOr0 MiKpockoma JSM-35 dipmu Jeol (Amonis).

BuBuennsa Ta dororpadyBaHHS 3pasKiB MPOBOAMJIU I Yac pobOTHU
PacTpoOBOTO €JIEKTPOHHOTO MiKPOCKOIA B PEKMMi BTOPHUHHOIL €JIEKTPOH-
Hol emicii. KimbKicHi MipaHua mpoBoguIu B pe:xuMi rpadiuHoro meper-
BOpeHHA Bimeocuruany (Y-mMomyJaIlis) 3 MMOZAJBIIOI KOMII IOTEPHOIO
00pob6Koro. Ilig vac anaaisu 3pa3KkiB BUKOPHCTOBYBAJIM ITPUIITBUIIITYBA-
JbHY Hampyry vy 25 kB i kyT Haxuay spaska y 30-60° [14]. Kinbkichi
XapaKTepUCTUKY CTPYKTYPU BU3HAUANU 34 METOANKOIO, SKa BXOIUTD
10 KOMILIEKTY ITPOrpaMHOTO 3abe3IleueHHA aHaIisaTopa 300pasKeHHs.

dpakTorpadiuHa aHajgisa MOBepxXHiI pyWHYBaHHA 3pasKiB 3BapHUX
3’eIHAHL CTOMIIB micasa 30epiraHHa ymupomos:xk 9 Ta 13 pokis moxasaia
3HAUHI 3MiHM y XapakTepi pyHHYBaHHSA 3aJIe’KHO BiJ JIOKaJisaIfii ma-
ricrpajgpHOl TPIIMMHM Ta TEeOMETPUYHUX IMapaMeTpiB 3BapHOTO
3’egHaHHsA. B AKoCTi y3araJbHeHOTO IIapaMeTpa, IIT0 BpaXoBye o0maBa
i YMHHUKYT, OyB o0paHuii 6e3posmipHuii Koedinient K, AKuii mpeacra-
BJI€ cO0OOI0 BiTHOINIEHHS BEJUYMHUN 30HU TEPMIUHOTO BILJIMBY IIIBA IO
TOBIIUHYN BUPOOY, II[0 3BAPIOETHCA.

Diznunnii 3mict Koediiienra K moimAarae B HACTYIHOMY: IIOTOHHA
eHepris 3BapOBaHHs BU3HAYAETHCS IIEePepPisoM AeTaliB, IO 3BapPIOIOTh-
cs; IeperpiB MeTanly y 3BapOBAJLHIN BAHHI 301/ILIITye 30HY TEePMiUHOTO
BILIMBY I1Ba. Takum unHOM, K — KoedimieHT, 1110, 3 O4HOTO 00Ky, Bpa-
XOBY€ reOMEeTPUYHI PO3MipH IIIBa, 3 iHIIIOT0O OOKY, BimoOpaskae meperpis
MeTaJIy B PiIKOMY CTaHi, BeJIMYMHA AKOT'0 B CBOIO UepPry BILJIMBA€E Ha 3a-
KOHOMIipHOCTI cTapiHHA CTOILY.

3a meBesmkux (memnrre 0,03—-0,05) smauens K pyiiHyBaHHS CTOITY Bin-
OyBaeThcA 3a B’SIBKMM MeXaHiZMOM, III0 XapaKTepU3YyEThCA SIMKOBUM
snamoM. PaceTKu 3JaMy AOCTATHBO IVIMOOKI, IO CBIZYNTH IPO 3HAYUHY
IJIaCTUYHY medopMalliio cromy mo iforo pyiuyBamHa (puc. 11). Briro-
YeHHA 3MiI[HIOBaJIbHOI (hasu, 1110 iHil[iI0I0Th pYHHYBaHHA, MalOTh OKPY-
1y (hopMy Ta PO3TAIIOBYIOTHCA Ha MHi aceTok (puc. 11, 0). 3a 3HaUeHb
K =0,08 xapakTep pyiiHyBaHHS He 3MiHIOETLCHA, IIPOTe raubmHAa (dace-
TOK 3MEHINYETbCA, Ta Ha IXHIi¥ MOBEpXHiI NMPaKTUYHO BiACYyTHi ciaigm
CepPHaHTUHHOTO KOB3aHHS, IO CBiTYNTE ITPO MOHUKEHHS IIJIACTUYHOCTH
MaTepiany Ha cTanii fioro pyimaii. ®asa, 1110 3Mil[HIOE, Ha0OyBa€ CTPU-
JKHeBOI ()opMU, a ii BKJIOYEHHS PO3TAIIOBYIOTHCSA 3 IIEBHOIO IIePiommy-
HicTio. IlomasnbIiie 30iabIeHEa KoediienTa K He 3MiHIOE XapaKTePUCTHK
pyfiHyBaHHA, IIPOTE IPUBOAUTHL OO HMOAPiIOHEHHA (aceTOK i 3MEHITTeHHS
ixunoi rymbumaM. Pasza, 0 3MIITHIOETLCA B 00JACTi pyHHYBaHHS, MAae
CTPUIKHEBY OY/IOBY 3 TEHIEHIIi €10 IIEPEeX 0y A0 ILIACTIHUYACTOI MOopdoorii.

3a CHiBBiZHOINIEHHS 30HW TEPMIiUHOIO BIJIMBY 1O TOBIIMHU IIIBA
K=0,15-0,16 coocrepiraerbca 3Mina MexaHisMy pyHHyBaHHSA, 110 BU-
SABJSAEThCA Y (hOpMYyBaHHI 3J1aMy Ha KIITAJT B’ ABKOro Bimkoay (puc. 12).
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Puc. 11. ®paxrorpamu 3BapHOro 3’equanud crony AMr6 is K =0,03: x 540 (a),
x 2000 (0).

Fig. 11. Fractographs of the welded joint of the AMg6 alloy at K=0.03:
x 540 (a), x 2000 (0).

Puc. 12, ®dparkrorpamu 3BapHoro 3’equanns crony AMr6 is K =0,16: x 120 (a),
x 550 (0), x 1000 (8).

Fig. 12. Fractographs of the welded joint of the AMg6 alloy at K=0.16:
x 120 (a), x 550 (6), x 1000 (8).
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Take pyliHyBaHHA XapaKTepuU3yeThCA MEHIIOI0 MJIACTUYHOI Tedop-
Malli€lo 0 3aPOAsKeHH MaricTpaJabHOI TPillMHM IIOPiBHAHO i3 B’ A3KUM
pPyUHYBaHHAM i 3HAYHO IOCTYHAa€EThCA MOMY 3a IMMOKa3HUKaMU eHepro-
emuoctu [12, 15].

3a smauens K =0,20-0,23 y 3;1aMax cIOCTEPiraroThCsa MiKPOSLIAHKI
KBa3UKPUXKOro pyiHyBaHHA (puc. 13), posTalryBaHHS AKUX He Mae€
CTPYKTYpHOI TpuB’aA3Ku. ¥ daceTKax B’A3KOTO0 BiIKOIY, IPUJIETIUX IO
obylacTeil KBasMKPUXKOTO PYHHYBAHHS, BUABIAIOTHCA OPiOHI BKJIIO-
YeHHs, YaCTKOBO 3PYHMHOBaHI IIig dac medopmariii, 1o Mop(oJIOTidyHO
BiIPiBHAOTHCA BiJ BKJIIOUEHb 3MiITHIOBAJIbHOL (has3m.

HinauaKy 3BapHUX 3’€IHAHD 3 IITUTPOKOIO 00JIACTIO TEPMiUYHOTO BILIUBY
IIBa, IO BiZHOCATHCSA, I'OJIOBHUM YMHOM, OO0 MiCIh PYYHOIO HIiJBapy
ctukiB (K =0,30-0,35), B Mikpoo0bsacTaX KBa3UBiAKOJIYy IPAKTUYHO He
MalOTh CJHiJiB CepHaHTHMHHOTO KOB3aHHS abo iHIIMX IPOABIiB momepes-
HBbOI pyHHAIII] Imig yac maacTuuaHOl gedopmairii.

3a Haioiabimoro sHavenusa K = 0,35 y 31aMmax BUABISAIOTLCA JiITHKY
KPUXKOTO BiIKOIy, AKi MalOTh TepacoloniOHy OyIOBY, IO BimoOpaska-
0T cTagii migpocTaHHSA TPIITUHU Ta ii MOJAJBIITOrO CTPUOKOIIOAIOHOTO

Puc. 13. ®pakxrorpamu 3BapHoro 3’equanns crony AMr6 i3 K =0,21: x 100 (a),
x 390 (0), x 800 (8).

Fig. 13. Fractographs of the welded joint of the AMg6 alloy at K=0.21:
x 100 (a), x 390 (6), x 800 (8).
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Puc. 14. ®paxrorpamu 3Bapuoro 3’equanud crony AMr6 is K =0,35: x 100 (a),
x 1000 (6), x 1000 (8).

Fig. 14. Fractographs of the welded joint of the AMg6 alloy at K=0.35:
x 100 (a), x 1000 (6), x 1000 (8).

posBuTky. O6JacTi BiIKOIy MalOTh XapakTepHy mnudepHicTb, a TiJIaH-
K¥ B’SBKOr0 BigKosy — apioHomucnepcHy 60ymoBy. B omHoMy i3 3paskis
TIJIAHKY TEeHIITHOTO BiIKOJy MalOTh BUPaKEeHY iHTEepPKPUCTAJITHY Opi-
eHTario (puc. 14).

Ommak y BCixX BUIIafKaxX 00JIacTi KPUXKOI pyHHAIl MaIu JTOKAJIbHUH
XapakKTep i He MaJiM BU3HAYAJILHOTO BILJIMBY Ha 3apPOAKEHHS Ta PO3BU-
TOK MaricTpaJjbHOi Tpimuuu (puc. 15).

Hasezeni gaHi cBiguaTh Ipo eKCIIEePUMEHTANBbHY 3aJIeKHICTD PO3Mipy
ocepenkiB Bif Koedimienra K. 3 iHmioro 60Ky, 3ajle:XHicTh 06’eMHOI ua-
CTKHU KPUXKOI CKJIAZOBOI BiJ 3Hauens K € MOHOTOHHOIO0. BogHOUAC yacT-
Ka KPUXKOI CKJIAZOBOI JocArae HeOe3MeuHNX 3HAUEeHb 3a YMOBU K y 1O-
"Harn 0,3-0,35.

4. BUICHOBRKH

3a pesyJbTaTaMHi CTPYKTYPHOI aHaJi3u y 3paskax crony AMr6, sicra-
perux 9 pokis i 6inbIlle, He BUSABJIEHO BidyaJlbHUX BimMiHHOCTe! 3 BUXi-
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Puc. 15. SanexHicTh cepesHBOr0 PO3Mipy (paceToK 3jaamy Bin BimHoCHOI mImpu-
HU 30HU TepMiuHOTO BIIUBY (K).

Fig. 15. Dependence of the average size of fracture facets on the relative
width of the thermally affected zone (K).

OHUM CTAHOM JaHMX 3pasKiB. BiAMiHHICTE IIPOABIAETHCA JIHIIE B He-
3HAUHOMY CTapiHHi cTomy (HeBeJIMKOMY 30ijbIlieHHI 06’€MHOI 4acTKU
dasu (34,8 10 5,6%)iii posmipy (31,1 1o 1,4 MKM).

IIpo1iec posmany TBepAOro Po3UMHY 3HAYHO iHTEeHCU(IKYETHCS 3 Ha-
IpiBaHHSM CTOIIY: V SLISHKAaX JIOKAJbHOTO IIePerpiBy CIIOCTEPiraroTheCs
3epPHOMEXKOBi BUIiJIeHHSI HAOJIUNIKOBUX (a3, AKi 3a TpuBaJoro 36epi-
raHHd Ta IOJaJbIIOol eKCILTyaTaIii MoKy Th IPU3BECTH 10 IIepeJ4acHOro
pyliHYBaHHA MaTepidANy y 30Hi TepMiUHOT'O BILJIMBY IITBA.

Haii6inein iHTeHCMBHO HPOIleC CTaPiHHS BiAOYBae€ThCA Y 3BapHUX
3’egHaHHAX cTomry AMr6. Ile mosAcHIOETECA BiTHOCHOIO KPYITHO3EPHUC-
TiCcTIO Ta JIIKBAI[IMHOIO HEOSHOPIAHICTIO MeTaJIy IIBa, a TAKOMK JIOKAJIb-
HUMU HaPy:KeHHAMH B 30Hi1 10T0 TepMiYHOTO BILJIUBY.

BeTaHoBI€HO, IO CTYIIiHB PO3NaZly TBEPAOTO PO3UMHY Ta XapaKTep
posTalryBanHA HAAJUINTKOBUX (a3 3aJeKUTh Bif TeMIepaTypHUX Ia-
paMeTpiB 3BapOBaHHA (30HA PYYHOTO HiABapy). ¥ IpoIleci mocaimsKeH-
HS BU3HAUYEHO TeMIIepaTypHi ImapaMeTpu 3BaplOBaHHS, IT0 3a0e3meuy-
IOTH TEMIEPATYPy PO3TOITY Y 30Hi IITBA.

3a pesyJbTaTaMU TOCJILIKEeHHSI BCTAHOBJICHO KOPEIAIiI0 MijK XapaK-
TEPHUM PO3TANTyBaHHAM i KiJbKiCTI0O HAAJMIIIKOBUX (ha3d y 3BapHUX
3’eIHAHHIX Ta MeXaHi3MOM PYHHYBaHH iX.

Taxum YnHOM, I 3a0e3MeueH A HaJiAHOCTHY Ta JOBIOBiUHOCTH 3BAa-
puux 3’emHanb cromy AMr6 HeoOXimHO peTeabHO HiAOMpPaTH METOMU
3BapOBaHHA U ONITHMi3yBaTH IXHi IMapaMeTpu 3 ypaXyBaHHAM MOXKJIU-
BUX CTPYKTYPHUX 3MiH y 30Hi 3BaplOBaHHA.

Ilicnia mpoBemeHHsA aHAJNiI3W CTPYKTYPHUX 3MiH 3BapHUX 3 €IHAHDb
cromiB AMr6 Tako:X MOMKJINBO 3POOMTH BMCHOBOK ITPO HPaBUJIbHICTD
mizbopy MaTepisaay AJisd BUTOTOBJIEHHS JomaTeil BiTpoeHepreTHuvYHoI yc-
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Kpurepii ekcripec-omiHKH 3HOCOCTIiHKOCTH Ta BTOMM /IeTaJIiB
3 KPUIIi 3 eJIeKTPOiCKPOBUMMY MMOKPUTTAMU

H. B. 3aiinena, [I. C. I'epupuren, C. M. Kenposcbkuii, O. B. ®@inaros

Inemumym memanogisuxu im. I'. B. Kypodiomosea HAH Ykpainu,
oyave. Akademixa Bepnadcvrozo, 36,
03142 Ruis, Yxkpaina

3anpomoHOBaHO KPUTEPiil eKcIIpec-oMiHKY 3HOCOCTiMKOCTY Ta BTOMY JIeTaJIiB 3
KPUIIi 3 eJIEKTPOiCKPOBUMHU MOKPUTTAMU, AKUX OyJI0 PO3po0JIeHo i3 3acTocy-
BaHHAM METOLY AOCIiIKEeHHA MiKPOTBEPAOCTH, IO XapaKTEePU3YIOTh OIIip
IIacTUYHil medopmarii Ta pyHHYBaHHIO JOKAJIbHUX 00’€MiB MaTepiany Ta
YMOSKJIUBIIOIOTH POOUTH BUCHOBKY ITPO CTPYKTYPHI 8MiHU B JOCJIiMKEHUX Ii-
JIAHKAX.

KarouoBi ciioBa: Kpuiisi, MOKPUTTSA, €JIeKTPOiCKPOBe JeTyBaHHA, MiKpPOTBEp-
JIicTh, 3HOCOCTiMKicTh, BTOMA, €KCIIPEC-OIiHKA.

Here, there are proposed criteria for express-evaluation of wear resistance
and fatigue of steel parts with electric-spark coatings, which are developed
using the microhardness method, that characterize the resistance to plastic
deformation and destruction of local volumes of material and allow drawing
conclusions about structural changes in the studied areas.

Key words: steel, coating, electrospark alloying, microhardness, wear re-
sistance, fatigue, express-evaluation.
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1. BCTYII

PizHOMAaHiTHI MeTOAM IIOBEPXHEBOTO OOPOOJIEHHS, IO Oy PO3BUHYTI
OCTaHHIM YacoM, Jai0Th 3MOI'y CTBOPIOBATH HOBi MaTepisjm 3 IIigBHUIIE-
HUMHA eKCILIyaTallifHUMH! BJIACTHUBOCTAMH’. EKcIIyarallis geTrajiB Ma-
IINH Ta iHCTPYMEHTIiB B YMOBaX BAjKKMX HaBaHTAKeHb BICYBa€ BMCOKi
BUMOT'H 0 AKOCTHU IIOBEPXHEBOI'O IIapy, 30KPeMa 0 Horo 3HOCOCTiHKOC-
T Ta BTOMHOI MirfHOcTH. OCTaHHIMM POKaMH IPardyTh 3a0e3IMeunT Ii
XapaKTePHUCTUKU He 00’ €MHUMMU, a IOBEPXHEeBUMHU BJIACTUBOCTAMU MeTa-
JIY, ITII0 PO3IINPIOE CIIEKTEP 3aCTOCYBAHHSA KOHCTPYKITIMHIX MaTePiAJIiB.

OcHOBHIi mepeBaru eJIeKTPOiCKPOBOTr0 CIIOCO0y HaHECeHHSI MeTaJIeBUX
NOKPUTTIB MOJATAIOTh y HacTymHOMY. IIOKpUTTA MaiOTh BEeJIUKY Mill-
HICTH 3YEILNIEHHS 3 MaTePisjJoM OCHOBHM; MOBEPXHi, IO MIOKPUBAIOTLC,
He IOTPe0yIOTEH MOoIePeHbOI IIiATOTOBKM; MOKJINBE HAHECEeHHI ITIOKPUT-
TiB He TiJIbKKM 3 MeTaJiB Ta IXHiX CTOIIiB, a I 3 KOMIIO3UIIIHHUX MaTepi-
saniB. Cuaim momatu, 1o 3a exeKTpoickpoBoro JeryBaHHs (EIJI) mosep-
XOHb HaBiTh HUBBKOIYIIKUX JETAJNiB HeMae moMiTHOI medopmarrii. O6-
gdagaaHag 13 EIJI € mpocTM 3a KOHCTPYKILI€IO Ta 3PYYHUM B 00CJIYTO-
BYBaHHi.

2. MATEPIAJIN TA METOOJUKA ERCIIEPUMEHNTY

OCKiJIbKM eJeKTPOiCKPOBi IMOKPUTTS CTBOPIOIOTHCS IILJIIXOM OaraTopa-
30BOT0 JIOKAJBHOTO BILIUBY, (POPMYBaHHS CTPYKTypu Ta (a30BOTro
CKJIAAY eJeKTPOiCKPOBUX IIOKPUTTIB mepedirac HEOAHOPiAHO.

JocaigyKkeHHA BJIACTUBOCTENM MOBEPXHi IIPOBOAMIU METOIOM BUMIipIO-
BaHHS MiKPOTBEepPAOCTH 3a JOIIoMOrom0 yecratkyBaHHa IIMT-3, 110 ommcye
omip miuacTuyHi nedopmariii Ta py#HyBaHHIO IOBEPXHEBUX YACTHUH Ma-
TePiATy i1 YMOMKJIUBIIIOE POOUTH BUCHOBKHY IIPO CTPYKTYPHI 3MiHU B HUX.

3HaKo3MiHHE HaBAaHTAYKEHHS 3Pa3KiB 3 eJeKTPOiCKPOBUMU IIOKPUT-
TAMU IPOBOANJIN Ha Bibparifimomy eqekTpoauHamiunomy creuni 3EIC-
200 3 6azoro BunpobyBauHa y 107 mukaiB. SHOITYBAHHA IIOBEPXHI 3pas-
KiB BU3HaUaJIM €KCIIPEeCc-MeTO/I0I0 3a JOIIOMOT'0I0 MOAPAIYBaHHS.

3. PE3YJIBTATH TA IX OBTOBOPEHHSA

HaneceHHSA eJIeKTPOICKPOBUX IIOKPUTTIB Ha IIOBEPXHIO JeTaJiB 3 KPHUILi
MIPUBOIUTE 0 MiABUINEHHA TBEPAOCTHU IIOBEPXHEBUX IMapiB BHACJIIIOK
YTBOPEHHA B HUX IIapyBaToi CTPYKTypu (puc. 1), 110 MiCTUTL BeJIUKY
KimTbKicTh TBepaux mucrepcHux das[1].

dopmyBaHHS (Ha3oBOro CKJIALy MOBEPXHEBUX INAPiB BimOyBaeThcd y
JKOPCTKHUX YMOBaX €JIEKTPOiCKPOBOTO BILIMBY. BHCOKi mBuUAKOCTI Ha-
rpiBarHA—-oxogomEeHHA (o 1000 K/c) i manuii yac Brtusy (1073 ¢) 3y-
MOBJIIOIOTh aHOMAaJIbHE MacoIlepeHeceHHs eJIeMeHTiB aTMocdepu Ta Ma-
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Puc.1. CTpyKTypa €IeKTPOiCKPOBUX XPOMOBUX IOKPUTTIB 3a I'IMOMHOIO HA
Kpuri 30XT'CA: micma xewmiumoro miaBaenHa (x70) (a), micaa HoOHHO-
IJIa3MOBOTO 1taBaeHHsA (x70) (0).

Fig. 1. The structure of the chrome-doped layer according to the depth of the
electrospark chrome coatings on 30XI'CA steel: after chemical etching (x70)
(a), after ion-plasma etching (x70) (6).

Tepisaay Jer'yBaJbHOI eJJeKTPOAY B IMTHOMHY IIOBEePXHEBUX IIApPiB, a eje-
MEHTiB, IIT0 CKJIAIAIOTh OiKJIafUHKY, — 3 00’eMy Ha ii moBepxHIO [1, 2].

Sk 3asHavas0CAd, OCKiJIbKHU €JIEKTPOiCKPOBi MOKPUTTSA CTBOPIOIOTHCA
IIIJIAXOM 6araTopasoBOro JIOKAJBHOTO BILINBY, POPMYBaHHS CTPYKTYPHU
Ta (a30BOTO CKJIAAY €JIEeKTPOiCKPOBUX IIOKPUTTIB mepebirae HeoHOPiI-
HO. ¥ 3B’A3KY 3 IUM JJId BUBUEHHSA 3MiHM BJIACTHMBOCTEI IIOBEPXHEBUX
miapiB Kpuns B pesyabrari EIJI Ta momanbiioi ekcinryaraiiii moTpibmi
XapaKTePUCTUKH, 110 YMOKJIUBIIOIOTh €KCIIPECHO CYAUTH IIPO IPOIIECH,
110 BiZOyBalOThCS B JIOKAJNBLHUX 00’eMax maTepiany. ¥ IbOMY BigHO-
IIeHHi ITy:Ke I[IHHUM € MeTO[ OOCJIiIKeHHsI MiKpOTBepAOCTH, IO Xapa-
KTepus3ye OIIip ILIACTHUYHiK medopmalii Ta pyHHYBAaHHIO JOKAJIbHUX
00’eMiB MaTepiamy Ta gae 3MOTy POOMTH BUCHOBKU ITPO CTPYKTYPHI 3Mi-
Hu [3].

IIpoBenmeni mocuaimKeHHsS eJEeKTPOiCKPOBUX IIOKPUTTIB 3 PidHUMH
CKJIaJaMU JIeI'YBaJIbHUX eJIEKTPOJ Ha KPUILAX Pi3HUX KJIaciB moKasasu,
1o B mporieci EIJI Bin6yBaeTncs icrorae (Big 50% mo 180% ) smimuenusa
MOBepXHi merasiB 3 Kpurli (Taba. 1 i 2), 3a BUHATKOM IeIKUX MigTbBMic-
HUX eJIEKTPOJ, IOKPUTTSA 3 AKUX MaooTh Hu3bkuii (10-20%) piBeun
3MIiITHEeHHS.

VY zaraabHOMY BUIIAAKY 3MiITHEHHS 34 €JIEKTPOiCKPOBOTO 00POOIeHHA
oB’sI3aHe, B OCHOBHOMY, 3 YTBOPEHHSAM BEJNKOI KiJIbKOCTH TBEPAUX
das. Ax 6ysa0 mpeacrasiaeno B [1], IOKPUTTSA Ha OCHOBI XpoMy, HiTpUIY
Ta Kapoixy Turany, a TakoK IMOoBTOPHO JerosaHi Kympymom Tta Amromi-
HieM XPOMOBi HOKPUTTSA YTBOPIOIOTH HA ITIOBEPXHI JleTalliB 3 KPUILL HEOI-
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TABJINAIA 1. MikpoTBepAiCcTh €IEKTPOICKPOBUX IIOKPUTTIB HA MiTKJIaTMHKAX
i3 Kpwmii.

TABLE 1. Microhardness of electrospark coatings on steel substrates.

3HaueHHA MikpoTBeproctH, I'Tla

Ckyang e1eKTpoau

cepenHi MaKCHMAaJIbHi MiHiManbHI

Kpunga S0XT'CA, Buxiguna mikporBepaicts — 4,10 I'TTa

Xpom 6,99 9,63 5,66
Xpowm + ITIIIT 7,75 8,80 5,94
Xpowm + Antominiii 6,87 9,34 5,63
Xpowm + Antominiii + ITTIIT 6,60 9,16 5,51
Xpom + Kynpym 4,53 5,74 2,66
Xpowm + Kynpym + ITITIT 4,58 5,56 3,76
Xpom + BpOC 10 (pexxkum 1) 5,00 11,10 1,70
Xpowm + BpOC 10 (pexkum 2) 6,40 18,30 1,70
"HiTpuzg Turany 6,66 18,00 2,60
kapb6ig Turany 4,65 10,20 2,72
kKapb6oHiTpug Turany 9,43 18,80 5,80
TiC+ 20% Ni 8,80 14,05 5,15
TiC + 20% Ni + CrsC, 6,51 14,38 5,38
TauTan 8,72 14,26 5,34
Tauran + Kynpym 6,32 20,10 3,38
cromr Til5K6 11,76 27,91 6,68
croun Til5K6 + Kynpym 7,16 15,60 3,28
Kpunga 45, Buxigua mikporsepaicts — 4,10 I'Tla

Xpom 8,67 12,30 5,35
cron BK6 8,40 11,80 5,20

Kpunga POM4KS, suxigna mikporsepaicts — 5,30 I'lla
"iTpuzg Turany (pexxum 1) 6,68 17,90 3,60
"iTpug Turany (pexum 2) 8,10 18,70 5,90
rapb6ig Turany 8,10 12,80 5,10

HOPiAHY CTPYKTYDPY 3i cBoepigHUM peabedom. PiskHUIlA B piBHI MiKpOT-
BEPAOCTHU eJIEKTPOEPO3iHHNX KpaTepiB i rmagKkux JiaaHoK Misk HuMu [1]
3YMOBJIIOE cIen(PiKy MOBEIiHKY JEeTAaJIiB ITi [ Yac eKCILIyaTalrii.

VY mpoiieci TepTsA IOBEPXOHL Bif0OYBAaETHCA YaCTKOBE PYHHYBAHHS KO-
HTaKTyBaJbHUX MIAPiB, i MPOAYKTU 3HOIITIYBaHHA, B OCHOBHOMY TBepAi
YaCTUHKU CTiHOK eJIEKTPOEepPO3ifHUX KpaTepiB, 3alIOBHIOIOTH HEPiBHOCTI
€JIeKTPOiCKPOBOTO IIOKPUTTA, BAABIIOIOUNCH Y OLJIBIN « M’ AKi» TiTAHKMT
Ta 3MinHOIOUN iX. IIpobiemMy BuAaleHHA OPOAYKTIB 3HOIIEHHS YaCTO
migHIMAaOThL ¥ JiTepaTypi y 3B A3KY 3 BUPIIIEeHHAM Pid3HUX TEXHOJOTiu-
HUX 3aBiaHb. Tak, y poborti [4] mpomoHyeThCcA HAHOCUTH OOPO3EHKI-
HaciyKM Ha IOBEPXHi AeTaJIiB, IO TPYThCA, B TOMY BUOAIKY, KOJU 3a-
CTOCYBaHHSA MacTHJ a0o0 pinmu HeOakaHe. B eIeKTPOiCKPOBUX ITOKPUT-
TAX peabed IMOBEepXHi caM mepenbavae HasSIBHICTD MiCIlb CKUIAAHHS IPO-
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TABJIAIA 2. MikpoTBepicTh i 3MinHeHHS 3pas3KiB i3 Kpuli micid exeKTpoi-
CKPOBOTI'0 JIeT'YBaHHA.

TABLE 2. Microhardness and strengthening of steel samples after electro-
spark alloying.

CepenHi 3HaUEHHA 3MilHeHHA
mikporsepgoctu, I'Tla | moBepxHi Kpuii, %
Kpuna 30XT'CA, Buxigna mikporBepaicts — 4,10 I'lla

Marepian kaToau

Xpom 6,99 70,00
Xpom + ITITM 7,75 89,00
Xpom + Anrominiit 6,87 67,56
Xpom + Amromimiit + ITITIT 6,60 60,00
Xpowm + Kynpym 4,53 10,50
Xpowm + Kynpym + ITTI[T 4,58 11,70
Xpom + BpOC 10-10 (pexxum 1) 5,00 21,95
Xpom + BpOC 10-10 (pexkum 2) 6,40 56,10
HiTpuxa Turamy 6,66 60,24
Kapb6ig Turany 4,65 13,40
KapOouiTpun Tutany 9,43 130,00
TiC +20% Ni 8,80 114,60
TiC +20% Ni + CrsCz 6,51 107,50
Tauran 8,72 112,70
Tanrtan + Kynpym 6,32 54,14
crou Til5K6 11,76 186,80
croun Til5K6 + Kynpym 7,16 74,70
Kpuna 45, Buxigna mikporsepaicts — 4,10 I'Tla

Xpom 8,67 111,46
crou BK6 8,40 109,50

Kpunsz POM4K8, suxigna mikporBepaicts — 5,30 I'lla
HiTpug Turany (pesxum 1) 6,68 26,00
HiTpug Turany (pe:xum 2) 8,10 52,83
Kapb6ig Turany 8,10 52,83

OYKTiB 3HOIEHHS ITiJ] 4YaC TePTs, III0 IIPUBOAUTE 0 IIOJiNIIIeHHI MiI[HO-
CTH IIOBEePXHi JeTaJIiB.

SKImo HaHecTH 3HAUEHHs cepelHbol MikpoTrBepmoctu H.p (Bichk abc-
I¥MC) Ta BiTHOCHOI PisKHUIIL cepeIHBOI MiKPOTBEPAOCTH I BEJIUUYNHU PO-
sruny (Hep. —AH)/H.p. (Bich oparHAT), TO IOKPUTTS 3 TAaPHUM (MaJIM)
dHocoM (TabJi. 3,4) posTamoByOThCSA B obJiacTi mijg Biccoo abcrmuc
(puc. 2). Ha ocHoBi HaaBHUX HaHUX 0yJIO ITOPax0OBAaHO MeJKi 3HaUYeHb ce-
PenHBOI MIiKPOTBEPAOCTH 3aJIEKHO BiJl BeJIMUYMHN PO3KUAY 3HAUEHb Mi-
KporBepaocTu. Ilokasamo, 110 MaTepidan, y AKX BUKOHYETHCS CIIiBBiI-
HOIIIEHHA

1,4<AH/H. < 4,4, (1)
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TABJINIA 3. MikpoTBepaicTs pidHMX 00JaCTel €JIEKTPOICKPOBUX IIOKPUTTIB
Ha KkpuIi 30XTCA.

TABLE 3. Microhardness of different areas of electrospark coatings on
30XT'CA steel.

. H, oBepxHi, I'Tla H, nepexinnoi 3oun, I'lla
Marepian exrexTponu - -

cepen. ‘ MakKc. ‘ MiH. cepefn. ‘ MakKc. ‘ MiH.
Xpom 6,99 9,63 5,66 7,30 13,70 3,67
Xpowm + Asrominin 6,87 9,34 5,63 7,12 9,83 4,21
Xpowm + Kynpym 4,53 5,74 2,66 3,85 4,11 3,60
HiTpuxg Turamy 6,66 32,10 2,60 7,63 14,20 5,38
kapbig Turanmy 4,65 10,20 2,72 5,46 12,90 3,35

BUSIBJISIOTH 3aJ0Bi/IbHI XapaK TePUCTUKY CTYIeHA 3HOIIeHHA (TabJI. 4).

Ha pucynky 3 mpeacrasiaeno rpadik 3ajIe;KHOCTH CTYIIeHA 3HOIIIEHH ST
R Bijx BiHOCHOI PisKHUIII cepelHbOI MiKPOTBEPAOCTH Ta PO3KUAY 3HA-
4eHb MiKpoTBepgocTu. Omep:raHa 3a1eXKHICTh

R=exp(~2,65AH/H.,)-10° (2)

Iae MOXKJIMBICTS ITle 40 IPOBEeIeHHA BUIPOOYyBAHL Ha 3HOIIIEHHS, OI[iHN-
TH 3HOCOCTiHKicTh TOoro UM immoro mokputta Ha Kpurni 30XT'CA, Bumi-
PABIIIU MiKPOTBEPIiCTh IOKPUTTS, BUSHAUMBIIIY 11 cepelHE 3HAYEHHA Ta
PO3KIA 3HAUEHDb, 3aCTOCOBYIOUHN CTATHUCTHUYHEe 00pobOsieHHA maumx. IIix
Yac TeXHOJIOTiYHOTO IIOMIYKY 3HOCOCTIMKUX HMOKPUTTIB IIell MeTOoHd Mae
OesIepeuHi mepeBaru.

IIpoBemenusa BTOMHHX BUIIPOOYBaHbL IIOB’sA3aHe 3 MaTepPiAJIbHUMU,
€HEepreTUYHUMHU Ta YaCOBUMM BUTpPATaAMM: HMiITOTOBKOIO IJA KOXKHOIO
MMOKPUTTA MNapTii 3paskiB cmemisanbHOlI dopmu (e meHmre 15 mTyK) i
BigmpaIiioBaHHAM iX Ha BiOpogmmamiuHOMy cTeHAi. ToMy HasSBHICTHL

TABJINIA 4. Crynins 3HOIIIEHHA TOBEPXHI eTasiB i3 KPUIli 3 eJIeKTPOicKpo-
BUMU IIOKPUTTAMHU.

TABLE 4. Degree of wear of the surface of steel parts with electrospark coat-
ings.

Ne| Marepisit enrekTponu [ToBImuHA IOKPUTT, MEMCTYIIiHb 3HOIIIEHHA, KI'/M®

1 Xpom 10-15 9,0-10°®
2 HIiTpHUI TUTAHY 10-15 9,9-10°10
3 KapOim Turany 10-15 3,4-10710
4 xapGoHiTpum TuTaHy 10-15 7,4-107°

5 menerosana CTt30XT'CA — 1,5-10°8
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Puc. 2. Homorpama 3HaueHb cepeqHbOI MiKPOTBEPIOCTH 3PasKiB 3 eJIEKTPOiCK-
POBUMM MOKPUTTAMU Bifi BiZTHOCHOI PisKHUITI cepegHBOI MiKPOTBEPHOCTH Ta
BEJINUMHU PO3KUIY 3HAUYEHb MiKDPOTBEPAOCTH; KBaApaTUKaMU OOBEIEHO 3HA-
YeHHSA 3PasKiB 3 HUBBKUMU XapaKTePUCTUKAMU 3HOIIEHHA, KPYKKaMu — 3
BHICOKOIO MEKEI0 BTOMMU.

Fig. 2. Nomogram of the average microhardness of samples with electrospark
coatings on the relative difference of the average microhardness and the
amount of dispersion of the microhardness values; the values for the samples
with good wear characteristics are circled by squares; in circles, there are the
values for the samples with a high fatigue limit.

€KCIIPEeCHOT'0 METOIY OIliHKM iCTOTHO IIOJIETIIIYE IIOITYK i pO3poOKYy CKJIa-
Iy eJIEKTPOJIY Ta PEIKMMiB HaHECEHHSA eJIEKTPOiCKPOBUX OKPUTTIB.

4. BUICHOBRKH

1.V 3paskax, Oasg AKUX BUKOHYeThcA HepiBHicTh 1,4 <AH/H. <4,4,
ne H., — cepelHa MiKDPOTBEPiCTh, a i1 po3kug — AH, criocTepiraroTbca
BHMCOKi TOKa3HUKM MesKi BroMmu. MeTox € mMpocTUM, JOCTYIIHUM Y OyIb-
AKif MeTaJsio3HaBUill JabopaTopii Ta He BUMAara€ BUTOTOBJICHHS BeJIU-
KUX IapTiil 3paskis; mocraTHbo HaHecTu 1,5—2cm? eleKTpoickpoBoro
MIOKPUTTSA Ta IIPOBECTH CTATUCTHUYHE OOPOOJIEHHS AIOPOMETPUUYHUX BU-
MiproBaHb.

2. CuisBigmomennsa R=exp(-2,656AH/H.,)-10° qaec MoKIuBicTS 1€ 70
IIPOBEeJeHHA BUIPOOYBaHb Ha 3HOIIEHHA OIiHUTH 3HOCOCTIHKiCTH TOTrO
yp iximoro mokputta Ha Kpuni 30XIT'CA, 3acTocoByOUM CTATUCTHUUYHE
00pobaenHsa maHux. Ilig yac TeXHOJIOTIUYHOTO IIOIIYKY 3HOCOCTIHKHX
TIOKPHUTTiB I[eii MeToM Mae Oe3IlepeuHi mepesaru.

Po6oTy BUKOHAHO B paMKaxX HAYKOBO-IOCIiAHOI podoTu 3 N mep:xpe-
ecrparrii 01220002366 Ta Bimomuoi Temu Ne 111-13 (Ne mep:xpeecTpairii
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Puc. 3. 3anexHicTh cTyneHnda sHoOIIeHHA R meTasiB 3 Kpuli 3 eJIeKTPOiCKPOBU-
MU TOKPUTTAMHU BiJl BiTHOCHOTO POSKUAY MiKpPOTBEDIOCTH.

Fig. 3. Dependence of the degree of wear R of steel parts with electrospark
coatings on the relative spread of microhardness.
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cromry AlSi10Mg Ta fioro autoro anasora (JIB). Bigiuri it aguruBHO BUTOTOBIIE-
Hi 3pasku BigmasmtoBasucsa 3a Temneparypu y 520°C ympomos:x 6 roguH 3 mozaa-
JBINTUM IIIYHUM OXOJOAMKEHHIM Ta YIIPOAOBXK 1,5 ToAWH i3 rapTyBaHHAM y BOIY
¥ HaCTYIHUM IPUPOAHIM abo mMTydYHUM cTapiHHAM 3a TeMueparypu y 150°C yu-
pomosx 10 rommu. PesysbpraTm 3acBiguyioTh 3HaUHi 3MiHM MiKPOCTPYKTypU
(manpukIazm, posMipy Ta MOP@dOJIOTii eBTEKTUYHO-KPEMHi10B01 (hasu), (hasoBOTO
CKJIZy ¥ €BOJIIOIil MeXaHIUHMX BJIACTHBOCTEIN TEPMiuHO 0OpPOOJIEHUX MaTepi-
AJIB TIOPiBHAHO 3 aAUTUBHO BUTOTOBJEHUMM Ta JUTUMHU. Kpim Toro, mMikpo-
CTPYKTypa Ta MiKPDOMEXAaHiUHi BJIaCTHBOCTI MaTepiAiB 3HAYHOIO MipoOio 3aJie-
JKaTh BiJl TEXHOJIOTi1 BUTOTOBJIEHHA — JIUTTA ¥ aAUTUBHOTO BUPOOHUIITBA. 3ra-
IaHi pesXuMYy TepMiuyHOro 0OpPOOJIeHHA M1 YMOB OXOJIOAKEHHA (IIiuHe, rapTyBa-
JIbHE, TOBiTpsAHEe) 6e3mocepeHbO BIIMBAIOTH HA MOPGOJIOTiI0 €BTEKTUYHOTO
KpeMHio Ta KiibKicTh sminHoBanbpuux pas MgaSi, Alis(Fe,Mn)sSiz, FeAlsSiz,
AK Y JUTUX MaTepidiax, Tak i B MaTepisijiax, BUTOTOBJIEHUX aguTUBHO. [loun-
HAIOUM 3 CYIiJTILHOI Meperki eBTeKTUUHOro Si Bim0yBaeThbcs foro hparMeHTalrisd,
¢dopMyBaHHA BKJIIOUEHb Pi3HOI reoMeTpruHOl (hopMU 3 HACTYIIHOIO cdhepoinmaa-
Iieto MUxX BKJIIOYEeHb. JacTuHKY Si B Tepmiumo oopobdaernomy CJIT-crorri € 6imbImn
IpiOHMMY Ta JOJATKOBO c(hepoinm3oBaHMMY IIOPiBHAHO 3 TEPMIUHO 00 pObIeHIM
JINTUM MarepigamoMm. PesyabraTu 1ibOro JOCTiIMKEHHA YMOKINBIIOIOTH KOHTPO-
JoBaTu MexaHiuHi BiaactuBocTi crony AlSi10Mg niisaxom BMOOPY TEXHOJOTii
BUPOOHUIITBA Ta BiAMOBiIHOTO peKUMYy TepMiuHOTO 00poOseHHs. /A 3paska
CJIT y BuximHomy craHi XapaKTepHe HalBUINE 3HAUYEHHA MiKPOTBEPHOCTU Y
1,38 I'T1a, axe smentyetbes no 0,55 I'lla micoa Bigmasy Ta s3poctae 1o 1,12 I'Tla
Iricsia rapTyBaHHA ¥ MITYYHOTO CTapiHHA; A1 JIB-cTomy BuxinHe 3HaUeHHS Mi-
kporBepmoctu y 0,76 I'lla micina ananmoriuamx peskmMiB 0OPOOJIEHHSA CIOYATKY
nmertio aMeHITyeThest 1o 0,74 I'la, micasa woro 3poctae 1o 1,08 I'Tla.

Karouosi ciosa: AlSilOMg, agutuBHEe BUPOOHUIITBO, CEJIEKTHUBHE JIa3epPHe TO-
IJIEHHA, JJUBapHe BUPOOHUIITBO, TePMOOOPOOJIEHHA, MiKPOCTPYKTypa, daso-
BUU CKJIaJ, MEXaHiIUHi BJaCTHUBOCTI.

The effect of heat treatment (at a temperature slightly below the eutectic
one) on the microstructure, phase composition, and mechanical properties of
the additively manufactured AlSi10Mg alloy (fabricated by selective laser
melting—SLM) and its cast counterpart (CT) is analysed. The cast and addi-
tively manufactured samples are annealed at 520°C for 6 hours with subse-
quent furnace cooling, and for 1.5 hours with quenching in water followed by
natural or artificial ageing at 150°C for 10 hours. The results demonstrate
significant changes in the microstructure (e.g., size and morphology of the
eutectic silicon phase), phase composition, and the evolution of mechanical
properties in heat-treated materials compared to those manufactured addi-
tively and by casting. Moreover, the microstructure and micromechanical
properties of the materials are largely dependent on the manufacturing tech-
nology—casting or additive manufacturing. The mentioned heat-treatment
regimes and cooling conditions (furnace, quenching, air) directly affect the
morphology of eutectic silicon and the number of reinforcing phases, namely,
Mg:Si, Alis(Fe,Mn)sSiz, FeAlsSiz, both in the cast and additively manufac-
tured materials. Starting from a continuous network of eutectic Si, fragmen-
tation occurs, forming inclusions of various geometries with subsequent
spheroidization of these inclusions. Si particles in the heat-treated SLM alloy
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are smaller and more spheroidized in comparison with those in the heat-
treated cast material. The results of this study allow for controlling the me-
chanical properties of AISi10Mg alloy by selecting the manufacturing tech-
nology and appropriate heat-treatment regime. For the SLM sample in its ini-
tial state, the highest microhardness value is of 1.38 GPa, which decreases to
0.55 GPa after annealing and increases to 1.12 GPa after quenching and arti-
ficial ageing. For the CT alloy, the initial microhardness value of 0.76 GPa
decreases initially slightly to 0.74 GPa after similar treatment regimes and,
then, increases to 1.08 GPa.

Key words: AlSi10Mg, additive manufacturing, selective laser melting, cast-
ing production, heat treatment, microstructure, phase composition, mechan-
ical properties.

(Ompumarno 21 cepnusa 2024 p.; ocmamoyn. éapianm — 22 aucmonada 2024 p.)

1. BCTYII

JIuBapHi amomiHiioBi cTronu 3 Si i Mg B AKOCTi OCHOBHUX JIET'YBAJILHUX
eJIeMEeHTiB, 30KpeMa, JoeBTeKTuuHuii cron AlSil0Mg, maoTh momipHi
MexaHiuHi BJIACTHUBOCTi, MaJly T'YCTHUHY, XOPOIITY TEeMJIONPOBIAHICTb, HU-
3bKY B’ABKIiCTD IiJ Yac TOILJIEHHA Ta He3HAUHY YCaaKy BUJINBKiB, a TAKOK
BHCOKIi aHTHKOpO3iiiui xapaktepucturku [1, 2]. Croa AlSi10Mg mae Ha-
cTymnHMI xemivnuii ckiaan (% mac.): Al — ocuosa, Si — 9-11, Mg — 0,2—
0,45, Mn — <0,45, Fe — <0,55, Cu — < 0,05, Zn — <0,1, Ti — <0,15.
3aBOAKU JIETKOCTi, MIiIITHOCTH Ta BUCOKill T€XHOJIOTiYHOCTI ITeH CTOII yC-
MiIITHO 3aCTOCOBYETHCA B A€POKOCMIiUHiM, aBTOMOOiIbHilT, aBTOIIEPETrOHO-
Biff, TeILJIOOOMIiHHIM 1 MegUUHIil Taly3aX, e IOTPiOHO BUTOTOBJIATH BU-
COKOMIITHI CHeIlisyri3oBaHiI MeTaJieBi mgeraji CKJIALHOI (OpMH METOLOM
antta. OgHaK CJIif 3a3HAYNTH, 1[0 iCTOTHUMY YNHHUKAMHU, 1110 BILJINBA-
IOTh HA MeXaHiuHi BjIacTUBOCTI JuTUX BUPOoOiB 3i cTromy AlSi10Mg, € xa-
paxTep MopdoJIorii Ta Po3Mip BHUAiIEHb €BTEKTUUHOTO Si, IIT0 KPHCTAJTi-
3yeThed. B [3], HanpukJam, BCTAaHOBIEHO, IO BEJIMKI Ta TOJIYACTi eBTEK-
TuuHi hasu Si iHiIiI00TH TPIIMIHY 32 YMOB PO3TATYBaHHS, IO HOTi PIITYE
MeXaHiuHi BJIACTHUBOCTi. ¥ 3B’A3KY 3 I[UM PO3PO0JIAITHCA HOBi crmocobu
BUPOOHUIITBA I 00PO0OJIeHHs, AKi 3a0e3meuyioTh MOAU(MIKYBAHHA TaKUX
eBTeKTUUHUX (has3 Si A/ MoTinIIeHHs MeXaHiYHNX BJIACTUBOCTEH BUPO-
6iB 3i cromy AlSi10Mg.

106 BupimuTu mpobaeMu, TOB’dA3aHi 3 TPAAUIIIMHUMU IIPOIlecaMu’
JUTBA Ta HITAMITYBAaHHA Y 3aKPUTUX HITAMIIAX, i 3aJOBOJLHUTH IIOCTIiH-
HO 3POCTAal0ui BMMOIM OO BUTOTOBJIEHHS iHAWMBIAYaJIbHUX METaJIEBUX
BUpPOOiB, Aemai Bce OibIlle yBaru y BCbOMY CBiTi IpUIiaA€ThCA agUTH-
BHili TexHoJsorii (AT). 3a gomomoroo AT TpuBHUMipHi IPOAYKTU CTBO-
proioThesa 6e3mocepeIHLO 32 OOUH eTall 3a JOIIOMOT0I0 CICTEMH aBTOMaA-
TH30BAHOT'O IIPOEKTYBAHHS, 3a3BUYAN IIJIAXOM IIOCJIiTJOBHOTO IIOIIAPO-
BOT'0 JomaBaHHA MaTepisaiB. Taka TeXHOJOTiSA iCTOTHO BiApi3HAETHCS
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Big TpamumiiiHoro cy6TpakTUBHOTO BUPOOHUIITBA ((hpesepyBaHHs, 3Ba-
proBaHHA, JUTTA, POPMYBAHHS, KYBaHHS Ta TOKAPHOTO 00pPOOJIeHHA),
sIKe 3aCHOBAHO HAa MeXaHiuHOMY BUAAJIeHHI HemoTpiOHOI yacTuHU MaTe-
piany ans dopMyBaHHA O0akKaHOTO KOMIIOHEHTA CKJIAZHOI reoMeTrpii.
Bognopas nnsa AT-apyKy DOCTYIHI IIJTaCTUKOBI IOJIiMepu, MeTaJau Ta
b6iomarepisam oo [4]. B ocranui poku AT-aIpyK MeTajlaMu CTaB IIOIY-
JAPHUM y 6araTboX rajysdaX, YMOMKJINBIIUYYN OyIyBaTH HaMCKJIAIHi-
11i 3a hopMoIO AeTaJIi, 0COOJIMBO B a6POKOCMiUHill, aBTOMOOLIbHIi, MOP-
CbKill, BifiCbKOBill i MequuHili ranys3ax. MerajieBi maTepidan ojd Takol
TEeXHOJIOTil BKJIIOUAIOTL HeipskaBitiny Kpuiio, cronu Co—Cr, amdmomimi-
110Bi, HiKJIeBi Ta TuTaHOBI cTOoTIM [5—T7].

IlepcunexTusHicTh AT nna BUPOOHUIITBA JEeTAJiB i 3aroTiBoK i3 pis-
HUX KOHCTPYKIIMHUX MaTepidAJiB BU3HAUAETHCA HE TiJbKU CKOPOUEH-
HAM MaTepifdJbHUX Ta €HepreTHYHUX BUTPAT, OCKIJIbBKU 3a TPaTUITiN-
HUX TeXHOJOTi# KoedillieHT BUKOPUCTAHHA MaTePifAay € ZO0CTaTHBO HU-
3bKNM, a ¥ iCTOTHUM ITiABUIIEHHAM BUXOAY HPUIATHOIO IIiJ Yac BUTO-
TOBJIEHHA BUPOOiB i meraniB ckaamuoi dopmu. HoBa TexHojoria mae
3MOT'y CTBOPIOBATH VHIKAJbHI iHKeHEePHI KOMIIOHEHTH 3 iHHOBAIliITHOIO
MiKPOCTPYKTYPOIO Ta XapaKTEePUCTHKAMMU OJd Pi3HUX 3aCTOCYBaHb, Y
TOMY UHCJIi 3 aIFOMiHIIOBUX CTOITiB.

B manuit yac Ha pUHKY aIUTHUBHOTO BUPOOHUIITBA HOIIMPEHUM aJIIOMi-
HilfloBUM MaTepisiioMm € TepMmiuHo sMimaoBaunuii cron AlSi10Mg, sxmit xa-
PaKTepr3y€eTHLCA BUCOKOIO TeXHOJIOTiuHicTIO 3 TouK M 30py AT-1pyRy [8, 9].

3 PO3BUTKOM TEXHOJIOTi¥Ml afUTUBHOTO BUPOOHUIITBA METAJiB, 30Kpe-
Ma TaKuX AK ceJeKTuBHe JaszepHe TomaeHHs (SLM, CJIT), s3’aBumacsa
MOJKJIMBICTHL BUPOOJATH mOeTasi cKJamgHol KoH(piryparlii 3i cromy
AlSil10Mg 6inbin edeKTUBHHUM I yHiBepCcaJbHMM CIIOCOOOM 3aMicThb
TPAOUI[INHUX IIPOIIECiB JUTTS.

ITeit maTepian cTaB 00’€KTOM UMCJIEHHUX JOCIIIMKEHb uepes foro uy-
noBy (opmosminHicTh y mporeci CJIT. Taxa TexHoJOriA agUTHBHOTO
BUPOOHUIITBA YMOKJIMBIIIOE 3MIMCHIOBATH IPAMHUHA OPYK METAJIEeBOTrO
KOMIIOHEHTa 0e3I1ocepelHbO 3 TPUBUMIPHOI CCTEMU aBTOMATH30BAHOTO
npoexTyBanud (CAIIP) miaxoM MIBUAKOTO Ta TOYHOTO TOILJIEHHS IITapiB
MeTaJIEBOTO APiOHOAMCIIEPCHOrO IIOPOIIKY 3a JAOIIOMOTOI0 HOTY:KHBLOTO
JasepHOro npomeHda. Uepes HecTalioHAPHY B3a€MOiI0 JIA3EPHOI'O IIPO-
MeHs i3 mapom moporrky B mporeci CJIT BuHMKae BUCOKUE I'PAi€HT
remneparypu (go 10°°C/m) i Bucoka mMBUAKIiCTE oxonomEkeHHsa (1o 10%—
10%°C/c). Takum umnaOM, mporec CJIT, mi1a AKoro xapakTepHi HaI3BU-
YalHO HIBUAKA KPUCTAJNI3aIlisg Ta BHCOKA MNIBUJAKICTHL OXOJIOIKEHHS,
Ma€ BeJUKWHN MOTeHIiAJ A MOoAu(piKyBaHHs eBTeKTHUYHOI dasu Si B
cronax cucremu Al-Si—Mg. BapiroBaHHAM mapaMeTpiB JaHOIO MPOIECY
MOJKHAa iCTOTHO BILTMBATH Ha MOAPiOHEHHSA eBTEeKTHUUYHOTO Si i Ha omep-
JKyBaHi B pe3yJabTaTi MiKPOCTPYKTYpPHU Ta MeXaHiUHi BJIACTUBOCTI I'OTO-
BIUX KOMIOHEHTIB 3i cromry AlSi10Mg.

YucjeHHI OOCTHiAKeHHA B OCHOBHOMY 30CepeIKeHO Ha BUBYEHHI
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BILIMBY HAa BJIACTUBOCTI APYKOBAaHUX 3Pas3KiB 3 IILOTO CTOITY TAKUX TeX-
Hosoriunux napametpiB CJIT, Ak moTy:kHicTh Jlasepa, MIBUIKICTEL CKa-
HYBaHHA, PO3MIip IITPUXYBaHHA, TOBIIMHA NIapy IIOPOMIKY M opieHTa-
Iidg IPYKY, AKi € Haitbiabmt BuauBoBuMu. KpiM mixoro, 1o mpobiem, AKi
BCe II[e CePHOo3HO OOMEKYIOTHL PO3BUTOK i MAacCIITa0OHE BIIPOBAIKEHHS
AT-BupoOHUIITBA Ta MOTPEOYIOTH MOTANBINTNX €KCIIEPUMEHTAJIbHUX J0-
CJi’KeHb, HaJIe}KaTh TaKi: aHi30Tpomisad MiKpPOCTPYKTYpU Ta MexaHid-
HUX BJIACTUBOCTEI, MaKpojae(eKTH, BKJOUAUYN AedeKTH HEeIIOBHOTO
TOILJIEHHSA, IIOPU, HIEePCTKIiCTh ITOBEPXHI Ta BUCOKUU DPiBeHb 3aJIUIIKO-
BUX HaNpyKeHb po3TATyBaHHA. 11i nepeKTH 3HAYHOIO MipOI0 IMTOHUKY-
IOTh BTOMHY JOBTOBiUHIiCTE MeTajIeBuX BUPOOiB.

B manwnii yac 3aguIIKoBi gedeKTr Ta HAIIPYKEeHHs B OCHOBHOMY yCV-
BAIOThCA MOAJIBIINM TePMiUHMM OOPOOJIeHHAM, AKe Ja€ 3MOTYy 3HAUHO
MOJIOIMINTA KOMILJIEKC MeXaHiYHMX BJIACTUBOCTEH (Me:XKYy IJIUHHOCTH,
MIiITHICThL Ha PO3TAT, IIJACTUYHICTH i JOBroBiuHicTh). OCHOBHY yBary B
ony0OJiKoBaHill JiTepaTypi HPHCBAUYEHO TAKMM TPASUIIMHUM BUAAM
mocT-repmiunoro oopobsenas CJIT-AlSi10Mg, po3pobieHuM AJIs JIUBA-
PHUX CTOIIiB, K TepMiuHe 00p0o0JIeHHs 10 MaKcuMaJabHOI MintaocTu (T6,
mryuHe crapiaHd) [10]), mpupoxue crapinua (T4) [11], 3aaTTa Hanpy-
sxkeHb (TH) i Bixman (O) [12]. BpaxoByiouu 3HAUHY PisKHUITIO XapaKTepiB
TBepAiHHA (IIUKJIM HATPiBaHHA 11 OXOJIOMKEHH), TeMIIepaTypHuX I'pa-
mieutis i mikpocTpykTyp CJIT i 1uBapHoro cromy AlSil0Mg, Tpaguiriii-
Hi BUAM TepMiuHOTO 00p00IeHHA He000B A3K0BO MOMKYTh aHAJOTIUHIM
YMHOM BILIMBATH HA CTPYKTYPY Ta BJIACTUBOCTI BUPOOiB, BUTOTOBJIIEHUX
aIUTUBHUM CIIOCOOOM. SICKpaBUM NPUKJIAIOM TYT € BUKOPUCTAHHA Tpa-
IUIifiHOTO TepMooOpolbeHHA T6, gxe MoKe 3a AeIAKUMU TaHUMU
posm’axiryBatu CJIT-cronr AlSil10OMg. Posyminusa mexanismiB Tepmiu-
HOT'0 BILIMBY Ha CTPYKTYypHO-(ha30Bi ctanu CJIT-marepisanis B 3aiesxHO-
cTi Bim peskumis, ctparerii AT-mpyry, KoH(piryparmii gerami # iHIITIX
YNHHUKIB YMOKJNBUTD I[iJIECIIPAMOBAHO KEePyBaTH MeXaHiYHMMU BJa-
CTUBOCTSMU I'OTOBUX BUPOOiB.

Mertoio mamoi pobOTH € JOCTiAKeHHs BIJIMBY Pi3HUX PEIKUMIiB TepMi-
YHOTO O0OpOOJIeHHS Ha CTPYKTYpPY, PasoBuii ckjaanm i MiKpoMmexamiumi
BiaactuBocTi cromry AlSilOMg, Burororiemoro 3a CJIT- Ta jauBapHOO
(JIB) rexHOJOTiAMM.

2. METOJUKA ERKCIIEPUMEHTY

3pasku cromy AlSilOMg y Burasaai mnDapajieselinena posMipamu
20x10x5 mm (puc. 1, a) Ta ryctumoo y 2,66 r/cM® BUIOTOBJIEHO 34 TeX-
HOJIOTi€I0 CEeJIeKTHBHOTO JIa3€PHOTO TOIJIEHHS MHOPOIIKY Ha HPUHTEPi
Alfa-150D xommanii «AJIT Ykpaian». IIpuHIIMIOBY cxeMy APYKY Ta
TeXHiUHi XapaKTepUCTUKYN BUKOPUCTAHOTO IPpUHTEPa HaBenewno B [13].
K BuxigHMIA MAaTepiss BUKOPHCTAHO C(HEepUUYHUNA IIOPOIIOK CTOITY
AlSi10Mg 3 posmipamu udacTuHOK y xmismasoHi 20—63 mxm. Ilpucrpiit
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Puc. 1. 3oBHimHi# Burian gocaimxysanux 3paskis crony AlSi10Mg, Buroro-
BJIeHUX 3a pisaumu TexHogoriavu: CJIT (a), JIB (0).

Fig. 1. Appearance of the studied AlSi10Mg alloy samples fabricated by dif-
ferent technologies: SLM (a), CT (6).

Alfa-150D 3 posmipom po6ouoro moJa 150x150x180 MM ocHaIlieHO BOJIO-
KOHHUM iTepOiioBUM JIa3ePOM 3 MOBITPAHUM OXOJIOMKEHHAM i HOMiHAJIb-
Hoto mory:kHicTio y 200 Br, mismerpom JiazepHOro mpoMeHd y =45 MKM i
moB:xmHOIO XBIi y 1070 + 2 M. ITapameTpu, BUKOPUCTaHi JJIs BUTOTOB-
JIEHHS 3pas3KiB: IMBUIKicTh ckanyBaHHAa — 500 MM/c, TOBIMHA ITIAPY —
25 MxM i Bigmans mtpuxyBanuasa — 150 mxm. [1a sanmobiramHs OKMCHEH-
HIO BUTOTOBJIEHHSA 3Pa3KiB IpoBOAMIOCA B iHepTHOMY cepemoBuiiii Ar [14].

3a TexuoJoriero JIB spasku cromy AlSil0OMg omep:xaHO JUTTAM Y
KOKinb 3 BigxoxiB cronmy A356.0 (AK7), uncroro aidominito mapru Ab
ra girarypu AlSi20 i AIMg10 mpomucioBoro BupoouunTsa. TomaeHHA
IIPOBOAMJIOCA Y JIaOOPaTOPHIN meui omopy y BajsyHOBOMY Turgi. Jas
NPUTOTYBaHHA PO3TOIY ITUXTa po3MillyBajiacsad BCepeJMHi medi Ta Imoc-
TYIIOBO HarpiBaJjacsa 3 Heio no0 Temneparypu y 750+ 10°C. Hamxi poarom
nepeMillryBaBcsa Ta IIicJid BUAaJeHHA OKCUIHOI ILJIIBKU 3 OBEPXHI 0X0-
JgomxyBaBeda mo 720°C, magami saauBasca y migirpity mo 120°C gopmy 3
Kpuiri. B pesyabTaTi ogep:xaHo BUJMBOK IIUJIIHAPUYHOI (pOpMU AisgAMeT-
pom y 10 mm i BucoTtoro y 100 mm (puc. 1, 6), 3 IKOTO BUpizammcs 3pasKu
TOBIIIUHOIO ¥ 5 MM IJISI HOAAJIBIINX JOCJIiIKEeHb.

XeMiUHMH CKJIaJ IBOX Cepill 3pasKiB BU3HAUEHO METO0I0 PEeHTIeHO-
¢ II00peCcIieHTHOI aHAaJIi3K Ta HaBeJeHo B TabJ. 1.

Mipauuda MiKPOTBEpAOCTH MOBEPXHi IIpoBoAuJiocsa 3a BiKKepcoBorO
MeTo010 3 BuKopuctanuaM npuiaany LHVS-1000Z i3 naBanTa:KeHHAM Y
100 r. 3a BesmumHOIO MiKpoTBepmocTu H, 3 ypaXxyBaHHAM TabJIMUYHUX
sHavenb IlyaccomoBoro koedimienra (v=0,33) Ta wmomyma IOnra
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TABJINIA 1. Xemiunuii ckiaz 3paskis crony AlSi10Mg.
TABLE 1. Chemical composition of AISi10Mg alloy.

Meron Bwict, % Bar.
OoJlepiKaHHdg Al Si | Mg | Fe Mn
CJT  88,065+0,167 10,505+0,1320,718+0,128 0,210+ 0,009 0,502+ 0,012
JIB 88,451+0,264 9,819+ 0,160 0,550+0,2270,726+ 0,010 0,454 +0,08

(E =70TTIa) pospaxoBaHO MeKy ILTMHHOCTH Go: [15], XapaKTepuUCTUKY
miractuuHocTHu 3a FO. B. MinbMazoM Oy, MexKy MiltHOCTH Gs [16], mpy K HIO
medopmarriio € Ta maacTuUHy gedopmairiio €, [17] 3a dopmynamu, SKUX
HaBeneHo B[18].

JocaimxeHHA MiKPOCTPYKTYPH IIPOBEAEHO 3a JOIIOMOIOI0 METAaJIor-
padiuHoro TPMHOKYIAPHOr0 MiKpocKoma iScope 1S.1053-PLMi 3i 36i-
apmmeaHamMu  x200, x500r. [Iaa mporo moJsipoBaHi 3pasKu CTOIY
AlSi10Mg mposasiasaaruz B 1% -Bogaomy posumai HF. Bukopucrano Ta-
KO cramyBaabHUil ejdextpomumuit mikpockon TESCAN Vega3 SBH
SEM 3 eHeproaucuepciiiHuM aHajgisaTopoM. B pemxuMi 3iOMKHU ITOBEPX -
Hi 3pasKiB mpumBuAIyBaJbHa Hanpyra ctaHoBuiaa 20 kB.

[ pEeHTTeHOCTPYKTYPHUX MdOCIHiIKeHb BUKOPHCTAHO IUMPaAKTO-
metrp Rigaku Ultima IV (Bumpominennsa CuK,): iHTepBaa KyTiB —
20 =20°-120°, kpok peecrpaitii — 0,04°, yac BUTPUMKH B TOUI[i — 2 C.
[ aHamisay ofep:KaHUX PEHTI€HIBCBKUX CIIEKTPiB, PO3PAXyHKY PO3-
Mipy objacteit kKorepeuTHoro poscigsuaa (OKP), crymena medopmarrii
KPHUCTAJIUHOI I'PATHUIIL € Ta KiJTbKicHOI (Da30BOi aHAJIi3 BUKOPHUCTAHO
mporpamHue 3abesneuentua PDXL, miskHapogHy 0asy manmx mnudpaxirii
ICDD (PDF-2 (2024)). Kinbricuy dasoBy aHaIisy IpOBeIEHO METOLOIO
RIR (reference intensity ratio), sixa monsarae y mopiBHAHHI BimHOIIIEH-
HS IHTEHCHMBHOCTU HaMOiNBLINT cUIbHUX pedieKciB a3y Ta KOPYHAY B
IXHi# cyMiIli 3 MacCOBUMU YaCTKaMMU.

BusnaueHHsA BeJIMUYNHU HAIPYsKEHDb IIEPIIOro POAY IPOBEIEHO METO-
J010 sin?y 3a 3MiHOIO KyTOBOTO ITOJIOMKEHHS AUDPPAKIiHHOr0 MaKCUMY-
my Al(420) nnsa suavens KyTiB y =0°, —=10°, —-20°, —-30°, —40°. {na sraa-
IKyBaHHA NpodisiB AuPPaKIiiiHX MaKCUMYMiB BUKOPHCTOBYBaJacs
dyuruia Savitzky—Golay, a mnuaa BigoxkpemiieHHAa (GOHY — (QYHKILA
Sonneveld—Vissers. BuzHauenHa KyTOBOI'O IIOJOMKEHH SUPPAKIIIAHIX
MAaKCHMYMiB IIPOBOAUJIOCS Ha OCHOBI 3HAUEHD MOJIOMKEHHS [EHTPY Baru.
OO6po0IeHHA ofep:KaHX HaHUX IIPOBENEeHO 3 BUKOPUCTAHHSAM IIporpa-
mHoro 3abesneuenHs Rigaku residual stress analysis.

Harpisaumusa 3paskiB mpoBoAMJIOCA B Ja00OPaTOPHil Imedi omopy A0 Te-
muepatypu y 520 + 10°C yupooB:k ofgHiel rofuHN; BUTPUMKA 34 I[iel K
TeMIIePATyPHU CKJamaia 6 ToIuH 3 MOJAJBIINM HiYHUM OXOJIOMMKEeHHIM
ab6o 1,5 roguuu 3 rapryBanHaM y Bony. lllTyune cTapinaa ympogos:xk 10
roauH BimdOyBasoca 3a tremmneparypu y 150 + 5°C. [n1a mo3HaueHHS TeX-
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TABJUIA 2. Knacudikaria nuBapuux Al-cromis 3a crangaprom EN1780.
TABLE 2. Classification of cast Al-alloys according to EN 1780 standard.

Cran ITosmauenusa
JIUTTS i THCKOM D
KOKiJbHE JUTTA K
JIUTTA B 000JI0HKOBi hopmMu L
S
F
(0)

JUTTSA B TiCKOBO-TINHUCTY (hOPMY
JUTUHA
BigmaJyieHmii

KOHTPOJBHOBAHO OXOJIOMIKEHUH MiCIa JUTTA
Ta IPUPOAHBO 3icTapeHuit

3arapTOBaHMU Ta IPUPOSHBLO 3icTapeHNH T4
KOHTPOJBHOBAHO OXOJIOMIKEHUH MiCIa JUTTA

Ta MITYYHO 3icTapeHmuil abo mepecrapinmit T5
3arapTOBaHUA i MITYyYHO 3icTapeHmt T6
3arapTOBAaHMM i MITYyYHO HeO3icTapeHM T64
3arapTOBaHMM i MITYyYHO HepecTapinmii (crabdinizoBanmii) T7

HOJIOTiYHOI'O CTaHy aJJIOMiHiMOBUX CTOIiB BUKOPHCTOBYBABCS CTAHIAPT
EN1780 (Ta6xa. 2)[19].

Ilicia BimoxkpemieHHa Bix maatdopmu modyzoBu CJIT-saroriBKu
crorry AlSi10Mg poszaiseHo Ha aBi cepii: mepIry BUKOPUCTOBYBAJIM IJIs
IOCJiIKeHb Y BUXiZHOMY CTaHi, IPYry — IJIA JTOCJIiIKeHb IIiCJA TepMi-
YHOTO O0pOOJeHHs, AKe HPOBOAUJIMN 3a PeKUMaMI, 3a3HAUeHUMHU B
tabJi. 3 (Bigzmosiguo mo cranzapty EN1780). Bunmusku cromy AlSi10Mg
TAKOMK mimmiancs Ha 2 cepii, ogHa 3 AKUX IIiAgaBaacsad TePMiUHOMY 00-
poOJIeHHIO 3a aHAJOTIUHMMMU peskuMamu. IlosHaueHHA IUX 3pasKiB Ta-
KOJK IIpefCcTaBJIeHO B TabJI. 3.

3. PE3YJIBTATH TA IX OBTOBOPEHHSA

3 MeTOIO OI[iHKM BILIMBY T€PMOOOPOOJIEHHS Ha MeXaHIiuHi XapaKTepuc-
TUKY BUXigHMX 3pas3kiB AlSil0Mg npoBemeHo MipsSHHSA MiKpoTBepIOC-
T 3a BiKKepcoM, pe3yIbTaTi SKUX IIPOLIIOCTPOBAHO Ha puc. 2, a 3 ypa-
XYBaHHAM pisHux TexHoJjoriit BupoouurirBa — CJIT i JIB. 3a ogep:xa-
HUMU BeJIUYNHAMU MiKPOTBEPIOCTH PO3PAXOBAHO MEXKY IIJIUHHOCTHU
Go,2, MEKY MIiITHOCTH Os, XapaKTePUCTUKY IIJTACTUUYHOCTHU Oy, HIPYKHIO
nedopmaliiro € i maacTuyHy gedopmailiio €,. Pe3yabTaTy po3paxyHKiB
IIpeACcTaBJIeHO B Ta0J. 4.

s spaska CJIT y Buximmomy crami xapakTepHi HailBUIIi 3HAUCHHA
mikporBepmoctTu y 1,38 I'lla, me:xi mimHoOCTM Ta NIMHHOCTH — V
0,79TTla i 4,15 'TIa BinmmoBigHO, ajJe HaliMeHIIle 3HAUCHHA — Y XapaK-
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TABJINIIA 3. Pexxumu Tepmiuaoro oopobiaenns cromy AlSi10Mg.
TABLE 3. Heat treatment regimes of AISi10Mg alloy.

CeJIeKTUBHE JIa3ePHE TOILJIEHHSA IIOPOLIKY
1 BUXITHUU cTaH CJIT
Bigmas 3a TeMIIepaTyPH y 520 + 10°C yopomoB:x 6 roguH CJIT-O
3 NiYHUM OXOJIOLKEeHHAM
Bigmas 3a remmnepatrypuy 520 + 10°C yopozmos:xk 1,5 ronuu CJIT-T4
3 HACTYIHUM IapTyBaHHAM Y BOLY

Binmau 3a remueparypuy 520 + 10°C yopozmos:x 1,5 ronms 3 rapry-
4 BaHHSM y BOLY 1 HACTYIIHUM IITYYHUM cTapinuam 3a remueparypu CJIT-T6

y 150 + 10°C yupomos:k 10 roguH 3 0X0JIOIKEeHHIM Ha ITOBiTPi

JITBapHE BUPOOHUITBO

[\

5 BUXimHUY cTaH (KOKiTbHE JUTTA) JIB(K)

6 BimmaJ 3a TeMIIePaTyPH Y 520 £ 10°C yupozoB:x 6 rogua JIB-O
3 MiYHUM OXOJIOAKEeHHAM

7 Binmau 3a remneparypuy 520 + 10°C yopozmos:x 1,5 ronua JIB-T4

3 HACTYIHUM IapTyBaHHAM Y BOLY
Bigmas 3a remmnepatypuy 520 + 10°C yopogos:xk 1,5 ronmu 3 rapTy-
8 BaHHAM y BOAY I HACTYIIHUM IITYYHUM CTapiHHAM 3a Temueparypu JIB-T6
y 150 + 10°C yupomos:k 10 roguH 3 0X0JIOIKEeHHIM Ha ITOBiTPi

TePUCTUKHU IIJaCTUYHOCTU. BomHouac mpy:KHs gedopMmallida € MaKCHU-
MaJibHa, a IJIaCTUYHA &, — MiHiMaJIbHA cepe]] yCixX AOCTi?KeHUX CTaHiB.

200

Sgfeegee
2 B B E @ M
=
055 5 B
0

Puc. 2. 3mina mikpoTBepmocTu (a) Ta 3aIUMIKOBUX HATIPYIKEHDb IIEPIIIOTO POIY
(6) y 3paskax cromy AlSi10Mg, ogepskarnux CJIT i JIB, micas pisHux peskumis
TEPMiYHOTO OOPOOIEHHSA.

Fig. 2. Change in microhardness (a) and residual stress (6) in AlSi10Mg alloy
samples obtained by SLM and casting after different thermal-treatment regimes.
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TABJINIA 4. MexaniuHi XapaKTepUCTUKY Ta CTYIiHDL Aedopmarii Kpucramiy-
Hoi rpatuaui crony AlSi10Mg micias BUTOTOBJIEHHS Ta TEPMiYHOTO 00POOIEHH .

TABLE 4. Mechanical properties and crystal-lattice deformation in A1Si10Mg
alloy after manufacturing and thermal treatment.

Ne |06poGmenns|H,, TTlalco2, [Tl 8r |os, [TlaHw, Tla] & £

1 CJIT 1,38 4,15 0,87 0,79 1,49 -0,010 -0,156
2 CJaT-0 0,55 1,65 0,95 0,24 0,59 -0,004 -0,164
3 CAT-T4 1,03 3,09 0,90 0,53 1,11 -0,007 -0,160
4 CAT-T6 1,12 3,35 0,90 0,59 1,21 -0,008 -0,159
5 JIBK) 0,76 2,29 0,93 0,36 0,82 -0,005 -0,162
6 JB-O 0,735 221 0,93 0,34 0,79 -0,005 -0,162
7  JIB-T4 0,873 2,62 0,92 043 094 -0,006 -0,161
8 JIBT6 1,08 324 0,90 0,57 1,16 -0,008 -0,159

Tepmiume 00po0JIeHHSA iCTOTHO BIJIMBA€E Ha yci MexaHiuHi xapaxTe-
puctuku 3paskis AlSil10Mg, surorosimenux sk CJIT, tak i JIB. laa
CJIT 3HaueHHA MiKPOTBEPIOCTH YCiX TepMOOOPOOJIEHUX 3pPasKiB HUIMK-
e, HisK g BuxiguHoro crany. OCKiJIbKY 3pas3oK IIigIaeThCsa TePMOOOPO-
osenHIo 3a remmeparypu y 520°C yapomos:x 6 roguu (CJIT-0), Bin6ysa-
€ThCA PisKe MOHMMKEHHA IK MikporBepmoctu go 0,565 I'Tla, Tak i Mex
mimmaocTu Ta nauaHOoCcTU (0,24 I'Tla i 1,65 I'Tla BigmoBigHo), a miaacTud-
HicTb 30inbpmnyerhes Ha = 10% . ITicaa sigmany 3a remneparypu y 520°C
yupomoB:k 1,5 roguu 3 HacTynHUM rapryBauuaaMm y Boxy (CJIT-T4) mik-
poTBepAicTh 30iabIyeTheA BABiUi mopiBHAHO 3 CJIT-O, 3pocTaioTh 3Ha-
YeHHS W Me)X MIIITHOCTH Ta IJINHHOCTM, ajie BOHUW 3aJIUMNIAIOTHCS MEH-
INMHU, HixK g Buxigaoro cramy CJIT; xapakTepucTuKa MIACTUYHOCTH
BiIIOBiZHO MIeIo 3MeHIIyeThCeA. JIKIMO 3acToCcyBaTH MITyYHE CTAPiHHSA
(CJIT-T6) 3a Temmepatrypu y 150°C ympozos:x 10 roguu micas rapry-
BaHHS, TO MOKHAa Ie JOJAaTKOBO IIIABUIIUTA MiKPOTBEPAiCTH, MEKY
ILJINHHOCTH, MEXKY MiIITHOCTH, He 3MEeHIIYIOUN XapaKTePUCTUKY ILJIACTH-
YHOCTH.

[ TuBapHOrO CTOIY BILIMB TEPMOOOPOOJIEHHSA IIPOABJISIETHLCSI iH-
M YMHOM. ¥ BUXiZHOMY cTaHi MiKpoTBepAicTs mopisuioe 0,76 I'lla, i
micas Bigmamy 3a remnepatypu y 520°C yopoxos:k 6 roguu (JIB-O) Ta-
KOTr'0 Pi3KOro 3MeHIIeHHsS MiKpPOTBepAOoCTH, AK AJa 3paska CJIT-0, me
CIIOCTepiraeThed, IK i iHIMMxX MexaHiuHux xapaktepuctuk. Cain 3asHa-
YUTH, IO HiCJs IIbOT0 00pobieHHa MikpoTBepaicTs (0,735 I'Tla), mexa
mimmaocTu (0,34 I'Tla) i mexa mamaHOocTH (2,21 I'lla) JIB-cTonmy MaioTh
BUIIi 3HaueHusd, HixK 1ya CJIT-cTony, a xapaKTepHCTUKA IIACTUYHOCTHI
naa JIB-O (0,93 I'Tla) me Bigpisusaerwsea icroruo Big CJIT-O (0,95 I'Tla).
ITicna rapryBauua (JIB-T4) mexamiuHi XxapakTepUCTUKU IOJIIMIITYIOTh-
¢, a MicJIg rapTyBaHHA Ta MITyYHOTO cTapinasa (JIB-T6) nabau:xaoThes
o 3HaUeHb, xapaxkTepuux aaa CJIT-T4 ra CJIT-T6.
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Taki MexaHiuHi XapaKTePUCTUKU ITOSCHIOIOTHCSI OCOOJIMBOCTAMHU Ha-
mpy:keHoro crany (puc.1l,06) ta mikpocTpykTypu (puc.3—10) 3paskis
crorry AlSi10Mg, AKMX BUTOTOBJIEHO 3a pisHuMH TexHoJorismu. Ha pu-
CYHKAax 3, 4 HaBe[eHOo JaHi OITUYHOI MiKPOCKOIIII AJIA BCiX MOCIimKeHmnx
3pas3KiB, a Ha puc. 5—9 — maHi eJIeKTPOHHOI MIKPOCKOIIl AJId 3pasKiB
CJIT 3 BizmoBigHMME MaIaMu PO3IOALITY XeMiuHOro cKJIany. Ha pucyHry
10 peacTaBiIeHo MiKPOCTPYKTYpY Buximumx spaskiB CJIT i JIB, a Takox
micJia repmiumoro o6pobaennsa T6. Biabin geTanibHe ITOPiBHAHHSA PO3MIipY
Ta Mop@oJIorii BKIOUEHDb Si IIicjia TepMiuaoro oopoodsaenusa T6 mpoisroc-
TpoBaHo Ha pwuc.ll. B Tabmumi 5 masememo xemiunmii ckuaanm CJIT-
TBEPAOro PO3UMHY 3a JaHUMU MiKPOPEHTI'€HOCIIEK TPAJIbHOI aHaTi3 M.
Buxigamit cran. Ha pucyuky 3, a mpefcTaBieHO OITUUYHY MiKpodoTor-

Puc. 3. Moppouoria mosepxui JIB-crony AlSi10Mg y Buximmomy craui (a) Ta
nicas Tepmiunoro obpobaenusa: JIB-O (6), JIB-T4 (8), JIB-T6 (2); 36inbiienHs
x200.

Fig. 3. Surface morphology of the cast A1Si10Mg alloy in the as-received state
(a) and after heat treatment: cast-as-cast (6), cast-T4 (8), cast-T6 (2); magnifi-
cation x200.
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padiro mikpocTpykTypu BuauBka AlSil10Mg, ska xapakTepusye ILIAX
TBepAinHA. euapurHa dasa a-Al (cBiT/Inii KOHTPACT) SABJIAE COOO0 BH-
XiTHY TBepAy PEYOBUHY, 3a SIKOI0 CJiyE€ YTBOPEHHS KPYIHO3EPHUCTUX
das Si (mpomikHMIt KoHTpacT) i Fe-Bmicuux ¢as (TemHuUit KoHTpacTt). B
auromy crtaHi crorr Al10SiMg xapaKTepus3yeThCs: KJIACUYHOIO JeHIPUT-
HOI0O O0ym0BOI0. AGCOJIOTHO IMepPeBaAKHY OiJIBIIiCTh 3€peH IPeCTABIEHO
IEeHIPUTAMU OPYTOr'0 MOPAIKY, MOPOTIKHICTH AKUX MOMKEe CAraTu
200 mxM, a mupuHa — 50 MKM i MeHTIITE.

3arajJoM MiKPOCTPYKTYPYy MOKHA Ha3BATH PiBHOMIPHOIO 3aBAAKU
OJIM3BKUM po3MipaM i KoH(pirypaiiii JeHapuTiB, a TAK0XK JOBOJII pPiBHO-
MipHOMY PO3IOAiNy €BTeKTUUHUX NiMAHOK. IlepeBakHa OGiJbIIiCTEL €B-
TeKTUYHNX 00’€MiB 3HAXOAUTHCA MijK JeHAPUTHUMU TiJIKaMU OKPEeMIX
seper. MixkaeHapuTHi 00’€MU He YTBOPIOIOTH MAJIOCIIPUATINBUX CKYII-

4 2%

- c.:. o 47 g

% ;

b 2
"- - .( 4 . = (e
B — AP

Puc. 4. Onruusni mikpodororpadii CJIT-cromy AlSil0Mg y Buximunomy crasi
(a) Ta micaa Tepmiumoro o6podaenusa: CJIT-O (6), CJIT-T4 (8), CIAT-T6 (2); 30i-
abimeHHs x500.

Fig. 4. Optical micrographs of SLM AlSi10Mg alloy in the as-built state (a)
and after heat treatment: SLM-as-built (6), SLM-T4 (8), SLM-T6 (2); magnifi-
cation x500.
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UYeHb, MAIOTh po3Mipu 10 50 MKM 3a 6iJIbIITOI0 BUAMMOIO Ha ILJIOIII ILIidha
cTopoHo0. IIJ1d MbOro cTaHy XapaKTepHi 3aJIMNITKOBI MaKpOHANIPYKeH-
Hs posTary (puc. 1, 0).

3a ymoB CJIT-cTonry AlSi10Mg uepes mIBuIKe HArPiBaHHA I 0X0JIO-
mexenns (109-108°C/c), Ha BigMiny Bif OiJIBIIOCTH TPASUIIAHNX IIPOILE-
ciB JIMTBA, e MIBUIKICTH OXOJIOMKEHHA CTAHOBUTE 6Jm3bK0 102°C/c abo
menrre [20], ¢popmyeTheca yJaAbTpPaTOHKA MeTacTrabiibHa KoMipuacTo-
IeHIPUTHA MiKPOCTPYKTypa V BUTJIAMLL «pub’suoi JIyCKH» i3 cepemHiMm
posmipom Komipok y 1 mm (puc. 4, a).

o5 High Energy

Puc. 5. Mikpocrpykrypa CJIT-crony AlSil0Mg y Buximmomy crasi (a, 6) Ta
nicas repmiuroro oopodaenua CJIT-O (s, 2).

Fig. 5. Microstructure of SLM AlSi10Mg alloy in the as-built state (a, 6) and
after thermal treatment SLM-as-built (s, 2).
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Mexi KOMipOK CKJIaZal0ThCA 3 B3A€MOIIOB’ A3aH01 MepeiKi, 110 BKJIIO-
Yyae eBTeKTUYHI YAaCTUHKY Si Ta HeBeJIUKY KiJbKicTh dasu Mg.Si (puc.
7, a). OKkpeMi yacTUHKHY Si CIIOCTEPiraroThCsa TaKOMK BCEPEANHI KOMipoOK
o-Al, AKi yTBOpHIMCS B IPOIleci MBUAKOI KpUCTAIi3aIlil TBEpIOIo PO3-
YMHY 34 YMOB, KOJIM Si He BCTUTa€ BULIJINTHCS 3 PO3TOIIY Ha mepudepiio
3epen Al. B Toii camuii yac apiOHOAMCIIEPCH] BKJIIOUEHHS, 1[0 MiCTATH
Mg, posTaloByOThCA TiJILKY B MeKaX eBTEKTUKH.

Ycepenuni OGaceiiHiB po3Tomy (GPopMyeThCSA PO3BUHYTA AYKe TOHKA
IeHIPUTHA CTPYKTypa MaTpuili a-Al, oOMeskeHa BOJIOKHHCTOIO CiTKOIO

8
Puc. 6. Mixkpocrpyxrypa CJIT-cronny AlSi10Mg micisa Tepmiumoro o6podaeHH s
CJIT-4 (a, 6) Ta CJIT-6 (8, 2).

Fig. 6. Microstructure of SLM AlSi10Mg alloy after thermal treatment SLM-
T4 (a, 6) and SLM-T6 (s, 2).
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Puc. 7. Manu posnoainy xemiunoro ckaany CJIT-crony AlSi10Mg vy Buxigmnomy
craHi (a) Ta micia repmiunoro oopodaennsa CJIT-O (6) BiazmoBigHo mo puc. 5.

Fig. 7. Chemical composition distribution maps of SLM AlSi10Mg alloy in the as-
built state (a) and after thermal treatment SLM-as-built (6) according to Fig. 5.

eBTekTHUHOI (hasm Si. Ha Bigminy Big MiKpocTpyKTypu BUJIUBKIB 3i
crorry AlSil10Mg, e Benuki cTpuskHenonioHi abo rosuacti vacTuaky Si
ocigaroTs y matpuiii Al (puc. 10, 2), 8 CJIT-3paskax copMoBaHA €BTEK-
TUYHA MiKpOCTPyKTypa (puc. 5, @) MicTuTh Ay:Ke ApiOHi wacTmHKU Si
(puc. 7, a). Posmip eBTeKTUYHOI CiTKY 3HAUHO OiIBIITUHN ¥ JUTOMY MarTe-
piani mopiBuazo 3 amajgorom CJIT. 3a manuMu pisHMX aBTOPiB JOBXKUHA
eBTeKTUYHUX BUIiJeHb y JIB-cTommax cKJjamae AeKiJibKa JecATKiB MKM,
IUpUHA — MOPAAKY 1 MKM, po3Mip AeHAPUTIB — O6Ju3bKO 1 MKM, Bix-
manab Misk geuagpurtamu — (0 mxm [21, 22]. Ha Bigminy Big mboro, gias
CJIII-3paskis AlSi10Mg xapakTepHa ApiOHOAMCIEPCHA BOJIOKHUCTA Ci-
tka Si B maTpuii Al (1itmpuua BooKoH cKJagae 0,2 MKM, a po3Mip HeH-
aputiB — 0,1 MKM), ITT0 ITO3UTUBHO BILJIMBAE HA MeXaHiUHi BJJaCTHUBOCTI,
TOIi AK HAABHICTh Y MIKPOCTPYKTYPi auTux crouie Al-Si—Mg xpyImHo-
3EPHUCTOrO Ta T'OJIYACTOTO €BTEKTUUYHOTO KPEeMHil0, K KpuUxKoi ¢asu,
BBAKAETHCSI OCHOBHUM UMHHUKOM HOTipPINIeHHA MeXaHiYHUX BJIACTHUBO-
cTell (IJIaCTUYHOCTY Ta B’ A3KOCTH ) CTOITY.

Hanssuuaiino TOHKA MiKPOCTPYKTYpa, HOAPiOHEeHHA 3epHa Ta, AK Ha-
CIiIOK, BeIUKUI 00’eM Me)X 3epeH € OCHOBHUMM UMHHUKAMU IJI 00-
MeKeHHS PyXy AUCIOKAaIlii i, oTike, Bucokoi mimuoctu CJIT-3paskis
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Puc. 8. Manu posnoxiny xemiunoro ckiaany CJIT-crony AlSi10Mg micisa tep-
miuHoro oo6podaennsa CJIT-T4 (a) Ta mopdosorisa BrIoueHH Si (6) BimmoBigmo
o puc. 6, a.

Fig. 8. Chemical composition distribution maps of SLM AlSi10Mg alloy after
heat treatment SLM-T4 (a) and morphology of Si inclusions (6) according to
Fig. 6, a.

AlSi10Mg nopiBasHO 3 JIB. 3MeHIIIeHHA PO3Mipy 3epHA 3YMOBJIIOE 3Me-
HINIeHHA Bigmaui misk wactunxkamu Si, 30iabinenusa inTepgeiicy Al-Si i
e(hbeKTHBHE raJbMyBaHHSA PYXYy AUWCJOKAIliii. BiJIbII TOro, y BUXigHOMY
SLM-zpasky AlSi10Mg crocTepirarmoThCs 3aJUINKOBL MAKPOHAIIPYKEH-
HA CTUCHEHHS, IO TaKOK MiABUIIYE MiITHICTD.

V piBHoBaxkHOMY cTaHi 6iHapuoi cucremu Al-Si MakcumaabHA PO3-

ynHHiCTE Si y 0-Al cramoButs 1,65% 3a remneparypu 'y 577°C. OgHak y
nporieci CJIT BHCOKa IIBUIAKIiCTH OXOJOMKEHHS CIPHUAE 30iIbIIIeHHIO
Kimpkoctu Si B a-Al mo =8% Bar. (TabJi. 5), 110 CTBOPIOE IIEPECUUEHY
CTPYKTYPY TBEPAOTO PO3UNHY Ha OCHOBIi Al.
Tepmiune 00poOseHHs HA TBepauii po3unH (0). Boius Bignany 3a Tem-
nepatrypu y 520 + 10°C yupozos:x 6 TroguH 3 IIiYHUM OXOJOIKEeHHAM Ha
MiKkpocTpyKTypy JIB- Ta CJIT-cTomis AlSil0Mg nokasaxo uHa puc. 3, 4,
0. Ilpomec Tepmiumoro o6pobJieHHS T'OMOTeHi3ye CTPYKTYPY, 3MiHIOE
mopdoJiorito eBreKTHYHOro Si. B pesyiabrati mikporsepaicts CJIII-
3pas3Ka pPi3Ko 3MEHIITyEThCA.

Tepmiune 00pOOJIEHHA JUTOTO CTONY TAKOMK 3YMOBJIIOE PO3UMHEHHS
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Puc. 9. Manu posnoziny xemiunoro ckiaany CJIT-crony AlSi10Mg micasa tep-
miuHoro ob6pobsenua CJIT-T6: chepuuni BKatouenusa Si Ta posmominm Mg (a),
yacTUHKM Si pisHOro posmipy B nporeci cdhepoigusairii Ta posnoxin Fe (6) Biz-
oBigHO 1o puc. 6, 6.

Fig. 9. Chemical composition distribution maps of SLM AlSi10Mg alloy after
thermal treatment SLM-T6: spherical Si inclusions and Mg distribution (a), Si
particles of different sizes during spheroidization and Fe distribution (6) ac-
cording to Fig. 6, b.

BTOPMHHUX TiJIOK JEHAPUTIB i PO3BUHEHHS PiBHOBICHOI 3€pHUCTOI CTPY-
KTypu (puc. 3, 6). B CJIT-cTomi micia Takoro TepmMooOpo0JIeHHA CIIOCTe-
pirarmoTbCs 3POCTaHHS 3€PeH i IIOCTYIIOBUI PO3MIa  KOMipKOBOI CTPYKTY-
P — PUCYHOK «PuO’ U0l JYCKM» Ta CTPYKTYypa OaceiiHiB po3TOmy 3HU-
KaoTh. BzaemomnoB’s3aHa ciTyacta cTpykTypa (TOOTO MeKi KOMipok)
eBTeKTHUUHOTO Si KopasoBoi (opmMu TpaHchOpMYyeTbCA B OiMomaIbHUI
posmozis Benrukux (4—5 Mrm) i npi6bHMX (1-2 MKM) YacTUHOK Si J0BiIb-
HOI opmu, AKi HepiBHOMIpHO posmoaiieni B maTpuii Al (puc. 4, 6). I1a
Mopdosoriuna TpauchopMallisa € HacJaifKOM IIOBEPXHEBOl i1 00’eMHOI J1-
dyaiii eremenTiB Mg i Si B maTpuiri.

PdparmeHTaIiss eBTeKTUYHOrO Si I aHITiIAIiaA JUcJaoKaIliil 3HAYHO TI0-
TipITyIOTh MeXaHiuHi BJIACTHBOCTI (HaOpUKJIaZ, MiKPOTBEPIICTH) CTOIY
AlSi10Mg. Mosxe OyTH HeAKuil HesHAUYHUN e(DeKT, BUKJINKAHUNA TBEP/O-
PO3UMHHMM 3MiITHEHHSM uYepe3 BiAMiHHICTR B aTOMHHX pafgitocax Si
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Puc. 10. IlopiBusuusa BOiauBy Tepmiunoro ob6pobsienrnsa T6 Ha Mopdosoriio
BKJIOueHb Si mida cromy AlSi10Mg, omepsxanoro CJIT (a—8) Ta JIB (2—e): Buxiz-
HUl cTaH (a, 2), T6 (6, 0), Mmanu posmnoainy xemiuuoro ckaany micias T6 (s, e).

Fig. 10. Comparison of the effect of T6 thermal treatment on the morphology of
Si inclusions for Al1Si10Mg alloy obtained by SLM (a—8) and casting (z—e): as-built
state (a, 2), T6 (6, 0), chemical composition distribution maps after T6 (s, ).

(0,118 am) i Al (0,143 um), 1110 CTBOPIOE TOJIE AedopMalliil y K pucTa iuHii
CTPYKTYPi cTOIY; OJHAK BTPaTa MiI[THOCTH Yepes3 PiCT 3epHa ImepeBakac.
Omxe, Oy:Ke TOHKA KOMipyacTa CTPYKTypa, ofep:KaHa 3aBIAKU BHCO-
Kill MIBUAKOCTI TBEePAiHHA 34 YMOB afUTHBHOIO JIa3€PHOTO BUPOOHUIIT-
Ba, He 30epiraeTbcs micasa TepMivHOTO 00POOJIeHHA HA TBEPAUIl PO3ULH,
i MiKpOTBepIiCcTL CTOIY 3MEHITYEThCA MMPAaKTUUYHO BTpuui (B = 2,8 pa-
3iB). KomipkoBa mMepeska pyHHYETbCS, a YaCTUHKM €BTeKTHUKU Si Helpa-
BUJIBHOI TeOMeTPUYHOI (DOPMU MAalOTh PisHUIT po3mip Bix 1-4 MKM, gedaxi
YKPYIHIOOTLECA 00 5—6 MKM (puc. b, 6). Kounenrparis Si 8 Al-maTpuiri
mocsrae 12,4% sar. (ta6. 5). TepmooOpoObaIeHESA Ha TBEPAUM POSUUH II0-
HIKYE 3aJIUIITKOBI MaKpOHAIPYKEeHHSA CTUCKY (puc. 2, 6), 110 BUHUKAIOTD
B porieci CJIT; B pesyabTaTi miactTuuHicTs 3paskis AlSi10Mg spocrae.
ITicns Bigmany crinku eBTeKTuKH Si y gurtomy AlSi10Mg moBHicTIO
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TABJINIA 5. Xemiunwnii ckiaan CJIM-3paskiB 3a jaHuMyu MiKpPOPEHTI'€HOCIIE-
KTPaJIbHOI aHaJIi3!.

TABLE 5. Chemical composition of SLM samples based on micro-x-ray spec-
tral analysis.

Bwmict eremenris, % Bar.

CraH 3paska

Al Si | Mg

CJIT 91,69 7,53 0,78
CJIT-O 86,77 12,54 0,69
CJIT-T4 89,91 9,48 0,61
CJIT-T6 87,95 11,40 0,65

3HIMKAITh, & B MiKPOCTPYKTYpPi BUHUKAIOTh AMCIEepPIroBaHi BUAIJIEeHHA
Si, posmip axux 6imbimii, Hisk y CJIT-cTomi. Takok cmocrepiraerbes
IIeBHA IepedyIoBa CTPYKTYpU. BHYTpillIHI HaIpy:KeHHA PO3TATY, Iepe-
HacuueHicTh Cumiinifiom TBepZOro pPo3umHy, AeeKTHIiCTL CTPYKTYpH,
AK1 BUHUKJIY IIiJ] Yac KpuCTaJaisalrii, IocTynoBo 3HUKAIOTh BijJl TPHBAJIO-
I'0 BILINBY BUCOKOI TeMIIEpPaTypH, i Ha SKUICh MOMEHT JIUTA CTPYKTypa
crorry HiOmTo 3HMKae. HaromicTb, GopmyroThbecsa obJacti, posmijieHi
HAMOiJIbIT KPYITHUME €BTeKTUYHUMHU 00’ eMaMu, 10 TaKOK BKJIIOYAIOTH
dasu 3 Mg Ta Fe, BcepeauHi AKUX 3aIUNIA€THCA TeHIPUTHA Oy0Ba, AKY
CKJIQSHO PO3TJIefiTH uepes PiBHOMIpHUIM mepepos3Ionia Si Ta 3a0Kpyr-
JIeHHS JeHAPUTIB. 3HAUHOI 3MiHM MiKpPOTBEPAOCTH MOPiBHAHO i3 BUXi-
HUM CTAHOM He cmocTepiraerbcsa. Yepes BuCOKY TepMocTabiibHICTD iH-
repMmeranigaux (as (Mg:Si Ta romuacti inTepmeraninui ¢pasu, 30arave-
Hi Ha Fe), HAABHUX Yy MiKPOCTPYKTYPi JUTOTO CTOITy, OOPOOJEeHHA Ha
TBEePAUI PO3YNH MOJKe He 3MiHIOBATH KiJIBKiCcTh i po3Mip Takux (as.
Tepmiune oopodsaenns T4. PosrasmeMo HACTiIKY BILIUBY TepMOOOPOO-
Jeuusda 3a Temmepatrypu y 520 + 10°C yupomos:xk 1,5 roguH 3 HACTYIHUM
rapryBaHHAM y Boay. Iliciid MIBUAKOTO OXOJIOAMKEHHA, OCKIJIbKY HeEMAae
yacy OJis BUIIJIeHHS PO3UMHEHNWX YaCTHHOK Ta iHIMUX JIeTI'yBaJbHUX
eJIeMEeHTiB 3 aJTIOMiHifI0BOi MaTpuIli, YyTBOPIOETHCSA HeCTAOlILHUN TIepe-
HacUYeHUH TBepauii posumH Ha ocHoBi Al. [lificuo, mizsamu sarapTy-
BaHHA €: (i) 3amobiranusa mpollecaM IepegyacHOro BUIIJIeHHS OJiA 30e-
PeKeHHs MaKCHUMAaJbHOTO AWCIEPCIMHOT0O 3MIiITHEHHS TBEPIOTO PO3UM-
HY, (i1) yTBOpeHHA IIepeHacHUYeHOT0 TBEPJOTO PO3UMHY 3a TeMIIepaTyp
HaBKOJUIITHBOTO CepPeloBUINa, (iii) yiaoBaoBaHHA sKoMora OiJIbITTIOT Ki-
JBKOCTHU BaKaHCili y MesKax aTromMapHoi rpatuui [23].

3arasom ctpyKTypa 3paska CJIT micaa rapryBauna T4 (puc. 4, 8) Ha-
rajgye moIepeqHio CTPYKTYPY Iiciad Bigmaay (puc. 4, 6); mpoTe uepes Ha-
0araTo MeHIHI Yac BUTPUMKHU CTOITy 3a BHCOKOI TeMIlepaTypu Bech
HaIJIUIITKOBUH Si He BCTUTae BULIIUTUCH i3 MATPHUIL TA IIePEPO3IMOIiIN-
THUCh i3 MOJAJIBIINM IIEePEeMIiIlIeHHAM IO MeXK 3epPeH TBepIOoro PO3UUHY.
Taxum unaoMm, s CJIT-spaskiB came CTPpyKTypa rapTyBaHHSA MOXKe BBa-
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JKaTucsd Imepexiziao. B mporieci Takoro pexmMy HarpiBy i OXOJIOMKEHHS
XapaxkTep 3POCTAaHHA YACTHMHOK €BTEKTHYHOI'O Si CHMJILHO aHi30TPOIHUIA,
110 TPUBOJIUTH 10 YTBOPEHHA I'paHel i3 roctpumu Kpaamu. [Ipukiaaz Ta-
KOi UYaCTMHKM TPUKYTHLOI (popMM HaMOiJIBIIIOro po3mipy y 6 MKM, IO
ITLILHO OTOUeHAa uacTuHKamu Gasu Mg.Si, HaBemeno Ha puc. 6, a.

TepMmooOpobIeHHA 3a pesxuMoM T4 3abes3meuye APyruii 3a TBEPAiCTIO
ctau aaa JIB- ta CJIT-3paskiB. Boguouac sminuenusa CJIT-cromy Bigoy-
BaeThcA HabaraTo cujabHiIe, Hixk JIB-cTomy, Uepes CyKyImHiCTh HACTYII-
HUX UYNHHUKIB: He3HAUHEe BPiBHOBaKEHHS CTPYKTYPU, 30epeKeHHs IIe-
peHacHuYeHOT0 TBEPAOro PO3UMHy Ha ocHOBi Al, 6inbim raodyasapHa ¢o-
pMa KpeMHiMoBUX UYAaCTUHOK i HAABHICTH Ha IXHIX MeKaxX YaCTHUHOK
Mg.Si (puc. 8, a), AKi iCTOTHO MOHMKYIOTH PO30IKHICTh MisK KpHCTAaJTi-
yHUMHY I'paTHUIAME Si Ta Al.

CTpyKTypa IIepeHacuUYeHOT0 TBEPAOTO PO3UMHY € HecTabiIbHOI0; TO-
MY IIicJIs TapTyBaHHSA Ta HITYYHOTO CTApiHHA 3a MPOMIiMKHUX TeMIepa-
TYp HAIJIUIIOK eJIeMeHTiB Oyae BumajeHuii 3 HacumueHoro (i HecTabiib-
HOT'0) TBEPAOTO PO3UNHY YV BUTJIALL 3MIITHIOBAJIbHUX BUAiJIE€HD i PO3UMH
cTaHe OLJIbII CTA0IILHNM, HiABUINYIOUN MIiIIHiCTh CTOILY.

Konunenrpariisa Si B TBepgoMy pPo3uMHi 3MeHIITyeTbCs 10 = 9,5% Bar.

Poamip inTepMerandigHUX YaCTHHOK CTA€ MEHIINUM ITicjid 0O0poOJIeHHS
T4; BOHM PO3TAIIOBYIOTECA B OCHOBHOMY II0 MeKax 3epeH (puc. 8, 6). ¥
TON Yac, AK i OJd BUNAAKy 1XHLOro JIB-amajory, 1mi 4aCTUHKU IPOXO-
IATH Uepes3 CTalilo YKPYIHEHHA Ta AOCATAIOTh JiAMeTpa B KiJibKa MiK-
pomerpiB. I'apTyBaHHA JIUTOTO 3pas3Ka MPOABIAETHCA i B 3araJbHOMY
3MEHIIIeHHI PO3MipiB eBTEeKTUUYHUX AiJMAHOK (pmc. 3, 8). Ilicia rapry-
BaHHA BeJMYMHA 3AJUITKOBUX HAIPYKEHb CTUCHEHHS 30iJbITyeThCS
(puc. 1,0), 110 TaKOK CHOPUAE MTiABUITEHHIO MiKpoTBepmocTu JIB-
3pasKiB.
Tepmiune o6podaenas T6. Takuit Tun Tepmiunoro 06pobIeHHA HA TBE-
pauii po3urH 3 HACTYIITHUM IrapTyBaHHAM Yy BOJIi Ta IITYYHUM CTapPiHHAM
3a IPOMIiKHUX TeMIIepaTyp € HaibGiJbIl IMOIMTMPEHUM i 3aCTOCOBYETHCS
naa MmoampiKyBaHHA MIKPOCTPYKTYPH Ta MeXaHiYHMX BJaCTUBOCTEH
crorry AlSi10Mg ocKinbKu MOJIIIIIIY€E MIACTUYHICTE 6€3 icTOTHOI BTpaTn
MIiITHOCTM Ha PO3TAT/BUTHH. BimmoBimmuii mexaHiszMm s3abe3meuyeThCs
chepoinusaricto Buginens Si. Koau cron AlSil0Mg BUTPUMY€ETBCS YII-
POIOBIK HEeAKOTO Yacy 3a TeMIepaTypu PO3UNHEHHS, eBTeKTUYHA CTPY-
KTypa Si B TOPHUCTiii ciTIli hparMeHTyeThCI Ha BepIIUHAX i rpaHaxX KPu-
cTaJIiB, a BHACJTiZOK TBepaodasHoi camo- Ta/abo BzaeMHOI Audysii fioro
aToMiB BimOyBaeThcs mpoliec chepoinmsarii [24—26].

Boue Tepmoobpobsienua T6 ma mikpocTpykTypy CJIT-3paska moka-
3aHO0 Ha puc. 4, 2, a TaKOoX Ha puc. 6, 6 Ta puc. 9, a, 0. Ilicaa T6 posmip
YaCTUHOK Si € HaWMEeHIITNM cepell YCiX TOoCaiI:KeHnX pexkuMiB (puc. 4,
2) i cranoBuTh 1-2 MKM (puc. 6, 6). Bisgbm gerasnbHa aHaiza CBIAYUTS,
10, Ko CJIT-cronr AlSi10Mg migmaeTscss TaKoMy TepMOOOPOOIEHHIO,
YaCTUHKY HaOyBaIOTh OKPYIJIOi/0BaJbHOI (hopMU Ta HePiBHOMIipHO AucC-
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neprosaui B matpuiii Al (puc. 6, 6). Boguouac Bmict Mg € 6inbium Ha
Meskax sepen marpuili Al (puc. 9, a), ockinsku Mg pearye 3 Si 3 yTBO-
peHHAM yacTUHOK (asu MgsSi, 1110 came i 3abe3neuye 3MiIlHEHHS JIN-
ux cromiB Al-Si—Mg. Ciuin 3BepHyTH yBary, 1o maa sunaary CJIT-
cromry moope hiKcyeThbcs HasABHiCTD 3ajrisoBMicHuX (as (puc. 9, 6) 6insa
BKJIIOUeHBb Si. BamaeTbes, 1o npoiiec CJIT yMoKIMBIIOE 3MEHIIIUTH
poamip i 3miHuTHU (hopMy iHTepMeTasifiB 38 BucCOKUM BMicToM Fe B mopi-
BHAHHI 3 TpaguniiauMu Mmetogamu [27]. 3a yMOB IpiOHOIMCIIEPCHOCTH
Ta KOMIIAKTHOI Mopdoorii Taki ¢asu 3a0e3meuyoTh JOAATKOBE 3Mill-
Heuuda. Ciig 3BepHYTH yBary, 1o oo’eMHa JacTKa (pepyMBMicHUX das
36imbITyeThCA (puc. 4, 2) TOPiBHAHO 3 IHITUMHU peKUMaMU TepMOoOPOO-
JneHHsd (puc. 4, 6, 8). Ilogi6Horo edperTy nia JIB-spaskis He 3adikcoBaHo
(puc. 3, 6—2).

BizoMmo, 1110 €BTeKTHYHI YACTUHKHM Si YaCTKOBO PO3UNHAIOTLC, (OP-
MYIOUY YACTUHKY OKPYTJIOL (DOPMU IIiJ Yac BUTPUMKHU 34 TEMIIEPATYPHU Y
520°C Ta mryuHoro crapinua uepes OcTBanbaiB mexaHism [21, 28].
ATtomu Si Ha mOBepxXHi APiOHMX YAaCTMHOK MAalOTh TEHOEHIIiIO0 BigpuBa-
THCA Ta IUGYHIYBATH OO0 TOBEPXHi OiIbITNX YacTUHOK. BijbIn eHepre-
TUYHO CTA0iJIbHUMI CTAH JOCATAETHCA, KOJIM BeJINKI YACTUHKY 3 MEHIIIIM
CIIiBBiJHOIIIEHHSIM IIOBEPXHi H0 00’eMy i, OT:Ke, MEHIIIOI0 IIOBEPXHEBOIO
eHeprieio, MoB’A3aHOIO 3 MOBEPXHEI0 MOy MisK YacTHHKAMU Si Ta Ma-
rpuiiero Al, HaasHi B cTpyKTypi. Ockinborku CJIT-maTpuiis saaumacToea
nepecuueroo (1o 11,4% Bar., Ta6u. 5) i vactTuaKM Si iCTOTHO PO3pPis-
HAIOTBCA 3a po3Mipom (puc. 6, 6), To mporiec chepoigusalrii He 3aBepIIry-
€ThCA, a OLJIBIT 3a PO3SMIPOM YACTHHKU IIPOAOBIKYBATUMYTL 3POCTATH
IiJ yac mogaJbIIOro IPUPOAHLOTO CTAPiHHS 34 PAXYHOK APiOHINIMX ua-
CTUHOK (puc. 9, 0).

Yactuuku Si B TepMmiuno o6pobaenomy CJIT-maTepisaai 6iabmr apioHi
Ta TomaTKOBO cepoinmmzonBani (puc. 10, 6, 8) MOpiBHAHO 3 TePMiUHO 00-
pobaenum autuM Martepigmaom (puc. 10, 0, e). Ile HaouHO iTIOCTPYIOTH
IaHi, HaBemeHi Ha puc. 11. 3azHaueHUil edeKT TicHO IIOB’sA3aHUM 3i
MIBUIKICTIO OXOJIOAKEHHS IIiJl Uac TBePAiHHA i, OTIKE, IOYATKOBOIO Mi-
KpocTpyKTyporto JIB- i CJIT-marepianxis (puc. 10, a, 2). 3a ymon CJIT 3za-
BASKY BUIIIN NIBUAKOCTI OXOJIOMMKEHHSA NEeHIPUTHUHN PO3Mip MEHIIINH,
BimmoBimHO, i muysifiHa Bigmaab MEHINA, BHACJIIJLOK YOr0 TPHUBAJIICTH
cramii pparmeHTariii (posmnany) Si-eBTEKTUKHU CKOpPouyeThbecsi. Kpim Toro,
pyiurifina cunia aya nugysii aromiB Si € 6ibITIOI0 3aBAAKY IIEPECUTUYCHHIO
TBEPIOT0 PO3UUHY ITiJT Yac oXoJom:KeHHs (TBepainmsa) martepisary CJIT.

Pe:xxum T6 Bzabesmeuye mHaibiabiry mikporBepmicts CJIT- i JIB-
3pasKiB MOPiBHAHO 3 iHIMUMHU pekuMaMu o0pobyeHHs. Bommopas Mik-
porBepzicte CJIT-cTromy € mermio BuIoio, Hisk JIB-cromy, 3aBmaxm mii
ycix mepepaxoBaHUX BuIlle YMHHUKIB. OJHaK MakCHUMAJLHOTO 3HAUEH-
HA MiKpPOTBEpAOCTH, IpUTaMaHHOro Buxiguomy crany CJIT-spaska, me
BIAETHCSA MTOCATTH HABITH ITiCJIA IITYYHOIO CTapiHHSA, OCKiJIBKU CIIEIIH-
(diuHa MiKpPOCTPYKTypa TUITY «pPubd’ AU0il JyCcKU», 110 3adikcoBama 6es-
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Puc. 11. ITopiBuAHHA po3mipy Ta Mopdoorii BKIOYeHb Si micasa TepMiyHOTO
06pobaenus T6 crony AlSi10Mg, oxepskanoro CJIT (a) Ta JIB (6): manu postio-
Iiry xeMiuHOTO CKJIamy BigmoBimators puc. 9, 6 Ta puc. 9, e.

Fig.11. Comparison of the size and morphology of Si inclusions after T6
thermal treatment in AlSi10Mg alloy obtained by SLM (a) and casting (6):
chemical composition distribution maps are shown in Fig. 9, 6 and Fig. 9, e.

JiuYi0o HAHOPO3MipHUX YaCTHMHOK Si, pyHHYEThCA IIiJi Yac TEPMidHOTO
BILTUBY. Bucoka mikporsepaicts JIB-cTronmy micoa T6 B ocHoBHOMY 3a-
OesmmeuyeThCA MaKCUMaJbHUM 3HAUEHHIM MAaKPOHAIPYKeHb CTHUCHEH-
Ha (puc. 2, 0), Toni ak ajga CJIT-crony 1eit YMHHUK IIPAKTUYHO He Mae
3HaueHHA. ToMy AOMiJILHO PO3TJISIHYTH 3MiHM (pa30BOr0 CKJALY IIiCJIs
TepMmiuHOTO 00p00IenuA JIB- Ta CJIT-3pas3kiB i mopiBHATH KiJTbKicHUI
BMicT a3z Mg Ta Fe, axki MoxKyTh OyTH UYMHHUKOM JOZATKOBOTO 3MiIl-
HeHHS.

Ha pucyukyl1l2,a wHaBemeno pgudpparTorpamu pjas CJIT-cromy
AlSi10Mg y BuxigHoMy cTaHi Ta micasa pisHUX PEKUMiB TEPMiUHOTO 00-
pobseHHA. Y BUXiZHOMY CTaHiI HaABHI BUKJIOUHO AUPPAKIiNHI Makcu-
mymu Big Al (PDF-2 ID: 03-065-2869, npocroposa rpyna 225: Fm—-3m)
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Puc. 12. ludpaxrorpamu 3paskis crorny AlSi10Mg, ogepsxauux CJIT (a) Ta JIB
(0), y BuxigHOMYy cTaHi Ta micaa pisHUX pekuMiB TepMmiuHOro 06pobdaenH (L] —
Mngi, o — A115(Fe,Mn)3Siz, 0 — FeAl3Siz, A — Si).

Fig. 12. XRD patterns of AlISi10Mg alloy samples obtained by SLM (a) and
casting (6) in the as-built condition and after various heat-treatment regimes
(0—Mg:Si, e—Ali5(Fe,Mn)sSiz, 0—FeAlsSi:, A —Si).

ra Si (PDF-2 ID: 00-005-0565, mpocTtopoBa rpymna 227: Fd—3m). 3a na-
HUMH KinbKicHOI peHTI'eHO(a30Bol aHakisu BMicT Si cranoBuTh =11%
Bar. Posmip OKP Al ta Si cranosuts 44 am i 11 aM Bignosiguo. Crymins
medopmaliii KpuctaaiuHoi rpaTHUIl 000X (pasoBUX CKJIAJOBUX HOPiB-
uioe = 0,1% (Tabu. 6).

Ilicaa sigmany CJIT-O momaTKoBO 3 ABJAAOTHCA AUPPAKIHHI Mak-
cumymu Bixm ¢dasz Mg.Si (PDF-2 ID: 01-079-5428, mpocTopoBa rpyma
Pnma (62)), Al;5(Fe,Mn)sSiz (PDF-2 ID: 01-071-4015, mpocTopoBa rpy-
ma Pm-3 (200)), FeAlsSi; (PDF-2 ID: 01-087-3224, upocTopoBa rpyia
Pbcn (60)) Ta Si (PDF-2 ID: 01-080-4570, mpocropoBa rpymna
I4/mmm (139)). 3arasbHa KinbKicTh 3MinHIOBAIbHUX (ha3 CTAHOBUTH
~9,5% Bar. 3a Taxoro oopobaenua posmip OKP Al 36inbinyersesa B 1,5
pasu, a Si — Mmaiike B 7 pasiB MOPiBHAHO i3 BUXimHMM cTaHoM. Taxkox
BIBiUi 3MEHIITyeThCA CTYIIiHB JedopMariil Kpucraaiunol rparauiri Al ta Si
(tab. 6). 3menienua po3mipy OKP, crymens gedgopwmariii KpucTamivyHol
I'PaTHUIII Ta PiBHA CTHUCKAJIbHUX MaKPOCKOIIUHUX HaANpPY:KeHb BILJIMBa-
IOTh Ha 3MeHIITeHHA BeJnunun MikpoTBepaoctu 3 1,3 I'Tla mo 0,52 I'Tla.

Hactymnue tepmiune ob6pobsenHs 3a pesxumom CJIT-T4 Buriamkae
30iabIIIeHHA 3araJbHOro Bmicty das Mg.Si, Alis(Fe,Mn);Siz Ta FesAlSis
10 =13,8% Bar. Posmip OKP Al ta Si smenmyerscsa Ha 8 HM i 18 um Bij-
HOBigHO.
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TABJINIA 6. Kinericauit hazosuit ckiaazg, posmip OKP i crynins medopmarii
KpucTasiiunoi rpaTHuIli B 3pasdkax cromy AlSil0Mg, omep:xkanux 3a pisHUMU
TEXHOJIOTiAMMU.

TABLE 6. Quantitative phase composition, crystallite size, and lattice strain
in AlSi10Mg alloy samples produced by different technologies.

Kinexicauii pasosuii o
0611:(%};1 I;IEHH ®azoBa CKJIa10Ba CrJaj, % Bar. OKP, mu & %
JIB CJIT JIB CJT JIB CJIT
Al 82 90,3 60 44 0,06 0,171
. . Si 13 9,7 59 11 0,06 0,1
Buxigauit Mg:Si 3 _ _ _ _ _
CTaH
Alis(Fe, Mn)sSi2 1 - - - - -
FesAlSi: 1 - - - - -
Al 92 78,5 79 72 0,09 0,046
Si 7 12 74 70 0,1 0,057
(0] Mg2Si 0,2 2,6 - - - -
Alis(Fe, Mn)sSiz 0,6 1,9 - - - -
FesAlSi: 0,2 5 - - - -
Al 87 71,2 78 64 0,09 0,069
Si 9 15 72 52 0,08 0,02
T4 Mg:Si 2,2 4,7 - - - -
Alis(Fe, Mn)sSiz 1,2 4,3 - - - -
FesAlSi:» 0,6 4,8 - - - -
Al 88,3 72,5 60 71 0,1 0,053
Si 9 13 72 65 0,1 0,047
T6 Mg:Si 0,3 5 - - - -
Alis(Fe, Mn)sSiz 1,3 4,8 - - - -
FesAlSi: 1,1 4,7 - - - -

Crymiup MiKkpogedopmariii Kpucrangiunoi rpatuuii Al spocrae B 1,5
pasu, mopiBHaHO 3 Bigmagom CJIT-O. 36iabIIeHHsa KiTbKOCTH 3MiI[HIO-
BAJBHUX (pas Ta cryneHs MiKkpogedopmaliii Kpucrandiunol rparauii Al e
IIPUYNHOIO JBOKPATHOIO 3POCTAHHS BeJIMUYNHN MiKPOTBEPIOCTH, IIOPiB-
HAHO 3 CJIT-0, He 3BaKaruy Ha 3MEHIIEHHSA BEeJIMUYMHU CTUCKAJIbHUX
3aJIMIITKOBIX MAaKPOHAIIPYKEHb.

Ilicaa Tepmiunoro ob6pobaenus CJIT-T6 BimOyBaeTbca 306iibIleHHS
3arajJbHOI'0 BMiCcTy sMinHOBaJILHENX (Pas g0 = 14,5% Bar.; BogHOUYacC Be-
auunaa OKP i crymniae Mmikpogedopmariii kpucraaiuuol rparaumi Al Ta
Si icToTHUX 3MiH He 3a3HaIOTh. To0TO 3pocTanHA MiKpoTBepmocTu CJIT-
crorry AlSi10Mg micas Tepmiumoro o6pobiaeHHA 3a pesxumom T6 BigOy-
BAa€ThCA 3Ae01JIBIIIOr0 3a PaXyHOK BMCOKOTO 3araJbHOTO0 BMICTY 3MiIl-
HIOBAJbHUX (Pas.
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Ha pucysryl1l2,6 wmasemeno pudpartorpamum naias JIB-ctomy
AlSi10Mg y BuxigHoMy cTaHi Ta micasa pisHUX PEKUMIiB TEPMiUHOTO 00-
pobseHHA. Y BUXiZHOMY CTaHIi cIocTepiramoThed ZuUPPaKIiiiHi Maxkcu-
mymu Big Al, Sii das Mg.Si, Alis(Fe,Mn)sSiz Ta FeAlsSiz. 3aranpHa Ki-
JbKicTh 3MinmumoBagbHuX (a3 craHosBuTh = 5% Bar., Togi ax B CJIT-
cromi BusBuTHu iX He Brajocsa. Posmip OKP Al ta Si B JIB-cTomi 6isb-
mnii, agisx y CJIT-cromi, B 1,5 pasu Ta B 5 pasis BigmoBiguo. Ciaix Ta-
KOXK BigmiTuTHu, 1110 CTyniHbs Mikpogedopmallii KpucrajaiuHol I'paTHUIL
Al ta Si B JIB-cTomi maiiske BaBiui menmmuit nopisasauo 3 CJIT.

Binbmuit posmip OKP, meninuii cryninbk MiKpomedopmaillii Kpucra-
JIIYHOI I'PATHUIII Ta PO3TATYBAJbHI 3aJIUITKOBI Hanpy:KeHHa (puc. 2, 6)
MMOSICHIOIOTH 3HAYHO MeHITy Beauunuy Mikporsepaoctu (0,75 I'lla) JIB-
crorry AlSi10Mg mopiBusauo 3 CJIT-cromom (1,3 I'Tla) y Buxigaomy cra-
Hi.

Tepmiume 00pobsienHsa 3a pesxuMoM JIB-O 3yMoBIIIoe 3MeHITeHHSA 3a-
raJIbHOr0 BMicTy sMinHOBaJMLHEEX a3 10 1% Bar. Beanuunma OKP i cTy-
niHp Mikpomedopmarlili Kpucrasiuyaoi rpatuauli B JIB-cTtomi maiixke He
BigpisHatorsesa Big CJIT-cromy. BigcyTHicTh 3MeHINIEHHS BEJITUYNHY Mi-
KpoTBepmocTu B JIB-zpaskax micjasa Takoro o0poOJieHHs, MOPiBHIHO 3
BUXiTHUM CTAHOM, MOJKHA IMOACHUTU (OPMYBAHHAM CTHCKAJIbHUX Ha-
MIPY:KeHb V ITIOBePXHEBOMY IITapi.

ITicna JIB-T4 poamip OKP i crynins gedopmartiii kpucTasigHoi rpar-
HUIIi icTOTHO He 3MiHIOIOTLCA. IIpoTe 36iMBITYyETHCA 3arajJbHUN BMIiCT
sminuoBaabEuX Pas3 3 = 1% Bar. go =4% sar. nopiBaazo 3 JIB-O, o
MIOSICHIOE JIesIKe 3POCTaHHS BeJIUUYNHN MiKpoTBepaocTu. Takok Ha 3poc-
TaHHA BEJIMUYNHYU MiKPOTBEPAOCTHU BILINBAE 30iIbITIEHHA BeIUUYNHI CTH-
CKaJIbHUX HAIIPYKEHb.

ITicia Trepmiunoro oopobaenusa JIB-T6, ak i micaa JIB-T4, He cmocTe-
piraerbea icrormoi 3minm poamipy OKP, crymens mixpomedopmarrii
KPHUCTAJIUHOI I'PATHUIII Ta KiJIbKOCTH 3MIITHIOBAJILHUX (hpa3, ajie piBeHb
3aJIUIITKOBUX MaKpPOHAIIPYKEHb CTUCHEHHA 30iJIbITyEeThHCSI 10 MaKCHIMa-
JbHOrO 3HaueHus y —550 MIla.

3a pesyJabTaTaMU ITPOBEIEHUX PEHTI€HOCTPYKTYPHUX MTOCJTiIKeHb
MOJKHa 3pOOUTH BUCHOBOK, ITIO0 JOMiHYBAaJbHUM UMHHHKOM BILINBY Ha
BeJIMUMHY MiKpoTBepzocTu B 3paskax JIB-cromy AlSilOMg e Bucoxwuii
piBeHB 3aJIUITKOBUX HAIPYKeHb cTucHeHHA (o —550 MIla), ockinbku
Beaununaa OKP i crymins mikpozedopmarliii Kpucranaiuaoi rpaTHUIN 3a
yCcixX peKuMiB TepMiuHOTO 00POOJEeHHA iCTOTHUX 3MiH He 3a3HAIOTh. B
apaskax CJIT-cromy AlSil0Mg mominyBaJbHMM YMHHHUKOM BILINBY Ha
BEJIMYNHY MiKPOTBEPIOCTH € 3HAUHO OiIbITIHiT (D0 = 5 pasiB) 3arajabHUI
BMicT amimHOBaJIbHUX (hpad mopiBHAHO 3 JIB. PesyiabTaTu KingbKicHOI
aHaJi3W BMicTy nmux (pas 3aJ0BiJIbHO Y3TOAKYIOThCSA 3 AKiCHUMU JTaHM-
Mu 11010 posnoaiiy Mg ta Fe Ha mamax xeMiuHOTO CKJIaAy.

Crhixg Taxkosk BigAMiTHTM, IO IIiCJS TEPMiUHOTO OOPOOJEHHS CTOITY
AlSi10Mg, oxep:xanoro CJIT Ta JIB, cmocrepiramorbesa BigMimHOCTI Yy
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3MiHaxX CHiBBiTHOIIIEHHA iHTEHCHMBHOCTEN AMQPPAKIiNHNX MaKCUMYMiB
B pisHUX KpucTagorpadivanx HanpaMKax (puc. 13).

Tak, micasa Bigmamy 3a remneparypu y 520°C inTencuBHicTL U paK-
mitinoro makcumymy Al(220) gia CJIT-cromy AlSi10Mg 3MeHIIyeThCA B
1,5 pasu (puc. 13, a), a naa JIB-crony 3pocrae y 2,5 pasu (puc. 13, 6).
ITicna pesxxumy T6, 3a AKOTO CIIOCTEPIraeThCsa MaKCHUMAJIbHE 3POCTAHHS
MIiKpPOTBEPAOCTH, iHTeHCUBHIiCTh Audpakriiiinoro makcumymy Al(220)
nas CJIT-cronmy 3pocTae BABiUi mopiBHAHO 3 pexxkumoMm T4, a gaa JIB-
CTOIly HaBNaKN — 3MEHINYEThCA MPaKTUUYHO BTpuUi. HadBHiCTL 3epeH
mepeBakKHOl opieHTAIil 11040 MOBEPXHi, TOOTO KpucTagorpadiuHoi Tek-
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Puc.13. 3mina iHTEHCHBHOCTH Ta IOJIOMKEHHS MUMPPAKIITHUX MaKCUMYMiB
Al(220) Ta Al(420) B cromi AlSi10Mg, oxep:xkanomy CJIT (a, 8) Ta JIB (6, 2), y
BUXiTHOMY CTaHi Ta Imicas pisHUX pekUMiB TepmiuHOro 06podaenus: (220) (a,
0), (420) (s, 2).

Fig. 13. Change in the intensity and position of the diffraction maxima (220)
and (420) of Al in the AlSi10Mg alloy, obtained by SLM (a, 8) and casting (0,
2), in the as-received state and after various heat treatment conditions: (220)

(a, 0), (420) (s, 2).
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CTYpPU, iCTOTHO BILJIMBa€ Ha MeXaHiUHi BJIacCTUBOCTI.

3MiHa KyToBOro moJokeHHs makcumymy Al(420) ceiguuTh mpo 3me-
HIIeHHS PiBHA CTHUCKAJNLHUX Hamnpys:keHb y CJIT-cromi (puc. 13, 8) Ta
IEePEeTBOPEHHA PO3TAryBaJbHIX HANPY:KEeHb Ha CTHUCKaJbHI B JIB-cTomi
3 MOJAJILIITM 3POCTaHHAM IXHBOI Beauunuu (puc. 13, 2). XapaxTep 1ux
3MiH Bifmmosizmae puc. 2, 6.

Amnajisa 3min iHTeHcuBHOCTH mudpariiiinoro makcumymy Al(420)
(puc. 13, 8, 2) miaTBepI:Kye BiIMiHHICTSL BILJIMBY TEPMiuHOTO 00PO0OJIEH-
Hs HA KPUCTAIIUHY CTPYKTYPyY crony AlSil0Mg He TiILKY B 3aJI€KHOCTI
Bi TexHOJIOTiI omep:KaHHA, a U Big Kpuctajgorpadg)iuyHOro HAIPIMKY.
Hauuii epeKT MO:Ke OyTHU IIOB’A3aHUII 3 aHi30TPOMi€I0 KpHCTATiUuHOL
CTPYKTYPU, AKa BUHUKAE IIiJl Yac oJlep;KaHHsA 3pasKiB 3a TeXHOJOTi€0
CeJIEKTUBHOTO JIa3€PHOTO TOILJIeHHS.

4. BUICHOBRKH

Hass CJIT-crony AlSilOMg y BuximHomy crTaHi xapaxTepHi HaliBwmImi
3HaueHHa MiKpoTBepgoctu y 1,38 I'lla, Mexxi MimHoCTH Ta MIMHHOCTH
— 0,79TTIai4,15I'Tla BigmoBigHO, aje HaliMeHIIe 3HAUEHHA XapaKTe-
puctuku maactuuHocTu. e mos’a3aH0 3 GOpMyBaHHAM yJIBTPATOHKOIL
MeTacTabiIbLHOI KOMipyacTo-IeHIPUTHOI MiIKPOCTPYKTYPH y BUTJISALI
«pubd’A90i TYCKM» i3 cepeHiM po3MipoM KOMipok y 1 M.

Saraspuuii posmip crpykTypHuX egemeHTiB CJIT-cromy AlSilOMg
HabaraTo MeHIIINH, HijK AJIA Horo JuToro aHajgory. ¥ JIB-cromi massui
BeJIMKA KiJIbKicTh roryacTux abo mIacTHHYACTUX €BTeKTHUK Sii HaBiTh
BeJINKi YaCcTUHKMY IIepBUHHOrO0 Si, AKi ¢pparmeuTyoTh MaTpuiio Al, Tum
caMUM IIOTipIIyoun MexaHiuHi BiacTuBocTi. Mexxi KoMipok i mexxi 3e-
per CJIT-cromy sadikcoBaHo 0e3JIiuui0 HAHOPO3MIiPHMX YaCTHUHOK Si,
110 30iJBIITYE OIip PYXy AUCIOKAIliH. Xoua Ili YaCTUHKY Si po3moaileHi
BUIIAAKOBO Ta MalOTh HU3LKY 00’€MHY YaCTKY, BOHU YTBOPIOIOTH HAIIiB-
KorepeuTHuii inrepdeiic 3 marpureio Al i 1aroTh BHECOK 10 3arajbHOTr0
pesyabTaTy BUCOKOI TBEPAOCTH IPYKOoBaHOIo 3paska AlSi10Mg.

Tepmiute 06po0JIeHHA iCTOTHO BIJIMBAE Ha y¢i MexaHiuHi XxapaKkTepuc-
TuKu 3paskiB AlSi10Mg, surorosinenux ak CJIT, tax i JIB. Has CJT-
3pasKiB 3HAUEHHS MiKPOTBEPAOCTH MiCJIA YCiX PesKuMiB TepM0ooOpobIeH-
Hs 3HAYHO HUKYe, HiK AJd Buxigmoro crany. [[aa JIB-spaskis micasa T4 i
T6 3HaUeHHSA MiKPOTBEPAOCTHU 3POCTAIOTEH IIOPiBHAHO 3 BUX1JHNM CTaHOM,
aJie He JOCATAIOTEL 3HAUEHb, XapaKkTepHux Ajsa CJIT-3paskis micis anamio-
rivaoro TepmiuHoro oopobsenus. Ile mos’A3ame 3 TUM, ITT0 YACTUHKY Si B
TepMiuHo 00pobsieHomy CJIT-maTepisasii 6iabin gpiOHI Ta JoZaTKOBO cde-
poimr3oBaHi MOPiBHAHO 3 TEPMiUHO 00POOJIEHNM JUTUM MaTEPisaaoM.

Pexxum T6 zabesmeuye mHaibinbnry mixporsepmicts CJIT- i JIB-
3pasKiB MOPiBHAHO 3 iHIMMMU peRuMaMu o00pobsieHHA. OTHAK MaKCH-
MaJILHOTO 3HAYEeHHS MiKPOTBEPOCTH, IPUTAMAHHOTO BUXiTHOMY CTaHy
CJIT-3paska, OOCATTH He BAAETHCS, OCKiJIBKHK BHACJIIJOK TEepPMiduHOIO
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BILIMBY BifOyBaeThCsA PyHHYBAaHHSA creln(ivHol MiKPOCTPYKTYPHU TUITY
«pubd’a4oi JycKu». Bucorka mikporBepaicts JIB-crony micasa T6 B ocHo-
BHOMY 3a0e3IeuyeThCsd MaKCHMAaJbHUM 3HAUEHHAM MAaKPOHAIIPY:KeHb
crucueHnHdA (o —550 MIla), Toxi ax gaa CJIT-crony Ieit YMHHUK IpaK-
TUYHO He Mae 3Hauenusd. IIpote micaa CJIT-T6 BigdbyBaeThcs 30iabIIeH-
Hs 3arajJibHOro BMicTy sMmimHOBaabHHX (as MgeSi, Alis(Fe,Mn)sSis,
FeAlsSis mo=~14,5% Bar., a micaa JIB-T6 et BmicT y 7 pa3iB MeHIIIMIA.

Pob6oTy BuKoHaHO B pamMKax mep:KOmomxerHol Temu Ne 2701d «Hay-
KOBi OCHOBH yJIBTPa3BYKOBOI YAapHOI Ta aIUTUBHOI TEXHOJIOTIA BUTOTO-
BJICHHS BUCOKOHAaBaHTasKeHUX metajieir BILJIA 3 moKpailieHoi0 JajJIbHic-
Ti0» (mepsxpeectparitiamii Ne 0124U001001) HamionaabHOTO TexHiu-
HOro yHiBepcuTtery YKpainu « KuiBCbKMIi MOMiTeXHiYHUHI iIHCTUTYT iMe-
Hi Iropa CikopcbKoro».
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Microstructure and Mechanical Characteristics
of Layered Titanium-Based Materials Manufactured
with Blended Elemental Powder Metallurgy

D. G. Savvakin, O. M. Ivasishin, O. O. Stasiuk, D. V. Oryshych,
0. V. Zatsarna, B. Ya. Melamed, N. V. Yarova®*, L. M. Yashchenko®,

and P. E. Markovsky

G.V.Kurdyumov Institute for Metal Physics, NAS of Ukraine,
36 Academician Vernadsky Blvd.,
UA-03142 Kyiv, Ukraine
“Institute of Macromolecular Chemistry, N.A.S. of Ukraine,
48 Kharkiv Highway,
UA-02160 Kyiv, Ukraine

Press-and-sinter blended elemental powder-metallurgy approach using hy-
drogenated titanium powder is used to manufacture nearly-dense commer-
cially-pure titanium, Ti—6Al1-4V alloy, and metal-matrix composites based
on them and reinforced with TiC particles. The potential for variation of me-
chanical characteristics of these materials depending on the matrix composi-
tion and TiC content within 10—-40% is determined using hardness and com-
pression tests. Highly-porous titanium samples (with 60-64% pores) are
manufactured using titanium-hydride and space-holder powders. Impregna-
tion of porous titanium with polymers based on epoxyurethanes and epoxides
is used to affect deformation ability. Polymers based on epoxyurethanes im-
prove the stress—strain characteristics of porous titanium under compres-
sion, which is useful for better energy-adsorption characteristics. Nearly-
dense metal-matrix composites, porous titanium, and nearly-dense alloy lay-
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ers are joined in various combinations using polymer to create layered struc-
tures. The mechanical behaviour of layered structures is determined with
three-point flexure tests. It is shown the effect of intermediate porous layers
for the decrease in strength and Young’s modulus, but for the increase in de-
formation ability of the layered structure as a whole. Proper selection of ma-
terial combinations and thickness of layers gives wide potential for control-
lable and useful adjustment of strength, ductile, and damping characteristics
of layered materials.

Key words: titanium-based layered materials, titanium alloys and metal-
matrix composites, porous titanium, polymer, mechanical characteristics.

Meromom mpecyBaHHA Ta CHiKaHHA HOPOIIKY rigpuay TuraHy Ta MOPOMIKOBUX
cyMirre#n Ha #OTO OCHOBi Oflep:KaHO MAaJIOIMOPUCTI TeXHIUYHO YMCTUN THUTAH,
crorr Ti—6Al-4V Ta merajmoMaTpUYHi KOMIIO3UTH, 3MII[HEHI IOZABAHHAM IO
mux marepianiB wactuuok TiC. IlorTeHmisan sMiHM MexaHIYHUX XapaKTepuc-
THUK B 3aJIEKHOCTI Bil XxeMiuHOro cKJyaxy marpulli tTa BMicty yactTuHok TiC B
mesxkax 10—-40% 6yJio omiHeHO mij yac BUNPOOYBaHHSA Ha CTUCK i MipaHHAM
TBepaoctu. Ilopuctuii (60—64% moOp) TeXHIUHO YMCTUH TUTAH, OJEPIKAHUH 3
BUKOPUCTAHHAM IOPOIIKiB rinpuny Turany Ta mopoyTBOpioBaua, IpOCOYEHO
moJriMmepaMu Ha OCHOBi eOKCUYypPeTaHy i emOKCUIY AJ TiABUIIeHHI 34aTHOC-
Tu 1o nedopmyBanHa. [lomiMmepu Ha OCHOBI emokcuypeTaHy Iig yac BUIPoOY-
BaHb Ha CTHUCK NOJINNIVIOTH MiIHICTh i medopmarniiini xapakTepucTuky, AKi
BHMBHAYAIOTH IOJIinIieHe BOupaHHA eHeprii. Pisni xombinarii mapis mastomno-
PUCTUX METAJIOMATPUYHUX KOMIIO3UTIB i CTOmiB, a TAKOYK IIOPUCTOrO TUTAHY
OyJio 3’egHaHO nosriMmepamMu 3 (POPMYyBaHHAM IIapyBaTUX CTPYKTYp. Mexaniu-
HY HOBEIiHKY IITapyBaTUX CTPYKTYP JOCJiMKEHO IIiy yac BUIPoOyBaHb HA TPU-
TOYKOBUU BUTUH. IloKa3aHO BIJIMB IIPOMIiKHOTO IIapy IIOPUCTOTO THUTAHY Ha
TMOHMKEeHHA MiIlHOCTH Ta MomyJia FOHr'a 3a ogHOYACHOTO TOJITIIIeHHA Aedop-
MAanifHoOi 3ZAaTHOCTU HIapyBaTUX CTPYKTyp. IIpaBunbHmit BUuOip KoMOiHaIiit
BKA3aHMUX MATEPidjiB i TOBIIMHU OKPEMUX ITapiB Ja€ MOMKJIUBICTHL KepPOBAaHO
per'yJroBaTH MOKa3HUKY MIiITHOCTH, INIACTUYHOCTH Ta 3JaTHOCTH IO BOMpPAHHA
eHeprii nig yac gepopMyBaHHSA MIaPyBaTHUX MaTePiAIiB.

KarouoBi ciioBa: mmapyBaTi MaTepisiaiu Ha OCHOBI TUTaHY, CTOIIX Ta METaJIOMa-
TPUYHI KOMIIOSUTHU, IIOPUCTUI TUTAH, IIOJiMep, MeXaHiuHi XapaKTepUCTUKU.

(Received 30 January, 2025; in final version, 28 April, 2025 )

1. INTRODUCTION

Today’s realities, such as military operations and the growing risk of
terrorist threats over the world, require a significant amount of work
by engineering and sapper services to detect and neutralize explosive
objects. An important task is the development of advanced materials
for the manufacture of protective ammunition for personnel and
equipment (shields, helmets, body armour, containers for transporta-
tion of explosive materials, etc.), which would effectively protect
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against the striking elements of explosive devices, fragments, and the
destructive and striking effect of shock waves. For effective and safe
work of the sapper service, a reduced mass of protective ammunition,
its paramagnetic, high strength and plasticity characteristics are re-
quired. However, the materials currently used in this area have certain
disadvantages.

To protect personnel and equipment, steel, ceramics, high-modulus
synthetic materials such as Kevlar, carbon fibre composites [1-5] and
their combinations are currently used. However, such products do not
always provide reliable protection having a number of disadvantages:
Kevlar has very limited protective characteristics; fragile ceramic
products are destroyed when hit by the first high-energy striking ele-
ment, not providing effective protection in the future. Steel protective
structures have a large mass and are therefore not sufficiently mobile.
Moreover, ferromagnetic properties of steel products are a significant
disadvantage when used by the enemy with magnetic mines. In addi-
tion, steel, ceramic and Kevlar materials, while protecting against bul-
lets and fragments, are not effective in damping the energy of shock
waves, which can cause significant damage to personnel and equipment.

Contrary, paramagnetic titanium alloys [6, 7] are considered as ex-
tremely attractive materials for the manufacture of protective ammu-
nition owing to the unique combination of low specific weight (of about
4.5 g/cm?), high strength (up to 1300—1600 MPa) and plasticity (elon-
gation of 10-25% depending on the chemical composition). The
strength of titanium alloys reaches the corresponding parameter of
high-strength steels, while they are non-magnetic and half as light as
steel counterparts are, giving a significant advantage in terms of per-
sonnel safety and ease of operation. A certain disadvantage of titanium
alloys is their low hardness (not more than 300—-350 HV) compared to
steels. However, the hardness increases significantly (from 400 to
800 HV and higher [8—10]) for metal-matrix composites (MMC) based
on titanium or its alloys, which are strengthened by high-modulus par-
ticles of TiC or TiB phases. At high hardness, such composites possess
a desirable low specific weight and can achieve high strength levels.

It is generally recognized that a significantly improved complex of
physical and mechanical, and, accordingly, protective and service
characteristics, can be achieved by replacing individual materials with
layered structures that combine them [1, 6, 11, 12]. The general prin-
ciples of constructing such structures are well known from previously
published data and are valid for a number of materials, including tita-
nium [8, 9]. The advantage of layered structures is the combination of
materials with significantly different mechanical characteristics: hard
and high-strength MMC as the front layer, while ductile titanium al-
loys as the back layer. Such combination provides a unique set of high
strength and ductile characteristics of the material as a whole, while
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reducing the thickness of the material. Moreover, the inclusion of in-
termediate layers of highly porous titanium or titanium alloys in the
layered structures contributes to the effective absorption of shock wave
energy by deformation of such porous materials on impact loading.

The combination of titanium alloys and MMCs with different chemi-
cal and phase compositions, as well as highly porous layers, in one ma-
terial can provide a unique set of physical and mechanical characteris-
tics that are unattainable for each material separately. In particular,
various combinations of the noted materials provide the potential to
control the balance of all mechanical characteristics and to change pa-
rameters of strength, hardness, ductility and the ability to absorb
shock wave energy, which will ensure the achievement of the desired
protective characteristics of the entire layered material.

The aim of present study is to evaluate the potential for controlled
change the mechanical characteristics of layered materials combining
commercially-pure titanium (CP-Ti), Ti—-6Al-4V alloy, MMCs on their
base reinforced with TiC particles, as well as highly porous CP-Ti lay-
ers. These data will ensure development of layered titanium-based ma-
terials with promising physical and mechanical characteristics for ef-
fective protection against the damaging effects of explosive devices,
including striking elements and shock waves.

2. MATERIALS AND EXPERIMENTAL PROCEDURE

A number of titanium-based materials, which differ significantly in
their chemical and phase composition, and, accordingly, change their
mechanical characteristics in a wide range, were selected (Table 1) to
be included in layered structures. Commercially-pure titanium (CP-Ti)
was chosen as the most-ductile and low-strength material. The most
widely used Ti—6Al-4V (% wt.) composition was selected as medium

TABLE 1. Composition of studied materials.

No. Composition ‘Raw powders used for manufacturing
1 commercially-pure titanium (CP-Ti) TiH»
2 Ti+10% TiC MMC TiHs, TiC
3 Ti+20% TiC MMC TiHs, TiC
4 Ti+40% TiC MMC TiHs, TiC
5 Ti-6Al-4V alloy TiHz, Al master alloy
6 Ti-6Al-4V +10% TiC MMC TiHz, Al-V master alloy, TiC
7 Ti-6Al-4V +40% TiC MMC TiHz, Al-V master alloy, TiC
8 highly-porous CP-Ti TiHz, ammonium carbonate
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strength alloy. These materials were also used as metal matrixes to
create composites reinforced with 10%, 20% and 40% (by volume) of
high-modulus TiC particles to achieve enhanced strength and hardness
characteristics. Comparison of CP-Ti and Ti—-6Al-4V allows determin-
ing the influence of corresponding matrix material, while variation in
TiC content allows evaluating the strengthening effect of TiC particles
in the composites. To study the ability of porous structures to absorb
energy during their deformation, highly-porous CP-Ti samples were
manufactured.

All the above materials were manufactured using press-and-sinter
blended elemental powder metallurgy. Titanium-hydride powder TiH:
and powder blends on its base were used as raw materials, taking into
account the positive role of hydrogen as a temporary alloying element
for titanium [13-15].

Titanium-hydride powder (less than 100 pm in size), 60% Al-40%V
master alloy (less than 63 ym) and titanium carbide TiC (less than
30 nm) powders were used as raw materials. The powders were blended
in appropriate proportions to achieve the given composition of specific
blends, after which the blends were pressed at room temperature in
moulds at 620 MPa to obtain rectangular (65x10x10 mm) and cylindri-
cal (diameter of 10 mm, height of 10 mm) compacts. The compacts were
sintered in vacuum furnace (heated at a rate of 10°C/min to 1250°C,
and kept at this temperature for 4 hours). In this thermal cycle, com-
plete desorption of hydrogen from titanium hydride occurred, activat-
ing solid-state diffusion in dehydrogenated titanium [13—-15]. As a re-
sult, redistribution of alloying elements (aluminium, vanadium) in ti-
tanium and sintering of powder particles led to formation of nearly-
dense and chemically-uniform matrixes. When creating composites,
the strengthening TiC particles remained quite inert in relation to the
surrounding CP-Ti or Ti—-6Al-4V alloy matrixes. Typical microstruc-
tures of sintered materials are shown in Fig. 1.

Manufacturing highly-porous CP-Ti included blending a fairly-large
TiH; powder (63—125 um) with ammonium carbonate particles (up to
400 ym in size), which was used as a space holder. Titanium hydride
was blended with ammonium carbonate in proportions of 1:1, the blend
was pressed at 150-250 MPa into rectangular (65x10x10 mm) com-
pacts. Then, ammonium carbonate was removed as volatile compound
from the compacts in two stages: by heating in air to 120°C and subse-
quent heating in vacuum to 300°C. After removing ammonium car-
bonate was completed, titanium-hydride powder compacts were heated
in vacuum furnace up to 1000°C and exposed for 2 hours to remove hy-
drogen and sinter.

The microstructure of the sintered materials was investigated by
scanning electron microscopy (VEGAIII TESCAN equipped with a
Brucker EDX detector to determine local chemical composition). The
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Vickers hardness of the materials was determined using Wolpert 432
SVD machine. The compression characteristics of individual sintered
materials were determined using cylindrical samples at Instron 8802
device under quasi-static loading conditions using rates of 1073 and
10'mm-s. To assess the potential for increasing the energy-
absorbing (damping) characteristics of porous CP-Ti under compaction
loading, their impregnation with polymers based on epoxyurethanes
(PEU-1 and PEU-7) and modified epoxies was used. The polymers were
developed at the Institute of Macromolecular Chemistry, N.A.S. of
Ukraine, and recommended as damping materials.

To create layered materials, sintered rectangular samples
(65x10x10 mm) of nearly-dense CP-Ti, Ti—6Al-4V alloy, MMCs and
porous titanium were cut by spark erosion to obtain flat plates with a
thickness of 2.5 to 5 mm, 65 mm length and 10 mm width. The plates of
different materials were bonded each other in various combinations
using polymers to form layered structures. Liquid polymers were de-
posed on the surfaces of individual materials, which were joined to-
gether to create ‘sandwiches’ and subsequently heated in drying cham-
ber up to temperature range of 90—130°C for 3—6 hours to harden the
polymers. Such operations led to joining the plates with the formation
of a strong bond between the individual layers. The resulting layered
structures of different compositions were subjected to three-point
flexure tests on Instron 8802 machine, since the loading scheme dur-
ing three-point flexure is similar to the loading on shock wave or pro-
jectile impact on the material.

3. RESULTS AND DISCUSSION

3.1. Microstructures and Compression Characteristics of Individual
Sintered Materials

Typical microstructures of sintered nearly-dense materials are shown
in Fig. 1. CP-Ti consisted of relatively-coarse a-phase lamellae (thick-
ness is up to 50-70 um) and globules having size up to 100 um (Fig. 1,
a). About of 1.5% residual pores of spherical shape up to 30—40 ym in
size were presented in microstructure. Sintered Ti—6Al-4V alloy (Fig.
1, b) is characterized with noticeably finer lamellar o + f microstruc-
ture inside grains of 80—100 um in size, and 2% residual pores (up to
30 nm in size). Microstructure of sintered MMC (see Fig. 1, ¢ as an ex-
ample) consists of lamellar CP-Ti or Ti—6Al-4V matrixes and reinforc-
ing spherical TiC particles, which were not obviously changed in size and
shape during sintering. A number of TiC particles form conglomerates,
being not quite evenly redistributed over the matrixes. Residual porosi-
ty of MMCs is some higher than for matrixes itself, being within 3—-8%.
As the first research stage, main mechanical characteristics of indi-
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Fig. 1. Typical microstructures of sintered CP-Ti (a), Ti—6Al1-4V alloy (b) and
Ti-6Al-4V +40% TiC composite (¢).

vidual sintered materials were determined to evaluate the potential for
characteristics modification with changing their chemical composition
(Table 2). Corresponding stress—strain compression curves are pre-
sented in Fig. 2 together with tested samples.

Taking into consideration the data presented in Table 2 and Fig. 2, it
was demonstrated that the yield strength and hardness values obvious-
ly increase, when replacing the CP-Ti matrix with an alloyed matrix of
Ti—-6Al-4V composition (yield strength (YS) from 590 to 1124 MPa,
hardness from 260 to 357 HV). The similar result was achieved with
introduction of reinforcing TiC phase in both matrixes and increase in
TiC content. At the same time, with matrix alloying and increasing TiC
phase content in MMC, the ability to deform (strain values correspond-
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TABLE 2. Main mechanical characteristics of individual sintered materials.

Compression rate, Compression rate,
103 mm-s™ 10 mm-s™
No.| Material |Fardness, Ultimate Ultimate
HV YS, strength Strain, | YS, strength Strain,
’ 0, ’ 0,
MPa MPa Yo MPa MPa Yo
1 CP-Ti 260 590 2086 52.5 613 2096 58
Ti—
2 10% TiC 288 812 1792 38 966 1947 43
Ti—
3 20% TiC 337 919 1411 23 1036 1325 21
Ti—
4 40% TiC 449 976 1203 9 1236 1292 10
5 Ti—-6Al-4V 357 1124 1714 29.5 1165 1616 31.5
Ti—-6Al-
6 4V—- 379 1163 1601 22 1260 1553 22.5
10% TiC
Ti—-6Al-
7 4V—- 560 1257 1600 11 1453 1661 10
40% TiC

ing sample fracture) was reduced from 52-58% to 9-11%. Further-
more, severe deformation of CP-Ti and Ti—6Al-4V alloy resulted in
significant material hardening; thus, the ultimate strength values
achieved (stress, at which samples were fractured) are highest
(22090 MPa and = 1600—-1700 MPa) among tested samples. The higher
content of TiC particles in the CP-Ti matrix led to reduced hardening
ability of CP-Ti-based MMCs due to lower deformation. However, the
tendency for reduced ultimate strength with higher TiC content is not
obvious for MMCs based on Ti—6Al-4V matrix.

Increase in deformation rate within 103-10"' mm/s range resulted
in some higher YS and strain values recorded, while tendency for
changing ultimate strength values was not clearly observed at increase
in deformation rate.

Microstructures of tested Ti—6Al1-4V alloy and MMC samples are
shown in Fig. 3 as an example of typical deformed microstructures.
Traces of intensive deformation such as bended o-phase lamellae and
severely-deformed residual pores were observed for both CP-Ti and Ti—
6Al-4V matrixes without TiC particles (see Fig. 3, a for Ti—6Al-4V
alloy). As for MMCs (Fig. 3, b), reinforcing TiC particles prevent in-
tensive deformation of matrix. Samples were crushed with cracks
propagation through matrix/TiC interfaces and particle conglomer-
ates, forming crushed TiC fragments. The number of cracks increases
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Fig. 2. Typical stress—strain curves for individual sintered materials (defor-
mation rate 10 mm/s): 1—CP-Ti, 2—CP-Ti+ 10% TiC, 3—CP-Ti+ 20% TiC,
4—CP-Ti+40% TiC, 5—Ti—-6Al-4V alloy, 6—Ti—6Al-4V + 10% TiC, 7—Ti-
6Al1-4V +40% TiC. Corresponding tested samples (I to 7) are shown below.

with increasing TiC-phase content, gradually leading to a transition
from a ductile fracture mode to a completely brittle one, which is espe-
cially characteristic for MMCs based on the Ti—6Al-4V alloy with 10%
and 40% TiC phase. In areas, where intense stresses occur, in particu-
lar, on the surfaces of brittle fracture of MMC, crashed TiC particles
are clearly visible.

The results above suggested useful combination of either CP-Ti or
Ti—-6Al-4V alloy layers (as materials possessing highest ductile char-
acteristics) together with MMCs reinforced with 40% TiC (as a materi-
als demonstrating highest YS and hardness values) to achieve im-
proved set of characteristics for entire layered materials.

3.2. Characteristics of Porous CP-Ti and Their Modifying
with Polymer Impregnation

As well-known [16, 17], presence of pores in sintered materials resulted
in degradation of their strength and ductile characteristics. So, manu-
facturing of porous CP-Ti was aimed on achievement not only specified
and uniform porous structure desirable for improved damping charac-
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Fig. 3. Typical microstructures of deformed Ti—6A1-4V alloy (a) and Ti—6Al-
4V +40% TiC MMC (b).

teristics, but also to attain sufficient strength and ductile levels.

Selected modes of ammonium carbonate removal from the powder
compacts and parameters of subsequent vacuum sintering at 1000°C
allowed completed dehydrogenation of TiH: particles and formation of
highly-porous sintered CP-Ti material with a density of 1.63—
1.73 g/cm?, which corresponds to a porosity level of 60% to 64% (Fig.
4, a, b). The pores are evenly distributed over the volume of sintered
CP-Ti with preservation of open pore channels between the voids (Fig.
4, a). The pore sizes are up to 200—400 microns (Fig. 4, b) that corre-
sponds to the size of space holder particles used.

Despite enhanced porosity, sintered CP-Ti ensures sufficient com-
pressive strength and significant degree of deformation before frac-
ture (Fig. 5, curve 1), promising for its using as damping material.
However, ability to absorb energy on deformation (other words, better
damping characteristics) should be as high as possible, which, in turn,
needs increased deformation degrees. For this reason, the potential to
increase deformation ability of porous titanium using its saturation
with special polymers developed at the Institute of Macromolecular
Chemistry, N.A.S. of Ukraine was investigated. The idea was to create
a specific composite material by impregnating porous titanium with
polymers in the liquid state, followed by their solidification, which was
supposed to improve further the toughness and elastic properties of
porous titanium and to increase its deformation degree before the frac-
ture. As once more extremely important task, the polymers character-
ized by high adhesiveness and sufficient strength in solidified condition
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100 um |

Fig. 4. SEM images (BSE mode) of sintered porous CP-Ti microstructure (a, b)
and after its impregnation with polymers (¢, d, polymer PEU-7 is used as an
example). Pores filled with polymers are dark; those not filled are light.

can be used to join the surfaces of various titanium-based materials (in-
cluding porous layers, alloys and MMCs) into entire layered structures.

On impregnation process, liquid polymers having a different, but
sufficiently high fluidity partially fill the voids of porous CP-Ti (Fig.
4, ¢). Owing to good adhesion, polymers densely join with the internal
surfaces of the porous material (Fig. 4, d), ensuring strong bond after
polymer solidification. For used SEM BSE images, pores filled with
polymers appear as dark zones, while pores not filled with polymers are
light. The density of porous CP-Ti samples (of 1.63—-1.73 g/cm?) in-
creases somewhat after impregnation process; the densities after pol-
ymer impregnation are of 2.152g/cm? (Ti+PEU-1), 2.019 g/cm?
(Ti + PEU-7), and 2.317 g/cm?® (Ti+ epoxy-based polymer). Different
density values after impregnation are in accordance with the varying
degrees of saturation of CP-Ti with the corresponding polymers due to
their different fluidity characteristics.
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Fig. 5. Compression stress—strain characteristics of porous CP-Ti (I) and
their changes under the influence of various polymer impregnations: PEU-1
(2), PEU-7 (3), epoxy-based (4). Deformation rate of 10~ mm/s.

Impregnation with polymers noticeably affects the stress—strain
compressive characteristics of porous CP-Ti (Fig. 5, curves 2—4, com-
pare with curve I). At the initial stages of loading (up to 66—67 MPa at
both used deformation rates of 107 and 107! mm/s), the studied mate-
rials deform elastically. At higher compression stresses, they mainly
demonstrate typical plastic behaviour without fracture of the samples
(with the exception of the sample impregnated with an epoxy-based pol-
ymer).

At the beginning, plastic deformation of porous material occurs by a
gradual decrease in the pore volume (areas of flat ‘plateaus’, located
horizontally or with a slight slope), as a result of which a compacted
poreless materials are gradually formed, which leads to deformation
hardening and an increase in the slope of the curves with increasing
stresses. Porous CP-Ti without polymers (Fig. 5, curve 1) has a yield
strength of 66—67 MPa and plastically deforms to a relative compres-
sion strain of about 65—-70% before the appearance of certain signs of
sample failure (‘teeth’ and bend points on the stress—strain curves).
The epoxy-based polymer (Fig. 5, curve 4) significantly increases the
strength of porous titanium (yield strength of 105—221 MPa depend-
ing on deformation rates of 1072 and 10™ mm/s, correspondingly), but
reduces its ability to deform (relative compression strain decreases to
25-50%, at which sample failure takes place). Impregnation with
PEU-1 and PEU-7 polymers (Fig. 5, curves 2 and 3) has a fairly similar
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effect on the mechanical behaviour of porous titanium, only slightly
increasing its strength at the initial stages of deformation (yield
strength is of up to 67-84 MPa depending on deformation rate), but
reducing the slope of the curves with further development of plastic
deformation and continuing the flat sections of the stress—strain
curves (‘plateau’) to deformation values of 40—-48%, at which the first
signs of the development of the failure process appear, however, with-
out fracture of the sample as a whole. At the same time, the sample im-
pregnated with PEU-1 polymer (Fig. 5, curve 2) demonstrates the low-
est slope of the stress—strain curve with a longest horizontal ‘plateau’,
which indicates the practical absence of hardening, hence, improved
ability to absorb energy owing to enhanced deformation degree com-
pared to other samples.

Based on results above, it was determined that the impregnation
with polymers PEU-1 and PEU-7 demonstrates similar plastic behav-
iour, which should make the desired contribution to increasing energy
absorption during deformation, with PEU-1 being determined as the
best suitable polymer for further experiments. PEU-1, having suffi-
cient fluidity in liquid state, penetrates quite easily inside the depth of
the porous CP-Ti during impregnation. Moreover, PEU-1 does not in-
crease the strength of porous titanium, but provides better defor-
mation characteristics (a longer horizontal plateau on stress—strain
curve, and, accordingly, the enlarged area under it (Fiig. 5), which cor-
responds to greater absorbed energy on deformation and indicates bet-
ter damping characteristics).

3.3. Layered Structures and their Characteristics

The task of the next research stage was to manufacture layered sam-
ples using polymer PEU-1 to bond layers of different titanium materi-
als, and to assess the mechanical behaviour of layered structures of
different composition under loading conditions that simulate the load-
ing conditions during the action of shock waves.

Two-, three- and four-layered samples of different design on the
base of CP-Ti and Ti—6Al-4V alloy were manufactured (Fig. 6) to com-
paratively assess their mechanical characteristics and to understand
the role of each individual material in the overall deformation behav-
iour. The samples I and 4 contain MMCs with high content (of 40%) of
TiC phase as front layer, and back ductile layer of either CP-Ti or Ti—
6A1-4V alloy. An intermediate layer of porous CP-Ti was included for
samples 2 and 5; thickness of porous layer was furtherly increased for
samples 3 and 6. The polymer PEU-1 impregnated intermediate porous
CP-Ti layer and covered the adjacent surfaces of layers to ensure suffi-
cient bonding between them. The overall thickness of each sample was
of about 10 mm, while thickness of individual layers was variable with-
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CP-Ti based Ti—6Al-4V based
1 4
Ti-40% TiC Ti-6-4-40% TiC
Ti Ti-6-4
2 5
Ti—40% TiC Ti-6-4—40% TiC
Porous Ti Porous Ti
Ti Ti-6-4
3 6
Ti—40% TiC Ti-6-4—40% TiC
Porous Ti Porous Ti
Ti Ti-6-4
7
Ti-6-4-40% TiC
Ti-6-4-10% TiC
Porous Ti
Ti-6-4

Fig. 6. Scheme of tested layered sample design: samples Nos. I—3 are based on
CP-Ti, while Nos. 4-7 on Ti—-6Al-4V alloy.

in approximately 2.5—5 mm range to evaluate the influence of each
layer thickness. Once more sample (7) included additional intermediate
MDMC layer with low TiC content (10% ) to evaluate the role of gradual
decrease of reinforced particle content from surface to the depth of
layered material. The samples were tested with 3-point flexure; load
was applied from MMC layer side (Fig. 7).

The comparison of flexure stress—flexure strain curves for samples
based on CP-Ti (Fig. 8,a) and based on Ti—6Al-4V alloy (Fig. 8, b)

Fig. 7. Various stages of three-point flexure testing layered sample consisted
of Ti—-40% TiC MMC (upper), porous CP-Ti (intermediate) and bulk CP-Ti
(bottom) layers.
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Fig. 8. Stress—strain curves for 3-point flexure tests of layered samples on the
base of CP-Ti (a) and Ti—-6Al-4V alloy (b), sample numbers correspond to
samples shown in Fig. 6.

clearly demonstrates that alloying the matrix with aluminium and va-
nadium leads to noticeably higher strength values, but lower ductile
characteristics than those for the unalloyed CP-Ti matrix. However,
the other features of mechanical behaviour are quite similar for both
groups of samples.

The characteristic feature of all layered materials is the presence of
‘teeth’ at stress—strain curves, mainly, within the elastic deformation
stage at stresses in the range from 70 MPa to 400 MPa (depending on
the type of layered samples; Fig. 8). The teeth are associated with the
destruction of the polymer bonding the layers, delamination of indi-
vidual layers and their cracking. The appearance of cracks mainly ob-
served for the upper MMC layers, which are hard and have low fracture
toughness, as well as for highly-porous layers, both of which are vul-
nerable to crack propagation in places of significant stress concentra-
tion. With an increase in the deformation degree, as a rule, the nuclea-
tion and growth of cracks is first observed in the upper MMC layer,
then in the porous layer, and lastly in the bottom ductile layer.

The inclusion of highly porous titanium layers (which are relatively
ductile and have lowest strength) between the layers of MMC and alloy
leads to a decrease in the yield strength and the strength of the layered
structure as a whole (compare samples I and 2 in Fig. 6 and corre-
sponding curves in Fig. 8, a, as well as samples 4 and 5, Fig. 6, and cor-
responding curves in Fig. 8, b). At the same time, presence of interme-
diate porous layer increases ability to deform (increasing the plastic
deformation stage of the stress—strain curves, which indicates a better
ability to absorb energy during deformation). Increasing the thickness
of the porous layers (comparison of curves 2 and 3 in Fig. 8, a, as well
as curves 5 and 6 in Fig. 8, b) further demonstrates this trend.
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It should be noted that the slope of the load curves gradually de-
creases with the inclusion of a porous CP-Ti layer between MMC and
alloy layers and with an increase in its thickness from 2.5 mm (samples
2 and 5) to 5 mm (samples 3 and 6). We can draw a general conclusion
about the decrease in Young’s modulus of layered structures as a whole,
with an increase in the thickness of their porous layers. This result is
logical, taking into account the well-known data on the gradual decrease
in Young’s modulus [18, 19] for materials having higher porosity.

Sample 7 (four-layer), in which two composite layers with 40% and
10% TiC were used, demonstrates rather similar strain, strength, and
Young’s modulus characteristics in comparison to those for three-
layer sample 6 (Fig.8,b). Obviously, potential effect of additional
MDMC layer on mechanical characteristics was hidden with simultane-
ous reduction of porous layer thickness for sample 7 and with relative-
ly low strength of polymer joins.

Thus, from the experiments conducted, it can be concluded that prop-
er combinations of the studied materials and the thickness of individual
layers allow wide range adjustment of strength characteristics (yield
stress of 70—420 MPa, tensile strength of 80-600 MPa), plasticity (de-
formation of 18—-40% ) and Young’s modulus of layered structures. An
important result is the confirmation of the positive role of the inclusion
of highly-porous CP-Ti in layered structures to reduce Young’s modulus
and to increase their overall deformation degree before the beginning of
their destruction process, which is useful for controllable adjustment of
strength, ductile, and damping characteristics of layered structures.

4. CONCLUSIONS

1. Nearly-dense commercially-pure titanium (CP-Ti), Ti—-6Al-4V alloy
and MMCs based on them with a content of high-modulus TiC particles
from 10 to 40% were manufactured with powder metallurgy approach
using hydrogenated titanium powder. The potential for variation of
mechanical characteristics of these materials depending on the compo-
sition of the matrix and TiC content was determined using hardness
and compression tests in quasi-static conditions.

2. Highly-porous CP-Ti samples (with 60—-64% pores) were manufac-
tured using titanium-hydride powder and ammonium carbonate as a
space holder. Porous CP-Ti samples were impregnated with polymers
based on epoxyurethanes (PEU-1 and PEU-7) and epoxide to evaluate
the potential to affect deformation ability of porous CP-Ti. Polymers
PEU-1 and PEU-7 similarly improve the stress—strain characteristics
of porous titanium under compression loading, which is useful for
higher energy adsorption characteristics on deformation.

3. Nearly-dense MMC and alloy layers, as well as porous CP-Ti one were
joined in various combinations using PEU-1 polymer to create layered
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structures. The mechanical behaviour of layered structures during
three-point flexure tests was determined. The inclusion of porous lay-
ers and an increase in their thickness in layered structures leads to a
decrease in strength and Young’s modulus, but an increase in defor-
mation ability of the layered structure as a whole. Proper selection of
material combinations and thickness of layers gives wide potential for
controllable and useful adjustment of strength, ductile and damping
characteristics of layered structures.

The present study was funded by National Academy of Sciences of
Ukraine (grant IMP-2024/5).
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Ti-Based Metal-Matrix Composites Reinforced with TiC or TiB
Particles Obtained by Electron-Beam 3D Printing Using
a Cored Wire
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A metal-matrix composites (MMCs) based on titanium matrix reinforced with
the TiB and TiC particles are obtained by printing with electron-beam melt-
ing and cored wires as feeding deposited material. These wires of three types
are made of a mixture of fine powders of pure Ti with fine powders of (1) TiC,
(2) TiBz, or (3) Ti/TiB (obtained by preliminary sintering) wrapped into
100 pm-thick titanium foil. MMCs are formed due to the in situ reaction be-
tween Ti and fine hard particles during the deposition on the surface of the
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base Ti—6Al-4V plate. Upon printing, the gradients in both the composition
and the microstructure state of the MMCs are formed. The bottom layer adja-
cent to the base Ti—6Al-4V plate has relatively-low concentrations of the TiC
or TiB particles, while approaching the top surface, the concentration of
hardening particles increases. This gradient microstructure ensures a
smooth change in hardness along the height of the MMC layer, and its maxi-
mum reaches 525-540 HV in the cases of wires (1) and (2), while for wire (3),
which has most uniform distribution of finest strengthening particles, it is
up to 640 HV.

Key words: titanium-matrix composite, printing with electron beam, cored
wire, interphase interaction, microstructure, phase composition, titanium
carbide, titanium boride.

Meranomarpuuni komnosutu (MMEK) Ha ocHOBi TuTaHOBOI MaTpuIli, 3MiItHe-
Hoi ywactruuakamu TiB i TiC, 6yno omep:xkano nmissxom 3D-IPyKYy eJIeKTPOHHO-
IPOMEHEBUM METOJIOM i3 BUKOPUCTAHHAM IIOPOIITKOBOTO APOTY B AKOCTi MaTe-
pisany, mo HaTomIOBaBCA. [poTH TPHOX THIIIB OyJIO BUTOTOBJIEHO i3 cymimri
Ipibamx mopomkiB yucroro Ti Ta mopomkis (1) TiC, (2) TiB: a6o (3) cymimri
Ti/TiB (omep:xaHOil momepeaHiM CIIiKAHHAM), 3aTOPHYTUX Y TUTAHOBY (hOJIiT0
ToBiuHO0 y 100 MmxM. MMK yTBOopuBCA BHaCHiILOK peakiiii 6e3mocepeiHbO B
mporieci TonmenHsa Mixk Ti Ta MMy yacTUHKaMU i Yac OCaAKeHHA Ha ITOBeP-
xHI0 0a30B0I miaactunu 3i cromy Ti—6Al-4V. Ilig yac 3D-apyKy yTBOPHINCS
rpagierTu y ¢asoBomy ckiyani Ta mikpoctpykrypi MMK. Humxnitt map, 1o
GesmocepenHbo IpmiIsirae A0 6asosoi miactuuau Ti—6Al1-4V, mae BigHOCHO HU-
3bKi KoHIeHTparii vacturok TiC a6o TiB, a, mabam:karmuuch OO IMOBEpPXHi
KOMIIOBUTY, KOHIIEHTpAIlil WX 3MIiIHIOBAJIBHUX YaCTUHOK B30iJbIITYIOTHCS.
Taxa rpamieHTHa MiKPOCTPYKTypa 3abe3meuye IJaBHY 3MiHYy TBEPAOCTH IIO
(2), a gna gpory (3), AKU Mae HaWOLABIN PiBHOMipHUE PO3MOAiT HAWAPiIOHI-
XX 3MiITHIOBAJIBHUX YACTUHOK, csarac 640 HV.

KarouoBi ciioBa: TUTAaHOBUHA MATPUYHUNA KOMIIO3UT, 3D-IPYK €IeKTPOHHUM
IpoMeHeM, IMOPOIITKOBUH ApPiT, Mixk(asoBa B3aeMOIisA, MiKpOCTPYKTypa, (a-
30BUi cKaamd, Kapbix Turany, 6opun Turamy.

(Received 11 March, 2025; in final version, 2 July, 2025 )

1. INTRODUCTION

Titanium alloys possess excellent strength-to-weight ratios and corro-
sion resistance. These characteristics promote their wide use in aero-
space, marine and automotive industries [1-3]. However, such draw-
backs of titanium alloys as insufficient hardness and wear resistance
as well as increased manufacturing costs restrict their application.
Hardness, wear resistance and strength level can be improved with
creation of metal-matrix composites (MMCs) on the base of titanium
matrixes reinforced with disperse high-moduli particles. It is general-
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ly known, phases such as titanium carbide TiC and titanium monobo-
ride TiB are the best suitable for reinforcing both commercially-pure
(CP-Ti) titanium and alloyed titanium matrixes. On another hand,
such characteristics of MMCs are reasons for their poor workability,
creating problems with manufacturing net-shape products. Printing,
also known as additive manufacturing (AM)[1, 2], is suitable approach
for easy and fast manufacturing net-shape products in cost-efficient
manner. printing has been widely used in industry for a long time for
stainless steel and nickel-based products. However, AM technologies
are less developed for titanium-based products, because of achieve-
ment of their desirable mechanical characteristics is rather problemat-
ic due to necessity for careful protection of titanium from contamina-
tion and strong microstructure control during printing process.

A promising AM technology for titanium-based products is xBeam
metal-printing process [3, 4] using hollow electron beam and wire as
feedstock material. Unique profile of electron-beam brings’ ad-
vantages to control effectively heated area, molten pool, cooling condi-
tions, and microstructure of crystallized metal. The noted technology
was successfully used for printing various titanium-alloy products us-
ing wires of corresponding compositions. However, hard and brittle
MMCs are not suitable to produce corresponding wires in conventional
manner. As an alternative method to produce wires of desirable com-
position, so-called ‘cored wire’ consisted of powder mixtures sealed
inside ductile foil shell, can be used [5—7]. This method is promising to
obtain cored wires corresponding to titanium-based MMCs with vari-
ous reinforcing additions and, then, to use noted cored wires as feed-
stock materials in xBeam 3D-printing process for MMCs’ products [5,
8]. However, potential and peculiarities of xBeam 3D-printing process
for manufacturing titanium-based MMCs reinforced with the TiC and
TiB phases should be studied.

The aim of the present study is to establish the potential for using
cored wires as feedstock materials for printing of MMCs, as well as pe-
culiarities of microstructure and phase composition of 3D-printed
products, as an example, using MMCs on the base of CP-Ti matrix rein-
forced with the TiC and TiB phases.

2. MATERIALS, TECHNOLOGICAL APPROACH,
AND EXPERIMENTAL PROCEDURE

Two MMCs’ compositions on the base of unalloyed titanium (CP-Ti)
matrix reinforced with either 40% (vol.) TiC or 40% TiB were selected
for present investigation. To produce the cored wires of noted compo-
sitions, titanium foil (20 pm thickness), titanium powder (40—125 pm
in size), TiC (less than 30 pm) and TiB; (less than 10 pm) powders were
used as raw materials. The cored wire manufacturing process was de-
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scribed in details elsewhere [5—7]. The powders were blended in corre-
sponding ratios and sealed in titanium foil shell 3 mm in diameter.
Necessary amount of TiC powder was taken for Ti—40% TiC cored wire
manufacturing, while raw TiB. powder was tested in two approaches to
produce cored wires corresponding to 40% TiB reinforcements. First
approach assumes in situ TiBs + Ti — TiB exothermic reaction to form
monoboride TiB phase during printing. Second approach was compara-
tively used to clarify possible influence of noted reaction and heat re-
lease on microstructure formation. For the second one, the necessary
amount of boron was introduced as composite Ti/TiB powder obtained
with preliminary reaction sintering of Ti+TiB: powder blend at
1200°C, 1 hour in vacuum. Therefore, raw TiB; powder was trans-
formed into porous Ti/TiB reaction product, which was crushed into
powder again; composite Ti/TiB powder was sealed in Ti foil for manu-
facturing second cored wire of Ti—40% TiB composition.

The cored wires were used in the xBeam metal-printing method to
print MMC products on the surface of Ti—6A1-4V (wt.% ) plate as sub-
strate. A profile electron beam in the form of a hollow inverted cone
melts a cored wire that is fed coaxially with this electron beam. The ad-
vanced technological features [9—11] provided by the presented heat-
ing configuration and the use of a low-voltage (< 20 kV) but high-power
(up to 18 kW) electron beam creates a moderate concentration of ener-
gy on the heating surface (in the range of 1023 kW /cm?2), providing a
number of exceptional technological possibilities for manufacturing of
high-quality printed products with high productivity.

MMCs’ samples of 20 mm in height and 7-10 mm in width (Fig. 1)
were printed layer by layer on Ti—6Al-4V substrate using above de-
scribed approach. The samples were cut with spark erosion; their verti-

Fig. 1. General view of 3D-printed MMC sample.
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cal cross sections were polished and etched with Kroll’s reagent (2%
HF, 5% HNOs, 93% H:0) for microstructure investigations over the
sample height. Microstructure studies were performed using SEM
(Tescan Vega III equipped with Brucker EDX analyser). Phase compo-
sition of materials, including transformation of boride phases, was
studied with x-ray diffraction analysis. Hardness tests (Wolpert 432
SWD) were implemented to evaluate mechanical characteristics of
printed MMCs.

3. RESULTS
3.1. MMCs with TiC Reinforcements
The typical microstructure of 3D-printed Ti—40% TiC MMC is shown

in Fig. 2. The CP-Ti matrix demonstrates fine lamellar microstructure
with rather miscellaneous distribution of reinforcing phase along the

Fig. 2. Microstructure of 3D-printed MMC strengthened with TiC in various
zones: bottom area near Ti—6Al-4V plate (a, b), the middle part (¢, d), and on
the top of the MMC layer (e, f) (SEM, BSE).
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height of printed MMC. Bottom part of MMC adjacent to Ti—6Al1-4V
substrate (Fig. 2, a, b) is characterized with relatively low amount of
reinforcing particles of nearly globular and needle-like/dendrite-like
morphologies. Coarse globular particles (up to =25 pm in size) looks
like raw TiC powder, which does not noticeably changed on 3D-
printing process. Needle- or dendrite-like finer (1-10 pm) particles,
obviously, precipitate during melting/crystallization cycles. The in-
terface between substrate and printed MMC is sharply recognized ow-
ing to appearance and absence of reinforcing particles.

The middle part of printed MMC (Fig. 2, ¢, d) demonstrates quite
higher amount of reinforcing particles of noticeably coarser sizes (up
to 40—50 nm), their morphologies are nearly globular and dendrite-like
ones.

The top part of 3D-printed MMC (Fig. 2, e, f) is characterized with
highest observed amount of reinforcing particles up to 50 ym in size.
The particles morphology is changed for mainly globular one and the
average size (of about 20—30 um) is increased due to disappearing of
finer particles.

The x-ray analysis (Fig. 3) was comparatively performed for upper
and bottom parts of 3D-printed MMC. In both locations, MMC demon-
strated two-phase composition: CP-Ti matrix with a (h.c.p.) crystal
lattice and titanium carbide TiC (cubic lattice) reinforced phase. At the
same time, x-ray analysis confirmed obvious increase in the amount of
TiC phase for upper area of MMC compared to bottom part, where dif-
fraction peaks of B (b.c.c.) phase were also observed due to partial x-ray

— o o _—
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Fig. 3. Comparison of x-ray diffraction patterns for upper and bottom (near
Ti-6Al-4V substrate) MMC material 3D-printed with a cored wire contained
Ti+40% TiC.
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Fig. 4. Locations of the points, where chemical composition of Ti—40% TiC
MMC was analysed: MMC zone near Ti—6Al-4V substrate (a), the middle part
of printed MMC (b).

diffraction from Ti—6Al-4V substrate.

Local EDX analysis of reinforcing particles (Fig. 4, Table 1) revealed
the main rules of carbon redistribution over the printed MMC micro-
structures. The composition of reinforcing particles is close to TiC ti-
tanium carbide phase, however, with some deficit of carbon content.
The highest carbon content (29—33 at.% ) was measured for the centre
of coarse particles which allow to identify their composition corre-
sponding to two-phase o-Ti+ TiC area in Ti—C binary phase diagram
[12] and stoichiometry as Ti>C. Carbon content is obviously reduced at

TABLE 1. Local chemical composition of Ti—40% TiC MMC microstructure.

No. Content of chemical elements, wt.% /at.%
point Ti | C | at [ v | W
Bottom (Fig. 4, a)

1 90.70/70.98 9.30/29.02 - - -
2 92.61/87.30 0.88/3.29  4.61/7.72 1.90/1.69 -
3 92.69/76.91 6.72/22.22 0.59/0.87 - -
4  82.62/70.72 7.96/27.17 0.01/0.02 - 9.40/2.10
Middle (Fig. 4, b)
1 88.88/66.72 11.12/33.28 = - -
2 93.14/77.30  6.86/22.70 - - -
3 93.34/78.46 6.24/20.90 0.42/0.63 - -
4  96.18/91.73  0.96/3.66  2.56/4.34 0.30/0.27 -
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the edges of coarse particles and for fine particles (20—27%), while its
measured content is minor (2 3% ) for CP-Ti matrix.

Some penetration of Al and V from Ti—6Al-4V substrate into print-
ed MMC matrix was observed near the interface between them (Fig. 4,
a, Table 1, point No. 4), while traces of these alloying elements can be
observed even in middle part of printed MMC (Fig. 4, b, Table 1, point
No. 4). In addition, W impurity was observed in some TiC particles
(Table 1) as result of TiC powder manufacturing process.

In accordance with microstructure changes, namely, with increase
in observed amount of titanium carbide particles in CP-Ti matrix, the
hardness is increased from bottom to the top parts of printed Ti—40%
TiC MMC. For the area around the MMC/Ti—6Al-4V substrate inter-
face, the hardness was within 355—-396 HV. The hardness is increased
to 438—506 HV for the bottom part of printed MMC, while it was with-
in 409-634 HV at the top part of MMC.

3.2. Ti—40% TiB MMC Manufactured Using Raw TiB, Powder

The x-ray diffraction patterns and microstructure of Ti—40% TiB
MMC printed using a cored wire with raw TiB; powder additions are
shown in Figs. 5, 6. It should be noted, remnants of raw TiB: phase was
not detected by x-ray analysis (Fig. 5) suggesting Ti+ TiB; — TiB reac-
tion was completed or, at least, nearly completed on 3D-printing pro-
cess. Diffraction peaks of o (h.c.p.) titanium matrix and reinforcing

o-Ti
B-Ti
l o-Ti
fann] _—— —_— —
: [=R — o~
o - < L]
. (k) ® b
(Tl @@ & 0
E' e e - -
BB = B
o-Ti
Upper part G A
Bottom part A
e T e e
35 40 45 50 55

20, °

Fig. 5. Comparison of x-ray diffraction patterns for upper and bottom parts of
MMC material 3D-printed with a cored wire containing Ti+ 40% TiBa.



Ti-BASED METAL-MATRIX COMPOSITES REINFORCED WITH TiC OR TiB 883

Fig. 6. Microstructure of 3D-printed MMC strengthened with TiB in zones:
near base Ti—6Al-4V plate (a—d), in the middle (e—#%), and on the top of the
layer (i, j), SE mode (a, c, ¢, g), BSE (b, d, f, h, i, j).

TiB monoboride phase were observed with obvious tendency for in-
crease of TiB-phase amount for upper part of MMC. In addition, traces
of B-b.c.c. titanium phase were observed at x-ray diffraction patterns
for bottom part of MMC due to presence of vanadium in Ti—-6Al1-4V
substrate. Printed MMC demonstrates lamellar microstructure of ti-
tanium matrix with reinforcing precipitations having not-uniform
morphology and size over the height of MMC (Fig. 6). The bottom part
of MMC (Fig. 6, a, b) is characterized with relatively fine (width of 1—
10 ym) needle-like precipitations of titanium boride phase, while inter-
face between MMC and Ti—6Al-4V substrate demonstrates smallest
(1-4 pm) boride precipitations. Sharp MMC/Ti—6Al-4V interface is
observed on microstructure images.

For middle part of MMC (Fig. 6, ¢, d), the fine boride particles coex-
ist with coarse boride precipitations up to 20 ym in width and up to
100-150 pm in length, which cross section looks like hollow hexagon
shape. The distribution of coarse and fine precipitations in CP-Ti ma-
trix is rather not uniform: near the coarse boride precipitations, ma-
trix is free of fine ones (Fig. 6, d).

Upper part of MMC contains boride precipitations of wide size
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TABLE 2. Chemical composition of the MMC in the different locations.

No Content of chemical elements, wt.% /at.%
‘ Ti B | Al
Near the Ti—-6A1-4V substrate, overall
1 94.57/83.31 3.51/13.69 1.92/3.00
Upper part, overall
2 95.90/85.41 3.43/13.53 0.67/1.06

range: the coarsest boride needles (up to 1 mm in length, 50 ym width)
exist together with fine precipitations between them (Fig. 6, e, f).

Despite observed microstructure non-uniformity, the total content
of boron in Ti matrix measured with EDX method is slightly increased
for upper part of MMC compared to bottom part (Table 2). Some alu-
minium additions were observed in bottom part or MMC obviously, due
to penetration of this element from substrate, while the traces of this
element as impurity were detected in upper part.

The hardness was changed over the height of the MMC. The lowest
hardness within 399-406 HV was observed at the boundary with Ti—
6A1-4V substrate; values of 432—-447 HV were measured at the bottom
part. The highest and variable within the wide-range hardness values
were measured for top part of MMC: 430-541 HV.

3.3. MMC Produced Using Pre-Sintered Ti and TiB: Powders

Figures 7 and 8 show x-ray diffraction patterns and microstructure of
MMC, which was 3D-printed using a cored wire produced with prelim-
inary sintered Ti+ TiB:; powder blend. Similarly to previous sample,
diffraction peaks corresponding to a-Ti (h.c.p.) and TiB phases were
observed (Fig. 7), while traces of B-Ti (b.c.c.) were presented for bot-
tom part of 3D-printed MMC. It should be noted, no obvious difference
in TiB phase amount for upper and bottom parts of MMC was observed
in present case.

Titanium matrix demonstrates lamellar microstructure (Fig. 8) sim-
ilar to microstructure of previously described matrixes (Figs. 2 and 6)
with variable size of boride reinforcements inside. However, size of
boride precipitations in present case looks like more uniform than for
previously described microstructure (Fig. 6), where TiB; powder was
used without preliminary sintering. Bottom part of MMC (Fig. 8, a, d)
is characterized with sharply designated MMC/substrate interface and
mixture of relatively uniform near globular and needle-like boride pre-
cipitations which size is 1-10 pm in cross-sections, while length is up
to 100 pm.
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Fig.7. X-ray diffraction patterns for lower and upper parts of MMC 3D-
printed using a cored wire with Ti/TiB powder (as a product of preliminary

sintered Ti + TiB:2 powder blend).

Central part of MMC demonstrates mainly thin and uniform needle-
like boride reinforcements (Fig. 8, ¢, f) with higher length to width as-

Fig. 8. Microstructure of 3D-printed MMC produced with pre-sintering Ti and
TiB: powders: zone near Ti—6Al-4V substrate (a, d), the middle part of MMC

(b, e), and on the top part of MMC (c, f, g) (SEM).
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pect ratios as well as some occasional coarse laths. The coarsest borides
are observed in upper part of MMC (Fig. 8, c, g, f), where significant
amount of large laths (up to 100 ym in length and up to 20 ym in width)
having hollow hexagon cross-sections co-exists with fine (of 1-5um)
needle-like and nearly globular precipitations.

Hardness gradually increases from bottom to top of 3D-printed
MMC; simultaneously, wider variations for measured hardness values
were observed within the same area. Interface between MMC and Ti—
6A1-4V substrate possesses hardness of 412-422 HV, bottom part of
MMC demonstrates hardness within the 482—-525 HV range, while top
part of MMC was characterized with highest average hardness and
widest deviation range of measured values: 532-623 HV.

4. DISCUSSION

Above-described results prove that desirable phase composition of 3D-
printed MMC was achieved in all cases independently on what type of
reinforcing powders (TiC, TiB; or Ti/TiB) was used in cored wires. At
the same time, all 3D-printed MMCs are characterized with more or
less pronounced microstructure inhomogeneity along the height of 3D-
printed samples. This inhomogeneity is related to local amount, sizes
and morphologies of reinforcing phase constituents, which, in turn,
depend on powder used in cored wires and peculiarities of transfor-
mations upon 3D-printing process. In addition, some composition and
microstructural features observed exclusively for bottom or upper
part of printed MMCs are caused with specific conditions for first (bot-
tom) and last (top) 3D-printed layers.

For Ti—40% TiC MMC, obvious redistribution of carbon from raw
TiC powder particles during 3D-printing process is observed. Micro-
structure features shown in Figs. 2 and 4, namely, presence of dendrit-
ic-type carbide precipitations allows to suggest processes realized dur-
ing printing. Titanium melting point (1668°C) is quite lower than TiC
melting point (3067°C); thus, the pool locally formed during printing
should consist of molten titanium and solid TiC particles. Decrease in
carbon content at the edges of initial TiC particles (Fig. 4, Table 1)
suggests diffusion penetration of carbon into titanium molten pool and
formation of liquid Ti—C solution with gradual dissolution of TiC par-
ticle surface. Further crystallization resulted in newly formed fine
dendritic-like carbide precipitations together with coarser initial TiC
powder particles, while minor C content was detected in Ti matrix (Fig.
4, Table 1). Obvious increase in volume content of carbide precipita-
tions (Figs. 2 and 3) for upper part of MMC allow to suppose delamina-
tion of components within the molten pool and upward movement of
lighter, carbon-rich components on layer-by-layer melting and crystal-
lization. Melting of Ti—6Al-4V substrate surface should take place on
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printing of first MMC layers, which results in intensive mixing of liqg-
uids in molten area and penetration of alloying elements Al and V into
bottom part of MMC. Saturation of bottom part of MMC with -
stabilizing element vanadium is a reason for appearance of B-phase
traces (Figs. 3, 5, 7). However, with increase in height of 3D-printed
material (i.e., middle or even top parts of MMC) the concentration of
aluminium and vanadium markedly reduces (Table 1).

Uneven redistribution of titanium carbide reinforcements within
the Ti—40% TiC MMC microstructure is a reason for hardness varia-
tion within the wide range, this negative phenomenon is especially
manifest itself for upper part of MMC (409-634 HYV).

Contrary to MMC reinforced with TiC phase, for which started TiC
powder particles preserve to a large extent and co-exist with newly
formed titanium carbide dendrites, formation of MMC reinforced with
TiB phase implies completed transformation of initial TiB: powder
particles into TiB needles owing to boron diffusion through titanium
matrix. The in situ realization of exothermic reaction between Ti and
raw TiB; powder is an important peculiarity of Ti—-40% TiB MMC
manufacturing. Heat release due to reaction promotes faster boron
transfer through titanium and uniform distribution of newly formed
TiB needles. On the other hand, extensive heat release can result in
overheating of molten pool and, hence, hardly controlled influence on
microstructure of 3D-printed products. Thus, comparatively using
cored wires with TiB; powder and with preliminary sintered Ti/TiB
powders for manufacturing Ti—40% TiB MMCs allowed determining
the better method for boron introduction in 3D-printing process.

Boron introduction as raw TiB. powder resulted in not uniform mi-
crostructure (Fig. 6) over the 3D-printed Ti—40% TiB MMC with in-
crease in TiB phase content for upper part (Fig. 5). Similarly to MMC
reinforced with TiC, this result also can be explained with delamina-
tion of liquid components within the molten pool and moving upward
lighter boron-reached components. Slight diffraction peak of B-phase
unexpectedly observed for upper part of printed MMC (Fig. 5) can be
explained with some content of vanadium penetrated from substrate
and presence of other B-stabilizing impurities (Fe, W, Cr) usually ob-
served in TiB; and TiC powders. Another peculiarity of uneven micro-
structure, namely, finest TiB precipitations observed in bottom part of
MMC (Fig. 6, a, b) and coarsest ones observed for top part (Fig. 6, e, f)
is caused with specific (multiple cyclic) heating and cooling conditions
for first printed MMC layer and last printed layer. First (bottom)
printed layer adjacent to cold Ti—-6Al-4V substrate is characterized
with fastest cooling rates, resulting in smallest TiB precipitations.
Contrary, the last (top) printed MMC layer is exposed for relatively
long time at high temperatures and cooled relatively slowly due to final
pass of electron beam used for smoothing of top printed surfaces. Such
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heating/cooling conditions led to formation of mixture of coarse and
fine TiB precipitations. Significant difference in size and morphology
of observed TiB reinforcements, namely, alternation of large laths and
dispersed needles in microstructure is a reason for wide variation of
measured hardness values (430—541 HV). The relatively low and vari-
able hardness caused with formation of phase and structural inhomo-
geneities, as well as possible formation of such defects of 3D-printing
process as voids and pores, which, in turn, caused by uncontrolled ki-
netic and heat release of reaction between TiB; powder and Ti (powder
and foil). Usually, this reaction started in solid state at temperatures
above 900°C, however, higher temperatures and melting of titanium
components in our case, obviously, significantly accelerates this reac-
tion.

Improved microstructure uniformity of Ti—40% TiB MMC was
achieved with boron introduction as Ti/TiB powdered reaction product
(Fig. 8). The even microstructure was observed for almost the entire
height of the printed MMC, excluding upper part, which was distin-
guished by above described special thermal conditions on finishing 3D-
printing process. Moreover, contrary to both above described MMCs,
x-ray analysis does not reveal noticeable difference in phase composi-
tion for bottom and upper parts of 3D-printed material (Fig. 7).

In this case, microstructure of Ti—40% TiB MMC is more uniform
and fine in the terms of TiB sizes and its distribution inside the Ti ma-
trix. Owing this fact, the highest level of hardness was achieved for the
top part (up to 623 HV), while relatively-uniform hardness was
achieved for bottom part (482-525 HV). However, decrease in hard-
ness for bottom part of MMC is still observed, confirming preservation
of some microstructural inhomogeneity even for this case. This result
requires further adjustment of 3D-printing regimes and parameters
for cored-wire manufacturing, including size of raw powders.

5. CONCLUSION

1. Ti—-40% TiC and Ti—40% TiB metal-matrix composites were 3D-
printed using profile electron beam and cored wires of corresponding
compositions as feedstocks.

2. Desirable phase composition of printed MMC products was achieved
in all cases, while some microstructure inhomogeneity related to high-
er content of reinforcing TiC and TiB phases and their larger size ob-
served for upper part of printed MMC. In general, the possible reasons
for such inhomogeneity are delamination of melt components within
the molten pool and upward movement of lighter, carbon-rich and bo-
ron-rich components on layer-by-layer building of samples, as well as
specific (cyclic) heating and cooling conditions for bottom and top are-
as of 3D-printed products. For Ti—-40% TiB MMC produced with raw



Ti-BASED METAL-MATRIX COMPOSITES REINFORCED WITH TiC OR TiB 889

TiB: powder additional reason is exothermic reaction on TiB; — TiB
transformation giving hardly uncontrolled influence on size of boride
precipitations.

3. The preliminary sintering of Ti+ TiB: powder blend forms composite
Ti/TiB powder, which was effectively used in a cored wire to produce
most uniform and promising microstructure of Ti—40% TiB MMC with
promising hardness up to 482—-623 HV.

This work was supported by funding from the National Academy of
Sciences of Ukraine within the framework of projects 07/01-2025 and
5.7/25-F. The authors express their gratitude to Dr. O. P. Karasevska
for conducting the x-ray studies.
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The Potential of Titanium-Alloys’ Manufacturing with Metal
Injection Moulding Approach Using Various Powder Feedstocks
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Two types of powder feedstocks based on pre-alloyed Ti—6Al1-4V powder and
blend of TiH:+ Al-V powders (Ti—3Al-2V total composition) are compara-
tively studied to evaluate the conditions ensuring formation of promising
microstructure and characteristics of titanium-alloy products with the met-
al-injection moulding (MIM) approach. Microstructure evolution on feed-
stock-compaction stage, debinding and vacuum sintering of powder compacts
is studied to determine main features of powder-compact transformation into
bulk titanium alloys. Sintering of debinded powders starts at 800°C; dehy-
drogenated TiH:-based compacts demonstrate more active sintering owing to
useful effect of hydrogen as temporary alloying element. Similar nearly
dense (6% pores) and uniform alloy microstructure is formed in the depth of
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both sintered-powder compacts, while surface layers contain disperse Ti—0O-C
titanium-oxycarbide particles due to reaction of titanium matrix and binder
remnants. Despite presence of oxycarbides useful for improvement of surface
hardness and wear resistance, it suggests optimization of debinding regimes.
Hardness values of sintered alloys (of 304—308 HV) allow recommendation of
MIM approach as promising one for manufacturing titanium-based products
possessing sufficient mechanical characteristics.

Key words: metal injection moulding (MIM), titanium alloys, powder, binder,
sintering, microstructure, mechanical properties.

JleroBauwuii mopoiok ckiaany Ti—6Al-4V rta cywmim mopomkis TiHz + Al-V
(cramany Ti—3Al-2V) 6yJi0 HOPiBHAJIBHO AOCIiIMKEHO 3 METOIO OIIHKHN YMOB,
110 3abesnevyaTs (POPMYyBaHHS TiJHOI MiKPOCTPYKTYPU Ta XapaKTEPUCTUK THU-
TAHOBUX BUPOOiB 3a TEXHOJIOTIEI0 iHMKEKITilTHOTO (hopMyBaHHS MOPOIIKiB. I[o-
CJiIPKEeHO eBOJIOIiI0 MiKPOCTPYKTYPH Ha CTANiAX KOMIIAKTYBAaHHS IOPOIIKiB
i3 opraHiuHOIO 3B’A3K0I0, BUJAJEHHA 3B’ SI3KM Ta BAKYYMHOT'O CIIiKaHHA IIO-
POIIKOBMX KOMIIAKTiB i yac iIXHLOTO IIePeTBOPEHHA B MACHUBHI TUTAHOBI CTO-
nu. Ilicaa BugasieHHA 3B’ A3KU CIIIKAHHS MOPOIIKIB PO3MOYNMHAETHCS 34 TEM-
nepatypu y 800°C; BogHouac 3aroToBKu Ha ocHOBI riapuny Turamy TiH: micaa
IeTiTpyBaHHA NEMOHCTPYIOTH OiJIbINI aKTHBHE CIIKAHHS 3aBOAKU KOPUCHOMY
BiiuBy ligporeHy AK TMMUacoBOro JieryBajabHOro eixemenrty. Cromm i3 cxo-
JKOI0 OJHOPiAHOI0 MiIKPOCTPYKTYpPOIO Ta MAaJMM BMICTOM 3aJHINKOBUX TIOP
(6% ) chopmoBaro B 06’eMi 000X CIIEUEHMX IIOPOIIKOBUX 3aroTiBOK, B TOM Uac
AK IxHi moBepxHeBi mapu micTunam aucnepcHi yacTuHKY oKcukKapbigis Ti—O—
C, 1110 YTBOPHWJIMICS B PE3YJIbTATI peakIlii 3aauInKiB 3B’ A3KY Ta TUTAHOBOI MaT-
puri. IIpucyTHicTh OKCUKaPOiZIiB € KOPUCHOIO [JIA MiABUINEHHS ITOBEPXHEBO1
TBEPAOCTHU Ta MOKASHUKIB CTIHKOCTH MO0 3HOIITYBAaHHSA; IIPOTE, IIe BUMATae
onTuMisarii pe;xuMiB BUasieHHA 3B’ A3Ku. TBepaicTs cneueHux cromiB (304—
308 HV) yMOXKJIUBIIIOE PEKOMEHIYBATH TEXHOJIOTIUHI migXoam Ha OCHOBIi iH-
JKeKIITHOTO (POPMYBaHHA METaJIEeBUX ITOPOIIKIB IJd ONEp:KAHHA TUTAHOBUX
BUPOOiB 3 JOCTATHIMU MEeXaHIYHNMU XapaKTEePUCTUKAMU.

KarouoBi ciioBa: TexHOJIOTiA iHKEKIIMHOTO (hOpMyBaHHA METAJIEBUX IIOPOII-
ki (MIM), TuTaHOBi cTOIIM, IOPOIIOK, 3B’A3Ka, CIiKAHHA, MiKPOCTPYKTYpa,
MeXaHiYHi XapaKTePUCTUKN.

(Received 16 June, 2025; in final version, 1 July, 2025 )

1. INTRODUCTION

The titanium alloys are attractive materials for wide application in
aerospace, machinery, oil industries and medicine owing to high
strength-to-weight ratio and excellent corrosion resistance [1, 2]. Ti-
tanium alloys are used for manufacturing gas turbine components
(blades, discs) serving at temperatures up to 600—-650°C, fasteners and
other critical and not critical components. However, excessive cost of
titanium restricts its practice application and forces development of
advanced cost-efficient manufacturing technologies for titanium-
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based alloys and products of them. The manufacturing approaches
should ensure not only sufficient cost-efficiency of the processing, but
also achievement of required microstructure, mechanical, service
characteristics and high shape accuracy of titanium products, which is
challenging and extremely important target.

Contrary to conventional multistep manufacturing processes based
on casting, hot deformation of alloy ingots and machining with signif-
icant material losses, the net-shape manufacturing technologies based
on powder metallurgy ensure cost-efficiency owing to reduction of ma-
terial waste and avoidance of complicated processing steps [2]. Metal-
injection moulding (MIM) powder technology [3—5] is promising to re-
duce the processing cost and to achieve sufficient product characteris-
tics that was proved by wide net-shape production of stainless steel and
ceramic products. MIM approach is based on relatively simple set of
operations, including mixing metal powders and organic binders to
create feedstock granules, heating powder +binder feedstocks to
achieve sufficient fluidity and forming at low pressures (20—150 MPa)
into net-shape workpieces, subsequent binder removal and sintering of
the powders to obtain final products of desirable shape.

Despite significant progress in MIM processing for other materials,
MIM production of titanium alloys faces problematic issues. On heat-
ing of titanium-based MIM powder compacts, organic binder should be
completely removed from compacts before temperatures at which sin-
tering activates. Otherwise, binder remnants react with activated ti-
tanium surface contaminating metal with oxygen, carbon and other
impurities, forming brittle titanium carbide phase [2], and hindering
densification, thus, leading to degradation of mechanical characteris-
tics. After debinding completion and before sintering development,
adhesion forces between powder particles become weak, creating risk
for powder compact destruction. At higher temperatures, activated
sintering should ensure transformation of powder particles into bulk
nearly-dense and uniform microstructure with minimal impurity con-
tent, which, in turn, provide sufficient mechanical characteristics. For
the reasons above, development of proper debinding and sintering con-
ditions for titanium-based MIM compacts is challenging task.

Conventional die-pressing and sintering powder technology is alter-
native method for production titanium-based materials of relatively
simple geometrical shape. Compared to MIM powder method, die-
pressing and sintering one uses noticeably higher compaction pressure
values (200-600 MPa and even more), allowing successful powder
compaction even without binder at room temperature. Despite noticea-
bly different conditions for MIM feedstock compaction and die-
pressing of metal powders, powder + binder MIM feedstock can be also
compacted with die-pressing. Die-compacted titanium-based feed-
stocks can be used as model samples to investigate main features of
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MIM process, which occurs during heating, debinding, sintering of
powder compacts and microstructure evolution.

High fluidity of disperse spherical powder particles determines
their wide use in MIM technologies [3—5]. For this reason, gas-
atomized pre-alloyed powders of spherical shape are the most attrac-
tive raw materials. On the another hand, titanium-hydride TiH: pow-
der of irregular shape and powder blends on its base demonstrated sig-
nificant advantages compared to conventional (not hydrogenated) ti-
tanium powders in simplest press-and-sinter manufacturing technolo-
gy [2, 6, 7]. In hydrogenated powder approach, hydrogen is temporary
alloying element for titanium and emitted from metal on vacuum heat-
ing, ensuring activated sintering and enhanced characteristics of sin-
tered products at noticeably improved cost-efficiency. Therefore,
comparative study of MIM feedstocks based on either spherical pre-
alloyed titanium powder or blend of irregular TiH: and alloying pow-
dersis of great interest.

The aim of the study was comparative investigation of main features
of compaction, debinding and sintering powder feedstocks based on
various titanium powders to determine the conditions ensuring for-
mation of promising microstructure and characteristics of titanium
alloy materials with the MIM approach.

2. MATERIALS AND EXPERIMENTAL PROCEDURE

Two titanium-based powder compositions were selected for investiga-
tion. The first one was industrially produced pre-alloyed Ti—6Al1-4V
(% wt.) spherical powder (less than 30 um in size). The second one was
powder blend of Ti—3Al-2V (% wt.) total composition consisted of ir-
regular TiH; titanium hydride (less than 63 ym) and alloying 60% Al-
40% V (less than 40 nm) master alloy powders (hereafter, blend is des-
ignated as TiH:+ 3Al-2V). The first composition is the most widely
used titanium alloy over the world. Because of Ti—6Al-4V alloy pos-
sessing sufficiently-high strength level (UTS =950 MPa, elongation
10% [8]), the Ti—-3Al-2V one was selected for testing as material
providing some lower strength but better ductile characteristics and
taking into consideration better cost-efficiency. Comparative study of
two noted powder compacts at all MIM processing stages allows deter-
mination of hydrogen effect on material (either hydrogenated TiH; or
non-hydrogenated conventional titanium powders), powder shape (ei-
ther spherical or irregular one) as well as pre-alloyed and blended ele-
mental powder approaches in compaction, debinding and sintering
stages to select promising MIM processing options.

Each powder composition was mixed with PolyMIM [9] organic
binder to obtain powder-binder feedstock granules of about 3 mm in
size. The feedstock granules were compacted at 620 MPa in steel die to
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form compacts 10 mm in diameter and 10—12 mm in height. The feed-
stock compacts were debinded in two steps: preliminary debinding was
implemented in hot water at 70°C for 30 hours, then compacts were put
in vacuum furnace and heated (rate of 5°C/min) to 800°C with 2 hours
isothermal exposure for final debinding step. After that, heating was
continued; compacts were sintered at 1250°C for 3 hours, and cooled in
the furnace. For investigations of microstructure evolution at inter-
mediate heating steps, some compacts were cooled immediately after
800°C, 2 hours exposure, and after subsequent heating up to 900°C. To
evaluate the influence of heating regime on debinding and develop-
ment of powder sintering, selected compact was heated 5°C/min up to
900°C without exposure at 800°C and immediately cooled.

The microstructure of samples at all processing steps was studied
using scanning electron microscopy (SEM, TESCAN Vega III, equipped
with Brucker EDX analyser to determine local chemical composition of
material, including powder surface contamination with binder rem-
nants). Polished surfaces of sintered alloys were also studied with light
optical microscopy (Olympus IX 70) using etching with Kroll’s reagent
(2% HF +5% HNOs+92% H:0) to reveal microstructure. The phase
composition of green feedstock compacts and final sintered products
was investigated with x-ray diffraction using Mo anode. The density of
compacts was evaluated with precise measuring their geometrical sizes
and mass, while the mass loss of samples at each processing steps was
measured to evaluate the debinding degree. Finally, the density of sin-
tered materials was determined with Archimedes’ technique. For pre-
liminary evaluation of mechanical properties of sintered materials,
Vickers hardness measurements were performed using Wolpert 432
SVD testing machine.

3. RESULTS AND DISCUSSION

The microstructures of green compacted feedstocks are presented in
Fig. 1. Not quite uniform redistribution of powder particles and binder
within the compacts of both types was observed (Fig. 1, a, b). Both
spherical and irregular powder particles were not closely arranged at
compaction stage, leaving the voids between particles and thin pore
channels densely filled with binder. The surface of all particles is cov-
ered with binder at sufficient adhesion between binder and surfaces
(Fig. 1, ¢, d). The density of Ti—6Al-4V green compacts was 2.75 g/cm3
due to considerable volume part of lightweight binder in the compact.
For TiH. + 3Al-2V powder blend, the density of compacts was even
lower (2.18 g/cm?) due to lower density of titanium hydride (3.9 g/cm?)
versus density of Ti—-6Al-4V alloy (4.43 g/cm?®). Used compacting
pressure value (620 MPa) was not high enough for considerable defor-
mation of hardened gas atomized Ti—6Al-4V powder particles (Fig. 1,
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c

Fig.1. Microstructure of green feedstock compacts: Ti—6Al-4V (a, c¢),
TiH: + 3Al1-2V (b, d). Crack in TiH: particle is shown by arrow in (d).

¢); however, traces of deformation were observed at some contacts be-
tween particles. Contrary, cracking of brittle and low-strength TiH,
particles with formation of fine irregular fragments was observed
(Fig. 1, b, d) for corresponding green compacts.

X-ray diffraction (XRD) analysis was conducted for both ‘green’
feedstock compacts of Ti—6Al-4V alloy and TiH:+ 3Al-2V powder
mixture (Fig. 2, a, curve I and Fig. 2, b, curve 1, respectively). The
diffraction pattern of the Ti—-6Al-4V-based sample (Fig. 2, a, curve 1)
shows characteristic peaks corresponding to the either h.c.p. a- or o'-
martensite phase, while diffraction peaks of b.c.c. f-phase were not
detected. This result suggests that metastable single-phase o’ marten-
site condition was formed instead of stable o+ phase condition for
Ti—-6Al-4V powder during fast cooling on gas atomization manufac-
turing process. The diffraction pattern of the TiH:-based sample (Fig.
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Fig. 2. XRD patterns of Ti—6A1-4V (a) and TiH: + 3Al-2V (b) feedstock sam-
ples in initial compacted condition (1) and after debinding and sintering at
1250°C for 3 hours (2).

2, b, curve 1) shows distinct peaks corresponding to titanium hydride
(TiH.), while peaks corresponding to Al-V-master alloy powder were
not detected due to low amount of this powder in the mixture. Traces
of binder were also observed for both compacted feedstock samples. So,
the XRD analysis indicates the typical phase composition of the raw
powders and their structural stability after forming green compacts.
The absence of new phases or reaction products suggests that the pow-
der materials remain stable during the early stages of processing.
These results are crucial for subsequent control of the sintering pro-
cess and for tailoring the final properties of the materials.

The first debinding stage (washing in hot water with removal of
binder soluble components) resulted in appearance of caves between
powder particles and their fragments (see Fig. 3). However, surface of
particles is still covered by binder at this stage. Partial binder removal
led to =5% mass loss for Ti—6Al1-4V compact and 10-11% mass loss
for titanium hydride-based compacts. Such difference in mass loss at
first debinding stage can be explained with more intensive binder re-
moval from TiH: + 3Al-2V compacts, obviously, due to more developed
surface for irregular TiH, particles and their finer fragments, and,
hence, better water penetration in caves and channels between irregu-
lar fragments.

Subsequent vacuum heating up to 800°C with 2 hours isothermal
exposure led to noticeable changes in microstructure of both compacts
(Fig. 4, a, b) due to final debinding, dehydrogenation of titanium hy-
dride and sintering beginning within noted temperature range. After
vacuum debinding stage, binder remnants were not observed between
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Fig. 3. Microstructure of compacts after first debinding stage (washing in hot
water): Ti—-6Al1-4V (a), TiH: + 3A1-2V feedstock (b).

powder particles, while carbon content up to 2.1% (wt.) was still de-
tected at the cleaned particle surfaces (Table1). The mass loss in-
creased to 11.2% for Ti—6Al1-4V powder compared to corresponding
green feedstock, while for TiH:+3Al-2V powder blend mass loss
achieved 22% due to debinding development and emission of 3—4%
(wt.) hydrogen on TiH; — Ti + H; (gas) transformation.

At this heating stage, obvious features of sintering beginning are
revealed. Sintering necks are formed between spherical Ti—6Al-4V
particles (Fig. 4, a), while formation of necks and smoothing of surface
relief (Fig. 4, b) for irregular dehydrogenated titanium particles are
observed. Sintering processes were developed even more intensive dur-
ing subsequent heating up to 900°C (Fig. 4, c, d). Sintering develop-
ment at 800—900°C ensures appearance of sufficient bonding forces
between particles and, hence, improved strength of compacts. Crush-
ing of compacts allows observation of fractured necks between parti-
cles, traces of fractured necks are especially visible at smooth surfaces
of spherical particles (Fig. 4, a, c). Densification and shrinkage of de-
hydrogenated compacts (Fig. 4, b) became clearly observed at this heat-
ing stage, despite porous channels between particles still presented.
Contrary, densification and shrinkage of Ti—6Al-4V powder compacts
was slightly developed (Fig. 4, a). Since sintering beginning stage and
formation of necks between particles is controlled by surface diffu-
sion, while volume diffusion is responsible for shrinkage and densifi-
cation, it can be concluded activation of surface diffusion for Ti—6Al—
4V powder and noticeable activation of both surface and volume diffu-
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Fig. 4. Microstructure of Ti—6Al-4V (a, ¢) and TiH: + 3Al-2V (b, d) powder
compacts after debinding at 800°C, 2 hours (a, b) and subsequent heating to
900°C (¢, d).

sion for dehydrogenated titanium powder before 800—-900°C.

Average chemical composition of the powder surfaces at different
debinding and heating stages was presented for analysis in Table 1. De-
spite significant variation in local element content at the powder sur-
faces detected with Brucker EDX analyser, data presented in Table 1
allow making general conclusion about debinding and surface process-
es for both pre-alloyed Ti—6Al-4V particles and TiH; + 3A1-2V powder
blend. Variation of measured values was caused with different thick-
ness of binder layer preliminary covering the powder particles and dif-
ferent opportunities for binder evacuation through pore channels of
various thicknesses.

Significant amount of binder remains at the particle surfaces after
washing in hot water. Surfaces are characterized with high local con-
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TABLE 1. Average values of element content at the surfaces of Ti—6A1-4V
and TiH: (dehydrogenated Ti) powder particles at different processing steps
(N/M—measured value is below error value/element was not detected).

Element,

% wt Ti—-6Al-4V powder surface|TiHz:/dehydrogenated Ti powder surface

800°C, 2 800°C, 2
washed 800°C, hours washed 800°C, 2 hours ex- continuous

inhot 2hours exposure inhot hours posure heating to
water exposure +heated water exposure +heated 900°C

t0 900°C t0 900°C
Ti balance balance balance balance balance balance balance
Al 5.9 6.0 6.2 0.4 0.7 1.3 0.2
A% 3.9 3.8 3.8 N/M N/M 0.5 N/M
10.4 (u
C 4 41(_01)’ 2.1 2.1 12.5 1.9 1.1 1.1
0 2.5 0.5 N/M 3.2 N/M N/M 0.5

tent of carbon (average values are about of 10-12%, however, it
achieves up to 41% in some locations due to thicker binder layers re-
maining at the surfaces) and oxygen (about of 3%). Relatively-slow
vacuum heating used in present study (5°C/min) and 2 hours exposure
at 800°C resulted in binder removal accompanied with noticeable re-
duction of carbon (2.1-1.9%) and oxygen (0.5% and even lower, being
below error value) contents.

For TiH: + 3Al-2V powder blend, completed dehydrogenation of ti-
tanium hydride and hydrogen evacuation took place during heating to
800°C. Among particles of TiH: + 3Al-2V powder blend, surface com-
position of dehydrogenated titanium particles was investigated only
(Table 1) due to relatively low amount of Al-V master alloy particles in
the blend. Diffusion activation at 800—900°C, in addition to sintering
beginning, led to redistribution of Al from Al-V master alloy particles
and increase in Al content at the dehydrogenated titanium particles,
while diffusion redistribution of vanadium is much slower and do not
observed at 800°C. As expected, noticeable changes in Al and V content
in pre-alloyed Ti—-6Al-4V powder do not occur. All diffusion-
controlled processes were less developed during continuous heating to
900°C (no exposure at 800°C); thus, some higher O content and lower
Al content were detected at the surface of dehydrogenated Ti particles.
Earlier investigation of both titanium and titanium-hydride powder
surfaces [10] revealed that they demonstrate quite similar surface
structures. Titanium oxide layers (TiO: and oxides with lower titanium
oxidation degree TiOx, X < 2) as well as absorbed atmospheric moisture
(H:O, OH groups) were detected on the surface. Current results sug-
gest not only binder removal from the powder surfaces during vacuum
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heating to 800—900°C. Sufficient contribution into decreased O con-
tent observed at these heating stages for surfaces of both Ti-6Al-4V
and dehydrogenated TiH; powders (Table 1) was also caused with dif-
fusion dissolution of surface oxides at high temperatures [2, 11]. It
should be noted obvious advantage of titanium hydride powder, be-
cause of emission of atomic hydrogen promotes surface cleaning of de-
hydrogenated titanium particles [2, 10] and, thus, gives contribution
into reduction of C and O contents compared to unhydrogenated Ti—
6Al-4V powder at this heating stage (Table 1).

All described surface processes make contribution into activated
sintering of powder particles already at 800°C (Fig. 4). Moreover, de-
hydrogenation of titanium hydride increases density of crystal defects
in titanium, which accelerates volume diffusion providing more devel-
oped sintering and homogenization of Ti+ 3Al-2V powder blend. As a
result, bulk sintered and chemically uniform alloys were produced for
both studied MIM compacts. Both sintered alloys (Fig. 5, a, b) demon-
strated typical lamellar o+ microstructures with some coarser o-
phase lamellae (up to 20 pm thickness) for Ti—-3Al-2V alloy due to low-
er content of alloying elements.

The XRD patterns of sintered samples (Fig. 2) show the complete
disappearance of peaks corresponding to the organic binder, indicating
its full removal during thermal processing for both materials. In the
Ti—-6Al-4V sample (Fig. 2, a, curve 2), the diffraction peaks of the a-
phase of titanium and traces for B-phase peaks confirms transfor-
mation of initial martensite phase into stable o +  structure on sinter-
ing. The diffraction pattern of the TiH:+ 3Al-2V material (Fig. 2, b,
curve 2) shows a complete disappearance of peaks corresponding to ti-
tanium hydride, while peaks of the a-phase Ti appear confirming the
entire release of hydrogen during sintering. Content of vanadium (2%)
in the alloy is obviously too low to detect weak B-phase peaks in pro-
duced a + B structure. The results once more confirmed the feasibility
of using TiH; as an alternative titanium source with controlled dehy-
drogenation.

Formation of bulk materials accompanied with significant shrink-
age of powder compacts. Ti—6Al-4V compacts demonstrated 12% line-
ar shrinkage due to sintering only, while linear shrinkage for TiH,-
based Ti—3Al-2V compacts achieved 18% owing to additional shrink-
age of TiH; particles on dehydrogenation. The measured densities of
sintered materials are 4.17 g/cm? for Ti—-6A1-4V alloy and 4.18 g/cm3
for Ti—3Al-2V alloy, which both correspond to approximately 6% of
residual pores in materials. So, for both alloys, similar level of residual
porosity and pores of similar sizes demonstrating close to spherical
shape are observed. However, pores are not quite uniformly redistrib-
uted over the sintered materials. Noticeably-higher amount of pores
was observed for surface and subsurface layers (Fig. 5, ¢, d) than for
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Fig. 5. Microstructure images (light optical microscopy) of sintered (1250°C,
3 hours) Ti—6Al1-4V (a) and Ti—3Al-2V (b) alloys, as well as more detailed
SEM images (c, d) of surface and subsurface layers of corresponding alloys.
Ti—O-C particles are shown by arrows in (c¢), while points and areas used for
local chemical analysis (see Table 2) are shown by numbers in (¢, d).

nearly-dense compact depth; this tendency was especially manifested
for Ti—3Al-2V material (Fig. 5, d).

Increased porosity observed within subsurface layers up to 200 ym in
depth was explained with presence of binder remnants, which obviously
negatively affect densification. Despite used EDX method does not al-
low reliable and accurate measurement of local carbon and oxygen con-
tents at polished and etched alloy surfaces, it allows qualitative deter-
mination of the element distribution regularities. For both sintered al-
loys, increased content of carbon and oxygen (Table 2) as well as parti-
cles with especially-high content of noted impurities (identified as Ti—
C-O titanium oxycarbides) were observed in subsurface layers 200—
250 pym in depth (Fig. 5, ¢, d). At the same time, Ti—C—O precipitations
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TABLE 2. Content of alloying elements and impurities (% wt.) measured in
various locations at the polished and etched surfaces of sintered alloys (see
Fig. 5, ¢, d).

Ti—-6Al-4V (Fig. 5, ¢) Ti—-3Al-2V (Fig. 5, d)
Ele- | Subsur- | Subsur- Material Subsur- | Subsur- Surface, | Material
ment| face, ar- face, face, par-| face, ar- .
. volume . particle 3| volume
eal point 2 ticle1 ea 2
Al 5.9 0.2 6.0 0.2 2.0 0.1 2.7
A% 3.5 0.0 3.3 0 0 0 1.3
C 2.1 10.2 1.8 7.1 2.7 8.6 2.0
0] 1.7 4.2 1.7 5.7 5.6 4.3 3.4

were not observed in deeper part of material volume at generally lower
C and O contents detected in alloy matrixes. Oxygen content measured
at polished and etched surfaces (Table 2) looks noticeably higher than
real oxygen content in material volume due to surface preparation pro-
cedures and additional surface oxidation during polishing and etching.
Higher content of oxygen measured at the polished Ti—3Al-2V alloy
surface than for Ti—6Al1-4V one (Table 2) is unexpected result, because
of materials produced via hydrogenated powder approach usually are
characterized with lower oxygen content. However, in present case,
raw materials were produced with absolutely different methods, hence,
contained different starting content of impurities.

Hardness measurements confirmed hypothesis about preservation
of impurity content at admissible level in the depth of sintered alloys.
Average hardness value within the volume of Ti—6Al-4V alloy was of
304 HV (individual values were within 289-320 HV in various loca-
tions), which is lower than hardness value for corresponding conven-
tional material (342 HV) due to residual porosity. Average hardness
for Ti—3Al-2V material volume was some higher: 308 HV (291-
331 HYV), this result can be explained with higher impurity content (O,
C) despite lower content of alloying elements (aluminium and vanadi-
um). Unfortunately, there was no possibility to measure the hardness
of subsurface layer with Ti—O-C particles due to its low thickness. At
the same time, the fact that volume hardness of both sintered materi-
als with = 6% residual pores are quite below hardness value for conven-
tional cast and wrought Ti—-6Al-4V material means total content of all
reinforcing impurities are close to those required by standards (O be-
low 0.2%, C below 0.08% , N below 0.05% ) and, hence, markedly lower
than those detected on the surfaces (Table 2).

As important peculiarity of sintering process for both used MIM ti-
tanium compositions, it should be noted development of their sintering
at relatively low temperatures (already at 800°C), which is noticeably
lower then temperatures for sintering activation of nickel-based In-
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conel 718 powder previously studied in similar MIM compacts [12].
Such difference in sintering activation temperature for titanium and
nickel-based powders results from different processes occur at their
surfaces, which, in turn, depends on stability of passivation surface
oxide films and diffusion mobility of base elements. Titanium-based
and titanium-hydride particles are covered with TiO. films [10, 11],
which are barriers for diffusion and prevent sintering. On heating and
diffusion activation, surface titanium oxides either dissolute at tem-
peratures above 600°C [11] or can be reduced with atomic hydrogen
emitted from the TiH; powder above 300—350°C [10]. Disappearance of
surface titanium oxide layers for Ti—6Al-4V and dehydrogenated tita-
nium particles owing to both noted reasons leads to surface activation
with accelerated surface diffusion and formation of sintering necks
between particles. Nickel surface is characterized with bilayer struc-
ture consisted of nickel hydroxide Ni(OH): outer layer and oxide NiO
inner layer [13]. For nickel-based Inconel-718 powder sintering was
not developed up to 900°C and higher [12] suggesting the passivation
effect of surface layer is more stable than for titanium. In addition,
another reason for different sintering kinetic is difference in diffusion
mobility of base elements: for example, self-diffusion of Ti is
101" m2s™! at 800°C [1], while this parameter for nickel is approxi-
mately one order of magnitude lower (= 107 m2-s™! at 800°C [14]).
Therefore, comparative analysis of results obtained for both types of
model MIM samples suggests the MIM powder approach has promising
potential for manufacturing titanium-alloy products using both blend-
ed elemental and pre-alloyed powders. Both spherical and irregular
powder particles can be quite successfully used in press-and-sintering
process to form comparable nearly-dense sintered microstructures with
similar levels of residual porosity. Using hydrogenated powder (TiH:
one in present study) obviously brings additional advantages into sin-
tering and homogenization (if any) processes, namely, ensuring useful
activation of diffusion in powder system at lower temperatures com-
pared to conventional unhydrogenated titanium powder (Ti—-6Al-4V
one used in present study) (see Fig. 4). Following earlier results [2, 10],
TiH; powder also promotes effective cleaning of powders with atomic
hydrogen emitted on vacuum sintering. At the same time, using hydro-
genated titanium led to higher shrinkage values of powder compacts
that should be taken into consideration on product manufacturing.
Die-compaction at relatively high pressure (620 MPa) and subse-
quent sintering of both tested powder plus binder feedstocks ensure
formation of low-porous uniform alloys with rather acceptable impuri-
ty content in the material depth, which follows from the obtained
hardness characteristics comparable with hardness of conventional Ti—
6A1-4V alloy. It is worth to note the presence of oxycarbide particles
Ti—C-O in surface and subsurface layers of final alloy products, which
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is consequence of the reaction of titanium and binder remnants at not
optimized debinding conditions. Titanium-oxycarbide particles were
formed on sintering either due to premature closing open porous chan-
nels between powder particles that prevents completed binder remov-
ing or due to deposition of volatile binder remnants on the compact
surface in heated vacuum chamber. Despite Ti—C—O particles in alloy
matrix are harmful for ductile characteristics, they create composite
structure useful for higher strength—hardness characteristics of the
surface and, hence, useful for wear resistance improvement. For the
reasons above, optimization of debinding and sintering regimes is nec-
essary in future to achieve set of mechanical characteristics required
for each specific application.

No doubts, relatively-high compaction pressure (620 MPa) used in
present experiments promotes reduction of porosity of green MIM
compacts and final sintered products, as well as sufficient strength of
powder compacts at all processing stages allowing easy handling even
at the absence of binder. Classical MIM powder approach usually uses
noticeably lower pressures (20—150 MPa) [3—5] but higher tempera-
tures (up to 200°C) for feedstock compaction. Low compaction pres-
sure results in higher shrinkage of compacts on sintering, which often
is problematic issue. Moreover, at low compaction pressure when con-
tacts between adjacent powder particles are less deformed and weakly
bonded, there is a risk for fracture of powder compacts within 450—
800°C interval, for which binder is already removed, but sintering not
developed yet. The problem of compact fracture at intermediate pro-
cessing stage was successfully overcome in present study for press-
and-sintered titanium-based compacts. However, obviously, all noted
problematic issues require further modification of debinding and sin-
tering parameters to achieve nearly-dense net-shape titanium products
with classic MIM approach.

4. CONCLUSIONS

1. MIM feedstocks based on spherical Ti—6A1-4V pre-alloyed powder
and TiHy+ Al-V irregular powder blend (corresponding to Ti—3Al-2V
composition) with PolyMIM binder were comparatively studied in
press-and-sinter approach to determine main features of MIM compact
transformation into bulk titanium alloys.

2. Washing in hot water and subsequent vacuum heating ensured near-
ly completed debinding before 800°C, while sintering begun simulta-
neously at this temperature for both powder compacts. Dehydrogena-
tion of TiH: powder led to more active sintering development for corre-
sponding compacts at 800-900°C and higher shrinkage value (18%)
than that for not hydrogenated Ti—-6A1-4V powder (12%). In addition
to accelerated sintering, raw hydrogenated powder is useful for reduc-
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tion of impurity content in final alloy products.

3. Both types of used powders allow formation of similar nearly dense
(6% pores) and uniform microstructure of titanium alloys. Surface
layer of both sintered compacts contains disperse inclusions (up to 10—
20 ym), which were identified as Ti—O—C titanium oxycarbides formed
due to reactions of titanium matrix and binder remnants. Despite
presence of oxycarbides is useful for improvement of surface charac-
teristics (wear resistance, hardness), it suggests optimization of
debinding regimes.

4. The hardness values (of 304—308 HV) of sintered alloys are compara-
ble to the hardness of the conventional Ti—-6Al-4V material that allows
us to recommend the MIM method as promising for manufacturing ti-
tanium-based products with sufficient mechanical characteristics.

This work was supported by a grant No. 2023.04/0058 of the Na-
tional Research Foundation of Ukraine.
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