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The Nature of Exchange Interaction in Amorphous Alloys
Based on Metals of the Iron Group with Metalloids
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The temperature dependence of magnetization is studied to obtain infor-
mation about the nature of structural and magnetic transformations in amor-
phous alloys. Low-temperature magnetization provides information on spin
waves, i.e., the law of ‘three second’ T?2 is fulfilled. The spin-wave rigidity
constant D, acharacteristic property of an amorphous ferromagnetic, is deter-
mined from these dependencies.

Key words: amorphous alloys, spin waves, magnetization, magnetic moment,
Curie temperature, exchange interaction parameter.

Hnsonep:xkanuda indopmarii mpo xapakTep CTPYKTYPHUX i MArHETHUX IIEPETBO-
PeHb B aMOp(HUX CTOIAX MOCIiIKYEThCA TeMIepaTypHa 3aJIe’KHiCTh HaMarHi-
yeHocTu. HamarriueHicTh B 00J1acTi HUBBKUX TEMIIEPATyP Aa€ iHGopMaIriio Ipo
CIIiHOBI XBIJIi, TOOTO BUKOHYETHCA 3aKOH «TPhOX Apyrux» T°%/2, 3 mux saiex-
HOCTel BUBHAUAETHCSA KOHCTAHTA CIiH-XBUJIBOBOI JKOPCTKOCTU D, AKa € XapaK-
TEePHOIO BJIACTUBiCTIO aMOP(PHOTro hepoMarHeTnKa.
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1.INTRODUCTION

To obtain information on the nature of structural transformations oc-
curring in amorphous alloys, the temperature dependence of the satura-
tion magnetization was studied using a vibration magnetometer[1].

Unfortunately, little study of ferromagnetism amorphous systems at
low temperatures. The first steps in this direction showed that there is
the possibility of creating based on amorphous metal alloys a fundamen-
tally new storage medium with ultrahigh information density (alloys
with spin glass properties).

In order to verify the conclusions of the quantum theory on the de-
pendence of spontaneous magnetization on temperature for amorphous
alloys and to clarify the dependence of the parameter B in the ‘three-
second’ law, which characterizes the exchange energy, on the composi-
tion of the alloy with different concentrations of metalloids and on heat
treatment, an experimental investigation of the dependence of the sat-
uration magnetization was carried out for the indicated alloys on tem-
perature in the region of low temperatures.

2. MATERIALS AND METHODS

Amorphous alloys of the Co—Fe—Si—B system in the form of a strip were
obtained by rapid quenching of a liquid sample on the surface of a fast-
rotating disk, 15 mm wide, ~ 12 um thick and 10-15 m long [2].

To study the stages of crystallization and to identify intermediate
phases, we can use cyclic thermomagnetic analysis, which consists in
heating the alloys to appropriate temperatures with subsequent cool-
ing. The use of the methods of thermomagnetic analysis, in contrast to
the analysis of the change in electrophysical properties depending on
temperature, allows obtaining reliable information about the Curie
temperature Tc, temperatures of various stages of crystallization Tx
and T¢ of crystallizing phases [3].

In addition, the magnetization at low temperatures contains infor-
mation of spin waves; the decrease in magnetization at low tempera-
tures in ferromagnetic amorphous alloys in comparison with crystalline
ones is explained by thermal excitation of the long-wavelength part of
the spin wave spectrum [4, 5].

3. RESULTS AND DISCUSSION

The change in magnetization with temperature is determined by the fol-
lowing relationship [4]:

I(T) = 1,(0)1 - BT*?), 1)
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where g is the spectroscopic splitting factor or Lande factor
(g=2.0023), ug is the Bohr magneton, kg is Boltzmann’s constant, I4(0)
is saturation magnetization at temperature T=0K and in zero mag-
netic field, D is spin-wave rigidity constant, which is a characteristic
property of a ferromagnetic, both the saturation magnetization and the
Curie temperature.

If a collectivized electron with a wave vector k is excited into a state
with a wave vector k + q, and its spin changes direction to the opposite,
then it can form an electron—hole pair with an energy Ao with a hole,
which has arisen during its excitation, for which at small values of q ap-
propriate the relation #wm = Dg®?, where for a simple cubic lattice
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Fig. 1. Dependence of the relative saturation magnetization AI/I on tempera-
ture T3/2 for the alloys of the Co—Fe—Si—B system.
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D=2A8Sa?, S is the spin quantum number (equal to 1/2 for an electron
and 5/2 for the Fe®* ion—the main magnetic ion in most magnetic mate-
rials), Ais the exchangeintegral, the energy of the exchange interaction
of two spins located at a distance a (constant of the magnetic lattice)
from each other, q is the wave vector.

The value of the constant D can be determined both from the neutron
diffraction data and from the determination of the temperature depend-
ence of the saturation magnetization.

From equation (2), plotting the dependence of AI/I on T??2 we can de-
termine B, and then from equations (3) and (1) the coefficient D and the
Curie temperature Tc.

Figure 1 shows the relative change in AI/I dependent on T??2 for
amorphous alloys of the Co—Fe—Si—B system depending on the content
of metalloids. Figure 2 shows the dependences of the magnetic moment
and Curie temperature of the studied amorphous alloys Co—Fe—Si—B on
the content of metalloids.

The value of the exchange constant A can be determined within the
framework of the molecular field model (Heisenberg model) and the the-
ory of spin waves.

According to the molecular field model, the exchange constant A be-
tween magnetic atoms can be expressed by the following formula

] L] ] L] 1
1.0
—800
i
0.9F 2
o
=1
= - 700
08I
=600
0.7
i 1 1 1 1

Si +B, %

Fig. 2. Dependence of the magnetic moment pu and Curie temperature T¢ of
amorphous alloys of the Co—Fe—Si—B system on the concentration of metal-
loids.
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TABLE 1. Values of magnetic parameters for amorphous alloys of the iron
group.

TCa B’ D7 Aeff7 AH, Ha, A /A D/TC7
K 105K 32eV-A2 eV | eV | us [/ HeV/K

1 Cosr.46Fes.445151B2.00.512810 0.424 0.4220.02630.0271.030 0.97 5.9
2 Coss.35F€6.155914.9B2.60.450770 1.08 0.2520.02220.0360.975 0.62 3.6
3 Coss.ssFes.7Sir.85B2.60.364650 1.03 0.2940.02600.0450.737 0.61 4.5
4 CossFe;3SigsBa2 0.362620 1.05 0.2910.02700.0430.729 0.64 4.7
5 Coss.2Fes.98is.5B24 0.361600 1.07 0.2890.02770.0420.722 0.66 4.8

No.|Alloy composition| S

3k, T,

T 2288+1) )

In the model of spin waves, the effective value of the exchange con-
stant between neighbouring magnetic atoms can be obtained if we as-
sume that, in the case of amorphous alloys, the expression for the dis-
persion coefficient found for crystalline alloys with an f.c.c. lattice is
valid [5]

D= ézRfAeffs. (5)

where R; is the radius of the first coordination sphere containing z at-
oms.

The calculated values of some magnetic parameters for iron group al-
loys are shown in Table 1.

As can be seen from Table 1, the value of the magnetic moment of the
studied amorphous alloys increases with a decrease in the concentration
of metalloids. The Curie temperature T'c also increases with a decrease
in the concentration of metalloids. The change in T'¢ is explained by the
dependence of the exchange interaction on the distance between iron at-
oms: with a decrease in its ferromagnetic interaction weakens and even-
tually becomes antiferromagnetic. These structural changes are charac-
terized by high values of coordination numbers in the first coordination
sphere, which are higher than those for the b.c.c. structures. Amor-
phous structures are also characterized by large coordination numbers
in the first coordination sphere. In this respect, the most important as-
sumption may be that, the ferromagnetism, associated with iron atoms
in close-packed structures with high coordination numbers, tends to
disappear. This may be due to the enhancement of the antiferromag-
netic interaction between iron atoms. Co—Fe—Si—B alloys have a high
Curie temperature. This reflects the nature of exchange interactions
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between the magnetic moments of atoms, which are stronger between
atoms of different types than between atoms of the same type.

The change in the magnitude of the magnetic moment can be ex-
plained within the framework of the concept of the transfer of electron
charge from metalloid atoms (Si—B) to the d-band of the transition
metal. The magnetic moment with an increase in the content of metal-
loids decreases due to the fact, that the magnetic states lose their d-
character due to their participation in the bond with metalloid atoms (p—
d-hybridization).

4. CONCLUSION

As aresult of the study, it was found:

1. The law of ‘three second’ describes quite well the temperature de-
pendence of the saturation magnetization of amorphous Co—Fe—Si—B al-
loys for the all studied concentrations.

2. According to the obtained experimental results, the dependence of
the average magnetic moment per atom of the alloy on the concentration
of the metalloid was established. It was found that the dependence of the
magnetic moment on the concentration of the metalloid is linear, and
with a decrease in the concentration of the metalloid, the magnetic mo-
ment of the amorphous alloy increases.

3. The obtained experimental results were used to determine the Curie
temperature Tc and the parameters of the exchange interaction of the
investigated alloys. It is shown that amorphous Co—Fe—Si—B alloys have
a high Curie temperature and have a linear dependence of magnetic mo-
ment on the content of metalloids.
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Using the analysis of dimensions, the generalized method of designing ra-
tional modes of multiple drawing of wire with dry soapy technological lubri-
cant is improved theoretically and experimentally, taking into account the
friction mode in the drawers, other process parameters and determining the
acceptable multiplicity of metal flow deformation in the mill. An algorithm is
developed for calculating the rational number of rods passes through the dies
during flow drawing, the use of which allows, in its implementation in prac-
tice, to ensure the stability of the technological process with the absence of
wire breaks with the minimum necessary (optimal) number of metal defor-
mation cycles and the corresponding energy consumption. The obtained re-
sults are consistent with the practice of industrial drawing with the use of
dry technological lubricants on a soap base and can be used in the develop-
ment of new ones and in checking the rationality of existing technological
drawing processes. In the future, it is advisable to develop a program for au-
tomatic calculation according to the above algorithm for the rational number
of passes during dry drawing, as well as use the presented approach to expand
the initial statistical database, taking into account the properties of other
steel grades that are deformed in the processes of dry and wet drawing.

Key words: metrology, dimensional analysis, measurements, wire drawing,
process stability.
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IIJIAXOM YAOCKOHAJIEHO y3arajbHeHY MeTOLYy IIPOEKTYBAaHHS DPalliOHAJIbHUX
pexuMiB 6araTOKPATHOTO BOJIOYIiHHSA APOTY i3 CYXUM MUJILHUM TE€XHOJOTiU-
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HHUM MACTHUJIOM IIPM YPaxXyBaHHi PeKUMY TePTs ¥ BOJIOKAaX, iHIITUX HapaMeTpiB
IIpolecy Ta BU3HAUEHHAM JAOIIJIBHOI KPATHOCTH HOTOYHOTO Ae)OpMyBaHHSA
MeTaJTy Ha cTaHi. Po3po0JjeHo alropuTM po3paxyHKY palioHaJIbHOI KiJIBKOCTH
MIIPOIIYCKiB 3aTOTOBKM KPi3h BOJIOKU IIPUW IIOTOYHOMY BOJIOYiHHi, BUKOPUCTAH-
HS AKOTO J03BOJISE IIPH CBOil peaJsisalfii Ha mIpaKTUIll 3a0€3IIeUYNTH CTATIiCTh
TEeXHOJIOTiUHOT'0 IPOIleCcy 3 BificyTHiCTIO 00PUBiB APOTY 3a MiHiMaJIbHO HEOO-
xXigHOol (ONTHMAJNIBbHOI) KIIBKOCTH ITUKJIIB gedopmaIllii MeTasy Ta BimoOBiZHUX
eneprosurpar. Omep:kaHi pesyabTaTu y3TOAKYIOTHCA 3 MIPAKTUKOI IIPOMUC-
JIOBOT'O BOJIOUiHHA 3 BUKOPUCTAHHAM CYXUX TEXHOJIOTIYHMX MAaCTHUJ HA MUJIb-
Hilf OCHOBi Ta MOXKYTh OyTH BUKOPUCTAHI mpM Po3poOIli HOBUX Ta IepeBipIii
paIioHaJBPHOCTH iCHYIOUMX TEXHOJIOTIYHUX IIPOIIECIiB BOJIOUIHHA. ¥ IIEPCIIEK-
TUBi JOIIJIBHOIO € PO3POOKAa IMPOrpaMM aBTOMATHUYHOTO PO3PAxXYHKY 3a HaBe-
IEeHUM aJIl'OPUTMOM PAaIllioHAJBHOI KiJIBKOCTH HPOIYCKiB IIPHM CYXOMY BOJIO-
YiHHi, a TAKOK BUKOPUCTAHHS IPEACTAaBJIEHOT0 MiX0y IJIs PO3IINPEHHS BU-
XigHOI cTaTMCTUUYHOI 6a3u JaHUX 3 YPaXyBaHHSAM BJIACTUBOCTEH iHIIINX MapoK
KPHIIh, AKi 7e(OopMYyIOThCA Y IIPOIecaxX CYX0oro i MOKPOT'O BOJIOUiHHS.

KuarouoBi cjioBa: MeTpoJorisa, aHajiza posMipHOCTeli, BUMipIOBaHHsA, BOJOUiH-
HS IPOTY, CTAabiIbHICTD TeXHOJIOTIUHOTO IPOIiecy.

(Received October 29, 2021, in final version, June 2, 2022)

1.INTRODUCTION

Hot-rolled wire rod, which is pre-produced on wire- and light-section
mills is used as a blank for single and current multiple steel wire draw-
ing. Such a wire rod carries scale layer, which is usually removed by
pickling in an acid solution before drawing. After neutralization, a
dried sub-lubricant coat is formed on the wire rod, which usually con-
sists of thin ‘soft’ layers of iron oxide and lime, borax, etc. This pro-
vides better adhesion of process when lubricant is applied to the wire
rod surface before deformation in wire dies.

Sometimes the wire rod instead of pickling is subjected to machining
(alternating bending) in a roller scale breaker [1]. This operation in-
creases contamination of the lubricant with scale dust, impairs its ad-
hesive and antifriction properties [1]. To prevent this, such a rod is
rubbed with wipers in the line, and sometimes a dry sub-lubricating
layer of powdered appropriate materials is applied on its surface [2].

The wire rod is usually subjected to drawing in the flow on the draw-
ing mills of multiple deformations in several passes. At the same time,
they try to minimize the number of passes for saving resources, but it
increases the required traction force (tension) of drawing process. The
level of this force can approach the strength of the wire, which accom-
panied by its break [1]. Therefore, the main limitation for reducing the
number of passes is the condition of no wire breaks during drawing.

When drawing wire with a diameter of 0.8—10.0 mm (and sometimes
larger) the process lubricant is usually used a dried powdered soap (fat-
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ty acid salt) of natural or synthetic origin without functional additives
or with them (lime, talc, mica, etc.[1]).

In the drawing mill, such lubricant is stored in containers installed
in front of the dies. Its involvement to the deformation centre of the
following die carries out by a moving rod passing through the bulk
mass of the powder, due to the adhesion of the latter to the metal sur-
face[1].

The amount (thickness) of lubricant together with the height of the
microrelief on the wire determine the mode of friction in the defor-
mation zone, wear of the dies, drawing force conditions, product sur-
face quality, and ultimately efficiency and cost-effectiveness of the
production process [3]. Therefore, optimization of the number of pass-
es under specific drawing conditions connected, in particular, with de-
termination of the friction mode, and becomes an important prerequi-
site for designing and implementation of appropriate rational technol-
ogy.

The friction mode is evaluated by the ratio:

...
e' — av.r. s 1
l Ra.av.i ( )
where &,,; — is the average thickness in the centre of deformation of

the lubricating layer, which according to the condition of longitudinal
continuity of the latter is associated with the thickness &;; by simple
geometric ratios at the exit of the i-th die by relation [3]:

£ ~ %(Ju’i F1)e,, )

the metal elongation factor (coefficient of elongation) while drawing in
the i-th die:

W, = (do‘i /du)z’ (3)

i is the number of die in the direction of n-fold drawing; 1 <i<n; do;, di;
are diameters of the wire at the entry (hereinafter—index «0») and at
the exit (hereinafter—index «1») of i-th die, respectively; average
height of roughness is: Ra.av.i=0.5(Ra0.i+ Ra.1.:); Rao, Ra1 are heights of
microrelief at entry of metal to the i-th die and exit from it respective-
ly, while value &1, in its turn is determined by the formula:

E_su =my /pu’ (4)

where my; (kg/m?) is the relative weight of lubricant rests on the wire
after leaving the die, p1; is related density of the lubricant.
Simple transformation on formulas (1)—(3) considering provides:
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Value 6; in the range of 3—4 indicates on friction mode close to the
liquid mode in deformation zone, thus determining the minimum val-
ues of f; in the range that is generally inherent to the corresponding
conditions of drawing process. This mode of drawing is desirable to
minimize energy consumption, despite natural increase in lubricant
consumption. Level 0;<1 indicates approach of friction mode to the
boundary one with increase of fi. Level 0,=1-3 indicates presence of
mixed friction mode, and 0; — 0 can bring the friction mode closer to
dry one with the appropriate values f; — 0.5 [4].

()

2. THEORETICAL METHODOLOGY

Known studies of these aspects relate both to the calculation of force
conditions under n-fold drawing [1, 5], and determination on techno-
logical factors affecting of soap lubricant amount residues on the wire
after drawing and formation of friction mode in dies [3].

The relevant research under the guidance of one of the authors of
this article was earlier carried out based on statistical processing of
data obtained (with participation of Dr. of Eng. Sci. I. B. Buravlev,
candidate of engineering sciences Yu. B. Sigalov, and engineer L. O.
Didenko) in Dnipropetrovsk Metalware Production Association (now—
‘DNIPROMETYZ’) during of mass wire production made of low-carbon
wire-rod made of steels: CrOM (initial yield strength or.int=340—
380 MPa), Ct3kn (Gr.umt=268—380MPa), CrlOKm (Or.imti=259-
267 MPa), Cr2xm (GT.init =230-240 MPa), Ct20kKTO (GT.init =290-
300 MPa), CBO8T'2C (Gr.init = 385—390 MPa),—having initial diameter
dinit=6.40-6.70 mm and microrelief height R,ini=2.0—-6.4 um, pro-
duced by hot rolling process with application of accelerated cooling
method in Stelmor line at PJSC ‘Arselor MITTAL Kryvyi Rig’ [6], also
steels Cr3km after natural air cooling (or.ni=185-190MPa) and
Cr3km after forced active (‘intensive’) cooling from rolling tempera-
ture down to 550°C (Or.init = 480—540 MPa).

Wire samples with diameters di;=5.90—-2.45 mm after drawing at a
speed V;=0.6—15m/s in n=1-6 passes respectively, and with diame-
ters di; = 2.95-1.25 mm after deformation in n=1-7 passes of semi-
finished annealed rod of diameter dinis=2.95—-3.95 mm were taken for
research. A total of 100000 products were made and 50—-100 samples of
wire were taken for each steel.

The mechanical properties of the wire samples were determined dur-
ing standard rupture tests, the height of the microrelief—using pro-
filometer of model ‘283, and the amount of lubricant residue on the
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same—by weight method [3] using scale AIIB-200 type.

The following lubricants were used:

— sodium soap powder (as a base) in the initial state without any ad-
ditives (hereinafter—‘SP’ marked),

— sodium soap powder with addition of 10% talc (‘SPT’ marked);

— sodium soap powder with addition at its initial state of 15% lime
after heat treatment in a special installation at a temperature up to
150°C (‘SPL’ marked).

When passing of processing wire through the deformation line in
the drawing mill, its microrelief is smoothed, and the surface layer of
lubricant is repeatedly thinned, subjected to heating (up to 200-
500°C), compaction and may be incompletely transferred to the next
die. As a result, in the containers before the dies, the lubricant is satu-
rated with the products of wear and thermal decomposition, loses anti-
friction efficiency, and is periodically (often in uncontrolled manner)
replenished by a worker, usually in the first container with fresh lubri-
cant. Therefore, samples of these lubricants were taken periodically
for analysis with averaging of their composition during the working
shift of the drawing mills. It is worth mentioning that in the course of
research there was a significant scatter of all experimental data (val-
ues of coefficients of variation reached 0.2-0.3), which is due to the
instability of the rod’s parameters and production conditions of the
drawing processes.

The density of used lubricants in the first container in the drawing
direction on average was: for SP posr=2690kg/m, for SPT
PospT = 2730 kg/m, for SPL PosPL = 2900 kg/m [3]

As a result, the density p1; of lubricants residue on the wire towards
the exit of the next i-th die increases with growth of cumulative metal
elongation factor (cumulative coefficient of elongation):

2
d,
~ — | Zinit 6
Hy; ( 4 ] (6)
in accordance with the empirical relation:
Py = po(L+a(inp,,)"), (7)

where for lubricant SP, a=0.340, 4=0.583, for SPT a=0.513,
b=0.226, for SPLa=0.345,b=0.198[3].

The formula of the view (6) is similar to equation (3) and is also used
to determine the one-time coefficient of elongation in the i-th pass at
dinit = dOi-

The previously performed dimensional analysis and subsequent sta-
tistical data processing revealed the dependence of the relative lubri-
cant amount m; (kg/m?) on the wire surface on the drawing speed V;,
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the initial (before i-th die) yield strength ore; and the corresponding
roughness of the metal R.o;. In this case, the lubricant composition was
factored into its density pi;, the degree of deformation mediately—by
introducing into the calculation formulas of the wire rod diameter do;
at the entry to the next i-th die and wire diameter di; at its exit, and the
change in height of the metal microrelief after and before of i-th die
R.1;/R.0: that was depending on mass m;, drawing stress o; in the i-th
pass and the metal yield strength ori; after deformation by empirical

relation:
R 0.61 0.65
r= a.li _ 057( mi J ( Gi J s (8)
Ra.O.i pliRa.O.i GTav.i

where the ratio ¢;/0rayv.; is determined using the known theoretical for-
mulas, for example [5]:

% _lnp, +0.770 + fizln R 0,800y, ,
GTav.i a+a + ]L; ln Hi csTav.i((X' + /i 111 “’i + 0’ 8(].)

9

o is half of the die cone angle (in common cases it is . =0.1 + 0.03 radi-
an for steel wire drawing process), f; is friction factor, p;=(do;/d1:)? is
metal elongation factor in the i-th pass, or.yv.; is average value of yield
strength in the pass.

For the first pass the following shall be adopted [5]:

1
Orav.i = g(GTOi +20,y,) (10)
and for the other cases:
1
Orav.i = E (Opo; + Oppi)- (11)

In absence of experimental values of or;, while calculating value of
cumulative elongation factor pus; before and after the i-th pass, oray.; can
be determined using the empirical formula [5]:

Op = Ogjmir T u\lln Msi» (12)

where dimensional factor u is equal: for steel CrOM 412 MPa, for steel
Ct3Km, cooled in Stelmor line 372 MPa, for steel Cr3xn after natural
air cooling 380 MPa, for steel Cr3xn after forced active cooling from
rolling heat to 550°C 258 MPa, for Crl10xa 415 MPa, for Cr2xkm 413
MPa, for Cr20kn 510 MPa, for CBO8I'2C 451 MPa.

Using the method of inverse calculation by formula (8) allowed to
determine that f;=0.08—-0.24, and approximation of almost invariant
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dependence f; on criterion 0; under conditions of mixed and liquid fric-
tion in deformation zone for different lubricants creates relation [7]:

_ &
h+qb,’

where g=0.25, h=0.88, ¢=1.08.
If in equation (9) we use or1.;, instead of value Gray.; we will obtain
formula[5]:

f (13)

flnp, N 0.8fa

% —Iny, +0.770 + — :
oa+a”+fInp,  o+flny +0.8a

Or1i

(14)

which is used in assessing stability of drawing process: in particular,
value o;/or1.:< 1 indicates of a high probability of wire breaking at exit
from the i-th die.

As a result, by setting the values m; and R..1; alternately and start-
ing from the first pass, it is possible to determine the parameters that
characterize the stability (or instability) of the multiple drawing pro-
cess.

Technological calculations shall take into account the difference be-
tween the cumulative elongation of metal as per formula (6) and elon-
gation ; in the i-th pass as per expression (3)[1]:

My = HHL (15)
i=1

At ;= const for all passes, equation (15) is presented as under
—at exit from i-th pass:

Uy = Hi’ (16)

—at the end of drawing path (at exit from the n-th pass):

My, =My = 1 (17
The drawing multiplicity is calculated accordingly [1]:

_ Inp,
Inp,

or
=gy = " (18)

In practice the elongation factor in the first pass (at i =1) is assigned
by 5—7% less than the average value with corresponding redistribution
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of other ; values within ps framework. This leads to increase of lubri-
cating layer thickness and improvement of friction conditions
throughout the drawing process.

Also, it is known that one of the key factors in the efficiency of
drawing process—that the overall metal elongation factor pus, can be
achieved by different number n of passes, which affects the other pa-
rameters of the process.

The disadvantage of the known approximation of statistical data [3]
presented above is the lack of consideration of the obvious influence of
the drawing ratio n, even at the same values of the overall degree of
deformation s, and half the angle of the die cone on formation of fric-
tion mode and the respective drawing stability. This reduces their gen-
eralizing properties and prevents a reasonable determination of the
conditions for the production process optimization.

The aim of the work was to develop approaches to the design of ra-
tional modes of multiple wire deformation with dry soap lubricant,
taking into account the multiplicity and other parameters of the draw-
ing process.

3. RESEARCH RESULTS

The presented shortcomings of the known researches have led to rea-
sonability of expediency of returning to the analysis of initial statisti-
cal information [3] which is described above.

Now it has been taken into account that the lubricant attracting to
the deformation zone during drawing depends on properties of the lub-
ricant, diameter, roughness and yield strength of the wire rod, its
movement speed, as well as conditions of metal deformation: die geom-
etry and number of in-line deformation cycles (drawing multiplicity).

Therefore, when conducting an extended (as compared to work [3])
dimensional analysis, with appropriate algorithm [8], generalizing
formula for i-th drawing pass was presented as under:

m,, = X0V, 2o R1dX°d; i pit®, (19)
where X0—-X'7 — arbitrary parameters, which further shall character-
ize the type of relationship of variables with the response function mi;.

The last member p;; was included in the list of variables in equation
(19) to compensate for the dimension quantity ‘kg’, which is proper to
variable o10;, only and due to the impossibility of experimental deter-
mination of the dynamic viscosity of dry powdered lubricants before
their entering to dies.

The dimensions of the indicated variables and the response func-
tions are as under: V,—m-s?, oro—N/m?=kgm?ls? a—
dimensionless, R.,—m, do—m, di,—m, i—dimensionless, pi;—kg-m3,
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mu—kg-m™2.
In accordance with formula (19) equation «in dimensions of quanti-
ties» looks as follows:

kg-m?=(m-s ) (kg m s 221 B m¥mPm¥61 X7 (kg-m3)*E. (20)

Further, from expression (20) we obtained a system of equations
that determine «balance» of quantity dimensions: for quantity dimen-
sion ‘kg’: 1 =X2+ X8, for quantity dimension ‘m’: -2=X1-X2+ X4+
+ X5+ X6 —3X8, for quantity dimension ‘s’: 0 =-X1-2X2.

Consideration of this system resulted in the following:

X8=1-X2,X1=-2X2,X4+X5+X6=1,0orX4=1-X5-X6.
This led to corresponding equivalent change in formula (20):
kg.m—Z — (m-s"l)_ZXz(kng"l-S"Z)XZ 1X3m1—X5—X6mX5mX61X7(kg.m—3)1—X2,

and when replacing the dimensions with appropriate parameters—
identical replacement of equation (19) by the expression:
mli — XOI/i—ZX2G;(O2iaX3R;(;i}(S—XGdg(5dfi(6iX7pi;X2. (21)

After that, collecting parameters with the same dimensions into di-
mensionless groups, obtained:

X2 d X5 d X6
™ _xo (%} a X3 ( 0 J (¢J (i)X7 . (22)
P10 Vipu R, R,

The left part of formula (22) is similar to value 6 of friction mode as
evidenced by its comparison with formulas (1) and (4).

The second member of the right part is clearly a characteristic of
hydrodynamic phenomena, which largely accompany transfer of dry
process lubricant to the deformation zone in the die.

According to the corresponding known theoretical formulas [4, 9],
the thickness of the lubricating layer (amount of lubricant) on the wire
is related inversely to the metal yield strength ore;, and at the same
time the drawing speed Vy; can cause both increase (more often) and de-
crease of the lubricating layer thickness due to a complex effect of
temperature and the appearance of the so-called ‘tunnel effect’ [10].

The third member of formula (22) is dimensionless, so it can be rep-
resented both separately with its exponent X3 and as a part of any di-
mensionless combination of this equation members.

It should be kept in mind that in mathematical expressions that de-
scribe the hydrodynamic lubricant transfer to the deformation zone




840 A. M. DOLZHANSKIY, N. M. MOSPAN, and O. A. BONDARENKO

during metal processing by pressure, increasing half the angle of the
die cone qualitatively determines the effect which is the same as pa-
rameter oro; [4, 9].

The fourth and fifth members of the right-hand side of equation (22)
together characterize both the relative height of the microrelief of the
rod and the total metal elongation coefficient uy; at the exit of i-th pass
as per formula (6).

Since parameters X0—X8 at this stage are not quantified and taking
into account the above considerations it becomes correct to convert ex-
pression (17) to the form:

V2 X1 R X2
M = mli — A( i P ] ( a.O.ij (“Zi )X3 (i)X4 , (23)

Py R Oroi* d

a.0.i 1i

where A = exp(X0) and values X0—-X4, in general case, differ from the
previous list of relevant parameters as in formula (19).
A polynomial was obtained by taking logarithm of the formula (23):

my;
PR

a.0.i

In

LY 1i

i

2
- XO+Xl(mJ+X21n(%j+X31np+X4lni. (24)

Using the methods of regression analysis[11]in accordance with the
array of experimental data presented above and expression (24), we
determined the values of X0—-X4 and A.

The adequacy of the model was judged by comparing the calculated
(with the index °‘calc’) values of the dimensionless combination
W =mu;/(p1:Ra0i) as per formula (23) with its experimental (index ‘exp’)
data using:

— levels of multiple correlation coefficient R and the average value

of absolute (index ‘abs’) deviations for j-th implementation (1 <j<k):
k

G, = Z|(VVexp W)/ k| as generalizing characteristics of approxi-
j=1

mation quality;
— the value of the standard deviation S and average value (index
k

‘av’) of deviations with their signs: G,, = Z(W

exp

-W_.)/ k as char-
j=1

acteristics of mutual deviation of the centre of scatter of experimental

and calculated data.

At the first stage, the whole array of static data was subjected to
consideration without selecting groups corresponding to the used lub-
ricants and steels.

However, the obtained results were characterized by low values
R=~0.5, and a detailed analysis of data revealed that too large values
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Gans, Gy and S took place in subgroups of used steels which were char-
acterized by combination of all lubricants. This can be explained by the
specific properties of lubricants (availability of additives, pre-heat
treatment, etc.), which determine their efficiency and transfer to the
deformation zone.

Therefore, in the next step, after extracting approximately 3% of
the data that were recognized as errors, regression analysis was per-
formed for the following options: all technological lubricants, when
using all steels; process lubricant MP, with the use of which the corre-
sponding steels were deformed; process lubricant MPT, with the use of
which the corresponding steels were deformed; process lubricant MPL,
with the use of which the corresponding steels were deformed.

The results and evaluation of the quality and approximation of ex-
perimental data as per formula (23) are presented in Table 1.

The analysis of the presented data testifies on satisfactory quality of
the approximation, especially taking into account the fact that the
output experimental data were obtained under production conditions,
which are characterized by instability, insufficient controllability of
parameters and negative human influence.

Therefore, it was considered that the obtained results can be used in
the test mode to assess the optimality of the drawing technological
process in relation to the rational determination of the number of pass-
es in multiple deformation.

Calculation algorithm worked out by the authors includes the fol-
lowing steps.

1. Definition of initial conditions for metal deformation: diameter
dinit of input wire-rod and its roughness value R,.i.; desired final wire
diameter d,; steel grade, kind of lubricant; drawing speed in the first
Vi1 transition; value of dies semi-cone angle a.

2. Determination of total elongation us as per formula (6) and de-
sired number n=1, 2, ..., 6 or 7 passes according to calculation vari-
ants, which will be analysed from view point of minimization n and
possibility of drawing process under condition of no wire breaks.

3. Determination of elongation factors w; in each of i-th passes
1<i<n in accordance with formula (18). In case of elongation factor
reduction in the first pass (at i=1) less by 5—7% as against expected
value, it will be necessary to revise accordingly other ; within frame-
work s for i > 1 according to formula:

1

n-1
Moy = ] :‘ L - (H”—J : (25)
i=1 i=1
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TABLE 1. Parameters and quality characteristics of experimental data ap-
proximation.

) Approximation parameters as per formula [Approximation quality evalua-
Drawmg (23) tion
conditions

A-expx0 | x1 | x2 [ x3| X4 | R | Gu | G |

All lubri-
cants

MP 10.930-10° -0.258 -0.674 0.715 -0.058 0.86 0.511 -0.139 0.661
MPT 4.493-10° -0.411-0.727 2.032 -1.534 0.82 0.3991 -0.222 0.4043
MPL 5.385-10° -0.098 -1.321 1.256 -1.535 0.78 0.29 -0.028 0.38

0.436-10° —0.296 -1.065 1.688 -1.377 0.77 0.351 -0.172 0.423

4. Calculation of cumulative elongation factors ps; before exit from
i-th passes as per formula (15).

5. In accordance with formula (6)—calculation of wire diameters
values dy; at exit from i-th dies as per expression:

d, = s (26)

“’21’

6. Calculation of speed mode in direction of drawing path using for-
mula[3]:

v, =ty (27)
Mg

where V1 1, Vi,—wire speed at exit from the first and i-th die respec-
tively.

It should be borne in mind the possible correction of the calculated
values di;, W and py;, that is due to the need to reconcile these parame-
ters with the actual kinematics and necessity of some wire stock accu-
mulation on intermediate traction drums of multiple drawing mills, as
well as adopted at many metalwork companies dies diameter d;; range
(e.g.in production of the latter with a step of 0.05 mm).

7. Calculation of values p1; for selected lubricant as per formula (7).

8. Calculation of values oro; and or1; for selected steel as per expres-
sion (12) and or.v..—as per formulas (10) or (11) for related passes.

9. Determination according to Table 1 data and formula (23) the lev-
el of dimensionless group M = mi;/(p1:Ra.0.) for i-th pass starting from
the first one.

10. Determination according to equation (9) the level of dimension-
less group oi/0reep.; fOr i-th pass starting from the first one. Thus, for
the first iteration step considering level of friction factor it is neces-
sary to adopt its probable average value f;~ 0.16.
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11. For i-th pass starting from the first one, determination of di-
mensionless group 7= Ra.1.;/ Ra0.. according to formula (8).

12. Determination of level of friction mode indicator 6; considering
formulas (1), (5) and dimensionless groups M =m1;/(p1:Ra0.) as per
equation (23) at algorithm step 9 and r = Ra..1.;/ Ra.0.: as per formula (8) at
algorithm step 11 is carried out as a result of combination of corre-
sponding dimensionless groups resulting in the following:

MR, " +1)

0= .
r Ra.OAi + Ra.l.i

(28)

13. Calculation of adjusted value of friction factor f; as per formula
(13).

14. Comparison of f; last value with its previous value. If difference
is more than 5-10% you shall return to algorithm step 10, specifying
the last calculated value f; and, if necessary, repeat this iterative pro-
cess till a satisfactory match of f;last and previous values is obtained.

15. Use of required parameters for determination of ratio o;/oT1;,
which characterizes safety margin of wire strength at exit from i-th
die as per formula (14).

At o;/or1:< 1 it is necessary to pass to similar calculations for the
subsequent drawing passes up to i=n. It should be kept in mind that
the outlet geometric and kinematic parameters of the previous pass
become inlet parameters for the next pass.

In case o;/or1; > 1 the calculation shall be terminated with conclusion
that it is impossible to implement the drawing process with multiplici-
ty n and selected distribution of elongation factors in passes. This ne-
cessitates an increase of n.

16. Repetition of actions according to the presented algorithm at
higher drawing multiplicity n.

17. Formulation of a recommendation on the minimum acceptable
drawing ratio, which will be optimal for certain conditions.

As an example, according to this algorithm calculated conditions of
wire rod deformation with input diameter di,it=6.5 mm from steel
Ct3km 3 with initial yield strength or.i.it =275 MPa and characteristics
of strengthening u=372 MPa, value R.init=3 um on final diameter
d,=2.45 mm at a speed V.1 =1.5m/s of drawing at exit from the first
die and value of half the angle a.=0.105 radian of die cone (step 1) with
the use of lubricant MP, for which density p:; is determined by equa-
tion (7).

Calculations were performed at multiplicity n =4, 5, 6 and 7 passes.
The results obtained are shown in Table 2.

The analysis of these data shows that under the above conditions of
dry wire drawing the rational (optimal) amount is n =5 passes of mul-
tiple deformation, which is consistent with the practice of sustainable
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industrial management of such a process. At n =4 passes, it is probable
that the wire will break at the exit of the second die, thus preventing
the process wire from entering the next die and in general—obtaining
products. At n=>5, 6 and 7, the stability of the drawing process is en-
sured, but the use of extra cycles of metal deformation due to use in the
process of the appropriate number of dies and traction drums with
their electric drives, a priori reduces the energy efficiency of the tech-
nology.

4. CONCLUSIONS

Using dimensional analysis, the generalized method of designing ra-
tional modes of multiple wire drawing with dry soap lubricants has
been improved theoretically and experimentally, taking into account
the friction mode in dies, other process parameters and determining
the appropriate multiplicity of in-line metal deformation in the draw-
ing mill.

The presented algorithm for calculating the rational number of
passes of the rod through the dies during the in-line drawing allows in
its practical implementation to achieve the stability of the technologi-
cal process with no wire breaks and minimum required (optimal) num-
ber of cycles of metal deformation and corresponding energy consump-
tion. The obtained results are consistent with the practice of industrial
drawing with the use of dry soap-based lubricants and can be used in
the development of new and testing the rationality of existing drawing
processes.

In future, it is advisable to develop a program for automatic calcula-
tion of rational number of passes for dry drawing with application of
the presented algorithm, as well as using the presented approach to ex-
pand the outlet statistical database taking into account properties of
other steel grades that are deformed under dry and wet drawing pro-
cesses.
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BuszHaueHHA TEXHOJIOTIYHIUX XapaKTePHUCTHK 0araTOKOMIIOHEHTHUX
HiKJIeBHX CTOIIiB PO3PaXyHKOBUMHU METOTAMU

C. B. Makcumoga, B. B. Boponosg, II. B. KoBanpuyk

ITucmumym eaexmposeapirosanus im. €. 0. [ lamona HAH Ykpainu,
eyn. Kasumupa Manesuya, 11,
03150 Ruis, Yrkpaina

B po6oTi mpezacTaBiieHo pe3yabTaTH 3 MOAEJIIOBAHHA TeMIIEPATYPHOTrO iHTep-
BaJIy TOILIeHHA i (ha30BOT0 CKJIAAYy 0araTOKOMIIOHEHTHUX HiKJIEBUX CTOIIiB, IO
ofep:KaHi IIJIAXOM 3aCTOCYBaHHS METOJ PO3PaxXyHKOBOrO KOHCTPYIOBAHHS
croriB, a came meroguku CALPHAD y moegHauHi i3 cTaTACTUYHIM 00POOICH-
HAM OZeP:KaHUX Pe3yJbTaTiB. 30KpeMa, PO3pPaXyHKOBUM IIIAXOM BU3HAUEHO
TeMIIEpaTypPHU JiKBiAyCy Ta COJiLyCy AJisd HU3KYW €KCIEePUMEHTAJbHUX CTOIIIB
cucremu Ni—Cr—Co—Al-(Me). BcraHoBjaeHO CTymiHb BIJIMBY afire3iiiHo-
aktTuBuux enemeHtiB (Ti, Nb, Zr) ma Temmeparypy JikBimycy Ta ¢asoBuii
CKJIaJ CTOIIiB JaHOI cucTeMu. BusHaueHO OPi€HTOBHUI BMICT JIEI'YIOUHUX eJie-
MEHTiB AJis1 3a0e3neueHHA HeoOXiMHOI TeMIlepaTypu TOILJIEHHS eKCIIepUMeHTAa-
apHUX Ipunois. Ilpu nroMy IIoxkasaHo, 110 Jier'yBaHHA cToIliB ITupkoHieM cyT-
TEBO MOHMIKYE TEMIIEPATYPY COJiAyCy, 3HAUHO PO3IIUPIOIOYN iHTEPBAJ TOII-
JIeHHS eKCIIePUMEeHTAJIbHUX CTOIIiB, IT[0 OB’ A3aHO0 3 (DOPMYBAHHAM B HUX HU-
3bKOTEMIIEPATYPHOI IIUPKOHiII0BOI eBTeKTUKMN. BuBueno Boius Turany Ta Hi-
06i10 Ha KiJbKicTh Ta TepMiuHy cTabinbHiCTH Y'-(Da3u B eKcIepUMeHTAIbHUX
cronax. [ocaiaskeHo BILIUB TAKKOTONIKUX KoMIloHeHTiB (Mo, W, Re) Ha Hada-
BHiCTB TomoJIOTiuHO IiabHO-TTakoBauux (TIIII) das. 3asHauaeTbes, 10 YaCT-
KoBe 3amiineHHA Boabdhpamy PeHieM B eKciepuMeHTAJIBHUX CTOIIaX CUCTEMU
Ni—Cr—Co—Al—-(Me) nae 3mMory 3HauHO MOHU3UTU KiJbKiCTh MIKiJINBUX |- Ta

p-¢as.
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KarouoBi cioBa: mpumiii, madguusa, JUBAPHi :KapoMillHi HiKJIeBi cTomu, MaTe-
martuune mogenoBanuda (CALPHAD), agresifino-akTUBHI eJleMeHTH.

The main goal of this work is to determine the melting temperature range and
phase composition of multicomponent Ni-based alloys by applying the meth-
ods of design of alloys (CALPNAD method) in combination with statistical
processing of the results. In particular, the liquidus and solidus tempera-
tures for a number of experimental alloys of the Ni—Cr—Co—Al—(Me) system
are calculated. The degree of influence of adhesive-active elements (Ti, Nb,
Zr) on the liquidus temperature and phase composition of alloys of this sys-
tem is established. The approximate content of alloying elements to ensure
the required melting point of experimental filler metals is determined. As
shown, alloying zirconium significantly reduces the solidus temperature
thus significantly expanding the melting range of experimental alloys. This
effect is associated with the formation of low-temperature zirconium eutec-
tic. The influence of titanium and niobium on the amount and thermal stabil-
ity of the y'-phase in experimental alloys is studied. The influence of refrac-
tory components (Mo, W, Re) on the presence of topologically close-packed
(TCP) phases is studied. As noted, partial replacement of tungsten by rheni-
um in experimental Ni—-Cr—Co—Al—(Me)-based alloys significantly reduces
the amount of harmful p- and p-phases.

Key words: brazing, brazing filler metal, foundry heat-resistant nickel al-
loys, mathematical modelling (CALPHAD), adhesive-active components.

(Ompumano 3 keimns 2022 p.; ocmamouH. eapisum — 2 wepsnsa 2022 p.)

1. BCTYII

IlosaBa HOBMX KAPOMIITHMX MaTepifIiB, po3podKa BHMCOKOe(EKTUBHUX
cXeM OXOJIOM:KEeHHA AeTasieil i ByasiB rasorypbimuux asuryuiB (I'TI)
BUMAraioTh PO3POOKY HOBUX IIPUMOIB, TEXHOJOTIUYHUX PEXKUMIiB ITadHHS
i cmoco6iB mameceHHsa mpumnoiB. IIpomec magHHa OyB i 3aIHINIAETHCS
€IVHUM YHiBepCaJbHUM CIIOCOOOM 3’€THAHHA JUBAPHUX HiKJEBUX JKa-
pOMIITHUX CTOIIiB mpu BuUrotoByieHHI edeMeHTiB I'TI, a Takox mpu ix
PEMOHTIi, TepMeTH3allii TeXHOJOTiYHUX OTBOPiB, Toto [1, 2]. IIpu mbo-
MYy KJIOUYOBUM IUTAHHAM, HOB’I3aHUM 3 TEXHOJIOTI€I0 MadHHA JKapoMi-
IHUX HiKJIEBUX CTOIIB, € IMOJIIINeHHA (PisKO-MeXaHiuHIX Ta eKCILIY-
aTariiHUX BJIACTUBOCTEH 3’ € THAHE [3].

CyuacHi 1uBapHi KapoMillHi HiKJeBi cTonM ABIAIOTH CO00I0 CKJIATHI
0araTOKOMIIOHEHTHI CUCTeMH, A0 CKJIALYy AKNX MOKe BXOAUTH A0 12—15
Jeryloumx eJIeMeHTiB, CYKyIHa [Iid AKUX BU3HAUYae I1XHiI Qisuko-
MexXaHiyHi BJIACTUBOCTI — TPUBAJY MIiIHICTH, MJIACTUYHICTH, BTOMY,
OITip OKMCHEHHIO Ta ra3oBiil Kopoaii Ta iu. [4, 5]. llinkom oueBUAHO, ITIO
Y TAaKOMY BUIIAAKYy 3HAWTY ONTUMAJbHUIN CKJIAA IJId Ofep:KaHHs OarKa-
HOTO KOMILJIEKCY BJIACTHBOCTEN JOBOJIi CKJIALHO, OCKIJIBKH Iie ITOTPedy-
BaTUMe 3HAUHUX BUTPAT Yacy i KomiTiB. CkasaHe BHUIle CIIPABEIJINBO i
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Ipu PO3POOITi IPUIIOIB AJIA MaAHHA KaPOMiITHUX HiKJIeBuXx ctomis. Cy-
YaCHI IPUIIOI IJd NadHHSA KapPOMiITHUX HiKJIEBUX CTOIIB, SIK IIPABUJIO,
TaKOK € CKJATHO-JeI'OBAHMMMU CTOHNaMM, SIKi MICTATH JedpecaHTH i
eJIeMeHTH, II[0 MAlOTh 3a0e3lleuyBaTH HEOOXigHWII piBeHb eKcIJyaTa-
MiAHUX XapaKTePUCTUK MaAHUX 3’ eTHAHL [6, 7].

Y 3B’A3KY 3 IIUM IIiJ Uac pO3pOOKM IIPUIIOIB HEOOXiJHNM iHCTPyMeH-
TOM CTalOTh METOAM MAaTeMaTHUUYHOTO PO3PaxyHKy, HaIpUKJIalI,
CALPHAD, PHACOMP, raiu. [3—7].

3okpema, xoumeniia meromu CALPHAD (CALculation of PHAse
Diagrams) muiaxoM IporHo3yBaHHsA cTrabinrbuux das, iX ckiagy, a Ta-
KOYK TepMOAUHAMIUHMX BJaCTHUBOCTell B TUX o0sacTax (as3oBoi gidarpa-
MU, Je Bif[CyTHS eKCIepHUMeHTaJIbHA iH(popMaIllia, Jae MOMKJINBICTE OY-
nyBatu (asoBi miarpamu [8—13]. Takum uwmmom, meroma CALPHAD
00’eIHY€E BCIO eKCIepUMeHTANbHY iH(opMailiito mpo ¢GasoBi piBHOBaru B
CHCTeMi i BCIO TepMOAMHAMIUHY iH(popMaIriio, ogep:KaHy IIpu IIPOBeIeH-
Hi TepMOXeMiUHUX i TenJTo(isUUHUX OCIIiI3KEeHb.

Haii6inpmr moBHO TaKMii miAXig peaJiisoBaHO B IIPOTPAMHOMY KOM-
mirexci JMatPro (Java-based Materials Properties) kommanii «Sente
Software» [14—16]. [laHuii nporpaMHUI KOMILJIEKC TPU3HAYECHUN IJIA
MOJeJIIOBAHHS IITPOKOT0 CIEKTPY BJIACTUBOCTEH 0araTOKOMIOHEHTHUX
cucreM Ha pisHiit ocuosi (Fe, Al, Ti, Ni, Co Ta iu.), micTuTh creriariso-
BaHI TepMogmHaMiuHi 0a3u HAHUX IJIs MOJENIOBAHHS IIPOIECiB 0X0JIO-
mxenHdA (Kpucraiisalii) abo HarpiBanHa maTepiaiais [14—-16].

MeTo10 maHOTO HOCTiAKEeHHS € BU3HAUEHHS TeMIIepaTypHOro iHTep-
BaJly TOILIEHHA i (a30BOro ckJagy 0araTOKOMIOHEHTHUX HiKJEeBUX
CTOITiB IIJIAXOM 3aCTOCYBAHHSA METOJ PO3PAXYHKOBOTO KOHCTPYIOBaHHS
cromiB, a came metoauku CALPHAD y moegHaHHI 3i CTATUCTUYHUIM 00-
POOJIEHHAM OflepsKaHuX Pe3yIbTaTiB.

2. METOJUKA POSPAXYHKIB

JJia TepmMoaHAMiUHUX PO3PaxyHKIB (pa30BOTo CKJIAy eKCIIepUMeHTa-
JBbHUX CTOHiB OyJja BUKOPMCTaHA CIeIidizoBaHa ImporpaMa AJsS MOJe-
JIOBAHHSA BJIACTUBOCTEH 0araTOKOMIIOHEHTHMX KpPHUIIL Ta CTOIIIB
JMatPro. [laauii nporpaMHUI KOMIIJIEKC Ja€e 3MOTY 3IiliICHIOBATU Tep-
MOIVHAMIUHI pO3paxyHKU JJis 6araTOKOMIIOHEHTHUX CHUCTEM, 30KpeMa,
Ha HiKJIeBill OCHOBIi 3 BUBHAUEHHAM THUITY, 00’€MHOI HacTKu (as, 1110 BU-
minarmorsea (y, v, MC, M23C6, M6C, M3B2 Ta iH.), XxeMiuHOTO CKJIaIy
(as i remmepaTypHoi ob6acTi ixuboro icuyBaunusa [16].

TepmognuaMiuHi po3paxyHKU 0a3yIOThCA Ha OIHIIL €eHepreTHUHUX
dyrukmii I166ca KoxuOI hasu nug sagaHoi remmeparypu [11, 12].

AG = AG, + AG™ + AG™, (1)

ne AGo — BinbHa eHeprisa ¢asu y yucromy Buriagi, AG"
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eHepria Bix smimyBaHHA KOMIOHEHTIB dasu, AG,” — HaJJIWUIIKOBA Bi-
JbHA eHeprid Bij sMinryBaHHA KOMIOHEHTIB (hasu.

BinpHy enepriio (AGyn) nisa 6araTOKOMIIOHEHTHOI CHCTEMU MOYKHA
IpeCTaBUTU PiBHAHHAM:

AG, =D xAGy+RTY xInx, + > > x,x,> Q (x, —x,)°, 2)
12 12 12 >t v
Jle Xx; — MOJIbHA YacTKa KOMIIOHEHTA i, AG(") — BisbHA eHeprida ¢asu g
YHCTOro KOMIIOHEeHTa i, R — yHiBepcaJbHa ra3oBa KOHCTaHTa, 1 — TeM-
neparypa, Q, — KoedillieHT B3aeMO/il, 10 3aJIe:KUTh BiJ 3HAUEHHS U
(Ha TpaKTUIli 3HAUYEeHHA U 3a3Buuaii He mepesuiiye 2) [12].

Buxogauu 3 HeoOxigHOCTH 3a0e3meueHHsT BCOKOI'O PiBHA eKCIIya-
TAI[IAHUX XapaKTEePUCTUK CTOIY JIeI'YBAHHA 0a30BO1 CCTEMU IIPOBOIM-
J¥ i3 ypaxXyBaHHAM BILINBY KOXKHOTO KOHKDPETHOTO eJIeMeHTy Ha BJac-
TUBOCTI }KaPOMIITHUX HiKJeBUX cTomiB [17]:

— eJIEMEHTH, AKi 3a0e311euyIoTh MKapocTifiKkicTs cTomy: Cr, Al,

— eJIEMEeHTH, 1110 3MIiIHIOIOTh TBepauii posunuH: Co, Mo, W,

— eJIEMeHTH, AKi yTBOpPIOOTh Y -dasy: Al, Ti, Nb,

— KapbizoyTrBoproBaubHi esemenTn: Ti, Nb, Zr.

Me:xi BmicTy Antominito, Tutany Ta Hiobito B ekcriepuMeHTaIbHUX
cromnax 6yam o0paHi BUXOAAYU 3 MipKyBaHb 3a0e3MeUeHH JKapOMiITHO-

&) > 1300
S 1240f ,',III,,, . ME<1300
- 1 XS Il< 1280
<1260
[1<1240
[J<1220
<1200
<1180
<1160

4
6 aC-
6 ofy, W
AI‘?Q 5 10 8 %’f ) /0

Puc. 1. [Minauka moBepxHi JikBigycy cromiB cucremu Ni—Cr—Co—Al-Me, B 3a-
JaesxkHoCTi Bix Bmicty Turany ta IlupkoHiio, mobymoBaHa 3a pO3paxXyHKOBUMU
JTaHUMU.

Fig. 1. The liquidus surface area of Ni—-Cr—Co—Al-Me alloys, depending on
the titanium and zirconium content, is based on calculated data.
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CTU CTOITY 3a PAXYHOK YTBOPEHHS Heo0XimHol 06’€MHOI YaCcTKY 3MiIIHIO-
BasbHOI y'-dasu Nis(Al, Ti, Nb).

3. PESYJIBTATH OOCJIIKEHD TA IX OBTOBOPEHHS

B mporeci npoBegeHHs IOCIiIKeHb OepP:KaHO HU3KY 3HAUEHDb TeMIIepa-
TYp JIKBiZycCy i cosimycy, a Tako (Da30BUH CKJIA €KCIEPUMEHTAJIbHUX
cromiB cucteMu Ni—Cr—Co—Al-Me. Po3paxyHKOBi AaHi B mOJaIbIIIOMY
migmaBajy 00pOoOJIeHHIO MEeTOAAMY CTATHCTUYHOI aHAJII3M 3 METOI0 II00Y-
IOBU IIOBEPXOHB JIKBiAyCy, AKi JaJu 3MOT'y OI[iHUTH BILJIUB JIETYIOUNX
eJIeMEeHTiB Ha TeMIIepaTypy TOIJIEHHS CTOIIiB JaHoi cuctemu (puc. 1).

3aBOAKU OJep:KaHMM PO3PaxXyHKOBUM JaHUM BCTAHOBJIEHO, IO 3i
30iapiIeHHAM KinbkocTu Turany 3 5 1o 15% mac. y 6azoBomMy CTOIIi Te-
MIepaTrypa JikBigycy mommkyerhbesa 3 1360°C mo 1253°C (puc. 2, a).
IIpu nmromy momanbiie 36iabIIeHHSa BMicTy TuTaHy y cTOIi IPUBOAUTD
He JI0 MOHMKEeHHA TeMIIEPaTyPHU TOILJIEHHS, a JIUIIe 10 IOHUKEeHHS TeM-
nepatypu coaigyey (o 1150°C). B cBoio uepry, 36inbiienns smicty Hi-
06ir0 3 5 10 20% mac. IPUBOAUTE OO0 HPAKTHYHO PiBHOMipHOIro IIOHH-
JKeHHsA TeMIepaTypH JiKBigycy Ta coJaigycy 3 1375-1330°C go 1215—
1150°C (puc. 2, 6).

Bimomo, 1110 ogHOUYACHA NPUCYTHICTE KiJIBKOX JIEI'yBaJbHUX €JIEMEH-
riB-mempecaHTiB (Takux ax Ti, Nb, Zr) moke uynHUTH OiabIT e)EeKTUB-
HUN CHUHEPreTHUYHWNI BIJIMB HA IIOHMKEHHS TeMIIepaTypH TOILIEeHHI,

b / I 3 / / /

< 80 / S 80
3 / <) /
Oc Oo 'Q
= / / / , 5 2 / 2 /
< 60 / s 60 s Z
e 0, s pe 0, o\o S , 2
g 20% | Ti / 10% Ti 5% Ti g 20% Nb 10 3\/ S
£ N |
; 40 "~ § 40
i 15% Ti g /
: :
E 20 // / / E 20 / /

0 0

1100 1200 1300 1400 1100 1200 1300 1400

Temmepatypa, °C Temmneparypa, °C
a 0

Puc. 2. SanexuicTe inTepBany TomneHHs crouiB cuctemu Ni—Cr—Co—Al-Me
Bix Bmicty Turany (a) Ta Hiobiro (6).

Fig. 2. Dependence of the melting range of the Ni-Cr—Co—Al-Me-based alloys
on the content of titanium (a) and niobium (6).
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Hi’X eKBiBaJIeHTHA K1JIbKiCTb OJHOIO eJIeMeHTA.

JleryBauusa cromy ogHouacuo Tutanom ta Hiobiem y cymapHisi Kinb-
KocTi 6au3bKo 10% Mac. IpUBOAUTE IO CYTTEBOrO MOHMIMKEHHSA TEMIIe-
paTypu JiKBigycy Ta 30inbIlleHHS iHTepBaay TomaeHHs (puc. 3). Hasa
3abesmevyeHHa HeoOXimHOI TeMIepaTypH TOILJIEHHS IIPUIIOID CyMapHa
KiJBKiCTh JaHMX eIeMEeHTiB Ma€ 3HaXOoquTHUCh Ha piBHi 18—20% wMmac.

JleryBauua 6asoBoro crony IlMpKoHieM YUMHUTL iCTOTHUH BIJIWB Ha
TeMnepaTtypy TomaeHHsa cromiB cuctreMu Ni—Cr—Co—Al—-(Me) surie B
KinprocTi 1o 5% wmac (puc. 4), micas 4oro iHTeHCUBHICTD BILIMBY HA Te-
MIepaTypy JiKBimycy cyTrteBo maznae. BeemenHsa Ilupkonio y crJaang
eKCIIEPUMEHTAJbHUX CTOIIiB CYTTEBO MOHUMKYE TeMIIEpaTypy COJimycy
— Big 1045°C (gusa cromy, 1o Mictuth 1% wmac. Zr) go 849°C (ama cTo-
my, 110 mictutb 10% wmac. Zr), 1110 3HaYHO POSIINPIOE iHTePBAJ TOILICH-
HA eKCIepUMEeHTaJbHUX CTOIiB. Take MOHMIKEHHA TeMIIEPATyPH COJi-
Iycy TOB’s3aH0 3 (POPMYBaHHAM HHU3LKOTEMIIEPATYPHOI €BTEeKTUKU,
AKa MicTUTB y cBoeMy cKyani Ilupkoniii.

Ogmep:xani po3paxXxyHKOBI JaHi 0yJIo HiATBEpAKEHO IILIAX0M BHUMipIO-
BaHHA iHTepBaJIiB TOMJIEHHA 3a JMOIIOMOroi0 AudepeHIitiHol TepMiuHOI
anajisu ma ycramoBii BIITA-8M (ImBuAKicTh HarpiBy Ta 0XO0JIOIKEHHS
craagana 40°C/xB.) [18, 19]. Tak, sokpema, IIpu AOCJIiAKEeHHi CTOIIiB,

100 / , 1450
“8. 80 1400, 2,5% Nb
= Q@ 5%
2 60 g \@ N‘B\
> \
] e =
é 40 3 \/ 1 g ~—_10% PM
% E 1250 —
E E T~
= =
= 20 / / / 1200
0 / 1150
1000 1100 1200 1300 1400 2 4 6 S 70
Temmeparypa, °C Ti, % wmac.
a 0

Puc. 3. Bane:xuicTs iHTepBasy TolLIeHHA (@) Ta TeMmIepaTypu JikBimycy (6)
cromiB cuctemu Ni—Cr—Co—Al—Me Bizg BMicTy aaresiiiHo-akK TUBHIX KOMIIOHEH-
tiB (% m™mac.): 1 — 2,5% Ti+2,5% Nb, 2 — 5% Ti+5% Nb, 3 — 7,5%
Ti+ 7,5% Nb, 4 — 10% Ti+ 10% Nb.

Fig. 3. Dependence of melting range (a) and liquidus temperature (6) of Ni—
Cr—Co—Al—-Me-based alloys on the content of adhesive-active components (%
Wt.): 1—2.5% Ti+ 2.5 % Nb, 2—5% Ti+5% Nb, 3—7.5% Ti+ 7.5% Nb, 4—
10% Ti+10% Nb.
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geropaunux 2% mac. IITupKOHiI0 BCTAHOBJIEHO HASIBHICTD Yy CKJIAi CTOIIiB
JIETKOTOIIKO1 CKJan0Boi Ha ocHOBi iHTepMmerasiny Ni(Me).Zr, 3 Temme-
patypoio TomaeraHs 1101-1103°C[19].

Bigomo, 110 3abe3neuenHss HeOOXiJHOTO PiBHSA POOOTO3MATHOCTH JIH-
BapHUX JKAPOMIITHMX HiKJEBUX CTOMIB IIPU IIiABUINEHNX TeMIepaTypax
BimOyBaeThcA IILJIAXOM 3MiIlHEHHA [IPiOHOAMCIIEPCHUMHM YacTKAMMU
Y'-dasu MaTpuii 3 y-TBepAoro po3unHy Ha ocHoBi Hiko.

Tomy, mixg uyac mocuaimsKeHHs (pa30BOT0 CKJIAAY CTOIIIB OKpeMy yBary
30CepeIKeH0 Ha BUBUEHHI BIJIMBY aJAre3iilHO-aKTHBHUX eJIEMEHTiB Ha
dopmyBanHa 3MminHIOBaILHOIL ¥'-dasu. [[ana ¢dasa ckiazaeTbCcsa 3 iHTEP-
meraiiny NisAl, okpim Asrominiio Bona moxxe mictutu Turan ta Hio6ii
[20].

3okpema, Haibiabry KingbKicTs (1o 90% 006.) i Hafimupuil inTep-
BaJI icayBanHsa 10 1280°C 3abesneuye BBegenud B cTorx 10% mac. Tura-
uy (puc. 5). Ilpu cuinsaomy Jgerysanni 5% wmac. Ti+ 5% mac. Nb cmo-
cTepiraeTbcs He3HaUHe 3MEHINEeHHA KiJbKOCTH 3MiITHIOBaJLHOI (hasu
(mo 85% 006.) Ta moHMMKEeHHA TeMiepaTypu ii posmany. Cuig sasHauuT,
1o o0MaBa IIi MapaMeTpy IMepPeBUINYIOTh PO3PaxXyHKOBi 3HaUEeHHS IJIs
IIPOMUCJIOBOTO JUBAPHOTO :KapoMiraoro cromy sKC6Y.

Tlomansie 36inbuientsa KinmbkocTu Hiobito (6inbie 5% mac.) B cTormi
IIPUBOJLUTH IO CTPIMKOI'0 3MeHIIIeHH KilbKocTH ¥ -ha3u y HUSbKOTEM-
mepaTypHiii o6aacTi (mo 33% 00.).

Bucoki mokasHMKY CTIHKOCTH 4O BHCOKOTEMIIEPATYPHOI KOpPOo3ii Jm-
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crony cucremu Ni—-Cr—Co—Al-Me (% mac.): I — 0% Zr, 2 — 1% Zr, 3 — 5%
Zr,4 —10% Zr.

Fig. 4. Dependence of the melting range of the Ni-Cr—Co—Al-Me-based alloy
on the zirconium doping (% wt.): 1—0% Zr, 2—1% Zr, 3—5% Zr, 4—10%
Zr.
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Bapuux JKHC mocAraroThbca mepeBakHO 3aBAAKHN JeI'YBAHHIO XPOMOM.
B Toii Ke uac HeoOXimHIiCTL MiABUINEHHS KAPOMIIITHOCTH BUKJIUKAE He-
00XimHicTh mMiABUINIEHOTO JIeT'YyBaHHS CTONY TaKUMU e(DEeKTUBHUMU IPU
BHCOKUX TeMIlepaTypax ejieMeHTaMu, aK Bouabdpam, Mosiogen ta Pe-
Hi#, 1110 IpU BUCOKOMY BMicTi B cToIli XpoMy IPUBOAUTH 10 YTBOPEHHA 3
UMY eJIeMEeHTaMU KPUXKUX TOIOJIOTiIUHO IfisbHO-makoBanux (TIHIII)
das[17].

B ekcnepumentanpHOMYy cromi cuctemMu Ni—Cr—Co—Al—-(Me), axuit
MicTuTh y cBoeMy cKJani 2% wmac. Mo Ta 2,56% mac. W dikcyeTrbeda oo
12,5% 06. o-asu (puc. 6, a) 3 TeMIepaTypor MOBHOIO PO3UMHEHHS
o6u3pk0 1025°C, a TakoK He3HAYHA KiJIbKiCcTh |- Ta p-das.

36isbirenusa smicty Boabsdpamy y cromi go 5% wmac. (puc. 6, 6) Bu-
KJIUKae piske 36iabinenas (1o 4,5% 06.) KixbkocTu p-dasu (ctabimbHOL
mo ~ 700°C) Ta BUCOKOTEMIIepaTypHOi 7-(hasu (3 iHTepBaJIOM iCHYBaHHSA
~700-1150°C). Haui ¢pasu € KPUXKUMHU Ta, KPiM IIbOTO, CIIPUSIIOTH I0-
JATKOBOMY JIOKAJbHOMY HAKONWYEHHIO BHYTPIIIHIX HANOPYKeHb, IO
CIIpHUsE MOHMKEHHIO MeXaHiUHNX XapaKTePUCTHUK, OCOOJIUBO JOBTOTPH-
BaJIOl MiITHOCTH IPHU IIiABUINEHUX TeMIIepaTypax.

YacTtrose 3amimenua Boasdppamy Periem (2,5% mac. W + 2,5% wmac.
Re) mae 3mory 3HaUHO TOHUBUTY KiJIbKicTh U-hasu i BUKII0OUNTHE P-Dasy
3 misnasoHy pobounx Temueparyp auBapuux JKHC (puc. 6, 8).

Ognep:xani 3a gomomorooo metonuku CALPAD pospaxyHKOBi gaHi B
mogaJbIIOMY OYyJIO BUKOPHUCTAHO MiJ Yac po3po0KM i JOCHig:KeHHa HII3-
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Fig. 5. Dependence of the mole percentage of y'-phase on the content of adhe-
sive-active components in the alloy (% wt.): I—10% Ti, 2—5% Ti+ 5% Nb,
3—10% Ti+ 5% Nb,4—5% Ti+ 10% Nb.
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Puc. 6. 3anexxHicts 06’emuOT0 Bimcorry TIIII-dpas y cromi cucremu Ni—Cr—
Co—Me Bif BMiCTy TAMKOTONKHX KoMmoHeHTIiB (% wmac.): 2% Mo+2,5% W
(a), 2% Mo+ 5% W (6), 2% Mo +2,5% W + 2,5% Re (8).

Fig. 6. Dependence of the volume percentage of TCP-phases in Ni—-Cr—Co—Me-
based alloy on the content of refractory components (% wt.): 2% Mo+ 2.5%
W (a), 2% Mo + 5% W (6), 2% Mo+ 2.5% W +2.5% Re (8).

KU IePCIeKTUBHUX MPUIMOIB IJId MasgHHSA JUBaAPHOTO JKapPOMIITHOrO HiK-
aesoro crory JHC6Y.

4. BUCHOBEH

3a pesyJabTaTaMu IPOBEIEHNX PO3PAaXYHKOBUX JOCJiIKeHb 3 BUKOPUC-
TaHHSIM OporpaMHoro naxkety JMatPro 0yJio BcTaHOBJIEHO HACTYITHE.

Beemenns B cron cucremu Ni—Cr—Co—Al-Me Turamy um HioGiro
OPUBOAUTH OO IMOHM:KEHHS TeMIIepaTypHu JiKBigycy i coaimycy, mpore
Is 3a0es3mneyeHHs HeoOXimHOl TeMIlepaTypu TOILJIEHHS IIPUIIOI0 iX Ki-
JbKicThb y mpumoi mae caratu nouan 20% wmac.

JleryBauusa crony ogHouyacuo Turamom ta Hiobiem y cymapuiit Kinb-
KocTi 61m3bK0 15% Mac. IPUBOAUTE [0 CYTTEBOTO 30iJbINTEHHS iHTEp-
BaJIy TOILJIEHHS, IPOTE AJis 3a0e3neuyeHHs He0OXiJHOI TeMIlepaTypu To-
IJIEHHS IIPUIIOI0 CyMapHAa KiJbKiCTh JaHUX eJIeMEeHTIiB Ma€ 3HaXOAUTHCH
y meskax 18—20% mac.

JleryBarHsa 6a3oBoro crony IlupkoHieM YMHUTH iCTOTHUH BIJIUB Ha
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TeMnepaTtypy TomaeHHs ctomiB cucteMu Ni—Cr—Co—Al—-(Me) aurie mo
5% mac., micid 4oro iHTeHCUBHICTh BILIUBY Ha TeMIEpaTypy JiKBigycy
cyTTeBo nazgae. Illpu npomy JeryBanHusa croniB IlupkoHieMm cnipuse 3HUA-
JKeHHIO TeMIilepaTypu coaigyey Big 1045°C (mas cromy, 1o mictuts 1%
mac. Zr) no 849°C (gua cromy, 1o micturh 10% mac. Zr), 3HAYHO PO3-
IIMPIOIYX iHTepBaJ TOILIEHHA eKCIEPUMEHTAJbHUX CTOIIB, IO
moB’sA3aH0 3 (POPMYBAHHAM HU3LKOTEMIIEPATYPHOI ITUPKOHi€EBOI €BTEK-
TUKH.

Haii6inemry kinekicts (o 90% 006.) 1 maimupmuii iHTepBaa icuy-
BaHHA y'-hasu (o 1280°C) zabesneuye BBesenHs B cron 10% mac. Tu-
rany. [Ipu cuinbHOMY JeryBauui 5% wmac. Ti+ 5 % mac. Nb criocrepira-
€ThCs He3HaUHe 3MEHIIeHHA KijlbKocTu gauoi gpasu (mo 85% 006.) Ta mo-
HUKYEThCA TeMIlepaTypa ii posmany.

IIpu pociim:xkeHHI (hazoBOT0 CKJIAAY eKCIEePUMEHTAJbHUX CTOIIB
BCTAHOBJIEHO, IO 30iJbIIleHHs BMicTy Boabdpamy y cromi go 5% mMac.
BUKJMWKAE piske 30inbienss (10 4,5% 06.) kKimbkocTu p-hasu (cTabinnb-
HOi 10 ~ 700°C) Ta BuCOKOTeMIIEpaTypHOI p-hasu (3 iHTepBaJIOM icHY-
BauHA ~ 700-1150°C). B cBoio uepry, uacTkoBe 3aMimeHHsa Boabsppamy
Peniem (2,5% mac. W+ 2,5% wmac. Re) gae samory sHauHo 3HUBUTH Ki-
JbKicThb U-dasu i BUKIUNTU p-hasy 3 AiAmnasoHy pod0Unx TeMIepaTyp
auBapHUx JKHC.
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Influence of Alloying Elements on the Composition of Primary
Carbides in the Ni—11.5Cr—5Co—3.6A1-4.5Ti—7W—-0.8Mo—
0.06C System

V.Y. OlI’'shanetskii and O. A. Glotka

Zaporizhzhia Polytechnic National University,
64 Zhukovsky Str.,
UA-69063 Zaporizhzhya, Ukraine

In this work, theoretical modelling of the thermodynamic processes of the re-
lease of excess phases is carried out using the CALPHAD method. As well as a
practical study of the structure and distribution of chemical elements in car-
bides, depending on alloying using scanning electron microscopy. It has been
established that in typical carbides, for the system Ni—11.5Cr—5Co—3.6Al—-
4.5Ti—-TW-0.8Mo-0.06C, there is a tendency to degeneration and phase reac-
tions depending on the level of alloying with the given elements. The mathe-
matical dependences of the influence of alloying on the temperature of precip-
itation (dissolution) of carbides and the change in the chemical composition of
the alloy on the content of elements in carbides are established. The obtained
dependences were experimentally confirmed using scanning electron micros-
copy on nickel-based superalloys.

Key words: superalloy, carbides, modelling, tantalum, scanning electron mi-
croscopy.

V 1miit poboTi mpoBeeHO TeopeTUUHE MOAEJIOBAHHA TEPMOAUHAMIUHNX IIPOIie-
ciB BumineHnHs Haaauinkosux gas meromoio CALPHAD, a Tako:K mpakTuUUHe
BUBUYEHHSA OyJOBU Ta PO3IOLiIY XEeMiUHNX eJIeMEeHTiB y Kap0Oigax 3ajieskHO Bif
JleT'yBaHHs 3a JOIMIOMOTI0OI0 CKAHYBAJbHOI eJIeKTPOHHOI MiKpockoiii. BeTtanos-
JIeHO, IIT0 V TUHOBUX KapbOimax mmaa cuctemu Ni—11,5Cr—-5Co—3,6Al1-4,5Ti—
TW-0,8Mo0—0,06C crmocTepiraerbcsa TeHaeHIIiA q0 Aerpagaltii Ta asoBux pea-
KIifl 3aJeXHO BiJ piBHA JieTyBaHHA 3aJaHUMM ejieMeHTaMu. BcTaHOBJIEHO
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MaTeMaTUYHi 3a/IeKHOCTi BIUIMBY JIeT'YyBaHHSA HA TEMIIEPATypPy BUAiIeHHA (PO3-
YMHEeHH) KapOifiB Ta 3MiHM XeMiYHOTO CKJIaAy CTOIY Bil BMicTy eleMeHTiB y
Kapbigax. Omep:kaHi 3aJIe;KHOCTi OyJiM eKCIepUMEHTAJIbHO MiATBEPIKEHi 3a
JIOIIOMOT'0I0 CKaHYyBaJIbHOI €JIeKTPOHHOI MiKPOCKOIIil Ha KapOMIiITHUX CTOIIax
Ha OCHOBI HiKJIIO.

Karouori croBa: :xapominui cronu, Kapbigu, MoaeloBaHHs, TAHTAJN, CKAHyBa-
JBbHUY eJIeKTPOHHUI MiKPOCKOII.

(Received March 22,2021; in final version, June 16,2022)

1. INTRODUCTION

The most important step in improving the structure of superalloys was
the production of materials without any grain boundaries at all, that is,
single crystals. That required not only the modernization of the direc-
tional crystallization technology in order to grow single crystals with a
given orientation, but also the development of special compositions of
superalloys, as well as their heat treatment modes[1-6]. Since there are
no grain boundaries in single crystals, there is no need to introduce ele-
ments that strengthen them into the alloy. This circumstance has sig-
nificantly simplified the system for alloying superalloys for growing
single crystals. In addition, using the anisotropy of physical and me-
chanical properties, it is possible to choose such a rational orientation
of the single crystal (axial or azimuthal) relative to the direction of ac-
tion of the main stresses, which would provide the best mechanical prop-
erties and the maximum service life of the product [7—13].

The role of carbides is very complex in nickel-based superalloys. They
influence on mechanical properties depending on their morphology and
distribution. Single crystals alloys are characterized by the presence of
primary carbides of spherical, block or script-like morphology [14—-19].
The main method for studying such fine structures is x-ray spectros-
copy, which fully makes it possible to determine the main characteris-
tics of the fine structure [20—24].

The aim of this work is to study the specifics of the influence of alloy-
ing elements on the distribution of various types of carbides in the
structure, their topology and morphology, as well as their composition
for a multicomponent system such as Ni—11.5Cr—5Co—-3.6A1-4.5Ti—
TW-0.8Mo—-0.06C using the computational prediction method
CALPHAD (passive experiment) versus data obtained by scanning elec-
tron microscopy (SEM) (active experiment).

2. MATERIAL AND RESEARCHTECHNIQUE

Modelling of thermodynamic processes occurring during crystallization
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(cooling) or heating in the structure of alloys was carried out by the
CALPHAD method [25, 26].

Modelling of these processes allows for computational prediction and
comparative assessment of the effect of alloying elements in carbides of
different types on their distribution and phase composition in the alloys
under study. Calculations were carried out for each investigated compo-
sition individually with a stepwise introduction of a specific alloying el-
ement into a fixed composition of a multicomponent system.

Depending on the alloying system of the alloy, the results obtained by
modelling the crystallization process make it possible to calculate the
temperatures and the amount of precipitated types of carbides, as well
as their chemical composition.

In the multicomponent alloying system (Ni—11.5Cr—5Co—3.6Al-
4.5Ti—-TW—-0.8Mo0—-0.06C) the range of variation of the elements was
chosen from considerations of the maximum and minimum amount of
the element introduced into the superalloys. Thus, for the study were
selected carbide-forming elements in the following alloying ranges: car-
bon (0.02-0.2)% ; hafnium (0.1-2.5)% ; niobium (0.1-4)% ; titanium
(1-6)% ; tantalum (0.5-12)% by weight.

The alloy crystallization process was simulated from the temperature
of the liquid state (1600°C) to room temperature (20°C) with a tempera-
ture step of 10°C over the entire range, which made it possible to deter-
mine the temperature sequence of phase precipitation during the crys-
tallization process.

Predictive calculations were carried out based on the initial chemical
composition of the alloy with the determination of the most probable
precipitation of the amount and type of carbides in the structure, as well
as their chemical composition after modelling the crystallization pro-
cess.

The experimental alloy was obtained on a UVNK-8P high-gradient
unit for directional (mono) crystallization in special ceramic blocks with
pre-installed starting crystals in accordance with the serial technology.
The required cooling rate was provided by immersing the cast molds into
aliquid metal crystallizer (aluminium melt) at a rate of 10 mm/min. To
obtain a given crystallographic orientation, we used starting crystals
(seeds from an alloy of the binary system Ni—W), which had deviations
from the main crystallographic direction [001] by an angle no more than
o <5°. The growth of a single crystal in the sample was ensured by melt-
ing the outer surface of the seed with the metal that was poured. Before
pouring, the melt was kept in a crucible at a metal overheating temper-
ature of 1620°C for 8...10 minutes. The samples were poured under the
following parameters: pouring temperature 1580°C; lower heater tem-
perature 1610°C; the temperature of the upper heater was 1580°C. The
alloy of the following composition Ni-11.5Cr—5Co—3.6A1-4.5Ti—-TW—
0.8Mo0—0.06C was taken as a basis, in which the value of tantalum was
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changed from 0 to 5%.

The composition of carbides was experimentally determined using
the REM-1061I scanning electron microscope with an energy-dispersive
x-ray spectral microanalysis system. This method was used to study the
morphology and chemical composition of precipitated carbidesin the al-
loy structure. The conversion of qualitative values into quantitative
analysis was carried out automatically according to the instrument pro-
gram. The relative error of the method is +0.1% (by weight). The calcu-
lation results of the type of carbides and their chemical composition
were compared with the experimental data obtained using electron mi-
Croscopy.

The obtained values were processed in the Microsoft Office software
package in the EXCEL package. The obtained dependences have rather
high coefficients of determination R? > 0.9 and can be used for predic-
tive calculations of the indicated characteristics with a relative error of
+3.1%.

3. RESEARCH RESULTS AND DISCUSSION

The study of phase separation during crystallization of the investigated
alloy in the temperature range (1600—20°C) showed that the most prob-
able is the separation of the main phases in the following order: y—solid
solution; primary carbides; eutectic y + v'; type ¥ intermetallic com-
pound based on (NisAl). As known [27-30], primary carbides have a
high decomposition temperature and well harden alloys at elevated op-
erating temperatures. The main elements that make up their composi-
tion are titanium, tantalum, hafnium, and niobium. In this regard in
the future modelling and experimental study of the distribution of
these elements will be carried out.

It was found that the dependences of the dissolution (precipitation)
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Fig. 1. Temperature dependences of dissolution (precipitation) of primary car-
bides (a); the amount of primary carbides MC (b) on the carbon content in the
alloy.
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TABLE 1. Dependences of the temperature of dissolution (precipitation) of
carbides and the content of alloying elements in primary carbides on the con-
tent of alloying elements in the alloy.

Dissolution (precipita-
tion) temperatures of
carbides, °C

1M°=1818.18(C)% -

The amount of carbides (V) and the con-
tent of elements in carbide (C), % wt.

Alloying ele-
ment

C  188.18(C)+ 1209 Ve =8.8758(C) — 0.0013
Cra=-0.7427(Cr in alloy)? +
Ta #MC = 1.672(Cra)? — +15.668(Cr. in alloy) + 0.189;

15.173(Cr) + 1349.8  Cn=57.135¢°1%(Cr, in alloy);
Cw=32.103¢3%(Cra in alloy)

Cra=1.3478(Cri in alloy)? - 14.527(Cx
in alloy) + 89,293;
Cri=-0.6788(Cri in alloy)? + 8.8497(Cm:
in alloy) + 2,64 73;
Cw=-0.4277(Cri in alloy)? + 3.4424(C
in alloy) + 1.7964

Crt = 24.5261n(Cxut in alloy) + 68.343;

ttMC=0.7677(Cm)® -
Ti -6.7459 (Cni)? +
+10.757(Cr;) + 1342

tMC=-6.6371(Cur) +

Hf Cra=—14.961n(Cx: in alloy) + 19.696:
+1325.2 Cri= 1.8744(Cx¢ in alloy)1111
C1a=-0.8811(Cnp in alloy)? —
—0.6181(Cx in alloy) + 52.036;
b £MC = 5.8807(Cxs)> —  Cri=0.7664(Cxp in alloy)? — 7.5143(Crs

—23.849(Cxv) + 1329.7 in alloy) + 28.911;
Crb=—-0.5051(Cxp in alloy)? +
+12.876(Cxv in alloy) — 0.7022

of MC carbides and the amount of MC carbides on the carbon content
have a complex character (Fig. 1) and are optimally described by depend-
encies (Table 1).

Thermodynamic modelling showed the dependence of the tempera-
ture of the carbide liquidus on titanium alloying (Fig. 2). An extremum
is observed at 5% Ti in the alloy. This is associated with the precipita-
tion of the o-phase in the alloy, which reduces the operational proper-
ties. Anincreasein the titanium content in the alloy leads to an increase
in its concentration in the MC carbide up to 31% (Table 1). At the same
time, the tantalum content in the carbide decreases to the level of 50% .

An increase in the tantalum content in the alloy leads to the appear-
ance of an extremum of temperatures of the carbide liquidus at Ta con-
tent of 7% in the alloy, which is associated with the formation of the -
phase in the alloy (Fig. 3, a). When tantalum is added into the alloy, a
changein the base of MC carbides from titanium to tantalum is observed
(Fig. 3, b). The transition of MC carbide to tantalum-based carbide leads
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Fig. 2. Temperature dependence of the dissolution of carbides of the MC type
(a); the amount of tantalum, titanium, and tungsten in the MC carbide (b) ver-
sus the titanium content in the alloy.

to an increase in interatomic bonds, which contributes to an increase in
the temperature of dissolution (precipitation) of carbide (Fig. 3, a). At
the same time a decrease in the indicated dependences (Table 1) is ob-
served in the content of titanium and tungsten.

It was found that hafnium decreases the temperature of dissolution
(precipitation) of primary carbides (Fig. 4), which is described by a lin-
ear relationship (Table 1). When the content of hafnium is more than
0.1%, the morphology of the carbide changes. Ti-based carbide is con-
verted to Hf-based carbide, in which the hafnium content reaches
54.8%, and its concentration increases to 87% at 2.5% Hf. Accord-
ingly, titanium and tantalum reduce the concentration in the primary
carbide from 21% t0 0.5% and from 52% to 5.7% , respectively.

Niobium has an ambiguous effect on the temperatures of carbide for-
mation (Fig. 5), decreasing to a concentration of 2% and increasing at a
higher content. The minimum on the dependence of the carbide liquidus
disappears with an increase in niobium in carbide to 22% and a predom-
inance of titanium in MC. With an increase in the concentration of

" 90 Ta
1400 80 . Ti
1380 7 = 70 " + Ta
o / S 60 . -W
7. 1360 = f’g e
= 1340) oy e g = W a
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Fig. 3. Temperature dependence of the dissolution of MC type carbides (a) and
the amount of tantalum, titanium and tungsten in MC carbide (b) on the tanta-
lum content in the alloy (m, A, ¢ —points obtained experimentally (Table 2)).
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TABLE 2. Changes in the compositions of primary carbides depending on the
tantalum content in the alloy of the Ni—-11.5Cr-5Co—3.6A1-4.5Ti—-TW—
0.8Mo—0.06C system.

Method of obtain- Element content, % by weight
ing results Ti | Ta | Cc | Co | Mo | W | cC
00/0 Ta
Calculated 55.66 - 0.6 - 0.14 28.69 14.92
Experimental 57.7 - 0.28 0.3 3.5 23.3 14.92

1% Ta

Calculated 48.85 13.49 0.54 - 0.12 23.16 13.83
Experimental 45.01 21.46 0.23 0.25 0.95 18.3 13.8

2% Ta

Calculated 42.02 27.09 0.45 - 0.13 17.63 12.68
Experimental 46.59 21.42 0.27 0.15 0.75 17.2  13.62

3% Ta
Calculated 35.8 39.14 0.36 - 0.1 12.89 11.68
Experimental 33.91 45.05 0.34 0.16 0.6 8.26 11.68
4% Ta
Calculated 28.6 51.5 0.27 - 0.08 8.99 10.53
Experimental 23.61 54.28 1.15 0.36 1.08 8.99 10.53
5% Ta

Calculated 23.83 60.22 0.2 - 0.0 9.75
Experimental 19.01 63.68 1.05 0.25 0.4 5.86 9.75

S|
ot
00
=~

niobium over 3.5% carbide is formed the base of which is dominated by
niobium. This leads to changes in the forces of interatomic bonds and an
increase in the temperature of dissolution (precipitation) of carbide.

The results of calculating the phase composition obtained according
to the dependences (Table 1) were further compared with the experi-
mental data obtained using electron microscopy in the microprobe mode
on a scanning electron microscope REM-1061. Figure 6 shows the typi-
cal morphology of carbides depending on the amount of tantalum in the
alloy. It was found that carbides are precipitated with different mor-
phology typical for primary precipitates in the form of rough cubic
(block) and hieroglyphs (scripts). The size of primary carbides is practi-
cally independent of the amount of tantalum in the alloy (Fig. 6).

The chemical composition of carbides was determined experimentally
by x-ray spectral microanalysis with the help of which the intensity of
x-ray radiation was recorded depending on the energy (keV). It was
found experimentally that the composition of carbides includes tita-
nium, tantalum, tungsten, molybdenum, cobalt, and chromium in the
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Fig. 4. Temperature dependence of the dissolution of MC carbides (a) and the
amount of tantalum, titanium and hafnium in MC carbide (b) on the content of
hafnium in the alloy composition.

following ratios with the calculated values (Table 2). The errors in de-
termining the elements by this method did not exceed £1% by weight.
Table 2 shows that the calculated and experimental data are in good
agreement with each other for almost all elements. It was found that
when the alloy contains 4% Ta, the carbide base changes from titanium
to tantalum (the tantalum concentration in the carbide exceeds 50%). A
decrease in the amount of tungsten in the carbide is less than 10% and
an increase in chromium and molybdenum up to 1% , which is explained
as the interchangeability of these elements in the crystal lattices. Anin-
crease in tantalum to 5% in the alloy increases its concentration in the
carbide by more than 60% and reduces the titanium to below 20% . Such
adistribution of elements in carbides can be associated with the proper-
ties of the material, in particular, in the work [31] it is indicated that
the alloy obtains optimal properties with the introduction of 4% Ta.
This is explained not only by a change in the carbide composition, but
also by the occurrence of other structural transformations in the alloy.
Thus, the calculated data obtained by the CALPHAD method for
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Fig.5. Temperature dependence of the dissolution of carbides of the MC type (a)
and the amount of tantalum, titanium and niobium in the MC carbide (b) on the
content of niobium in the alloy composition.
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Fig. 6. Typical morphology of carbides in the alloy structure of the Ni-11.5Cr—
5C0—3.6A1-4.5Ti—-TW—-0.8Mo0—0.06C system: a—0% Ta; b—1% Ta; c—2%
Ta; d—3% Ta; e—4% Ta; f—5% Ta.

determining the type and chemical composition of carbides showed good
convergence and agreement with the experimental data obtained by
electron microscopy.

4. CONCLUSIONS

Based on an integrated approach for the multicomponent system Ni—
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11.5Cr—5C0—-3.6A1-4.5Ti—-7TW-4Ta—0.8M0o—0.06C new regression
models have been obtained, that make it possible to adequately predict
the chemical composition of carbides from the chemical composition of
the alloy.

1. Dependences of the influence of alloying elements on the tempera-
ture of dissolution (precipitation) of carbides were established. It was
shown that the temperature dependences vary with the element content
and closely correlate with the thermodynamic processes occurring in
the system, that is, the curves exhibit extrema accompanying a change
in the stoichiometry of carbides or the precipitation of new phases.

2. It was found that with an increase in the concentration of titanium
over 5% and tantalum over 7%, the c-phase is formed in the alloy,
which reduces the mechanical properties. Hafnium content of more
than 0.1% leads to a change in the carbide base from titanium to haf-
nium, which reduces the temperature of carbide formation (dissolu-
tion). The introduction of niobium of about 2% reduces the temperature
of formation (dissolution) of carbides to a minimum. However, when the
concentration of niobium in the carbide is more than 20%, the carbide
liquidus begins to increase.

3. A comparative assessment of the calculated results obtained by the
CALPHAD method and the experimental data obtained by the x-ray
spectroscopy method has been carried out. The results obtained for de-
termining the type and chemical composition of carbides are consistent
with each other.

4. The optimal content of tantalum in this system has been deter-
mined, which should be from 4% to 7% . Introducing tantalum in an
amount of less than 4% is impractical due to the fact that titanium re-
mains in the carbides as a base and more than 7% due to the formation
of the o-phase and a decrease in the properties of the alloy.
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Structural Investigations of Doped Eutectic Alloys Based on
Nickel with Niobium Carbide

G. P. Dmytriieva, T. S. Cherepova, T. V. Pryadko, T. A. Kosorukova,
and A. V. Nosenko

G.V.Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
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The melting temperature, microstructure, and phase composition of cast eu-
tectic alloys with niobium carbide, in which the metal base represented by
nickel or nickel and cobalt, are studied by methods of physicochemical analy-
sis. The properties of the studied alloys are comparable with the correspond-
ing properties of the industrial eutectic composite based on cobalt with nio-
bium carbide. The melting point of the eutectic (solidus) of nickel-based al-
loys is above 1300°C and does not differ from the corresponding value for co-
balt serial alloy. The structure of alloys has slightly over-eutectic features
and is determined by the presence of primary undeveloped niobium carbide
dendrites in the eutectic of dispersed eutectic carbide crystals in an alloyed
metal base. In the phase composition of the studied alloys, along with a solid
solution of alloying elements in Nickel (y) and niobium carbide (NbC), there
are metastable phases enriched in chromium and rhenium. According to the
complex of structural properties, cast eutectic alloys of nickel with niobium
carbide are promising for use as an alternative to cobalt alloys of the XTH
series.

Key words: cobalt, nickel, niobium carbide, eutectic, melting point, struc-
ture, phase composition.
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MiKpPOCTPYKTYPY, (has3oBuii CKJIAL JUTHUX JIETOBAHUX €BTEeKTUUYHUX 3 KapOigom
Hiobiro cTomiB, B AKMX MeTaJieBa ocHOBa peacrasieHa Hikaem, abo Hixkaem i
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Kob6anpToMm HapiBHO. BiIacTuBoCTi HOCTiA:KeHNX CTOIIiB IOPiBHAHI 3 BimoBif-
HUMHU BJIACTUBOCTAMM IPOMIMCJIOBOTO €BTEKTUYHOTO KOMIIO3UTY Ha ocHOBi Ko-
6anbTy 3 Kapbigzom Hiobito. TemmepaTypa TOILIeHHA eBTeKTUKH (COJIiayC) CTO-
miB Ha ocHoBi Hikiio Bumia 3a 1300°C i He BimpisHseThcA Bim BiAmoBigHOTO
3HAYEHHA JJII KOOAJIbLTOBOTO cepiifinoro cromy. CTpYKTypa CTOMIIB Mae 03HAKU
3JIerKa 3aeBTEKTUYHOI i BUBHAUAETHCA MPUCYTHICTIO IIEPBUHHUX HEPO3BUHE-
HUX TeHApuTiB Kapoigy HiobGiro B eBTEKTHUIIL 3 AUCHEPCHUX €BTEKTUUYHUX KPU-
cTajiB Kapbiny B JeroBaHiil HiKJIeBil, a00 HiKeab-K00aJIbLTOBIil MeTaIeBil oc-
HOBi. B (hazoBoMy cKajai mocIiAKEeHUX CTOIIB HApiBHiI 3 TBePAUM PO3UYMHOM
JIeT'yBaJbHUX €JeMeHTiB B HiKJIi (y) i kap6ixy Hiobito (NbC) mpucyTHi MeTacTa-
0inbHI pasu, sbaraueHi Xpomom i Peniem. 3a KOMIJIEKCOM CTPYKTYPHUX BJia-
CTHUBOCTEH MOCJIiAKeHl JUTi eBTeKTUUYHI HiKJeBi 3 Kapbizom HiobGiro cromnu €
MEePCHeKTUBHUMMU [AJIs1 3aCTOCYBAaHHA B AKOCTiI aJbTEePHATUBU KOOAJIBTOBUM
cronam cepii XTH.

Karouosi cmoBa: Kobanwt, Hikenb, kap6inm Hiobito, eBTeKTHKAa, TeMIepaTypa
TOILJIEHHSI, CTPYKTYPAa, (Da30BUiA CKJIAS,.

(Received May 18, 2022; in final version, June 13, 2022)

1.INTRODUCTION

Industrial cast eutectic cobalt-carbide alloys of XTH series [1, 2, 3] de-
veloped at G. V. Kurdyumov IMPh of the N.A.S.U. are natural compo-
sites, which use the advantage of structure formation of highly dis-
persed metal-carbide stable structure due to eutectic crystallization
reaction between solid solution based on metal and monocarbide of re-
fractory metal MeC [4, 5]. Alloys are used as wear-resistant and heat-
resistant to protect against wear of the contact surfaces of the blades
in turbines GTE and TVD [6—8]. For the purpose of economic expedien-
cy, it is important to replace the cobalt base of such alloys with much
cheaper nickel without losing the basic properties required of alloys
for this purpose. This requires structural studies of the properties of
eutectic alloys with niobium carbide, in which the metallic cobalt base
is replaced by nickel partially or completely, denoted as Ni (Ni+ Co)—
NbC. The parameters of structure formation primarily include the eu-
tectic melting point (solidus), microstructure and phase composition.

The advantage of using nickel is seen not only in economic feasibil-
ity and in the simplification of the use of nickel protective wear-
resistant and heat-resistant alloy on parts of gas turbine engines. It
also consists in the absence of polymorphic transformations in nickel-
based alloys; in the probable additional strengthening due to y'-phase;
in the same thermodynamic conditions of two-phase equilibrium of
nickel and cobalt with niobium carbide with a melting diagram of the
eutectic type[9, 10].
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The melting diagram of the quasi-binary cross section of Ni—NbC
(NbCO0.92) of the ternary system of Ni-Nb—C elements according to the
literature data is determined by the following eutectic crystallization
parameters: melting point of eutectic in the range from 1330 to
1350°C, the proportion of eutectic in the range from 6 to 12% wt. [11,
12]. According to [13], the eutectic crystallization reaction takes place
at a temperature of 1345°C and contains elements (at.%): from 4 to 7.2
Nb and from 3.2 to 6 C, nickel—the rest, and the cross section is devi-
ated from the equiatomic towards niobium (Fig. 1).

To give the eutectic nickel alloy the desired properties, doping simi-
lar to cobalt serial alloy is required [14]. Properly determined composi-
tion and content of alloying elements in eutectic alloys based on nickel
with niobium carbide and study of their melting point, structure and
phase composition is an important step in creating new industrial al-
loys to protect against wear of contact surfaces of gas turbine blades.

2. EXPERIMENTAL DETAILS

Samples for the study weighing 25—30 grams were made in an arc fur-
nace by the method of electric arc melting with a non-consumable
tungsten electrode in argon, on a copper water-cooled hearth. The crys-
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Fig. 1. Phase diagram of the Ni—-Nb—C system [13]: quasi-binary cross section
of Ni—-NbC (a), Ni-angle of the melting diagram of the ternary system of ele-
ments C—Ni—Nb (b).
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tallization rate of the melt is ~ 150°/s. The study of structural proper-
ties was performed on cast samples, as serial cobalt alloys XTH are
used in the cast state. The charge materials for the smelting of alloys
were: nickel grade (99.9%), cobalt K1 (99.35%), electrolytic chromi-
um ERC (99.5%), tungsten in HTP rods (99.95%), aluminium A-995
(99.95%), rhenium powder, niobium NBSH-00 (99.95%), spectrally
pure graphite. The chemical composition of the alloys, determined by
fluorescence X-ray spectral analysis on a VRA-30 spectrometer, coin-
cides with the nominal composition within an error of £0.5% . The
melting point was investigated by the method of high-temperature dif-
ferential thermal analysis (VDTA) in an atmosphere of ultra-high ar-
gon pressure thermal analyser VDTA-8M with a heating and cooling
rate of 80 °/min, or by the method of differential scanning calorimeter
(DSC) on the calorimeter ‘Netzsch DSC 404 F1 Pegasus’. Analysis of
the content of metal components in the phase components of alloys was
performed according to the data of energy-dispersive X-ray spectros-
copy, obtained on the equipment: JSM-7100F Schottky Field Emission
Scanning Electron Microscope (Jeol). Microstructural analysis (ISA)
was performed using an optical microscope ‘Neophot-32°.

3. RESULTS AND DISCUSSION

According to an experimental study, the melting point of the alloy of
the eutectic composition of the Ni—NbC system is defined as 1335°C,
and the composition of the alloy contains ~12% vol. (11% wt.) NbC.

heating 1385°
/’
1315°
cooling /
a b c

Fig. 2. Parameters of crystallization of the eutectic composition of the Ni—
NbC system: thermal curves of heating and cooling (a), nickel-carbide eutectic
colonies in the microstructure of the alloy (b), the shape of carbide crystals in
the structure of the eutectic colony of the alloy with etched metal phase (c).
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TABLE 1. Solubility of alloying elements in Nickel.

Blement Maximum solubility in Ni | Maximum solubility temperature
% mas. at.% and type of reaction, °C
Cr 46.97 50 1345 (eutectic)
w 39.9 17.5 1500 (eutectic)
Al 10.4 21 1385 (eutectic)
Re 40 17.4 1620 (peritectics)
Nb 20.83 13.5 1285 (eutectic)
C 0.71 3.4 1314 (eutectic)

The crystallization interval is ~ 20°C. Thermal curves of heating with
the melting temperature of the alloy (1335°C) and cooling with the
crystallization temperature (1315°C) are shown in Fig. 2, a. In the
structure of the eutectic alloy there are primary crystals of the embod-
iment phase—niobium monocarbide, which generates and conducts
crystallization (Fig. 2, b). Carbide crystals in the eutectic colony
(Ni+ NbC) with a thickness of ~1 um and a length of ~20 um have a
lamellar-rod shape (Fig. 2, ¢).

Alloying of nickel-carbide eutectic alloys is made for a number of
reasons, including to ensure the phase and structural stability of y-
solid solution at high temperatures by stabilizing and strengthening
elements such as Cr, W, Mo. Al and Ti are used to ensure the optimal
ratio of the total content of y'-forming elements [15]. Re, Cr, and W
take part in the strengthening of a nickel-based solid solution by slow-
ing down the mobility of grain boundaries. Rhenium most intensively
slows down the diffusion of atoms of alloy components[16].

In the studied in the work of nickel with niobium carbide alloys used
the same alloying complex as in the industrial cobalt alloy XTH based
on the eutectic Co+ NbC [17], alloying elements which serve in the fol-
lowing amount (% wt.): chromium (18-20), tungsten (9-10), alumini-
um (2—4), (possible introduction of molybdenum in the amount of up to
2%). When dissolved in cobalt and nickel, these elements reduce their
melting point. To prevent this, based on the analysis of modern heat-
resistant nickel alloys for casting blades GTE [18], the content of alloy-
ing elements in the studied alloys is further supplemented with rheni-
um, which increases the melting point of cobalt and nickel, according

TABLE 2. Chemical composition of the studied alloys.

Element| Cr | W | AL| Re [Mo| Nb | C Ni(Ni+Co)
% mas. 18-20 3-9.5 2-3 4.5-6 <2 15-155 1.8-2  rest
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to the phase equilibrium diagram.

By reducing the solubility in nickel, the elements that make up the
alloy are distributed in a number: Cr, Al, W, Re, Nb, C [19]. Analysis
of the maximum dissolution temperature (Table 1) tungsten and rhe-
nium may have a positive effect on the melting point of the studied al-
loys.

Taking into account the results of the analysis of the solubility of
alloying elements in nickel, the technological regulation of smelting
alloy ingots requires certain conditions when loading the charge and
the melt temperature >1700°C. The most optimal doping limits are
given in Table. 2.

The influence of nickel on the melting temperature of a serial cobalt
alloy without rhenium is represented by thermal heating and cooling
curves (VDTA method) for alloys, the alloying complex of elements of
which includes (% wt.): 20 Cr, 9.5 W, 2 Al, 15 Nb, 2 C (Fig. 3). The
metal base of the studied alloys is nickel, or nickel and cobalt in equal
proportions, or only cobalt. Melting of eutectic in a nickel-based alloy
(Fig. 3, a) begins at a temperature of 1300°C (solidus), crystallization
occurs at 1290°C, interval of melting—crystallization is 10°C, which
minimizes possible segregation. The obtained data of thermal analysis
prove a decrease in the alloying temperature of the alloy of the eutectic
composition in the Ni—-NbC system by 35°C.

The presence of in the metal base of alloy the nickel in equal propor-
tions with cobalt does not change the melting temperature (Fig. 3, b),
because these elements are completely mutually soluble. The melting
point of the base alloy based on cobalt exceeds the melting point of
nickel alloys, reaching 1320°C (Fig. 3, c). This is obviously due to the
higher melting point of cobalt (1494°C) than nickel (1453°C).

I
" 1305° 4+
— / 2] '
!én heating 1320°C
=
E_2
&Y
8 41 cooling
| \ 4 1330°C
*C1350°C
1290° = 0 . : ‘ ; ;
/ 1290 1100 1200 1300 1400
Temperature, °C
a b c

Fig. 3. Thermal curves of heating and cooling of alloys of the system of ele-
ments Ni (Ni+ Co)-NbC and alloy XTH: based on nickel (a), based on nickel
and cobalt equally (b), XTH based on cobalt (¢).
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Fig. 4. Thermal heating and cooling curves of an alloy based on nickel with
niobium carbide additionally doped with rhenium (DSC method).

However, despite the fact that the melting point of Ni (Ni+ Co) NbC
alloys is lower than the melting point of cobalt alloy by ~ 10-15°C, it
remains within the technological requirements for the melting point of
industrial wear-resistant and heat-resistant alloys (= 1300°C).

Figure 4 shows the heating and cooling curves of an alloy based on
nickel with niobium carbide, which further contains rhenium and the
content of alloying elements in which is (% wt.): 20 Cr, 9 W, 3 Al, 4.5
Re, 15 Nb, 2 C, Ni—the rest.

The solidus temperature of the alloy containing rhenium, and the
melting point of which is 1314°C, is preceded by the thermal effect of
solid-phase transformation, similar to that in the alloy XTH based on
cobalt [20]. Additional doping with rhenium raises the melting point of

Fig. 5. Typical structure of eutectic alloys with niobium carbide: nickel-based
alloy (a), cobalt-based alloy (b).
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(i Tl S
— 10pm JSM7100F
20.0kV COMPO SEM

Fig. 6. Phase components of eutectic alloy based on nickel with niobium car-
bide: microstructure (a), zones for determining the phase composition (b).

the nickel-based alloy to the level of serial cobalt—niobium carbide eu-
tectic composite XTH.

The structure formation of doped cast alloys of Ni (Ni+ Co)-NbC
begins with the crystallization of niobium carbide from liquid, and
ends with the crystallization of eutectic and this process looks like
P —> NbC — (y+ NbC). The shape and dispersion of the carbide phase
crystals depends on the composition of the alloy and the cooling rate
during crystallization. The studied alloys have a typical structure,
which is characteristic of slightly over-eutectic two-phase serial cobalt
alloys with niobium carbide. The structural components of alloys, both

TABLE 3. Phase composition of the alloy based on nickel without carbon.

Composition, % mas.
No. zone
Ni Cr w Nb | Al | Mo
700 9.03 74.13  9.85 0 0 6.99
701 17.18  66.86  9.11 0 0.32  6.54
702 70.15 19.69  3.36 1.75 2.93  2.12
703 70.54  19.53  3.54 1.69 2.64 2.06
704 2.06 1.43 2.99 93.52 0 0
705 1.78 1.35 3.34 93.52 0 0
Nominal 58 18 3 15 2 2

composition
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cobalt-based and nickel-based, are undeveloped niobium carbide den-
drites (dark phase) in eutectic (Fig. 5). A feature of the structure of
such natural composites is the dispersion of structural elements and its
stability up to temperatures close to the melting point.

The content of niobium carbide in nickel alloys ~15%, which is
commensurate with the corresponding value for the alloy XTH. The
high content of carbide in the form of dispersed structural components
in combination with heat-resistant metal base should provide suffi-
cient properties of hardness and wear resistance of nickel-based alloys
when used as protective materials for contact surfaces of gas turbine
blades at high temperatures.

Determination of the distribution of alloying elements in the phase
components of Ni (Ni+ Co)-NbC alloys was performed by the EMF
method. The results of the study of the phase composition of alloys
based on nickel, or nickel and cobalt were compared with the phase
composition of the base alloy XTH, smelted under identical conditions.

Element % mas. at.%
Al 0.71 2.17
Cr 5.03 7.9
Co 8.14 11.27
Ni 7.73 10.74
Nb 76.57 67.00
W 1.82 0.92
Total 100%
40 m Echantiion 10
a
Element % mas. at.%
Al 3.33 7.08
Cr 20.81 22.76
Co 35.53 34.33
Ni 34.61 33.35
Nb 2,13 1.36
w 3.59 1.12
Total 100%

Echantilion 10

40 um
b

Fig. 7. Content of metallic elements: in niobium carbide crystal (a), in eutectic
component of cobalt-nickel alloy (b).
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The phase composition of the alloy, which contains (% wt.): 18 Cr, 3
W, 2 Al, 2 Mo, 15 Nb, 2 C, Ni—the rest, is shown in Fig. 6 and in Table
3. According to the study, it is determined that the specified alloy is
two-phase, as well as the base cobalt alloy. The alloy phases are niobium
carbide and eutectic (Ni+ NbC).

Other carbide-forming elements present in the primary crystals of
niobium carbide present in the alloy structure (samples 704, 405) are
almost insoluble. The metal base of the eutectic component of the alloy is
a solid solution of chromium, tungsten, aluminium and molybdenum in
nickel (samples 702, 703). The chromium-based phase component (sam-
ples 700, 701) can be interpreted as a metastable carbide based on it.

The result of the study of the phase composition of the structural
components of the alloy, the metal base of which consists of nickel and
cobalt equally, and which contains the following elements (% wt.):
18.2Cr, 3 W, 2 Al, 15 Nb, 2 C are presented in Fig. 7.

The obtained results indicate that in the case of replacement of the
cobalt base of the alloy equally by nickel, the quantitative phase com-
position of the alloy does not change, it remains two-phase and is rep-
resented by primary crystals of niobium carbide in eutectic. The
amount of niobium in carbide is approaching 77% (spectre 1, Fig. 7,
a), and the eutectic consists of solid solution on base nickel-cobalt and
dispersed crystals of niobium carbide (spectre 2, Fig. 7, b).

%
‘s;:’ -~
Zone | Ni | or w Al Re | Cc | Nb
2 4245 18.8T 6.66  2.69  4.82  2.51  21.99
3 2161 47,2 19.65 0.6  6.35  3.05  1.49
4 1.37  1.23 489 013  0.36  7.09  84.93
5  55.68 24.66 6.63 3.63 6.35 196  1.09

Fig. 8. Structure and chemical composition of the phases of nickel-niobium
carbide alloy additionally doped with rhenium.
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With additional rhenium doping, the quantitative phase composi-
tion of the nickel alloy changes. In Figure 8 shows the phase composi-
tion of the alloy containing (% wt.): 18 Cr, 9.5 W, 3 Al, 6 Re, 15.5 Nb,
1.8 C, nickel—the rest. According to experimental data, this alloy is
not two-phase. Niobium carbide (grey phase, spectre 4) contains some
tungsten. The metal base of the alloy is a y-solid solution of alloying
elements in nickel (spectre 5) with dispersed particles of niobium car-
bide. Besides, the alloy contains additional phase components. One of
them is enriched with chromium (spectre 3) and is determined alloyed
by carbide based on it. The formation of this phase is explained by the
fact that when the alloy contains several carbide-forming elements (in
this alloy—Nb, Cr, W), then with sufficient carbon may be their car-
bides, and in the phase composition may be present phases not only
based on niobium-carbide, but and based on chromium and tungsten.

The increase in the number of phase components of the alloy can also
be explained by the fact that in a cast multicomponent eutectic alloy at
a high crystallization rate from a liquid, the solubility of the compo-
nents in the solid state does not correspond to phase equilibrium and
promotes the formation of metastable intermediate phases [21]. The
appearance of such phases can also be caused by segregation, which al-
loys with rhenium are prone to [22]. Thus, the results of the study
prove that the phase composition of a natural eutectic cast composite
based on nickel with niobium carbide, additionally alloyed with rheni-
um, is not two-phase.

4. CONCLUSION

The process of structure formation in alloyed eutectic composites Ni
(Ni+ Co)—-NDbC, which occurs under non-equilibrium conditions of ul-
trafast eutectic crystallization is determined by the following parame-
ters:

1. The melting point of the studied alloys with niobium carbide, in
which as a metal component contain nickel, or nickel and cobalt equal-
ly, is obtained as 1300°C. Additional doping with rhenium raises the
melting temperature to the level of alloy of cobalt with niobium car-
bide—the serial industrial eutectic composite XTH.

2. Alloys have a typical structure, which is characteristic of slightly
over-eutectic two-phase serial cobalt alloys with niobium carbide series
XTH. The main structural components are undeveloped NbC dendrites
in nickel-carbide eutectic (y + NbC).

3. The phase composition of the studied alloys contains a multicompo-
nent solid solution based on nickel and also doped niobium carbide.
With additional doping with rhenium, alloys change the phase compo-
sition, supplemented by met stable phases containing rhenium and
chromium.
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The data obtained on the structure formation of Ni (Ni+ Co)-NbC
alloys provide a basis to investigate their high-temperature physical
and mechanical properties, in particular heat-resistance and wear-
resistance to determine the feasibility of using as an alternative to co-
balt industrial alloys XTH.
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Hydrogen Absorption and Desorption by Niobium and Tantalum

V. A. Dekhtyarenko, D. G. Savvakin, O. O. Stasiuk,
and D. V. Oryshych

G.V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
36 Academician Vernadsky Blvd.,
UA-03142 Kyiv, Ukraine

Studies are shown that tantalum and niobium have different kinetics of hy-
drogen uptake. Tantalum, in contrast to niobium, is able absorb actively hy-
drogen at room temperature, reaching a hydrogen capacity at the level of
TaN1.9. Active absorption of hydrogen by niobium is observed only at heating
to temperatures of 400—500°C, reaching the hydrogen capacity of NbHj.zs.
The kinetics of hydrogen evolution from both hydrogen-saturated metals is
similar, the process takes place at room temperature, but in different pres-
sure conditions.

Key words: niobium, tantalum, hydrogenation, dehydrogenation, powder.

IIpoBenene mocaimsKeHHA MOKAa3aJio, IO TAHTAJ Ta Hiobill MaloTh PisHy KiHe-
TuKy norauHaHHg [iaporeny. TanTas, Ha BigMiny Bif Hi00it0, 3maTeH aKTUBHO
norauHaTu ['igpored mpu KiMHATHiN TeMIepaTypi, JocAraiouu BOAHEBOI MicT-
Koctu Ha piBHi TaH:9. AKTuBHe nmorauHaHHA ['igporeny Hiobiem cmocTtepira-
eTbea Jguire npu remuaeparypax 400—-500°C, gocsararmoum BOLHEBOI MiCTKOCTU
NbH;i,23. Kimetuka Buginenns 'igporeny 3 06ox HacuueHux I'igzporenom mera-
JIiB Ma€ CXOKUI XapaKkTep, IPoliec Bim0yBaeThCsa IpU KiMHATHIA TeMIepaTypi,
aJjie B pisHUX OapUUHUX YMOBaX.

Karouosi croBa: Hiobii, TanTas, riApyBaHH, AETiApyBaHHA, IOPOIIOK.
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1.INTRODUCTION

Influence on the phase composition and physical and mechanical char-
acteristics of metallic materials through their interaction with hydro-
gen is the basis of many technologies. In particular, the temporary sat-
uration of metals and alloys with hydrogen provides an effect on the
defects of their crystal structure, phase composition and microstruc-
ture (so-called hydrogen treatment) [1, 2], which is used to achieve the
desired mechanical properties. Metal hydrides are brittle and rather
low-strength materials compared to the source materials [3, 4]. Such
mechanical characteristics of hydrides facilitate their grinding to ob-
tain powders of a desirable dispersion, so the technology of hydrogena-
tion-grinding and dehydrogenation of metals is widely used in the pro-
duction of powders [5, 6]. In addition, a number of powder technolo-
gies for the manufacture of alloys are based on the use of hydrogen-
saturated powders [7—9] as starting materials, which provides signifi-
cant advantages for achieving the desired sets of characteristics of the
final alloys. In particular, atomic hydrogen released from the crystal
lattice of metals is able to reduce surface oxide films, which are always
present on the surface of particles and are barriers to mutual diffusion
in the powder system [10—12]. These phenomena lead to a significant
activation of diffusion processes that accelerate sintering and chemi-
cal homogenization of blended elemental powder systems.

Hydrogen-saturated powders of titanium and zirconium are used for
the synthesis of alloys based on these metals, including alloys of Ti—
Zr—Nb and Ti—Zr—Nb-Ta systems, which are promising biomedical
materials [13—20]. The production of alloys of these systems from mul-
ticomponent powder blends requires the use of starting powders of a
determined size. Since niobium and tantalum are plastic metals [21],
the production of powders of a given fraction is a complicated process.
However, [22] like most transition metals, niobium and tantalum are
able to inversely interact with hydrogen, and accordingly, obtaining
hydrides based on them will allow to obtain powders of a given frac-
tion. In addition, dissolved hydrogen in them has an additional posi-
tive contribution to the consolidation of particles under vacuum heat-
ing of the compacted powder blend.

In addition to the above, modern developments in the field of hydro-
gen energy are important, which require detailed knowledge of the ki-
netics of the processes of inverse saturation of materials with hydro-
gen for the development of hydrogen batteries [2, 23—25]. That is why
the conditions of interaction of various metals and alloys with hydro-
gen, including thermal, pressure and time parameters of hydrogen
saturation and the reverse process of hydrogen evolution from metals,
are extremely important data for basic knowledge and applied devel-
opments.
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The purpose of this study is to establish the temperature-pressure
conditions of sorption—desorption of hydrogen by tantalum and niobi-
um, which will allow the use of these hydrogenated materials in vari-
ous technologies, in particular, to obtain powders of a given fraction.

2. EXPERIMENTAL/THEORETICAL DETAILS

Niobium of industrial production I'OCT 26252-84 and tantalum I'OCT
492-73 were used as starting materials. Industrially produced niobium
powder (less than 100 um in size) was also used in some experiments.

The study of the processes of interaction of the studied materials
with hydrogen, in different conditions, was carried out using the
IVGM-2M equipment [26], which allows to conduct research at temper-
atures from -160 to 750°C and hydrogen pressures from 0.01 to 10
MPa. The amount of hydrogen absorbed by the material was calculated
from the pressure difference before and after heating in the closed
volume in which the study was performed (volumetric method), and
also controlled by the difference in sample weight before and after hy-
drogen saturation (gravimetric method).

Desorption of hydrogen from hydrogenation products was investi-
gations on an automated dilatometric complex (ADC) with a mass spec-
trometric [27].

Investigations of the phase composition of the obtained hydrogena-
tion and dehydrogenation products were performed on a Rigaku x-ray
diffractometer using CuK, (A =1.5406) radiation.

The grinding process was performed in a Retsch PM100 planetary
mill in a steel drum with steel balls for 30 seconds. The capacity of the
drum is 250 ml, the speed of rotation is 650 rpm, and the diameter of
the balls is 14 mm.

The size of the powder particles is determined by a laser analyser
Malvern Mastersizer 2000.

3. RESULTS AND DISCUSSION
3.1. Investigations of Sorption—Desorption Processes

The study of the process of interaction of both starting materials (nio-
bium and tantalum) with hydrogen, in the monolithic state, was car-
ried out under the same conditions (hydrogen pressure 0.6 MPa and
different temperatures), for the possibility of correct comparison. In
the first stage, the test materials were kept at room temperature and
the specified pressure for 24 hours. It was found that these hydrogena-
tion conditions led to the active absorption of hydrogen by tantalum,
while the absorption of hydrogen by niobium was not recorded.
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The interaction of tantalum with hydrogen began from the first sec-
onds of contact of the sample with hydrogen (Fig. 1) and lasted for 60
minutes. The amount of absorbed hydrogen was reached 1.04% wt.,
which corresponds to the formula composition TaH; . Increasing the
holding time by another 120 minutes at the same hydrogen pressure
did not lead to the continuation of the absorption process (Fig. 1). The
reverse process of hydrogen evolution with the obtained tantalum hy-
dride was investigated at an initial pressure of 0.0002 MPa. The study
was performed in the same chamber without contact of the sample with
the atmosphere (air) between experiments. As can be seen from the de-
pendence (Fig. 1), the process of hydrogen evolution from tantalum is
occurring at room temperature without the use of thermal or mechani-
cal activations. Thus, in 180 minutes it is possible to remove all the ab-
sorbed hydrogen from the material, this result was also confirmed by
gravimetric method. In addition, another indirect confirmation of the
release of all hydrogen is that after the sorption—desorption cycle the
metal sample remained ductile.

However, it should be noted that for the alloys manufacturing by
powder technology from hydrogen-saturated powders, the evolution of
all hydrogen at room temperature is undesirable. First, non-
hydrogenated tantalum is a plastic material, so its grinding to obtain
powders of a given fraction is a difficult and time-consuming process.
Secondly, when sintering non-hydrogenated particles, there is no posi-
tive effect of hydrogen on the activation of diffusion processes [28].

1.0+

e /
0.8—- / P /

. °
% 0.6 /
<] [ |
X | °
OE 0.4
| Desorption /‘
o
02 m v
./
i e
e
e T =20°C
0.0 T

T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180
T, min

Fig. 1. Kinetics of sorption—desorption of hydrogen by tantalum at room tem-
perature.
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That is why it was important to find conditions that would allow to
keep at least part of the absorbed hydrogen in the crystal lattice of tan-
talum at room temperature. Dissolved hydrogen in the crystal lattice
increases the brittleness of the metal and, upon further heating, im-
proves the sintering kinetics of the particles.

In the experiment described above, tantalum was saturated with hy-
drogen at room temperature and a hydrogen pressure of 0.6 MPa. Af-
ter that, activation heating was carried out to a temperature of 600°C
at the same hydrogen pressure (Fig. 2). This heating temperature was
chosen by analogy with the temperature range (400—600°C) of the ac-
tive interaction of titanium with hydrogen [29]. After carrying out the
specified activation heating, cooling to room temperature and remov-
ing of hydrogen environment, 0.16% wt. Hydrogen in tantalum was
preserved in open air, which corresponds to the composition TaHg.29. It
is important that the amount of hydrogen stored in the metal led to a
significant embrittlement of tantalum, i.e., to the possibility of obtain-
ing powders of the required size fraction.

It was established by x-ray phase analysis (Figure 3) that the ob-
tained hydrogenated product consists of tantalum, which has a cubic
lattice and the unit cell parameter a=0.3333 +0.0009 nm, as well as
tantalum hydride with orthorhombic lattice and unit cell parameters
a=0.4810+£0.0009 nm, b =0.3450+£0.0009 nm, ¢=0.4801 +£0.0009 nm.
This result confirms that the activation heating allows to remain the
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Fig. 2. Changes in pressure and temperature versus time on tantalum heating

under hydrogen atmosphere.
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Fig. 3. X-ray diffraction patterns of hydrogenated tantalum.

part of the absorbed hydrogen in the tantalum at room temperature in
open air.

As for niobium, the process of hydrogen uptake at 0.6 MPa and room
temperature did not begin within 24 hours. It was suggested that the
inactivated niobium surface is a barrier for hydrogen sorption, thus,
this process requires a longer incubation period. To test this assump-
tion, niobium was additionally aged at the specified hydrogenation pa-
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Fig. 4. Dependences at the hydrogenation of niobium: temperature and pres-
sure of hydrogen in the chamber versus time (a), pressure versus temperature

(®).
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rameters for 48 hours, but the increase in holding time did not lead to
appreciable hydrogen uptake. Active hydrogen uptake by niobium was
recorded only during heating (Fig. 4) and during isobaric-isothermal
exposure at temperatures of 400—500°C and the pressure of 0.6 MPa.
This temperature range of hydrogenation was chosen by analogy with
titanium [29] and tantalum for the possibility of correct comparison of
the obtained data. In addition, the ability to saturate all elements nec-
essary for the synthesis of alloys of Ti—Zr—Nb and Ti—Zr—Nb—Ta in one
chamber (simultaneously) will greatly simplify the process of powder
manufacturing

The temperature of the beginning of intensive hydrogen absorption
by niobium was determined from hydrogen pressure-temperature de-
pendence (Fig. 4, b), while the amount of absorbed hydrogen and the
time required to achieve this concentration were determined from the
temperature vs. time and hydrogen pressure vs. time dependences
(Fig. 4, a). The active absorption of hydrogen for niobium begins at a
temperature of 390°C, and the absorption process itself takes about 65
minutes, after which it ends. As a result, it is possible to achieve the
amount of absorbed hydrogen at 1.31% wt., which corresponds to the
formula composition of NbH; 23. The movement of hydrogen-saturated
niobium from the hydrogen environment to open air at room tempera-
ture leads to the beginning of the reverse process of hydrogen evolu-
tion. Under these conditions, the concentration of absorbed hydrogen
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Fig. 5. X-ray diffraction patterns of hydrogenated niobium.
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in niobium is reduced to 0.52% wt., which corresponds to the formula
composition NbHp. 4s.

It was determined by x-ray phase analysis (Figure 5) that the ob-
tained hydrogenated product consists of metal niobium, which has a
cubic lattice and the unit cell parameter a=0.3314 +0.0009 nm, as
well as niobium hydride phase with orthorhombic lattice and unit cell
parameters a=0.3401 +£0.0009 nm, b=0.4836 +£0.0009 nm,
¢=0.4839+0.0009 nm.

The process of hydrogen evolution from niobium resumes when ma-
terial was placed under vacuum at room temperature. A sample of hy-
drogen-saturated niobium was placed in a vacuum (4-1072 Pa) chamber
and kept for about a day at room temperature, after which the sample
was removed from the chamber and x-ray phase studies were per-
formed again. It was found that only metal niobium is present in the
structure (Fig. 6.) with the crystal lattice parameter
a=0.3310£0.0009 nm.

3.2. Investigations of Powders

It was important to show that the involved modes of saturation of these
metals with hydrogen provide their embrittlement, which facilitates

3000
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2400 -
=
= 18001
z
T
=]
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| Nb (220)
J( A Nb (310J
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20, °

Fig. 6. X-ray diffraction patterns of preliminary hydrogenated niobium after
subsequent holding in vacuum chamber at room temperature.



HYDROGEN ABSORPTION AND DESORPTION BY NIOBIUM AND TANTALUM 895

12
10

Volume, %

S D AN D

1 1 10 100 500
Particle size, um

Fig. 7. Size distribution curves of niobium powder: a—the initial state, b—
initial powder after grinding, saturated with hydrogen, c—followed by grind-
ing.

the process of grinding and obtaining powders of a given fraction. In-
dustrial niobium powder with an average particle size of 70 um was se-
lected for the study (Fig. 7, a). In the first stage of the study, this pow-
der was ground in a planetary mill for 30 seconds (Fig. 7, b). As can be
seen from the powder size distribution curve (Fig. 7, b), the average
particle size has not changed, at the same time the number of small
particles (30 um or less) was increased and particles of significantly
larger size (up to 400 um, not observed in the original powder) ap-
peared. The increased number of fine particles is the result of grinding
the powder, however, the simultaneous appearance of large particles is
associated with their deformation and adhesion to each other during
grinding, which indicates their sufficient plasticity.

In the second stage, the starting powder was first saturated with
hydrogen, as described above, and then subjected to grinding (Fig. 7,
¢). From the curve (Fig. 7, c¢) it is seen that the powder particles were
crushed, the average particle size decreases from 70 (in the original) to
60 um, with an increase in the relative number of smaller particles and
a decrease in the number of particles larger than 60 um. This also indi-
cates that during grinding there is no significant deformation and ad-
hesion of particles to each other. The obtained result suggests that the
hydrogen-saturated powder is brittle enough to grind.

Summarizing all the above, it can be argued that to obtain partially
hydrogenated niobium and tantalum with the formation of hydride
phases, we can use the temperature range of hydrogenation of titani-
um (400-600°C) [29]. However, the involved hydrogen saturation
modes do not allow the creation of tantalum and niobium hydrides,
which would be quite stable at room temperature, retaining a signifi-
cant amount of absorbed hydrogen on the air. Moreover, the release of
all absorbed hydrogen by niobium that occurs in a vacuum at room
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temperature is a negative trait, because of effect of hydrogen on the
activation of diffusion processes during sintering is lost.

4. CONCLUSIONS

1. The process of absorption and release of hydrogen by tantalum oc-
curs at room temperature without the use of thermal or mechanical ac-
tivation treatments, solely due to changes in pressure conditions.
Heating in a hydrogen atmosphere to a temperature of 600°C increases
the amount of hydrogen absorbed by tantalum, and after cooling to
room temperature and removing the hydrogen atmosphere allows to
partially preserve hydrogen in the metal.

2. The process of active interaction of niobium with hydrogen is ob-
served only when metal is heated to 400—500°C. The release of hydro-
gen from hydrogenated niobium occurs at room temperature due to
changes in pressure conditions, in particular in a vacuum niobium los-
es all absorbed hydrogen.

3. Hydrogenated niobium and tantalum when kept at room tempera-
ture in open air partially retain the absorbed hydrogen in an amount
that provides sufficient fragility of these metals and facilitates the
production of powders of a desirable size fraction.
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Bnuus I'inporeny Ha hopMO3MiHEeHHSA IMJIACTHHMU IIi Yac
¢dopmMmyBaHHA r'pagicHTHOTO cTOITY nMajgaxmiro 3 I'imporexnom

0. M. JIrobumMeHKO

JoHeybKUil HAUIOHANLbHUL MexXHIYHUIL YHigepcumem,
na. IITubankosa, 2,
85300 IIokposcvk, Yikpaina

B po6oTi mpoBemeHo AOCTiIKeHHA Ta aHAJIiI3y Bifeos3anncy eKCIepruMeHTY BU-
TUHY IJIACTUHY 3 YMCTOTO Iaianito Ta maacturu 3i cromy o-PdHo,co71 mpu TeMm-
neparypi 200°C npu migBuienui Koumenrtparii Iigporemy B maJsanmii Ha
An=0,00355i, ne i=1, 2, 3, 4 Ta omep:KaH0 TUMYACOBi I'PaJi€HTHI cTOIU O-
PdHo,00355, a.-PdHo,0071, o--PdHo,0105, o.-PdHo,0142, o.-PdHo,0177, a.-PdHo,0213 H/Pd.
Bmepriiie ekcmepuMeHTaIbHO BCTAHOBJIEHO, 110 mpu 200°C 3 pocTOM KOHITEHTpA-
il ma An=0,00355H/Pd MmakcumMaibHi BUrMHY ILIACTUHY 1A cTomry o-PdH,
MaloTh GiJIbIITY BeJIMUMHY HiK BUTMHU JJIS MJIACTUHU 3 YMCTOTO HAJIALil0 Ta €
MaiiyKe HOBHiCTIO 3BOpOTHUMY B iHTepBaJi Big 0 70 0,16 MM 1715 000X ILIACTHH.
B excuepumenTax Bruepiie 3ad)ikcoBaHo, 110 npu remiepartypi 200°C npu gocs-
THeHHI MaKCHMMAJbHOTO BUTHHY IJacTuHU 3i cromy a-PdH, cmocrepiraerbesa
YIOBLILHEHHS IIPOIIECY STUHAHHSA IIJIACTUHY 3 JOCATHEHHAM ILJIaTO TPUBAJIiCTIO
B KOXKHOMY eKcIlepuMeHTi Bix 4 no 7 ¢c. ExcriepuMeHTaIbHO MiATBEPIMKEHO, 110
npu T =200°C ¢isuuHa mpupoga BUHUKHEHHSA B IEPIIi CeKYHIN MAKCUMAaJb-
HOTO BUTMHY ILJIACTUHU 00yMOBJIeHa (hOPMYyBaHHAM TUMYACOBOTO I'PaLi€HTHOTO
crony a-PdH, 3 mapamMu neBHoi TOBITUHY, AKi MaioTh iHnIi ¢gisnuHi BIacTuBo-
cTi HisK ymeTHii majgagiii. A rako:k 3adikcoBamo mig yac hpopMyBaHHSI MaKcuMa-
JBHOTO BUTUHY 3MiHY KiHeTMKY TpaHCHIOPTyBaHHA ['ifporeHy B cepefuHy AJA
mnactunau 3i crony a-PdHo 0071 uepes sMiHy B MexaHi3Mi pO3IIOAieHHS Ta BUHU-
KHEHHS BOAHEBO-KOHIIEHTPAIliNHNX HAIPY/KeHb.

Karouosi croBa: Burun, I'igporen, nananiii, I'pagie HTHUH CTOII, KOHIIEHTPAIIid.
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In this work the study and analysis of video recording of bending experiment
of pure palladium plate and plate of a-PdHo.oor1 at 200°C with increasing hy-
drogen concentration in palladium by An=0.00355i, where i=1, 2, 3, 4 and
time graded alloys o-PdHo.00355, o-PdHo.0071, o-PdHo.0105, o.-PdHo.0142, o-
PdHo.o177, a-PdHo.02:13 H/Pd are obtained. It is experimentally established for
the first time that at 200°C with increasing concentration by
An=0.00355H/Pd the maximum plate bends for the a-PdH. alloy are larger
than those for the pure palladium plate and are almost completely reversed in
the range from 0 to 0.16 mm for both plates. In the experiments it is first rec-
orded that at 200°C when the maximum bending of the a-PdH, alloy plate is
reached, a slowing down of the plate bending process is observed with reaching
a plateau of duration in each experiment of 4 to 7 s. It is experimentally con-
firmed that at T'=200°C the physical nature of the appearance in the first sec-
onds of the maximum bending of the plate is due to the formation of temporary
gradient a-PdH, alloy with layers of a certain thickness that have other phys-
ical properties than pure palladium. And also, a change in the kinetics of hy-
drogen transport inside for the plate from the o.-PdHo.0071 alloy, due to a change
in the mechanism of distribution and occurrence of hydrogen-concentration
stresses in the plate from the a.-PdHo.0071 alloy is fixed during the formation of
the maximum bend.

Key words: bending, hydrogen, palladium, o-PdH, gradient alloy, concentra-
tion.

(Ompumarno 6 mpaens 2022 p.; ocmamoun. eapianm — 13 vepensa 2022 p.)

1. BCTYII

Ha gannii uac 114 omep:katiHsda i3 BogHeBUX cyMitieii ['igporeny BLCOKoro
CTYIIEHIO OUUCTKY 3 KiibKicTio momimok Big 1076 10 108% [1, 2] Bukopu-
CTOBYEThCA MeMOpaHHa TeXHOJOriA. B MeMOpaHHUX TeXHOJIOTiAX BUKO-
PUCTOBYIOTH HaJaiil, AKUA BUTPUMYE B IPOIIECi eKcIlyaTallii BogHeBi,
TepMiuHi Ta MexaHiuHi HaBaHTaxeHHuA[3, 4]. IIpomec nudysii 'igporeny
B METAJI CYIIPOBOAKYETHCSA POIIMINPEHHAM KPUCTAJIIYHOI I'PATHUIL Me-
Tanay, AKe BIINBAE HA eKCIIyaTalliiiHi mokasuuku MmeMopaH. IIpu mbomy
B MeTaJIi, i3 SKOT0 BUTOTOBJISIOThE MeMOpPaH, BUHNKAIOTh BHYTPIIITHI Ha-
Opy:KeHHd, iIHIyKoBaHi r'pagienTamMmu KoHIeHTpaItii I'izporeny B meradi.
VYV zanexHOCTi Bif BeIMUMHU MUX HANPY:KEeHb, BOHU BUKJIUKAIOTHh BOJI-
HeBO-TIPY:KHi a00 BogHeBo-IIIacTUYHi edpekTu. B maHiit poboTi posriis-
HeMO BOJHEBO-TIPY:KHI e)eKTH, a caMe — cujabHe (h)opMO3MiHEeHHA (BU-
TMH) MaJIafieBoi IJIACTUHU B PEe3yJIbTaTi BUHUKHEHHSA, HAPOCTAHHA Ta
penakcailrii BHyTPIiIIHiX HaIpyKeHsb g BiiuBoM [iaporeny [5].

Mera mamoi poboTu — eKcliepruMeHTaJIbHe BUBUEHHS ITOBEeIiHK Y ILIac-
TUHH 3 YHUCTOTO HaJIafiio Ta crony najamito 3 [inzporemom (a-PdH,), me n
— KomneuTpalia Iigporeny B majaanii mpu 3mini xoHmerTparii I'iapo-
reny (n)maAn=in,gei=1,2,3,4,an=0,003855H/Pd.
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2. EKCIIEPUMEHTAJIBHA METOOHUKA

3aroToBKy 3 majagiro uncToron 99,98% mnporaTyBasu Ha IPOKATHOMY
crani mo ToBiuHu 0,27 MM, a gaji Bupisaau 3 Hei maacTUHY po3MipaMu
(68x5,5%x0,27 mm). ITorim 11i 3pas3ku BiAmaai0Baay B BaKyyMi ITpu TeMIIe-
patypi 700°C opoTtarom 1 roguHM Ta OXOJOAKYBAJIKM PA30M 3 MiUUIO 4O
KimMHaTHOI Temneparypu. llai Ha ogHY 3i cTOpiH masanitioBol MMIacTUHU
€JIeKTPOJIITUYHO HAHOCUJIM MigHY IJIiBKY ToBIuHOK 0,69 MKM. OguH 3
OiATOTOBJIEHUX 3Pa3KiB BCTAHOBJIIOBAJIM OOJHUM KiHIIEM B TPUMAaY B cepe-
INHY KaMepHu BOAHEBO-BaKyyMHOI ycranoBku BBY-4 [6] Tak, 1106 3Be-
pxy OyJia MigHAa cTopoHa. BUKOHYBaJIM JOCHiA;KeHHSA B KaMepi IIpu TeM-
neparypi 200°C Ta mpum smimi Tumcky Iiaporemy 0,0025 MIla no
0,0365 MIla, akwuii gae 3Mory 3a0es3meunTi HeOOXiTHY KOHIIeHTPAI[ilo
Tigporeny B mamamii.

BceranoBienuii y KamMepi 3pasoK IIpU TeMIIepaTypi eKCIepuMeHTy, a
came 200°C, nas1 3BHATTS 3AJTUIITKOBUX HATIPYKEHb MOBiJIbHO HAT'PiBAJM B
BakyywMmi 3i mBuakictio 3°C/xB., BuTpumMyBaau nporaroMm 30 XBUIWH i
OXOJIOMIXKYBAJIM Pa3oM 3 eJeKTpoIriuuio. Ilicaa mporo mepexoamniim 10 oc-
HOBHOI YaCTHHU JOCTiIKEHHS, B X01 AKOI0 BeJIN Bifleo 3amMC Bieokame-
POIO Ta 3a TOIIOMOT0I0 KaTEeTOMETPY BUMipIOBAJIM BUTUH BiJIBHOTO KiHITA
3pas3Ka uepes BIKHO B po0ouiit Kamepi mig uac mogaui Ilizporeny mo Tckis,
AKi 3a0e3meuyioTh He0OXiaHy KoHIleHTpaIrito I'izporeny B mamanii.

Bineozanucu ekcmepmMeHTY majii 3MOTY OHEeP:KaTHU IOCEKYHIHO
IaHHI 1o 3MiHi (popMu 3pas3ka mmijg uac HacuueHHA ['igporeHomM Ta BUTPH-
MKU B BOJHEBOMY CepPeIOoBHUIIli. Yci Bimeosanmmcu posmiu@poByBaIn B
nporpami Sony Vegas. IIpu BigeoaHnasiszi TouHicTh IpoOBeAeHNX BUMipIO-
BaHb cKJiajya: 3a yacoMm — 0,04 cekyuau, crpinu suruay — + 0,3 M.

3a JoIoMOTroI0 Bifleo3ancy IpoBean OJis HaaafiiioBol MJIACTUHY aHa-
Jisy:

1) Buruny mig uac mogaui I'izporeny B kamepy BBY-4,

2) TocATHEHHS MaKCHUMaJbHOTO BUTHMHY Ta POPMYBaHHSA I'Pali€HTHOTO
cromry naJyjazuiio 3 I'izporenom,

3) 3MeHIIIeHHI BUTUHY Ta II0OBePHEeHHA IIIacTuHu 3i crony a-PdH, B mo-
YaTKOBUM CTaH,

4) mporiecy BUTPUMKH iacTuru 3i cromy a-PdH, B cepemgosuii I'iapo-
r'eHy Ta OoJaJIbHIOro ii HacmuyeHHA ['igporeHOM 3 IIOETAIIHUM JOCJIi-
IKeHHA mo nyHKTaMm 1-3.

Tarka MeTOOUKA IIPOBEIEHHA €KCIIEPUMEHTY JaJia 3MOT'Y JOCJIiTUTH Ta
IPOBECTH aHAJII3Y yCiX eTaliB 3MiHM (hopMU IAJIAAiA0BOI IIJIACTUHY IPU
BOAHEBOMY BILIHBI B iHTepBaii KoumnenTpaniit H n Bix 0,00355H/Pd no
0,0213H/Pd upu smini miei koumenTpariii ua An = 0,00355H /Pd.

3. PESYJIBTATH TA IX OBTOBOPEHHS

3a ommcamoi0 BUIE METOAUKOIO 0yJ0 BUKOHAHO €KCIEPUMEHTH HpPHU
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remnepatypi 200°C, Ko HacUUyBaJIU OAHOCTOPOHHBO IIJIACTUHY 3 UMC-
Toro majagiio I'izporenom mmpu 3MiHi KoHIeHTpanii Ha An =in, fei=1, 2,
3,4,an=0,00355H/Pd — 1e BmicT I'igporeny B mamazii (o0pauuii exc-
nepuMeHTandbHO). ToO6TO omepskyBanu crom [imporemy B mamanii: o-
PdHo,00355, o.-PdHo,0071, a.-PdHo,0105, a-PdHo,0142 (puc. 1). Heobxinni xon-
meHTpanii smicty I'igporeny B maJjazii ogep:KyBaJin B KaMepi yCTAHOBKU
BBY-4 3zaBggxm peryaioBaHHIO THCKA [LigporeHy B Kamepi Bifg
0,0025 MIIa mo 0,0365 MIIa. Ak Bugwo 3 puc. 1, 3MiHeHHSA (QOPMH ILIAC-
TUHHU 3 YUCTOTO Majiafiio, AK i B ommcanmXx paHilie ekcrepuMeHTax [6],
BiOyBaeThcsAa B ABa UACOBUX eTanu. PoariasHeMo Ie OiJIbIl geTaJabHO
(puc. 1, kpuna 1).

Ha nmepiromy erartri miaacTiuHa IIBUIKO 3THHAETHCA 0€3II0CEPEIHLO BiK e
B IIpolieci BiIKPUTTA BEHTUJIA Ha YCTAHOBII 3a yac ty = 2,4 ¢ (ZUB. CTOB-
6erb 3 B Taba. 1), a mpu JOCATHEHHI 3aaHOT0 TUCKY PHg =0,0025 MIIa
(cToBOelb 3, B Tabs1.1) BUTMH ILJIAaCTUHU BKe TOCATAE eKCIIePUMEHTaJIbHO
HOMIiTHOI BEJIMYNHU.

Hauri mpu mocrittmomy Tucky I'izporeny PHz B KaMepi 3pas3oK IIPoa0B-
JKye HacuuyBaTtucs ['igporenom ta surnHatucda. CTpina BUrumy mocArae
CBOTO MAKCUMYMY Y max = 1,05 MM 3a IPOMIiKOK Uacy ATmax = 13 ¢ Bif mo-
yaTky nogaui I'izporeny, a gaji, BUTHH IIJJacTUHU cTabiIisyeThCs IO Be-
JVYNHI 3 yTBOPEHHAM ILJIATO, ITiCJISA YOT0 MJIAaCTUHA IIOBiJIFHO PO3IPIM-
AsgeTbes. e ¢BifUnTL IPO TOCTYIOBE 3MEHINIEHHS HAaIPYKEeHb Y 3Pas3Ky
B pe3yJbTaTi BUPiBHIOBAHHS I'pafieHTa KoHIleHTpaIlii I'igzporeny mo me-
peTuHy 3paska. depes tmin =300 ¢ Big mouaTKy eKCIepUMEeHTY JOoCsra-
€TbCs cTalioHapHUM modYaTKOBUUA CTaH (Ymin=0MM), AKUA B

Puc. 1. 3anexHicTb 3MiHM BUI'MHY YKCTOI IMaJIaAifioBol MIaCTUHU BifJ Yacy BU-
TpuMku y Iigporeni mpu 3miHi KoHmeuTparii I'izporeni B mamazgii mo: 1 —
0,00355,2 —0,0071, 3 —0,0105,4 — 0,0142 H/Pd.

Fig. 1. The dependence of pure palladium plate bending on the exposure time in
hydrogen when changing the hydrogen concentration in palladium to: 1—
0.00355,2—0.0071, 3—0.0105, 4—0.0142 H/Pd.
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TABJINIIA 1. ExciepuMeHTaNbHI Ta PO3PAX0BaHi HOKA3HUKY JJIA [1AJIa1i10BOT
ILJIACTUHHU.

TABLE 1. Experimental and calculated indicators for the palladium plate.

PHZ ’ An, tx-x, Atmax, Ymax, Ymin, v 1076, hl' 1073, hZ' 1073, A= Ymax,
Ne tmin, C
MiIa | H/Pd | c [¢ MM | MM M/cC MM MM MM
1 2 3 4 5 6 7 8 9 10 11
Yactuna 1. [{ya yucroi masaifioBoi maIacTUHA
1 0,00250,0035 i’ 13 1,05 0 300 2,08 46,2 223,8 0,76
2 0,012 0,0071 :;’ 9 2 0,09 240 3,00 76,9 192,1 1,80
3 0,022 0,0105 18’ 16 3,15 0,12 400 1,69 102,6 166,4 3,07
4 0,03650,0142 35’ 7 3,9 0,12 150 3,86 67,8 202,2 3,44
Yacruna 2. [Ina maactuau 3i crony o-PdHo,o71
1 0,022 0,0035 i’ 10 1,25 0,07 450 27 170,84 99,16 0,86
2 0,03650,0071 %7’ 10 2,37 0,16 510 27 170,84 99,16 1,75
3 0,049 0,0106 %’ 10 3,44 0,09 600 27 170,84 99,16 2,61
4 0,075 0,0142 36, 10 5,27 0,12 510 27 170,84 99,16 3,51

nogajabiiomy mporaroM 300 ¢ mo 3aBepIleHHA eKCIePUMEHTY 3aJIHIIa-
eTbcA He3aMiHHUM. TakuM YMHOM, eKCIIePUMEHTAILHO BCTAHOBJIEHO, 110
BUTI'MH 3pa3Ka MIOBHICTIO 3BOPOTHII.

AnayoTiYyHUM YMHOM IIPOIleC BUTHHY BimOyBaBCd i AJIA iHIITUX KPUBUX
2, 3, 4, npencrasjaeHux Ha puc. 1, TabJ. 1, vactuna 1. 3a yac HayCcKY tx
Tigporeny B Kamepy 0 TUCKY PH2 3MiHIOBaJIacda BeJIMUMHA BUTUHY TJIac-

TUHU 10 MAKCUMAJIbHOI'O 3HAUCHHSA Y max 38 4aC Almay, 4 JAJI1 cHOCTEpiramm
POSIPAMICHHS IIJIACTHHYA 38 YAC Emiy SO BEJIUUYNHYI 3ATUIITKOBOIO BUTMHY
(Y iin)-

Jlpyra cepis eKCIIepUMEHTiB BUKOHYBaJacs BXKe IPU HAaCUUEeHHi umc-
TOro HaJiazgiio no ckjaany crony o-PdHy o071, a IOTiM B IIbOMY CTOIIL 3MiHIO-
BaJsiu Bmict INigporeny B nananii ua An =0,00355i, nei=1, 2, 3, 4, Ta oxe-
peryBaau ctoml ckaamoM o-PdHo o105, o-PdHo0142, o-PdHo,00177, oi-
PdHy, 00213 H/Pd (Taba. 1, uactuma 2). Omep:xaHi uacoBi 3aJIeKHOCTI
IIpeACcTaBJIeHO Ha puc. 2.
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Y npyriii vacTuHi ekcriepuMeHTy (puc. 2, KpuBa ) 3a OIIUCaHOIO BUIITE
MeToauKOoI HacuuyBaau cron o.-PdHy o071 10 craany cromy a-PdHo, o106,
Koz Tuck Iimporemy B po6ouiit Kamepi ycranoBku BBY-4 0yio 36ian-
mieno Bix 0,022 no 0,0365 MIla 3a t;=1,4 c. Ilicia 3akiHueHHa HATIYCKY
BUTHWH IIPOIOBKYBaB 30imbiryBaTucsa i ueped 10 ¢ Bixg mouarky momaui
Tigporeny B xamepy 0yJIO JOCATHYTO MaKCUMAaJbHUNA BUTUH IIJIACTUHU:
Yax=1,25 mm. [[pyruii eram mouaBces 3 TOTO, I1T0 MAKCUMAJIbHU BUTTH
yTpuMyBaBca mporaroM 2 ¢ (puc. 2, Kpusa 1) i gairi niaacTuHa moyaJsa po-
BUPAMIIATHCA. Yac JOCATHEHHS KiHIEBOIO CTAIiOHAPHOTO BUTHUHY
(Yuin =0,07 mm) mnactuau ckjaas 450 ¢ i B Xxoai 1ogaTKOBOTO BUTPUMY-
BauHAa 400 ¢ He 3MiHUBCS.

ExcnepumenTairbHO 3ad)ikcoBaHO, IO IIPYM HACHMYEHHI IIJIACTUHHU 3i
cromry a-PdHo,0o71 Ta 3Mini kormenTparnii I'igporeny KinmeTuka BUTHUHY He
3MiHIOEThCSA, aJjIe € JesAKi 0cCOOJIMBOCTI B IIPOIeci po3npaMIeHHA, a caMe
YTBOPEHHSA IIJIATO IJIA KOKHOI KpuBoi (puc. 2), KOJIU BeJIUYNHA MaKCHU-
MaJILHOTO BUTHHY IPOTATOM 2—7 ¢ He 3MiHIOIOTHCA.

IlikaBo mpoaHaisyBaTy KiHETUKY PO3NPAMJIIEHHA MJIACTHUHU 3 YMC-
Toro nasazniro (puc. 3, kpusi 1, 3) Ta miactunu 3i cromy o-PdHo o071 (puc.
3, KpuBi 2, 4) mpu 3miHi KoumeHnTparii 'igporeny Ha OTHAKOBY BEIUUUHY
ua 0,0071H/Pd ta 0,0142H/Pd.

AxK 6aunmo 3 pucyHKY 3 mpu nogaui I'igporeny B kamepy BBY-4 Burun
IJIACTUHU CIIOCTEPiraeThcs He 3 caMoTo movaTKy mogaui igporeny, a
MIPOTiKae 3 TeTKUM YIIOBiIbHEHHIM TPUBAJICTIO 2—3 ¢, AKEe MOYKHA ITOSAC-
HUTHU HASIBHICTIO IeAKOT0 JIATEHTHOTO IIePioaAy CTBOPEHHS CTOIY HaJIamiio
s3Tigporenom Ta TuM, 110 IOTPiOEH AeAKMI YaC AJIA IOUYATKY IPOIleCy AHU-
¢ysii. Ilicia nmporo BUIrMH MJIACTUHU (POPMYETbCA AysKe IMBUIKO, i
Maliske 3a yac mogaui I'izporeny 1o xkamepu JI0CATa€e CBOEL MaKCHUMAaJIbHOL
BEeJIMUWHY 3 YTBOPEHHAM IjiaTo. Jlajii moYMHAEeThCA MPOIeC PO3MPAM-
JIEHHA 3pas3Ka, AKUHU IIPOTiKae MaiKe 110 OTHAKOBOMY KiHETHUHOMY Me-
xaHismy nys KpuBux 1 —4 Ha puc. 3. Ile 103BoJIsg€e 3poOUTH BUCHOBOK IIPO

AR
INGE N

0 20 40 60 8 100 300 500
Puc. 2. 3anexHicTs 3MiHu Burnuy miactTunu 3i cromy o-PdHo,eor1 Big uacy Bu-

TPUMKH IIpHU 3ajaHomMy TUCKY [igporeny mpu smiHi KormeHnTpaiii I'igporeny B
nanaxii ga 1 — 0,00355,2 — 0,0071, 3 — 0,0105,4 — 0,0142 H/Pd.

Fig. 2. Dependence of the change in the plate bending of the a.-PdHo.0071 alloy on
the holding time at a given hydrogen pressure when the hydrogen concentra-
tion in palladium changes by 1—0.00355, 2—0.0071, 3—0.0105, 4—0.0142
H/Pd.
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Te, [0 KiHeTHKAa PO3IPAMJICHHS IIJACTUHU HA APYromy, OiJIbIII TpUBa-
JOMY, eTalli OMHAKOBA JIJId IIJIACTUHY 3 YHCTOTO IIajIafilo Ta 3i CTOIIy o.-
PdHo,0071. IlikaBuM € TOU (DaKT, 1110 PiBHUIIA Y BEJINUYNHI BUTHHY IJId KPU-
Bux I Ta 2 Ha puc. 3 3HAXOAUTLCA B MesKax 1 MM IIpu 3MiHi KOHITeHTpAITii
Ha An=4n=0,0142sH/Pd, a npu 3miHi KoHIIeHTpaIlii B 2 pasu MeHIIIe
nmomepeHboro sHaueHud Ha (An =2n =0,0071H/Pd) pisHuisa cTaHOBUTH
npubausuo 0,5 MM B inTepsati Big 15 ¢ go 85 ¢, a gaJi, Ak 6aUnMo, BeJIU-
YyHA PiBHUIII B BUTUHI 3MeHNTyeThCA. TaK0K eKcIepuMeHTaIbHO 3adi-
KCOBaHO, IO Ipu 3MiHi KoHmeHTpamii Ha An=1n=0,00355H/Pd Ta
An=3n=0,0106H/Pd pisuuia Bigmosiguo ckaanae 0,25 mm ta 0,75 Mmm
(kpuBi I Ta 3 Ha puc. 1 Ta puc. 2 BignoBigmo). HaaBHicTh Taxkoi pisuuIi
MOJKHA IIOACHUTY PiBHUMH 110 BeJINYHI 3HAUeHHAMY BOJHEBUX KOHITEHT-
pamiiHNX HAOPYKEeHb, AKi BUHUKAIOTh B IJIACTHHI ITiJ] Yac HACMYEHHA
IJIACTUHU IIPU JOCATHEHI MAaKCUMAJbLHOTO BUTHHY IIJIACTUHOIO Ta OIep-
sKaHHI 3 YMCTOTO MaJiajlifo HOBOT'O MaTepidAly, a caMe TUMYacOBOTO I'pai-
€HTHOTO cTomy maJjagiio 3 Iigporemom. OCHOBHOIO XapaKTEpPUCTUKOIO
IILOT'O CTOITY € I'PaieHT KoHIleHTpaIlii ['igzporeny B HbOMy, AKUH € IIPOC-
TOPOBOIO Ta YaCOBOIO (hYHKI[I€IO ITapaMeTPiB IIPOIleCcy HACUYeHHA MEeTaIy
Tigporenom (TeMmepaTypa, TuCK rasomoniomoro I'inporemy roio). Oue-
BUOHO, II[O caMe I'pamieHT KoHIeHTpaIii I'igzporeny BusHauae xapakTre-
PUCTUKU Ta BJIACTUBOCTiI THUMUYACOBOTO I'PaliEHTHOTO MaTEPiAIy MeTal—
Tigporen, a came: rpagienTn gujaaTallii KpuCTaJivHOI I'PATHUII, I'pagie-
HTH CHJI M1KaTOMOBOI B3a€EMOMIl Ta MeXaHiYHMX BJAaCTHUBOCTEH, I'pagie-
HTH BOJHEBUX KOHIIEHTPAIINHNX HAIIPYKEHb.

IIporiec nudysii inporeny B nananiii, hopmMyBaHHA Ta TpaHchopmaiisa
I'pazieHTiB KOHIIeHTpaIlii ['intporeny cuiabHO BiAXMIIAIOTHCS BiJl 3aKOHOMI -
PHOCTeI, AKi ONUCYIOTLCA KJIACHUYHUMU 3aKoHaMu Pika 3 «imeaJsbHHUM»
KoepimienTom nugysii [8]. BigmoBigHo, epekTuBHMA KoeditieHT 1udysii
Tigporeny B masazii € ckagHOI0 QYyHKITi€I0 fToT0 KOHIIeHTpAaIrii [8].

151 monmepefHLOI aHAJIi3M THMYACOBOTO I'pagieHTHOrO cromy o.-PdH, B
yMOBaXxX HAIIOTO €KCIIEPUMEHTY KOPUCTYEMOCS MTOCATHEHHAMHN MaTeMa-
TuHOI Teopii gudysii [9]. BukopucToByeMO I HAIITUX I[iJIeH pillleHHs
omHOMipHOI nudysiiiHoi 3amaui 3i sMimHUM KoedinienTom gudysii D(n),
III0 € CTYII€HEeBOIO (PYHKITi€I0 KOHIIeHTPAIlii nn mudys3anTa:

k

D(n)=D,| X,

n,

nmen = f(x, t) — xKoumenrpaiia 'igporeny, no = const — rpannusa KoHIIe-
HTpania [igporeny, mopiBHIOE piBHOBaKHill posdumHHOCTI I'igporeny B
najgafnii mpu faHuX TemiepaTtypita tucky I'inporeny, Do — «igeanbHUMN »
KoedimieuT nudysii Iinporeny B mamanaii To6To, koedimnient gudysii npu
n— 0, K >0 — noKasHNK CTAaTUYHOI KOHIIEHTPAIliAHOI 3a/I€/KHOCTH.
IIporec cTBOpeHHA TUMUACOBOTO I'pagieHTHOTO cTomy o.-PdH, onucano
B pobori [10]. Ilo meperuny naacturu npu ii HacmuenHi Iizporenom
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BUHUKAIOTH IIIAPXU THUMYAaCOBOI0 I'PAJi€HTHOTO cTOony majianiio 3 I'igpore-
uoM (o.-PdH,) 3 meBHOIO KOHIleHTpaIlieio [inporeny, ska B rInouHy ma-
JaniitoBoi miacTuHU 3MeHIyeThes. Lleit map crony a-PdH, ToBIuHOIO
(1), B MOMEHT TOCATHEHHS MaKCUMAaJIbHOTO BUTMHY HacuuyeThbed ['impo-
T'€HOM 10 KOHIeHTpAaIlii, 6J1u3bKoi 40 piBHOBasKHOI KOHIIEHTpAIliil (720)
Ipu 3aJlaHUX TeMIlepaTypax Ta Tuckax l'izporeny (PH2 ). Iumuii (mmap 2)

Maiiske He MictuTh ligporen. Moro ToBmuna mopiBHIOE Az =h —hi, Ie
h=0,27 mmMm.

O1iHMMO Ta po3paxyeMo TOBIINHY c()OPMOBAHOTO MIAPy TUMYAaCOBOTO
I'Pagi€eHTHOTO CTOITY AJIA YKUCTOI majaaiioBoi miactunu (puc. 1) Ta miaac-
tuHu 31 cTrony o.-PdHy o071 (puc. 2).

ITpuitmaemo yac hopmMyBaHHA aBTOJOKAJIi3aIliftHOrO I1apy I'pajlieHT-
Horo cronty o.-PdH, (mnactunka 1) pisaum vuacy ¢t = 13 ¢ (puc. 1, kpusa 1),
3a AKUH JOCATAETHCA MAaKCUMAaJbHIHA BUTHH IIJIaCTUHU. TOBIIMHA IIHOTO
IIapy po3paxoBYyeEThCA 3a PiBHAHHAM [9]:

h =X =2w\[Dyt,

ne Dy — koediniert gudysii Tigporeny B manazii (1,14-10° m?/c npu
200°C [8]), t — yac gocATHEHHSA MaKCUMAaJbLHOTO BUTUHY, W — KOHCTA-
HTa, AKa BU3HAYa€ PyX GPOHTY Audy3aHTa 3 KiHIIEBOIO IIBUIKiCTIO (puC.
4)[9].

3 pucyHKY 4 HaOYHO BHUAHO, II[0 Y paMKaX ITLOT'O MOJEJII0 3i 3pocTaH-
HAM k gudysiitanii ppouT Iizporeny crae gemaii KpyTimum i npu k=4
KoHIeHTpaIia I'igporeny Ha gu(ysiitHOMY (DPOHTI pisKo magae m0 HyJIs.
Ileit Bunagok (k =4, kpusa I, w=0,36), nobpe mozaestoe GopMyBaHHS Ta
3pOCTaHHA aBTOJIOKAJi30BaHOIO MIapy TUMYAaCOBOTO I'DAIi€HTHOT'O CTOITY

Puc. 3. 3anexHicTh 3MiHM BUTMHY ILIACTUHU 3 YKMCTOrO maJsafgiro (kpusi I, 3) ta
crony a-PdHo,0o71 (KpuBi 2, 4) Bix yacy npu 3mini Koumenrpairii Iigporeny B na-
naxii za 0,0071 (kpwusi 1, 2), 0,0142 H/Pd (xpusi 3, 4).

Fig. 3. Time dependence of bending change of pure palladium plate (curves 1,
3) and a-PdHo.0071 alloy (curves 2, 4) when changing hydrogen concentration in
palladium by 0.0071 (curves 1, 2), 0.0142 H/Pd (curves 3, 4).
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Puc. 4. HaBeneHe sHaueHHs KOHIeHTPAIIil n/no B pyHKIii Big w [9]: 1, 2, 3, 4,
5,6 — BigmoBimHO £ =4,2,1,1/2,1/4, 0.

Fig. 4. The value of the concentration n/no as a function of w[9]: 1, 2, 3, 4, 5,
6—respectively k=4,2,1,1/2,1/4,0.

o-PdH,, npuHaiiMHi, Ha MepIIOMy eTamli HAaCUUYeHHS YHCTOI MJIACTUHU
TigporeHom (m0 MOMEHTY HOCATHEHHA MaKCUMAaJbHOTO BUTUHY ILIAC-
TUHHN). A IJd IJIaCTUHHU, AKa HOoIepeaHbo MicTuts I'inporeu, abo cromy
a-PdH, ogep:xyemo k=1, w=0,8 (puc. 4, xpusa 3).

PospaxyHOK mae 1yis aBTOJIOKAJII3aI[ifHOTO IIIapy I'PaJliEHTHOTO CTOITY
a-PdH, roBiuny A, =46,2 MKM.

Tosiuny mapy (hz), B AKOMY He MicTuTbhesa I'igpores, MosKeMo SHAUTU
3a JOIOMOTOIO PiBHAHHA:

he=h—h,,

ne h=0,27 MM — TOBIL[MHA AOCJiIKYyBaHOI JIACTUHMN.

BigmoBigHo, IJIs {BOr0 BUNAAKY TOBIMHA IJIACTUHKY 2, HEHACHUYEHOI
Tigporenom, cranoButh hz=(270-46,2) MM =223,8 MmKM. Pospaxo-
BaHi 3HAUEHHJ IIpeICcTaBJIeHO B Ta0.I. 1.

Busuauumo 3a gomomoroio piBHAHHA [11] MakcuMaJIbHO MOMKJINBE Te-
OpeTHYHE 3HAUEHHA BUI'MHY ILIACTUHN:

aAnl?
A= ,
h
ne o.=0,068 — kKoedimienT, akuit BpaxoBye BMmicT 'inporeny B mamnanii,
An — KoHIeHTpamnida ['inporeny B naynaznii npu 3aganux ymonax (7, PH2 ),
1=6-102%M — moBXWHA IJIACTHHU, AKY BUKOPHUCTOBYEMO B eKCIlepHMe-

HTi.
IIpomoB:kyoun MOPIiBHAHHS IUX OIIHOK 3 HAIIMM TEOPeTUYHUM
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MozeseM, Ofep:KaHi 3HaUeHHS TeOPEeTUYHOT0 MaKCUMAJLHOTO BUTHHY
3aHeceMo 10 TabJ. 1 (croBbens 11).

IlikaBo mpoanaaisyBaTu (puc. ), Uu € 3aJeKHICTh MisK KOHIIEHTpa-
miero I'igporeny B maJiamii Ta TOBIIMHOIO aBTOJOKAJIIBAIiHOTO IIAPY
cromry a-PdH,,.

fAK 6aumMo 3 pUCYHKY 5, @, TOBIIIIHA aBTOJOKAaIi3aIifHOro II1apy rpa-
miertHoro cromy o-PdH, (#1) Ta ToBIuHA Iapy HajaagifoBOl ILIACTUHYA
6e3 I'imporeny (4:) 3MeHITyeThCA IpHU KoHITeHTpAaIii ['inporeny B mamamii
0,01H/Pd. Ilpore, KpuBi AJIA PO3pPaxOBaHOTO MaKCHUMAaJIbHOTO BUTHUHY
IJIACTUHU Ta eKCIIepUMeHTAJIbHN BUTMH MalOTh OMHAKOBUH XapaKkTep 3
IeIKUMH BIIXUJIeHHAMY B MeKaX MOXNOKY eKCIIePUMEHTY .

OmHak 1ikaBo, 10 AJd maactuuu 3i cromy o-PdHo,eo71 (puc. 5, 6) ToB-
IMHA aBTOJIOKAaJisaliiiHoro mapy rpagieataoro cromy o-PdH, (k) Tta
TOBIIIUHY IIapy HajiamifioBoi miuactunu 6es ['igzporeny (h:) MaioTh ogHA-
KOBi BesimumHM Ipu 3MiHi KoumerTpailii I'igporeny B maaanii. Kpusi gas
PO3Pax0BaHOr0 MAKCUMAJLHOTO BUTHHY ILJIACTUHU Ta €KCIIepUMeHTAIb-
HUI MaKCUMAaJbHUHN BUTHH MalOTh OJHAKOBUI XapaKTep 3 JeAKUMU Bij-
xuneHHAMEU. Take BiAXujleHHA MOYKHA ITOACHUTHY TUM, 110 IJIs PO3pPaxy-
HKY BUKOPHCTOBYBAaBCA imeanbHuil KoedimienT gudysii Iigzporeny B ma-
aanii, a He peanbHUM. PeanbHuil kKoedimienT nudysii 'igporeny B maja-
Iii mpu 3amaHiil TeMmepaTypi BKJIouae B cebe aMiHu KoHIeHTpaIii ['iz-
poreHy B majafii Ta IIBUAKiCTh IPOHMKHEHHA 'imporeny uepes moBep-
XHI0 Brynb mastaniso (y).

OnirnMo mapaMeTp HIBUAKOCTH IIPOHUKHEHHA [ifporeny uepes mose-
PXHIO BrIWO majamio (y):

25 —54 o 215 6
0 ot (@] g— |
&20 _—— -3 3= 3°
15 43,02 s10 ‘__34 §
= P ~43
210 / 20 % o %
N 5 2 i
<5 w0 -
- Q 1
<0 0,0 0 0

0,002 0,006 0,010 0,014 0,002 0,006 0,010 0,014

n, H/Pd n, H/Pd
a b

Puc. 5. Banexuicts Big Bmicry INizporeny B managii mjis eKCIeprMeHTAJIBLHOTO
MaKCHUMaJbHOTO BUTHHY (1), pO3paxoBaHOr0 MaKCHUMAaJIbHOTO BUTUHY (2), aBTO-
JIoKaJsisaniiitnoro mapy rpagiearuoro cromy o-PdH, (3) Ta ToBiuHY 1apy ma-
nagitiosoi miaactunu 6e3 Iigporeny (4): mis umcroro majamiro (a), CTOIy o-
PdHo,0071 (6).

Fig. 5. Dependences of hydrogen content in palladium for the maximum exper-
imental bending (1), calculated maximum bending (2), autolocalization layer
of gradient alloy a-PdH. (3) and palladium plate layer thickness without hy-
drogen (4): for pure palladium (a), alloy a-PdHo.oo71 (6).



BILJIVB I'IIPOI EHY HA ®OPMO3MIHEHHS IIJIACTUHU 909

h 0,027-10°
yo 0027100 5 he 100X,
13 c

max

PospaxoBana mBuUAKiCT, TPOHUKHEHHA AJA MJACTUHYU 3 YHUCTOTO IIa-
Jafiio mpeacrasiaeHa B Taba. 1, croB6ens 8, Ta, IK 6aUMO, BOHA 3i 3poc-
TaHHAM THCKY 'imporeny B Kamepi 30imdbiryersca B 1,85 pasu, a Buru
mJIacTuHu B 3,7 pasu.

Ha ocuoBi BcTaHOB/IeHUX (PAKTIB, MOKHA BUCJIOBUTU NPUIYIIIEHHST,
110 MOAYJb I'PagieHTa KoHIeHTpalii I'ixporeny dH,/dh nns rpagieHT-
Horo cromy o.-PdH, yTBoproeThCs i mocTiliHO 3MiHIOETHCA B IIPOIleci Hacu-
yeHHA ['imporeHoM, BUKJINKae (pOPpMO3MiHEHHSA IIJIACTUHKY Ta BU3HAaYa-
€ThCS 3aKOHOMIiPHOCTAMU MPOHUKHeHHA [igporeny (3okpemMa, MIBUIKI-
CTIO IPOHUKHEeHHd (Tabia. 1, cToBOens 8)) Ta yacoM HOCATHEHHS MaKCHU-
MaJIbHUX BOJHEBO-KOHIIEHTPAIlilHNX HANPY:KeHb B MJACTHHi) B JaHUX
eKCIIEpIMEHTAJIbHIUX YMOBaX.

IIpore HeoOXigHO Big3HAUMTH, II[O0 YaC JOCATHEHHS MAKCHMAJIbLHOTO
BUTUHY AJd maactuau 3i crouy o-PdHo, 71 € mocTifinum i yeix yoTu-
prOX excmepuMeHTiB (Tabda. 1, uactuna 2) i ckaamae 10 c. Tomy Bigmo-
BiIHO IIBUAKiCTh MIPOHNKHEHHA BeJanunHa crajay = 27-107% m/c, ame npu
IIbOMY BUTHWH IJIACTUHU 3pOcTa€e mpu 30iabIeHHI KoHIeHTpaIii I'izpo-
reny B majagmii. OT:Ke, 3MiHa MexaHisMy TpaHcmopTyBaHHA ['igporeny B
cepenuny IJid miactTuru 3i cromy o-PdHo o071, BimOyBaeThes is-3a saminu
HOBEIiHKY BOJHEBO-KOHIIEHTPAIIiMHNX HAIIPYKEHb Ta iX PO3IOAiIeHHA
B ILJTACTHHI ITig yac opMyBaHHA MAKCUMAaJIbHOTO BUTHHY JJIS IIJIACTUHU.

Kinmnese yaBieHHs Ipo mepedir boro mpoIecy 3aJuIIaeThCs IITe OCTa-
TOYHO He BUBUEHUM, TOMY HAIIIi HACTYIIHi po0OTH Oy AYyTh HPUCBAUEH] Ta-
KOMY eKCIepUMEHTAJILHOMY i TEOPEeTUYHOMY BUBUEHHIO.

4. BUCHOBRKH

1. Buepime mpu Temmnepartypi 200°C mpoBezieHO AOCTiMKeHHSA Ta aHAIIZY
Bifleo3amnncy eKCIepUMEeHTY BUTHHY ILJTACTUHU 3 UKMCTOTO IIajJagilo IpH
migBuiienHi KoumenTparii H B namaznii aa An =0,00355H/Pd = const ta
omeps;xano TtuMuacoBi rpagienTHi cromm o-PdHoeoss5, o-PdHo o071, O-
PdHo,00105, 0.-PdHo,00142. TakoK mOCHTimKeHO BUTMHY IJIACTUHU 3i cTOIY
o-PdHo0071, Koamm 3miHpBanum Bwmict TIigporemy B magazmii Ha
An=0,00355i, nei=1, 2, 3, 4, Ta ogep:kano cron craanzom o.-PdHy o105,
Ot-PdHo,oomz, OL-PdHo,00177, OL-PdHo,oozm H/Pd-

2. Briepiiie ekcmepuMeHTaJbHO BCTAHOBJIEHO, 1o mpu 200°C 3 pocToM
KounenTrparii Ha An = 0,0035H/Pd MmakcuMaJIbHi BUTMHY IIJIACTUHA JJIs
cronry o.-PdH, MaroTh GBIy BeJIUUNHY HisK BUTUHU IIJIACTUHHU 3 YUCTOTO
najangiro. PopMO3MiHEHHA IIJIACTUHU CKJIANAETHCS 3 eTally JOCATHEHHA
MaKCHMAaJIbHOTO BUTHHY Ta HACTYITHOTO OiJIBLIII TPUBAJIOTO eTaly PO3IIPS-
MJeHHA maacTuHu. IIpm mpomy (OPpMO3MiHEHHA ILJIACTHHU € Mabike
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IIOBHICTIO 3BOPOTHUMH AJIS 000X IIacTuH B iHTepBaJyi Big 0 ;o 0,16 mm.
3. B ekcnepumenTax npu Tremuepatrypi 200°C npu gocArHeHHI MaKcuMa-
JILHOI'O BUTHUHY ILTacTuHHU 3i cromy o-PdH, cmocrepiraerbcs ymoBijib-
HEeHHS ITPOolleCcy STUHAHHA MJIACTUHY Ta TaJbMY€EThCI 3POCTAHHS HACTYII-
Horo mapy cromny (a-PdH,), BigmosigaibsHOro 3a BUTMH 3 HOCATHEHHAM
IJIATO TPUBAJIICTIO B KOMKHOMY eKcIlepuMeHTi Bix 4 10 7 c.

4. Buepiie npu TremiepaTtypi 200°C ekcnepruMeHTAIBLHO 3a()iKCOBAHO B iH-
TepBaJi Bix 15 ¢ 70 85 ¢ Ha KiHETUYHUX KPUBUX POIMPAMICHHSI HAIBHICTD
pisHUII y BeJIMYUHI BUTMHY JJIA IIJIACTUHY 3 UACTOT'O HAaJIailo Ta CTOITY O.-
PdHy 0071, Tak mpu 3miHi KoHIeHTparii: Ha An =4n=0,0142H/Pd suaxo-
InTbcsa B Me:xkax 1mm; ana An=2n=0,0071H/Pd pisuunsa cTaHOBUTH
mpubausuo 0,5 mm; nasa An=1n=0,00355H/Pd ckaanae 0,25 mm; Ta gas
An=3n=0,0106H/Pd ckuiangae 0,75 mm. HasgBHicTh TaKOI pisHUIl MOMKHA
HOSICHUTHY BOJHEBUMU KOHIIEHTPAIliMHUMY HANIPYKEeHHAMU, AKi BUHUKA-
IOTH B ILJIACTHHI ITiJT Yac HaCMUYeHHA IIacTUuHU ['i[poreHOM ITpU JOCATHEHI
MaKCUMAaJbHOTO BUTHHY ILJIACTHUHOIO Ta MO0YZ0BOIO HOBOTO MaTepiamy, a
caMe TIMYacOBOT'0 I'PAZIiEHTHOIO CTOITY Iajiafito 3 I'izporeHom.

5. BucyoBsieno npunyimeHHs, 1o upu T = 200°C ocobauBa (pisuuHa mpu-
poza ¢hopMyBaHHSA B IEPIITi CEKYHAN MaKCUMaJbHOTO BUTHUHY MJIACTUHUI
00yMoOBJIeHA (POPMYBAHHAM THMYACOBOro I'pagieuTHoro crony o-PdH, 3
nIapaMu IIeBHOI TOBIIIMHM, AKi MarOTh iHIIT (hidWUHI BJIaCTUBOCTI HidK UM-
cTuil majaniii, Ta Mpo 3MiHYy MexaHisMy TpaHcmopTyBaHHA [igporeny B
cepenuHy s miaactuHu 3i cromy o-PdHo o071, 3MiHOO IPpUPOAYM BUHUK-
HEHHSA BOJHEBO-KOHIIEHTPAIlIMHNX HANPYKEHb 1 PO3MOAiJIeHHAM IiX B
MIJIaCTUHI Iig yac (popMyBaHHA MAaKCUMAaJbHOTO BUTHHY AJIA IIJIaCTUHY 31
cromry o-PdHg,o071.

ABTOp BHuCJI0BIIOE TOAAKY HoreHTy M. B. I'osbI110oBiii 3a JOIIOMOTY B IPO-
BeJleHHi eKcIlepuMeHTY (31ilicHeHHi Bifeo3anucy eKCIIepuMeHTY).
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PACS numbers: 61.66.Dk, 61.72.Yx, 64.75.-g, 68.43.Mn, 82.30.Rs, 82.80.-d

Structure, Phase Composition and Hydrogen Absorption
Properties of Multiphase Alloys of Ti—Zr—Mn—V System
Alloyed with Holmium

V. A. Dekhtyarenko, T. V. Pryadko, D. G. Savvakin, and V. I. Bondarchuk

G.V.Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
36 Academician Vernadsky Blvd.,
UA-03142 Kyiv, Ukraine

The effect of an RE element (holmium) on the phase composition, microstruc-
ture, and hydrogen absorption properties of multiphase alloys of the Ti—Zr—
Mn—V system comprised of the Laves phase and b.c.c. solid solution is studied.
It is found out that holmium practically does not dissolve in the initial phases
of the alloy, and it forms a new phase in combination with oxygen, holmium
oxide. The crystallites of holmium oxide precipitate on the surface of the crys-
tallites of the Laves phase and b.c.c. solid solution. It is determined that the
formation of the new phase leads to a change in the structure of the initial al-
loys from eutectic to multiphase, that causes an increase in the grain surface
area of the phase constituents. It is shown that the crystallites of holmium ox-
ide raise the temperatures at which hydrogen absorption and desorption occur,
as well as decrease the hydrogen capacity of the alloy.

Key words: Laves phase, b.c.c. solid solution, multiphase alloy, microstruc-
ture, phase composition, hydrogenation.

Hocaimxeno suius geryBanaa P3M (IonbpMmiit) Ha hasoBuii cCKIam, MiKpocTpy-
KTypy Ta BOZHeBOCOpPOIIiiiHi BiacTuBOCTi rerepodasHux cromiB cucremu Ti—
Zr—Mn-V 3i ctpykTypoio dasu JlaBeca Ta OIIK-rBepmoro posunny. Beranos-
JIEHO, III0 BBeJeHUM B cTOII ['0JIbMifl, IPAKTUYHO HE PO3UNHAETHCA ¥ BUXITHUX
dazax, a 3’exgmaBmuch 3 OKCUT'eHOM, YTBOPIOE HOBY (asy, oxcuza I'oabmiio.
VYrBOpeHi Kpucranu okcuny ['oabMio po3MiIyIOThCA BUKJIIOUYHO IO IIOBEPXHI
KpucTaJiB iHTepMeTaniny. BusnaueHo, 1110 yTBOpeHHA HOBOI (ha3u IPUBOLUTH
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IO 3MiHU CTPYKTYPHU CTOIIiB BiJf eBTEeKTUUHOI 40 reTepodasuoi, 3i 361iIbIIeHHAM
IJIOIIi ITOBEPXHi 3epeH cuiBicHyounx (as Ha nopamok. [TlokazaHo, 1110 MpUCYT-
HicTb y (ha3oBOMYy CKJIaJi CTOIIY KPUCTAJIiB OKcuLy I'osibMito IpUBOAUTE OO0 IIO-
ripIIeHHA IIPOIECiB MOTJIMHAHHA Ta BUAijeHHA [inporeny, a TaKoMX 10 MOHU-
JKeHHA BOJHEBOI MiCTKOCTHU CTOILY.

Karouori ciora: dasa JlaBeca, OIK-TBepauii po3unn, rerepodasHi cTomnu, Mi-
KPOCTPYKTypa, (DasoBUl CKJIAM, TiApyBaHHS.

(Received May 4, 2022; in final version, May 19, 2022 )

1.INTRODUCTION

It has now been shown that storing hydrogen in a bound state (metal hy-
drides) is a more cost-effective and safe way than in liquid or gaseous
states [1-5]. Among the existing variety of materials for hydrogen
sorption, the ABs-type intermetallics (hexagonal Laves phase of C14
type) and multiphase alloys based on them are recently used, especially
in transport [6—10]. In this class of materials, an important place is oc-
cupied by the Ti-based alloys. Therefore, the increasing requirements
for these materials demand the development and production of new al-
loys based on this type of compounds. Based on the previous data [11—
13], several researchers have shown that the improvement of the kinet-
ics of sorption—desorption processes and significant increase of the
amount of absorbed hydrogen in the alloys based on the Laves phase can
be achieved only by additional alloying of this phase [14-16].

The hydrogen absorption properties of a single-phase alloy comprised
of hexagonal C14-type Laves phase additionally alloyed with nickel, co-
balt, or copper were studied in [17], and the relationship between the
change of the unit cell volume and the amount of absorbed hydrogen was
found out. The authors noted that the crystal lattice parameters gradu-
ally increased in the sequence of alloying elements Ni — Fe — Cu, so the
unit cell volume changed from 165.591 to 166.771 A%, The increase in
the unit cell volume when replacing nickel with copper was explained in
[17], according to the data of [18], by the different atomic radii of these
elements (0.125 nm and 0.128 nm, respectively), while the amount of all
other components was constant. The increment in the unit cell volume
of the alloys in the Ni — Fe — Cu sequence led to an increase in the
amount of absorbed hydrogen in a range of 1.79-1.81% wt.[17].

The effect of adding RE elements (La, Ce, Ho) into the alloys based on
the C14 type Laves phase on their hydrogen absorption properties was
investigated in [19]. These elements were chosen due to their ability to
interact with hydrogen and form a hydride phase. The authors of [19]
claim that the alloying with RE elements enhances the hydrogenation
kinetics. In contrast to the original composition, the same alloys with
RE elements can absorb hydrogen at room temperature. However, the
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data on the possible changes in the amount of hydrogen absorbed by the
alloys after adding RE elements were not provided.

Our previous studies [20, 21] of multiphase alloys of the Ti—Zr—Mn~—
V and Ti—Zr-Mn—V-Cr systems confirmed that adding the elements
with a larger atomic radius, which can form stable chemical compounds
with hydrogen, usually leads to enhanced hydrogen absorption. Never-
theless, it is necessary to take into account other factors that can limit
this pattern. An analysis of the literature [22—26] showed that most re-
searchers have used for Ti-based alloys with a Laves phase structure, or
multiphase alloys comprised of AB.-type intermetallic phase and b.c.c.
solid solution, the elements from the same period (zirconium and haf-
nium) or group (from vanadium to nickel) of titanium in the periodic ta-
ble. However, these elements, except zirconium, vanadium, and chro-
mium, have low affinity for hydrogen or do not react with it at all [10].
In addition, the elements of the same group with titanium with higher
atomic number have smaller atomic radii [18]. Therefore, to clarify the
above mentioned pattern, additional alloying was necessary to choose an
element with a significantly larger atomic radius compared to other
components of the alloy, that could efficiently interact with hydrogen.
The RE metals met these requirements.

In this work, holmium was chosen to verify the effect of alloying by RE
elements on the hydrogen adsorption properties of multiphase alloys of
the Ti—-Zr—Mn—V system. According to[19], La, Ce, and Ho affect the hy-
drogen absorption properties of the Ti—Zr—Mn—V alloys almost in the
same way. Despite the fact that holmium (Ho) has the smallest atomic ra-
dius among these RE elements (atomic radii of Ho and La are 0.179 and
0.187 nm, respectively[18]), it meets all the conditions that are needed to
increase the hydrogen capacity of the alloy: its atomic radius is larger
compared to other components of the Ti—Zr—Mn—V system (0.160 nm for
zirconium and lower for other elements), and holmium can form with hy-
drogen a chemical compound HoHj;. To clarify the effect of holmium ad-
dition, the previously studied alloys of hypoeutectic Tis75Zr3oMni7.5Vs
[20, 27]and hypereutectic Tis.18Z127.0Mnso.03V7[28] compositions were se-
lected. The studies were carried out by comparing the structure, phase
composition and hydrogen adsorption properties of the alloys (Table 1)
with those without holmium (Ti047.5Zr30Mni7.5Vs and Tiss.18Z127.0Mnz0.95V7)
as a reference which were studied in detail in [27, 28]. According to [27,
28], there were eutectic component and primary crystallites in the both
alloys without holmium. There were primary crystallites of the b.c.c.
solid solution in the Tis7 5Zrs0Mni75Vs alloy, while the Tiss 18Z127.0Mn20.03V7
alloy contained the Laves phase. The range of holmium content was cho-
sen the same as for the multiphase alloys of the Ti—Zr—Mn—-V system [20,
21], i.e.,, 2 and 5 at.% (Table 1). Holmium replaced only manganese, and
so it increased the total amount of hydride-forming constituent in the al-
loy (Table 1, alloys 1, 2); in order to maximize the unit cell volume, all
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TABLE 1. Nominal composition of the alloys.

Composition
Al\lIloo.y at.% % wt.
Ti | Zr [Mn | V |Ho| Ti | Zr [ Mn | V | Ho
1 475 30 155 5 2 35.28 42.45 13.20 3.95 5.12
2 475 30 125 5 5 33.56 40.38 10.13 3.76 12.17
3  43.29 27.34 20.51 6.86 2 32.52 39.14 17.68 5.48 5.18
4  41.97 26.50 19.88 6.65 5 30.07 36.18 16.34 5.07 12.34

components were replaced (Table 1, alloys 3, 4).

2. MATERIALS AND EXPERIMENTAL PROCEDURE

The alloys were manufactured by arc melting in argon atmosphere. In-
gots of 30 g were produced using iodide titanium (of 99.95% purity),
iodide zirconium (99.975%), electrolytic vanadium (99.9%), electro-
lytic manganese (99.9% ) and holmium (99.9%) as raw materials. The
ingots were remelted 4—5 times to achieve sufficient uniformity.

The interaction of the alloys with hydrogen was studied by the Sie-
verts method at an IVGM-2M unit [29] under mild conditions (room
temperature, absolute pressure ~ 0.6 MPa), as well as upon continuous
heating up to 5650°C (heating rate 0.125°C/s) and during isothermal ex-
posure at selected temperature under the same hydrogen pressure. The
alloys in as-cast state were studied; cylindrical specimens with a diame-
ter of 11-12 mm and a height of 4—5 mm were used. The amount of ab-
sorbed hydrogen was calculated from the change in pressure in a closed
volume, and was also determined by weighing samples on VLR 20 scales
with an accuracy of 1.5-107° g. The investigation included only one hy-
drogenation cycle in order to determine the effect of holmium on the
first hydrogenation in the Ti—Zr—Mn—V-Ho alloys.

The phase composition and parameters of crystalline lattices of the
alloy before and after hydrogenation were determined by x-ray phase
analysis. Metallographic examinations were performed with a scanning
electron microscope VEGA3 TESCAN equipped with EDX detector
XFlash610M (Bruker).

3. RESULTS AND DISCUSSION
3.1. Structure and Phase Composition

The microstructures of the alloys are shown in Fig. 1. As seen, the
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addition of holmium into the eutectic alloys of the Ti—Zr—Mn—V system,
regardless of its amount and the elements it replaced, resulted in signif-
icant microstructural changes. After adding holmium (regardless of its
concentration), the microstructure of the alloy changed from two-phase
(eutectic) (Fig. 1, a) to three-phase (Fig. 1, b—e), with a significant
change in the morphology of the phase constituents.

In order to distinguish the phases and to determine their chemical
composition, the alloys were investigated using local energy-dispersion
analysis (Table 2).

Based on the above data (Table 2), it can be suggested that holmium is
practically insoluble in the phase components of the initial alloys, and
in combination with oxygen it forms a separate phase, holmium oxide
(white crystallites, Figs. 1, b—e). According to the chemical composition
of the crystallites (in particular, the manganese concentration), the
bright-grey phase is intermetallic, and the dark-grey one is Ti-based
b.c.c. solid solution.

On the example of the Ti4r.5Zrs0Mniz25Vs;Hos alloy microstructure (Fig.
1, ¢), it is seen that the crystallites of holmium oxide are located at the
grain boundaries. It can be assumed that the segregation of holmium ox-
ide occurred during solidification, and then a gradual saturation of hol-
mium with oxygen by diffusion in the solid state with a gradual

Fig.1. Microstructure of cast alloys: Tis.18Zr27.0Mn2o.9sVe: [28] (a),
Tisr.5ZrsoMni7.5VsHoz (b), TisrsZrsoMniz2sVsHos (¢), Tisz.30Zr27.3¢Mnz0.51Ve.s6Hoz
(d), Tis1.97Zr26.5Mn19.88Ve.65Hos (€).
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TABLE 2. Chemical composition of the phases.

Chemical composition (£ 0.03 at.%)

AI\III(?Y Bright grey areas Dark grey areas ‘White areas
Ti | Zr [Mn| V |Ho| Ti | Zr [Mn| V |Ho| Ho | ©
1 45.8427.5721.18 5.29 0.12 63.7129.50 4.49 1.96 0.34 62.49 34.96
2 42.0827.5723.38 6.45 0.52 62.56 29.25 4.95 2.63 0.61 63.04 36.96
[27]
(ini- 32.1018.9042.00 7.00 - 56.7036.702.80 3.80 - - -
tial)
3 31.7623.4133.3511.37 0.11 64.8728.20 4.62 1.93 0.38 63.52 36.48
4 32.0423.0533.0911.35 0.47 64.3827.71 4.54 2.71 0.66 63.7536.25
[28]
(ini- 28.8525.8834.9510.32 - 68.7126.413.36 1.52 - - -
tial)

formation of the oxide phase took place.

To confirm the data obtained by scanning electron microscopy and en-
ergy-dispersion analysis, the phase composition of the alloys was deter-
mined by XRD method (Fig. 2, Table 3). It was found that all the alloys
(Table 1), regardless of their chemical composition, still comprised the
C1l4-type Laves phase and b.c.c. solid solution, and additionally hol-
mium oxide Ho203; was detected, as well as some traces of pure holmium.

4000_- 0 Laves phase
| T ¢ b.c.c. solid solution
_ A Ho,O
:§ i N HO2 3
< 3000—_ 0
> _ 0
+
e 2000
= 4
=
1000
- Ui M 0
Lﬁm |
1 A - 400, Ay 000 & ,JL
0 2% ASL?U\&
L L N S AL B I NN INNL BNLEN N BRI I B
25 35 45 55 65 75 85 95
20, °

’

Fig. 2. Diffractogram of cast Ti47.5Zr30Mnis.5VsHoz alloy.
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TABLE 3. Lattice parameters of the phases.

Lattice parameters (£ 0.0009 nm)
All
No oy As-cast Hydrogenated
A-phase ‘ B-phase ‘ Ho203 ‘ Ho A-phase | d-phase | Ho:03 ‘ HoHs
a=0.5194 a=0.3575 a=0.5575 a=0.6307
1 -0. ~1.02 -0.4 -1.0571
c=0.8533 7 0:8373a=1.0270 610 c_0.9157 4704985 a=1.05TL _ 6sng
a=0.5193 a=0.3565 a=0.5578 a=0.6306
2 ey a=0-38T4a=1.0256"_ "0 00T Y D a=0.4596 a=1.0549 0 "0
[27](in-a=0.5186 ~  a=0.5574 B ~
itial) c-0.8528 4703366 c=0.9155 4704588
a=0.5185 a=0.3569 a=0.5576 a=0.6306
=0.3374a=1.02 =0.4 =1.0572
8 0.8517 47 033T4a=10260 | iog o 0.9159 ¢ 704070 A= 10572 | g
a=0.5182 a=0.3567 a=0.5570 a=0.6303
4 a1 @=0-3878a=1.0266"_ "20 0 00 1a=0.4580 a=1.0535 " _ " oC
[28](in-a=0.5189 ~ _ a=0.5585 B ~
itial) c-0.8523 ¢ 0-3357 c=0.9150 4704574

The volume fractions of the phases were determined by Rietveld anal-
ysis; the surface areas of the crystallites of the phase constituents were
measured with free distributed Imaged software. In the alloys 1 and 2,
the amounts of holmium oxide, Laves phase, and b.c.c. solid solution
equalled 7.74-10.68, 45.45-41.90, and 46.81-47.42%, respectively
(Table 1); the surface area of individual grains of the phases was 80—
300 um?. In alloys 3 and 4, the amounts of holmium oxide and Laves
phase equalled 7.85-10.83 and 73.24-70.50%, respectively, and the
surface area of their individual grains was 200—-300 um?; the amount of
b.c.c. solid solution was 18.91-18.67%.

It was important to know what changes occurred in the volume of the
Laves phase crystal lattice as a result holmium adding, to be able to de-
termine its effect on the total amount of absorbed hydrogen. Besides,
according to the data of [30, 31], one can suggest that it is also possible
to calculate the radius of the tetrahedral internode in the Laves phase
lattice. The approximation of hard spheres is applied, and the expres-
sion Rs(C14)=0.074475a (where a is the lattice parameter) is used only
for one type of internodes A;B:—it was noted in [30, 31] that dissolved
hydrogen occupies exactly them. Comparison of the volume of the unit
cell and the radius of the tetrahedral internode (A2:B:) of the Laves phase
for the base composition (without holmium) and alloys with holmium
(Fig. 3) shows that Ho addition did not lead to significant changes, de-
spite the atomic radius of holmium (0.179 nm, [18]) is larger than the
atomic radii of other components. This result is explained by the fact
that holmium is practically insoluble in the Laves phase and b.c.c. solid



920V. A.DEKHTYARENKO, T. V. PRYADKO, D. G. SAVVAKIN, and V. I. BONDARCHUK

solution, and in combination with oxygen it forms a new phase. The in-
crease in the volume of the unit cell of the Laves phase in alloys 1 and 2
in comparison with the base composition Tis7.5Zr3oMni7.5V5[27] (Fig. 3)
was caused by a significant decrease in the Mn amount in this phase (Ta-
ble 2).

It is also worthwhile to note that according to the JCPDS (Interna-
tional Center for Diffraction Data) the lattice parameter of holmium ox-
ide of stoichiometric composition Hoz03 is 1.0606 nm. However, given
the measured values of chemical composition and lattice parameter
(1.0256-1.0270 nm) of holmium oxide, as well as the presence of traces
of pure holmium which did not interact with oxygen, it can be suggested
that oxygen content in the alloy was not high enough to achieve the stoi-
chiometric composition of the oxide.

3.2. The process of Hydrogen Sorption—Desorption

The interaction of the materials with hydrogen was started at room tem-
perature. The coarse crystallites of Laves phase in multiphase alloys of
the Ti—Zr—Mn-V system are known to promote the interaction of the
material with hydrogen at room temperature [32, 33]. Therefore, active
hydrogenation of the alloys with holmium (Table 1) was expected, as
they had much larger surface area of Laves phase crystallites (80—
300 um?) compared to the base alloys (2—-8 um?) [20, 28]. The alloys of
the Ti—Zr—-Mn—V—Ho system, as well as the base alloys [20, 28], were ex-
posed at room temperature and an absolute hydrogen pressure of
0.6 MPa for 24—48 hours; however, this did not lead to surface activa-
tion and to the expected active hydrogen absorption.

To determine the temperature of active hydrogenation of alloys of the
Ti—Zr—Mn—-V—-Ho system, they were heated in a hydrogen atmosphere
up to 450-550°C at a rate of 4—5°C/min and at a constant pressure of
0.6 MPa.

Unit cell volume, A
i Tetrahedral internode rdius, A
1984 1991 199.0 198.0 197.7 0.386 0.887 0.387 0.386 0.386

In1t1a1 1 I1ut1a] 1

Fig. 3. Unit cell volume and tetrahedral internode radius (A:B:) of C14 type
Laves phase in the studied alloys.
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According to the literature [20, 28], the alloys without holmium in
the first hydrogenation actively absorb hydrogen at 450°C; the amounts
of hydrogen absorbed after isothermal exposure H/Me were ~1.81 and
1.70 for the alloys Tis7s5Zr30Mni75Vs and Tig18Zra7.0Mnge93Vyr, respec-
tively (Fig. 4, a, b). In contrast, the isothermal exposure of Ti—Zr—Mn—
V-Ho alloys at 450°C for 1 hour did not result in hydrogen absorption.
In the alloys Ti47_5Zr30Mn15_5V5H02 and Ti42_39ZI‘27_34MH20,51V6,86H02, active
hydrogen absorption started at 470°C, and the amounts of absorbed hy-
drogen H/Me equaled ~1.71 and 1.60, respectively (Fig. 4, ¢, d). When
the holmium content increased to 5 at.% , the temperature of the absorp-
tion beginning raised up to 530°C. The amounts of absorbed hydrogen
H/Me were ~1.69 and 1.58 for the alloys Tis7s5ZrseMniz5Vs;Hos and
Ti41.07Z126. 5Mn19.88Vs.65HOs, respectively (Flg 4, e, f)

As seen from Figure 4, the process of hydrogen absorption for all al-
loys at elevated temperatures has a similar nature and consists of two
stages with noticeably different rates of interaction. The data of [4, 10]
allow to suggest that the first stage of interaction with hydrogen corre-
sponds to the formation of a supersaturated solid solution, whereas the
second is the formation of the hydride phase.

It was previously shown that the process of hydrogen absorption in
alloys with a two-phase structure (Laves phase and b.c.c. solid solution)

2.0 2.0 2.0
1.6 16 1.6
§1.2- §1.2— §1.2<
S~ S~ ~
0.8 0.8 0.8
0.41 0.4 0.4
0.0 T =450°C 0.0 T = 450°C 00 T =470°C
Y0 10 20 30 40 50 60 "0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time, min Time, min Time, min
2.0 2.0 2.0
1.6 1.6 1.61
[} ] 5} | ]
S1.2 S1.2 §1.2
~ ~ ~
T 0.81 0.8 0.8
0.4 0.4 0.4
0.0 T=470°C 0.0 T=530C| ol T'=530°C
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time, min Time, min Time, min

Fig. 4. Time curves of saturation of alloys with hydrogen under isothermal exposure
at a hydrogen pressure of 0.6 MPa: Tis7.5Zrs0MnirsVs [20] (@), Tis.18Z1r27.0Mnzo.03V7
[28] (b), TisrsZrsoMnissVsHoz  (¢),  Tises0ZrersaMneos1VessHoz  (d),
Tisr.5Zrso0Mni2.5VsHos (e), Tid1.97Z1r26.5Mni9.88Ve.6sHos (f).
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begins at room temperature on the crystallites of the Laves phase [33].
The coarsening of the phase constituents enhances the length of inter-
phase boundaries and promotes hydrogenation, as it increases the mis-
match of bulk expansion between neighbouring crystallites of two
phases at the initial stages of hydrogenation, which causes higher
stresses and surface cracking [33], activating hydrogen absorption.
However, in the alloys with holmium (Table 1), despite the rather large
surface area of the Laves phase crystallites, the absorption of hydrogen
at room temperature did not occur, that can be explained by the for-
mation of a new phase, holmium oxide (Fig. 1, ¢). It can be assumed that,
in addition to clearly revealed coarse precipitates of the oxide phase
(Fig. 1, ¢), a thin oxide film not visible by scanning electron microscopy
formed on other surfaces of the phase constituents (Laves phase and
b.c.c. solid solution). Holmium oxide film on the surface of Laves phase
crystallites reduces their catalytic ability by lowering the active area for
the dissociation of hydrogen molecules, forming a barrier layer that
prevents the penetration of hydrogen into the lattice at room tempera-
ture.

The increment of holmium content, and accordingly its oxide volume
fraction, enhance the barrier effect of the oxide film, so higher temper-
atures arerequired to activate the process of interaction with hydrogen.
Nevertheless, the ratio of total amount of absorbed hydrogen to the
fraction of Laves phase and b.c.c. solid solution was calculated by Im-
aged software, and the results allow to suggest that the hydrogen capac-
ity of these phases persisted virtually unchanged; therefore, the hydro-
gen content in the alloy remained proportional to the volume fraction of
Laves phase and b.c.c. solid solution.

Beside holmium oxide which precipitated in the bulk of the alloy, an
additional barrier to hydrogenation at room temperature was formed by
the film of TiO. type which is always present on the surface of titanium
alloys. As the temperature increases, this surface film gradually breaks
down, and its barrier effect decreases due to the enhanced mobility of
atoms in the lattice, that makes it possible to hydrogenate Ho-contain-
ing alloys at 470°C.

XRD phase analysis showed that the saturation of the alloys with hy-
drogen did not cause the decomposition of the phases or the formation
of new phases, except the hydrides based on initial phases (Fig. 5, Table
3). The hydrogenation product obtained by saturating the investigated
alloys of the Ti—Zr—-Mn—V—Ho system with hydrogen comprised a hy-
dride based on the Laves phase, 8-hydride, and holmium oxide. In addi-
tion to these phases, traces of holmium hydride of stoichiometric com-
position HoHs were also detected.

A comparison of the lattice parameters of holmium oxide (Table 3)
shows that the parameter significantly increased after hydrogenation
as compared to the initial state. It can be assumed that this increase
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occurred because during heating holmium additionally absorbed oxy-
gen atoms from the surface (in oxide films) and/or from the bulk of the
material. The formed oxide phase absorbed additional oxygen atoms and
gradually reached the stoichiometry composition Ho20O3 stable for this
system. This property of holmium to bind oxygen present in the alloy
potentially should improve the hydrogen absorption properties by re-
ducing the amount of oxygen dissolved in the lattice, and so freeing the
internodes for hydrogen atoms. The placement of one oxygen atom
(which is 16 times larger than a hydrogen atom) in an internode leads to
distortion of neighbouring internodes in each crystallographic direc-
tion [34], preventing the dissolution of hydrogen and reducing the total
amount of absorbed hydrogen.

Mass-spectrometry of the hydrogenated alloys of Ti—Zr—Mn—-V—-Ho
system under heating in vacuum showed that the entire process of hy-
drogen desorption from the Ho-containing alloys slightly shifted to
higher temperatures in comparison with alloys without holmium [20].
At an initial pressure of 4-10°2 Pa, hydrogen desorption in the hydro-
genated alloys of the Ti—-Zr—Mn—-V—-Ho system started at 80 =+ 5°C (Fig.
6) which was 25°C higher compared to the alloys without holmium. Two
peaks of gas desorption were observed: at 320°C (hydrogen desorption
from hydride based on intermetallics), and at 370°C (hydrogen desorp-
tion from 6-hydride formed on the base of b.c.c. solid solution); in alloys
without holmium, these temperatures were 265 and 390°C, respectively
[20]. The calculations of areas under desorption curves showed that in
the alloys of the Ti—Zr—Mn—V—-Ho system 98-99% of hydrogen are de-
sorbed at 550°C, whereas for the alloys without holmium the

1200
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Fig. 5. Diffractogram of hydrogenated Tisr.5ZrscMnis.5VsHoz alloy.
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corresponding temperature was 480°C [20, 28]. This delay in gas de-
sorption in the alloys of the Ti—Zr—-Mn—V—Ho system can also be ex-
plained by Ho20; precipitates and scale, that formed a barrier and de-
layed hydrogen diffusion from other phases to the surface.

The results of SEM, EDX, XRD phase analysis, and hydrogen sorp-
tion—desorption curves allow to adjust the previously determined pat-
tern of the choice of alloying elements. When choosing an additional al-
loying element, it is necessary to take into account not only its atomic
radius and ability to form a stable chemical compound with hydrogen,
but also the mutual solubility with the main components of the alloy.

The above results allow to claim that the addition of holmium which
is practically insoluble in the Laves phase and b.c.c. solid solution,
alongside with other positive features of this alloying element, leads to
both deterioration of hydrogen absorption properties (temperatures of
hydrogen sorption—desorption) and reduction in the total amount of hy-
drogen absorbed. First, holmium is not soluble in the phase constituents
of the alloys, it does not increase the lattice volume, and so it does not
promote hydrogen absorption. Second, the total amount of absorbed hy-
drogen even decreases because holmium oxide precipitates in the alloy
(in our experiments its volume fraction was 7.74-10.83% ), which does
not interact with hydrogen, and at the same time makes a significant
contribution to the total weight of the material. And third, the hydro-
gen absorption conditions deteriorate because holmium oxide precipi-
tates on the surface of Laves phase crystallites and b.c.c. solid solution,
reduces the catalytic effect of the surface, and forms additional barrier

25000 A 1

20000 ;" K |

15000 \ .

_,..\.‘..

10000+ i 4

5000 ‘.."/ z 550°C
0 T T T T T T T T T
0 100 200 300 400 500 600
T, °C

Intensity, a.u.

Fig. 6. Intensity of hydrogen desorption vs. temperature under continuous
heating.
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to the redistribution of hydrogen in the volume. Along with these fac-
tors, it is also important to consider the cost of holmium.

4. CONCLUSIONS

1. When choosing alloying elements to increase the hydrogen capacity
of hydrogen-accumulating alloys, such an important factor as a high
mutual solubility of these elements with the main components of the al-
loy, in addition to the atomic radius of the element and the ability to
form a stable chemical compound with hydrogen. Low mutual solubil-
ity, and so the formation of new phases can deteriorate hydrogen capac-
ity.

2. With regard to holmium alloying of the alloys of the Ti—Zr—Mn-V
system, the insufficient solubility of this element and its high affinity
for oxygen lead to the formation of new oxide phases, that is accompa-
nied by a decrease in hydrogen capacity and deterioration of process ki-
netics during the first hydrogenation and desorption of hydrogen.
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HanoxpucraxiuHi MaTepisaian Ha OCHOBI Miai Ta MoJIiOIEeHY

B.T. I'peuaniok, M. I. I'peuanok”, B. O. YoprosoJ, A. B. Kosupes,
B. 1. Tom, O. B. Manieako, B. A. Kyniueuko, T. II. I'pabina,
I0. I. Kosupesa™

Kuiscvkuil HayionaavHUll yHigepcumem 6ydisHuymea ma apximexmypu,
npocn. ITogimpogromcvruil, 31,
03037 Ruis, Ykpaina
“Tnemumym npobiem mamepiarosnascmea im. I. M. @panuesuva HAH Ykpainu,
sya. Axademika Kpxcurcarnoscvrozo, 3,

03142 Ruis, Ykpaina
“Ruiscvruit akademivnuii ynisepcumem HAH ma MOH Ykpaiuu,

o6yave. Axademirxa Bepradcviozo, 36,

03142 Ruis, Ykpaina

IIpoBemeHo excreprMeHTaIbHE JOCTiIKEeHHs CII0CO0iB OfepyKaHHa HAHOKPHCTA-
JIYHMX MaTepisiB Ha ocHOBI Miai i MosiOmeHy 3 JBOX HE3AJIEKHHX THUIJIB HA
ycraHoBIli YE-187 Ha cramioHapHy TiIKJIaAMHKY Ta TiAKJIaTUHKY, IIT0 00EPTAETh-
cda. JlocaimxeHa B3aeMO/id PO3/ILJIOBOTO IIapy 3 KOHAEHCOBAHMMU MAaTeEPidIaMu
Cu—Mo. IIpoanasizoBaHO BILUIMB TEXHOJIOTIUHINX YMHHUKIB (MaTepidi migKIaquH-
KH, IIIEPCTKiCTh MOBEPXHi, MaTepisail i TOBIIIMHA PO3AiJIOBOrO IIapy, TeMIIEpaTypa
OiIKJIaINHKY, 3MiHa BAKyyMY, XeMiUHIH CKJIaJ i MIBUAKICTH BUIIAPOBYBAaHHS BU-
XigHmx mMarepianaiB) Ha MexaHiuHi BiacTuBocTi KoHIeHcaTiB Cu—Mo 3 KOHIIeHTpa-
miero moi6meny Bix 0 1o 46,5% 3a macoro. BeraHoBIeHO, 110 B MaTepisiax 3 BMic-
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TOM MOJIiOHeny Ginbiie 14%, 110 OyJau OcamKeHi 3a TeMIlepaTypH IMigKJIaguHKA
700°C, crmocTepiraerbcs piske HOHMKEHHS MIITHOCTH BHACJIJOK YTBOPEHHS IIOD.
ITigBuitienna TemnepaTtypu migxaaguaku o 900°C mamo 3Mory omep:KaTy KOH-
IeHcoBaHi KoMmoauiiiini maTepigau Cu—Mo 3 BMiCTOM T:KKOTOIKOLI (hasu 1o
45% sa macor. BcraHoB/IEHO 3aKOHOMIPHOCTI (DOPMYBAHHS TEXHOJIOTIYHOTO IITaAPy
kKougencaty Cu—Mo B 3aJI€2KHOCTI BiJi TOBIIMHY PO3AiJIOBOrO IIapy (GTOPULY KaJb-
miro. BusHaueni mexaHiuHi XapaKTepUCTHUKM KOHIEHCOBAHMX KOMITO3UIIiMHIX
MAaTepifAiaiB, olep:KaHMX Ha IMiAKJATUHKAX, 1110 00epTaloThCsA, 3 PIBHUM pPiBHEM
IIIEPCTKOCTHU ITOBEPXHi i BCTAHOBJIEHO, 10 3MEHITIEHHS IIIePCTKOCTH MiAKJIagUHOK
TIPUBOAUTD A0 301IbIITeHHA TPAHUII MIiITHOCTHY i BiTHOCHOTO ITOAOBKeHHA. BeTaHo-
BJIEHO, 1110 le(DeKTU CTPYKTYPHU Y BUTJIAL CTPUKHIB, 1110 YTBOPIOIOTHCA HA MiKpO-
KpaILifgX, BAKMHYTUX 3 BAHHU-BUIAPHUKA, IPUBOAATE [0 HOHMMKEHHS MIiI[HOCTH i
IJIACTUYHOCTHY KOHIEHCOBAHUX KOMIIO3UIIIMHUX MaTePiAIiB.

KarouoBi ciaoBa: eJIeKTPOHHO-IPOMEHEBe BUIAPOBYBAHHA—KOHIEHCAIlid,
KOMIIO3UI[ifHI MaTepisaam, ICeBJOCTON Ha OCHOBI MiZi, IICEBIOCTOIIM HA OCHO-
Bi MOJIiGeHy, MeXaHiuHi BJIaCcTUBOCTI.

Experimental study of methods for obtaining nanocrystalline molybdenum-
and copper-based materials on from two independent crucibles (UE-187 device)
on a stationary and rotating substrate has been done. The interaction of the
separating layer with condensed Cu—Mo materials was investigated. The influ-
ence of technological factors (substrate material, surface roughness, composi-
tion and thickness of the separating layer, temperature of the substrate,
change of the vacuum, evaporation rate of starting materials) on the mechani-
cal properties of Cu—Mo condensed materials (with Mo from 0 to 46.5% wt.)
was analysed. As found, in materials with a Mo more than 14% wt. and tem-
perature of the substrate 700°C, strength is a dramatic decrease due to the
formation of pores. Increasing the temperature of the substrate to 900°C al-
lowed obtaining condensed composite Cu—Mo materials with a refractory phase
up to 45% wt. As established, the regularities of formation of the technologi-
cal layer of Cu—Mo condensate depend on the thickness of the separating layer
of calcium fluoride. Due to the determination of mechanical characteristics of
condensed composite materials obtained on rotating substrates with different
surface roughness, it was found that a decrease of the roughness of the sub-
strates leads to an increase in the ultimate tensile strength and elongation. As
established, structural defects in the form of rods formed on micro-droplets
ejected from the evaporator are the cause of reduced strength and ductility of
condensed composite materials.

Key words: electron-beam evaporation-condensation, composite materials, copper-
based pseudo-alloys, molybdenum-based pseudo-alloys, mechanical properties.

(Ompumano 28 gepecrs 2021 p.; ocmamoun. eapisnm — 2 yepeus 2022 p.)

1. BCTYII

BunapoByBauHu4d i mogasibia KOHAEHCAI[IA MaTePidAiB y BaKyyMi € Bif-
HOCHO HOBOIO METOIO0I0, B OCHOBi SKOI JIE)KUTh BUKOPUCTAHHA (PidUKO-
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TEeXHOJIOTIYHUX BJIACTUBOCTEN €JIeKTPOHHOIO ITPOMEHI0, IO BiJpisHA-
€ThCA HallGiIBIIT BICOKOIO e)eKTUBHICTIO TPU 06pOobIeHHI MeTaiB y IIo-
piBHAHHI 3 IHIMMMHU BilOMUMMN KOHIIEHTPOBAHMMHU ITIOTOKaMHU €Heprii
(;1asepom, maasmoro). EjleKTpoHHMIT TPOMiHbL Mae HaWOiAbIIUM Koedi-
IMi€HT HOTJIMHAHHS €Heprii 1 3HaUHU# IigIIa30H IOTYKHOCTHY i KOHIIEHT-
partii eneprii (1 MBT i 6inbime). ¥ 3B’s3Ky 3 IIUM HArpPiB MaTepiary mo
3alaHUX TEeMIIEPATypP TOIJIEHHSI—BUIIapPOBYBaHHA BiOyBAaeThbCA 3 AyKe
BHCOKUMMU IITBUJAKOCTSAMY Ha aTOMapHOMY PiBHi.

EnexkTpoHHO-TIpOMEHEBE BUCOKOINIBUIKiICHEe BUIIAPOBYBaHHSA 3 II0jAa-
JBIIIOI0 KOHIEHCAIli€I0 Y BAKYYMi € OJHOIO 31 CKJIaZOBUX T€XHOJIOTiYHO-
T'O IIPOIleCcy OAeP:KaHHA IIJIiBOK PO3MipOM [0 5 MKM AJIA PagioTeXHIiKM,
MiKpOeJeKTPOHiKMu, ob6umnciaioBaabHOl TexHiKm Tommo [1]. Ille ommum
OPUKJIAAOM BUKOPUCTAHHA METOAU eJIEKTPOHHO-IIPOMEHEBOT'O BUIIapO-
BYBaHHA—KOHJIeHCAIlil € BHUI'OTOBJIEHHS KOMIIO3UIIIMHUX MAaTepidIiB
Cu—Mo TOBIIIMHOIO O 5 MM, II[0 OAEPKYIOTHCS BiIAiIeHHAM OCaIKeHUX
KOMIIO3UTIB BiJ IigKJIagUHKHA.

CrpykTypa i pa3oBuUii CKJIaJ] KOMIIO3UTIB HA OCHOBL Mifi i Mosriomeny,
oJep:xkaHmuX 3a TeMmiepatrypu miaxaagsuHiKy i3 Ct.3 700 + 30°C i KoHITeH-
Tpamii moaiomeny Bix 0 mo 47% 3a Macoro AeTalbHO IIPOAHATII30BAHI B
poborax [2—T7], mpoTe B JiTepaTypi IpaKTUUYHO BifcyTHi BigomocTi mpo
KOMILJIEKCHUH BIIJIMB OCHOBHUX TeXHOJIOTIUYHUX ITapaMeTpiB Ha (PisduKo-
MeXaHiYHi BJIACTUBOCTI TAKMX MaTepPidAJiB.

lama poboTa mpucBAUYEeHA BUBUEHHIO MEXAHIUHUX XapaKTEePUCTUK
kKommoautiB Cu—Mo, ozep:KaHMX METOAOI0 eJIEKTPOHHO-IIPOMEHEBOTO
BUIapPOBYBaHHA—KOHJAEHCAIIl Yy BAaKyyMi, B 3aJIe3KHOCTI BiJ HaCTymHUX
mapaMeTpiB: MaTepiaay IigKJaIUHKN, a TAKOMK PiBHA i (popMU IIIepCT-
KOCTH MOBEPXHi, HA AKY 3IiliICHIOEThLCA KOHAeHCcAIlid mapiB Mifi i Mosi6-
JIIeHy; MaTepidaay i TOBIIMHY PO3AiJIOBOTO IIapy; TEMIIEpaTypu HigKJja-
OUHKW; TANOWHMN i JUHAMIKKM 3MiHEM BaKyyMy B IIporeci ¢gjopMyBaHHS
KOHIeHCOBaHUX KoMOo3uniiuux Marepianis (KKM); xemiuHnoro ckiamy
i IIBUAKOCTYU BUIIAPOBYBAHHA BUXiMHUX MaTepidAiB; KyTa NMagiHHA I1a-
POBOTO ITIOTOKY Ha IIOBEPXHIO KOHIEH CAITil.

2. METOJUKA EKCIIEPUMEHTY

Hocminmi 3pasky KOHIEHCOBAHUX KOMIIO3UIIHHMX Marepiamis (KKM)
dopmyBanu Ha ycTaHOBHI YE-187 1magxoM BHUIAapOBYBaHHSA—
KOHAeHcallil BUXiJHNX KOMIIOHEHTIB 3 ABOX He3aJIeKHUX IKepes Ha
cramionapHii migkmaaguami posmipamu 700x400x15 MM i3 KOHIleHTpa-
mieto Mifgi i mosri6meny, 1110 3MiHIOETHCS O AJOBXKUHI MiAKIaIuHKY (pUC.
1), a TakoXK Ha TigKJIAaZWHII, IIT0 00epTaeTheA 3i mBuUAKicTIO 36 00/XB
miamerpom 800 MM i ToBmmHOIO 25—30 MM (puc. 2), Ta HA TigKJIATUHIL,
110 00epTaEThCA 3 PEryJboBaHOIO IMIBUAKICTIO Big 1 10 15 06/xB miamer-
poM 500 MM i ToBIIIMHOIO 25—30 MM 3 ITOUEPTrOBMM HAKJIAJaHHAM IIIapiB
mizgi i moniomeny [2] (puc. 3).
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Puc. 1. Cxema omep:kaHHA KOHIEHCOBAHMX KOMMIO3UI[IMHMWX MaTepianiB i3
KOHIIeHTpAaIlieo Miai i Momi6aeny, 1110 3MiHIOIOTHCS MO JOBXKUHI TigKIaTUHKHA
(1,2, 3,4, 5 — ninii mocritinux koumeuTtpaiiii Cu—Mo).

Fig. 1. The scheme of obtaining condensed composite materials with varying
concentration of copper and molybdenum along the length of the substrate (1,
2, 3,4, 5—lines of constant concentrations of Cu—Mo).

YcraHoBKa OJisT onepKaHHSA KOHIEHCOBAHMX KOMIIO3WIIIMHMX MaTe-
pifIiB 3 HigKJIAAMHKOIO, ITI0 00€PTAETLCS, CKJIAJAETHCA i3 ABOX 3i0panmx
pasoM BaKyyMHHX Kamep: pobouoi Ta Kamepu rapmat. B pobouiii kamepi
posTaIlloBaHUI MeXaHidM o0epTaHHS MiAKJIaZWHKK Ha BucoTi 450—600
MM BiJl MOBEPXHi PO3TOIIJIEHOrO MaTepisiry B Turiaax. IligkiaaguHKa, 10
obepTaeThcs i301b0BAHA Bif Kopiycy pobouoi kamepu. Ha mauTti rapmat
MiK KaMepaMu BCTAaHOBJIEHI YOTHUPHU €JeKTPOHHO-IIPOMEHEeBUX HarpiBa-
uyi: gBa HarpiBaui mory:kuicTio 100 KBT BUKOPHCTOBYIOTLCS AJIS BUIIAPO-
BYBaHHSA BUXITHUX MaTepisiiB, ie aBa moTy:kHicTio 20 KBt — 114 ma-
rpiBaHHA IMiAKJAIWHKN. BJIOKY BUIIapOBYBAHHA CKJIAMAIOTHCSA 3 MiTJHUX
TuriaiB giamerpoMm y 100 i 70 MM, 1110 0XOJIOAKYIOTBECS BOIOIO, i MeXaHi3-
MiB, 1110 3a0e3MeuyioTh HoJauy MAaTepisaiB y 30HY BUIIAPOBYBaHHS 3i
IIBUIKICTIO, AKA MOYKE 3MiHIOBATHCA.

YcraHoBKa nJd omep:KaHHSA KOHIEHCOBAHUX KOMIIOBUIIIMHUX MarTe-
piAJaiB 3 TOUEPTrOBUM HaKJAJaHHAM IIAapiB MiAi i Mmosiogeny Oyia obJa-
JHaHa MexaHisaMoM o0epTaHHSA MiAKJIAUHKYI 3 peTr'yJIbOBaHOIO IIIBUAKIiC-
Ti0 Big 1 mo 15 006/XB Ta BOJOOXOJOMKYBAJIbHUM €KPAHOM IJIsI PO3Ii-
JIeHHS IIaPOBUX IIOTOKIB Mizi i MmoiGmeny.

IloBepxHIO mMigKJIaAMHOK, HA AKi 34iMiICHIOBAaJIach KOHAEHCAIIisd Iapo-
BOTO IIOTOKY, OOPOOJISAIN IO OfepP:KaHHA Pi3HOTO PiBHSA IIIEPCTKOCTU 3a
T'OCT 2789-73. Ilepen popmMyBaHHAM KOHIEHCATiB Ha HMOHepeIHbBO Ha-
rpity zo 700 + 30°C miaxIaguMHKY OCAA:KyBaal PO3MiJOBUI IIAP 3 JiOK-
cuAy IMUPKOHiI0 abo GpTopuay Kalbilifo, 110 3a0e3meuyBaB iX JieTKe Bij-
IiJIeHHS BiJl MOBEPXHI IIic/ia KOHIeHcaIil.

I BUmapoByBaHHSA BUKOPMCTOBYBAJIU 3JIUTKY Migi i Mosiomeny Te-
XHiuYHOI uywmcToTH. BmmapoByBaHHs MiZi mpoBOAWMJIM UYepe3 BaHHY-
mocepeHUK 3 ITUPKOHIIO i iTpito [8—12], mio gasmo smory 36igbiryBaTu
MIBUAKICTh BUIIAPOBYBAHHA Mini B 2—3 pasu i 3MeHIITyBaJIO KiJIbKicThb
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Puc. 2. Cxema ofiep:KaHHsa KOHIEHCOBAHMX KOMIIO3UIIHUX MaTePifaIiB cucteMu
Cu—Mo ma migxaaguHIL, 1110 00epTaeThes (I — MexaHiaM o0epTaHHSA ITiTKJIAIN-
HKU, 2 — HarpiBaui noty:kHicTi0o 100 KBT 115 BUnTapoByBaHHA BUXiTHUX MaTe-
pisniB, 3 — mBa HarpiBaui mory:kHicTi0O 20 KBT Mg HarpiBaHHS MigKJIaIUHKY,
4,5 — 6710KM BUIapOBYBaHHA, 6, 7 — MexXaHi3Mu mogayi Marepisiais).

Fig. 2. The scheme of obtaining condensed composite Cu—Mo materials on a
rotating substrate (I —rotation mechanism of the substrate, 2—heaters with
a capacity of 100 kW for evaporation of initial materials, 3—two heaters with
a capacity of 20 kW for heat the substrate, 4, 5—evaporation units, 6, 7—
mechanisms for feeding materials).

MiKpoKpamnanHHol a3y y mapoBoMy IoTolti. BmicT mupkowniro i iTpito B
KoHJgeHcoBaHux Mmarepisnax Cu—Mo ue nepesuinysas 0,1% 3a macoro.
B akocTi MaTepiany migKIaguHEKYI BUKOPUCTOBYBaiach ctanb Cr.3.

B xoxmi mocaigykeHs BIIMBY IIIBUAKOCTH OCAMKEHHS Mifi Ta MOJIOHeHY
Ha (QOpMYyBaHHS KOHEHCOBAHNX KOMIIO3UI[IHINX MATEPisaIiB, IIBUAKICTD
ocamKeHHA Mifi sminioBaau Big 8 mo 60 MKM/XB Ha cTalliOHApHiN migKIa-
ouHIt Ta Big 3 7o 20 MKM/XB Ha IiAKJIAAUHIIN, 1110 00epTaeThed. IIIBuaKicTh
ocaKeHHA MOJIiOmeny sminioBaau Big 3 mo 10 MKM/XB Ha cTallioOHapHii
migkmaguHEIi Ta Big 1 1o 3,5 MKM/XB Ha I AKJIAAWHIL, 1110 00ePTaEThCA.

Opmep:kaHi KOHIEHCOBaHI KOMIOSHUITIIIHI MaTepisiin IpeacTaBJIAIN CO-
0010 JUCTOBI 3aroToBKM NPAMOKYTHOI 700x400 MM i muminapuyHOl opMu
mismerpom 500 i 800 mm i3 ToBIITMHOO Bix 0,8 1o 5 MMm. [locaimkeHnusa 3pas-
KiB IIPOBOAMJIOCH METOAMM PEHTI'eHO(Aa30BOI aHAJI3W, EJIEKTPOHHOI MiK-
POCKoTIIii Ta BusHaueHHA (PisuKo-MexXaHiYHNX XapaKkTepucTuk [4].

3. PE3YJIBTATH TA IX OBTOBOPEHHS

OCKiIBKM MapoBUIi IIOTIK, III0 KOHAEHCYETHCA, IPAKTUYHO IIOBHICTIO II0-
BTOPIOE TIPO(iJIb MMOBEPXHI ITiIKJIAAUHKM, TO PiBEHBD i (hopma IIepCcTKOCTH
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Puc. 3. Cxema ofmep:KaHHA KOHIEHCOBAHUX KOMIIO3UIIITHUX MATEPifAIiB cucTe-
mu Cu—Mo moueproBuM HaKJIaZaHHAM IIapiB Mifai i MosiOmeHy Ha migKIaguHII,
110 00ePTAETHCA 3 PEr'yJIbOBAHOI0 IMBUAKICTIO (I — MexaHisM o0epTaHHS ITiIK-
JaguHKU, 2 — HarpiBaui mory:kuicTio 100 KBT n1s1 BumapoByBaHHS BUXiTHUX
MaTepianiB, 3 — Harpisaui mory:kHicTI0O 20 KBT 114 HarpiBaHHA TigKIaIUHKY,
4, 5 — GJIOKU BUIIapOBYBaHHsA, 6, 7 — MeXaHi3Mu Iojadi MmaTrepisais, 8§ — min-
HUI BOJOOXOJIOIKYBAJIbLHUN eKpaH /I PO3JiJIeHHs IIapOBUX ITOTOKIB Mini i Mo-
Jibmeny).

Fig. 3. Scheme of obtaining condensed composite Cu—Mo materials by alter-
nating layers of copper and molybdenum on a substrate rotating with adjusta-
ble speed (I —rotation mechanism of the substrate, 2—heaters with a capacity
of 100 kW for evaporation of initial materials, 3—heaters with a capacity of
20 kW for heat the substrate, 4, 5—evaporation units, 6, 7—mechanisms for
feeding materials, 8—copper water cooling screen for separation of steam
flows of copper and molybdenum).

MaOTh 3HAUYHUH BILJIMB HA CTPYKTYPY i, AK pesyJbTaT, Ha MeXaHiuHi BJac-
THUBOCTi KOHAeHcoBaHmx MatepisiiB [13, 14]. Ilomepenui mocimim:xeHmHs
OKAas3aJju, 1[0 OIITHMMAJLHOIO ITOBEPXHEIO JJis 3a0e3leueHHs HeoOXigHol
CTPYKTYPH 1 MEXaHIUHNX BJIACTHUBOCTEN € TOBEPXHA 3 PiBHEM MIEPCTKOCTH
R~0,63 i xBungcTuM mpodiseMm micas oopobiierHs. 36iabIlIeHHA PiBHA
IIIePCTKOCTH, 3MiHa ii (hopMH 0 KyIOJIOMOAiOHOI, KOHYCHOI ab0 pedpucTol
OPAMOKYTHOI HEMUHYUYe TPUBOIUTD 0 YTBOPEHHSA 110D, HEOAHOPiAHOCTEH
KOH/IEHCOBAaHNX KOMIIOBUITIMHNX MaTepidAiB i, AK pedyJbTaT, M0 IIOHU-
JKeHH 1X MeXaHIYHNX XapaKTepPUCTUK.

BosiuB maTepidany i ToBIIMHM po3aiJoBOro Miapy Ha MexaHiuHi Biac-
THUBOCTI KOHIEHCOBAHMX KOMIIO3UI[IMHUX MATEPifAJiB IO OCTAaHHBOTO
yacy He OyJIM IpeaMeTOM AOCIimKeHb. IIpu omep:KaHHI MAaCUBHUX KOH-
JITeHCaTiB JedKNX METAJiB i MeTaJIeBUX CTOIIIB JJis JIa0OpPaTOPHUX JOCJIi-
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IKeHb B SKOCTi MaTepPisyly pO3AiJIOBOTO IMIapy BUKOPHUCTOBYBAJIMN TiOK-
cuj IMUPKOHIiI0, cTabimizoBaHMil OKCHUIOM iTpilo, IIpOTe 3aCTOCYBaHHS
TAKOr'0 PO3JIJIOBOTO IIapy V IIPOMICJIOBOMY BUPOOHUIITBI KOMIIO3UTIB
Ha OCHOBIi Mizi Ta MoJiOmeHy BUABUJIOCHL Hee(PpeKTUBHUM Uepes CKJIAM-
HiCTH MeXaHiYHOTO BigmijIeHHA KOHACHCATY BiJ IiAKJIaJUHKHA.

Amajiza iHIINX CIOJNYK IJIsI BUKOPHCTAHHS B AKOCTi PO3IiJIOBOTrO
Irapy moKasas, 10 Halb6iabIn npugaTHuM € propus Kaabirito (CaFy), 1m1o
Ma€ BHCOKY TepMOAMHAMiuHy crabijbHicTh (AG® = 1161,9 x{:%/MOIb),
BigHOCHO BUCOKY TeMIiiepaTypy TomaeHHs (1400°C), po3unHAETLCA B BO-
Iiie moctrynHuUM MaTepisaoMm. Posginmosuii miap iz CaFy Ha migkaaguaIti
i3 CT.3 BUKOPUCTOBYBABCS AJA OAEPKaHHA MAaCUBHUX KOHIEHCATIB Ha
ocHOBi Mminmi Ta 3aiwisa [15]. 3epHucTa CTPYKTypa IMOBEPXHI TaKUX KOH-
JIEeHCOBAHUX KOMIIO3UIIIMHMX MATePisdaiB, 0co0JamBOCTI medeKTHOCTH
MeJK 3epeH, IX 3B A30K i3 BHYTPIIHLOIO CTPYKTYPOIO KOHIEHCATiB CBif-
YaTh IIPO YTBOPEHHS HA IIiAKJAAUHIIL MiK PO3IiJIOBUM IIaAPOM i KOHIEH-
COBAaHMM KOMMO3UI[IMHUM MaTepiAioM IepexiTHOTO0 TeXHOJIOTiuHOTO

800 L 80
600 L 60
= A
= o
= 400 40 °.
pS 2]
b L
200 L 20
S A 0
0 10 20 30 40 50 60

Bwmict Mo, % mac.

Puc. 4. 3ane:xkuocti rparuiri MmirHocTH 65 (KpuBi 1—3) i BIZHOCHOTO BUIOBIKEH-
Hs O (KpuBi 1'—3') KoHmeHCOBaHUX KOMITO3uIliiiHUX MaTepianxiB Cu—Mo Bix pi-
BHs mepctrocTH miaxkaaguaku (I'OCT 2789-73), Ha AKy 3ailficHIOBaIaca KOH-
JeHcallisd IIapoBOro IIOTOKY: KpuBi 1, 1' — (pesepyBaHHS TOPIEBOIO (hpes3oio
TOoHKe, R, =1,6-0,63, KIII 6—8; xpusi 2, 2’ — muri¢oBKa ToHKa, R, = 0,63—
0,16, KIII 8-10; xpusi 3, 3' — mosipyBanusa enrekrTpoxemiune, R, = 0,04—-0,01,
KIIT 12-14.

Fig. 4. Dependences of the strength limit o: (curves 1—3) and the relative
elongation & (curves 1'-3') of condensed composite Cu—Mo materials on the
level of roughness of the substrate (State standard GOST 2789-73), on which
was the condensation of the steam flow: curves 1, 1'—milling by mill thin, R.
=1.6-0.63, stiffness coefficient 6—8; curves 2, 2'—fine grinding, R. = 0.63—
0.16, stiffness coefficient 8-10; curves 3, 3' — electrochemical polishing, R.
=0.04-0.01, stiffness coefficient 12—-14.
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mIapy, B CKJIAJi AKOTO IIPUCYTHI KOMIOHEHTH PO3AiJIOBOTO IapPy i KOH-
geucary. TOBIIMHA TeXHOJIOTIUYHOIO Iapy IIPU CEePemHiil TOBIMUHI PO3-
mimosoro mapy 10—15 MKM sHaxoguthbed B Mexxkax Big 20 mo 50 MxM i B
3HAYHIA Mipi BU3HAYAETLCA TEeMIIEPATYPOIO IMiAKJIAAUHKM, 30iJbIITYyIO-
Yuch IPU 3POCTAHHI TeMIlepaTypu ocakKeHHs. IIpu HaHeceHHI TaKOro
PO3IiJI0BOrO IIapy BeJUKe 3HAUEeHHSA Mae MacHIiTabHui ¢akTop: i3 30i-
JBIIEHHAM I'€OMETPUYHOTO PO3Mipy HiIKJIaAMHKYU MaKcuMaJbHe JOIY-
cTuMe 3HaueHHs ToBIuHMY mmapy CaF; momiTHO 3mMenmyerbesa. Ha migk-
agaguakax i3 Cr.3 posmipamu 250x200x20 MM TPilMH B PO3AiILHOMY
mIapi He BUSABJIeHO Opu ioro TopunHi 40—50 MKM, TOAl K Ha aHaJIOTiu-
HUX Oigrkaagnakax gigamerpoMm 800-1000 MM ToBI[MHA PO3AiJIOBOTO
mIapy He IMOBMHHA mepeBunyBaTu 20 MKM, B iHAKIIIOMY BUIAAKY YTBO-
PIOIOTLCA TPIIUHU, IO MOMKYTh mocAratu ramomam 70—100 MKM, IO
OPUBOAUTL 1O 3MEHINEHHA MeXaHiUHMX BJIACTUBOCTEH KOMIIO3UTIB.
Amnajiza TpUYMH YTBOPEHHS TPIIIUH B PO3AIILHOMY IIapi mMoKasas, IO
BOHO OOYMOBJIEHO BUHHKHEHHAM KPUTUYHUX HAIPYKEHb BHACJITOK
pisHHUIII Koe(imieHTa TEIJIOBOTO JIIHIMHOTO PO3MIMPEHHSI (PTOPUILY Ka-
JIbITif0 i 3aJ1i3a, 1110 OiJIBIII IIOMITHO Ha BeJIMKUX PO3Mipax migKJIagUHKH.

B pesyabTari mocaimikeHb I'paHHUII MIiITHOCTH G, i BiZHOCHOTO IIOJOB-
JKeHHA O KOHJEeHCOBaHUX MikporrapoBux marepiaiaiB (Cu—Zr-Y)—Mo, B
3aJIeKHOCTI BiJ PiBHSA INEPCTKOCTU IIiAKJIAAMHKN, BCTAHOBJIECHO, IITO MiIl-
HICTH 1 IJIACTUYHICTh KOHAEHCOBAHNX KOMIIOSUI[IMHUX MAaTepisIiB 3aJe-
JKaTh Bif AK0CcTH 06p00IeHHA TOBepXHi (prc. 4). ocaimxeHHa TPOBOINIIN
IIJIAXOM BUTOTOBJIEHHS KOHAEHCOBAHIX MATEPifAIiB i3 3a/JaHOI0 KOHIIEHT-
pailriero MoJIiOfeHy Ha HMiAKJIAAWHIT, IIT0 00epTaeThed (puc. 2), Ipu IILOMY
KOMKHA IMigKJIaguHKa OyJsia posmijieHa Ha CeKTOpU, IMOBEPXHi AKUX OyJm
00pobJTeHi 10 omeprkaHuA Heo6ximHoro Kiacy mepctroctu (KIID).

Haii6innm sHauHi BigMiHHOCTI MeXaHiUHNX BJIACTUBOCTEN B 3aJI€KHO-
CTi BiJi IIEPCTKOCTH IiAKJAOWHKU CIIOCTEPirajnch y KOHIEHCOBAHUX
KOMOO3UITINHNX MaTepidjax 3 BiJHOCHO BMCOKHM BMiCTOM MOJIiOmeHY
(8-14% 3a macomw). I'paHuIA MiITHOCTH G, 1 BigHOCHE HOMOBIKEHHS O
(xkpuBi 1, 1') KOHZEHCOBAHUX MaTePifAiB, 110 OyJIM ocamKeHi Ha ceKTopi
OigKJIaTUHKN, 110 OyJja o0pobJieHa (pesepyBaHHAM TOPIEBOIO (hpesoro,
ckJaazarmTh Bigmosiguo 855 mlIla i 4,8%, Toxi AK 3HaUeHHA MiIlHOCTH i
IJIACTUYHOCTHU IJIsI KOHJEHCATiB, c(pOpMOBAaHMX Ha HiAKJIAaTWHI HicJsd
€JIEKTPOXEeMIiUHOro moJipyBauusa, gocaraoTs 1220 MIIa i 8,3% . Bkazani
BigMiHHOCTI 00yMOBJIEHi, IIepIIl 3a BCe, OCOOJMBOCTAMU POCTY KPUCTATIIB
Ha IIOBEePXHi HiIKJIAAMHOK 3 Pi3HOIO IIIEPCTKICTIO IIepeBaskHO 3 YTBOPEH-
HAM JTe(eKTiB Ha MiIKKPUCTATIYHUX MeKax.

I KOHIeHCOBAHUX KOMIIO3UIIIMHUX MaTepisaiB 3 BMicTOM MOJiO-
neny Oiabine 14%, mo Oyam ocaisKeHi 3a TeMIepaTypu MigKJIaIuHKI
700 = 30°C, cmocrepirajoch pisKe 3MEHIIIEHHS MIiITHOCTH BHACJiOK
YTBOPEHHS IIOP.

3aJIeKHOCTi 3MiHN MeXaHIUHNX BJIACTUBOCTEH, OfepsKaHi JJisd 3a3Ha-
YeHUX MAaTePiAJiB IIicjid BAKYyMHOIO BiimaJyry 3pasKiB 3a TeMIlepaTypu
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900°C mpoTAroM TphoX TOAWH € IMOZIOHMMM, IPOTE BiAPi3HAIOTHCS Je-
AKUM 3MEHIIIeHHAM 3HaueHb MinHocTH Ha 8—10% i migBuIineHHAM 3HA-
yeHb IIacTuuHocT HAa 10—25% Ta 36i/ibIIeHHAM cepeJHbOKBAAPATH Y-
HOTO BiIXWJIeHHS 3HAUeHb IIuX mapamerpis (3,3—5%) y mopiBuAHHI i3
BUXigHUMU MaTepigaamu. IligBuIneHHA TeMIepaTypu MiAKJIAIUHKHA 00
900 + 30°C majo 3MOry oJep:KaTh KOHAeHCOBAHI KOMIO3UIIiMHI MaTepi-
s Cu—Mo 3 BMicTOM TSKKOTOIKOI hasu 10 45% 3a macoro.

Amnajiza sajme:XHOCTel IpaHuIli MillTHOCTH Gg, 'PAHUII IJINHHOCTH Go 2
i BiIHOCHOT'O MOJOBXEHHSA 0 KOHAEHCOBAHNX KOMIIO3UIIiHIX MaTepi-
anxis Cu—Mo Big BMmicTy Moai6aeHy, 1110 OyI1 ofepsKaHi Ha miAKJIaTUHITL
3 piBHeM miepcTKocTu ~0,63 3a TemnepaTtypu 900 + 30°C (puc. 5) moxka-
3aB, M0 3a MEXaHIiYHNMHU XapaKTEPUCTHUKaAMH IIi MaTepidAsid IocTymna-
IOThCS aHAJIOTIYHUM KOMIIO3UTAaM, IO OyJin ofepsKaHi 3a TeMIepaTypu
nigraaguaxu (00 + 30°C npubdbausao B 1,5 pasu, 1110 00yMOBJIEHO YTBO-
PEHHAM O1JIBINT KPYIHO3ePHUCTOI CTPYKTYPU MATePisaay 3a O0iJbII BHCO-
KX TeMIepaTyp KoHaeHcarii [1].

Mexaniuni BJIacTHBOCTI KOHCOJIIJOBAHMX KOMIIO3UI[IMHMX MaTepi-
SAJIiB MiKpOIIIapyBaTOTO TUITY, IT1I0 OYJIM OfepsKaHi 3a TeMIepaTypH IIij-
kaaguaku 700 + 30°C miaaxoM moueproBoTro HaKJIaaHHAM ITapiB mMifmi i
MOJIIOMeHy, HOCHIMKYBaIl HA PO3TAT B3JAOBMK CKJIAJZOBUX IIapiB. Xapa-
KTepHOIO 0COOJIMBICTIO HOCHIIMKEeHNX MiKPOIIIapoBUX KOHIEHCATIB € CU-
JbHA 3aJIeXKHICTh MiITHOCTH Bia ToBHIMHU miapiB. IlpeacraBieHi 3Ha-
YeHHS TPaHUIb MIiITHOCTH, ILIMHHOCTH 1 BiTHOCHOTO IIOJOBXKEHHS
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Puc. 5. 3anmexHOCTI MeKi MIITHOCTU G5, I'PAHUII MJIMHHOCTU Go,2 1 BiIHOCHOTrO
BUIOBXKEHHSA 0 KOHIEHCOBAHMX KOMHOO3UIifiHuX Mmarepianis Cu—Mo omep:rxa-
Hux mpu remnepatypi 900 + 30°C, KIII migkmaguaku ~0,63.

Fig. 5. Dependences of the tensile strength o, yield strength co.2 and relative
elongation & of condensed Cu—Mo composite materials obtained at tempera-
ture of 900 + 30°C, stiffness coefficient of substrate is about 0.63.
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TABJIAIA 1. Mexaniuni BracTuBocTi Mikporaposux marepisaie Cu—Mo za
KiMHaTHOI TeMIlepaTypu.

TABLE 1. Mechanical properties of microlayer Cu—Mo materials at room tem-
perature.

Cu, MKM Mo, MxM o5, MIla co,2, MIIa 3, %
5,0-6,0 1,0-1,3 280 160 29
5,0-6,0 2,5 351 332 9
5,0-6,0 3,0 403 360 8
5,0-6,0 4,0 471 427
1,8 1,0-1,3 673 605 1
5,0 1,0-1,3 280 160 29
7,0 1,0-1,3 229 73 46
5,0 1,7-2,5 351 332 9
7,0 1,7-2,5 284 247 15
10,0 1,7-2,5 198 142 17
CuMl1 - 230 100 50
- Mo (IBII) 539 323 15

MIiKpOIIapoBUX KOHAEHCATIiB B IIOUATKOBOMY cTaHi (TabJsi. 1) HaBemeHi
IJIs MIOPiBHAHHA i3 MeXaHIUHMMU BJIACTUBOCTAMM JUTOI Mimi M1 i mouri-
O0meny (BiAIIageHoro micid yroBOro BaKyyMHOTI'O TOILJICHHA).

Bapirowouu ToOBIIMHY MIapiB, IO YEPryOTHCSA, MOYKHA B IMHUPOKUX
MesKaX peryJjioBaTH MeXaHiuHi BJAaCTHBOCTI MiKpOIIIapoBUX KOHJEHCAa-
TiB. J[JIsT KOMIIOSUTiB 3 MOCTiHAHOIO TOBIMHOIO IITapy Miai 5—6 MKM smina
TOBI[UHM IIapiB moai6meny Bixg 1,0 mo 4,0 MKM OPUBOAUTE OO IIiABU-
IeHH I'paHuIli niauaHocT B 2,7 pasu Big 160 MIIa go 427 MIla, rpa-
Huni minmaoctu B 1,7 pasu Big 280 MIla mo 471 MIla. BigHocHe om0B-
JKeHHS IIPU PO3TATYBaHHI MOHMMKYeTheA Bix 29 mo 3% 1o mipi 30iab-
IIIeHHA TOBIIUHY IIIapiB MOJIiOAeHY.

Y npyri#t maprii maTepifaaiB, 110 OCTiMKyBaNINCh, BUTPUMYBAJH II0-
CTifiHy TOBIIMHY ItapiB Mmoaiogeny (1,0—1,3 MKM), 3MiHIOIOUHN HIPU IIHO-
My TOBIIIMHY IapiB Migi. Byjo BcTaHOBI€HO, 110 30iMbIITEHHA TOBIIIUHA
mIapiB Migi mpumBOAWJIO MO0 HOHMMKEHHS I'PAHUI MIITHOCTH, I'paHMIIL
IJIMHHOCTY 1 10 30iJIbIIIeHHs BigHOCHOro BuAOBMeHHA. IIpy HaHeceHi
mrapiB migi ToBmmHO0 7,0 MKM MiIfHiCTE i IIacTHUYHiICTE MiKpoIIIapo-
BUX MAaTepisdgiB HAOAMKAINCHh OO0 AHAJOTIUHUX XapaKTepUCTHUK Mifi.
HaiiBunii ozep:kami sHaueHHS MeXaHiYHMX BJacTuBocTeil (o, = 673
MIlIa, co,2 = 605 MIla, 6 =1% ) cmocTepiranucs mpu MiHiMaJIbHUX PO3Mi-
pax mapiB mizi i momi6aeny (1,8 mxm i 1,0-1,3 MKM, BigmoBigmo). 3ua-
YeHHS, OJep:KaHi A KOHIEHCOBAHMX KOMIIO3UTHHX MAaTepidiB
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MiKpOIITapoBOT0 TUIY i3 BKa3aHUMM PO3MipaMM HIapiB IEPeBUINYIOTH
3HAUEeHHA I'PAHUIN IJIMHHOCTH MOJioneny Ha 50%, a migi — =a 600% .
3MeHIIIeHHs TOBIIMHHU IapiB Mifi i momibmeHy, 10 4eprymoTbed, OO
0,5-0,9 MKM OPUBOAUTE M0 3MEHLIIIEHHA MiITHOCTH, Pi3KOro 30iJIbIIIeH-
HA iHTepBaJy PO3KMUIY iX 3HaUeHb BHACJIIOK MOPYIIEHHA IiJicHOCTU
mapiB (3a Temnepatypu ocamxkenuay 700 = 30°C).

3 MeToI0 JOoCaiKeHHA 30eperkeHHs MIiITHOCTH 3a IIiABUIEeHNX TeMIIe-
paTyp, IO € Ba*KJIMBUM 3 TOUKHU 30PY IMPAKTUYHOIO 3aCTOCYBaHHS KOH-
JIeHCOBAaHMX KOMIIOBUTHIX MaTepisiiB, OyJIOo IPOBEIEHO AOCTiIKeHHs, B
XO[i AKOI'0 MiKPOIIIapOBi MaTepifAan BifIa 0oBaIn y BAKYyMi IPOTATOM 5
i 25 roguH. MeTramgorpadiuHi JocaimKeHHA BigoaJleHUX MAaTEPiAaiB IIo-
KasaJil, 1110 y BCiX 3pasKax CyIiJbHICTD IIapiB He OyJja mopyIieHa.

BigmamioBanusa sa Temmeparypu 950°C, mpoTAromMm 5 TOOWH CIIPUAIIO
YTBOPEHHIO OiJIbIII PiBHOBAXKHOI CTPYKTYPH B MiKpoIllapax, IO UYepry-
10Thes. IIpu mbomy criocTepiranock HesHauHe (3—5% ) migBUINEHHS 3Ha-
uyeHb MeXXi MirEocTH. IIpu 36iabIIeHH] Uacy BifmaaoBaHHA 40 25 roaquH
MIiITHiCTh MiKPOIIIAPOBUX KOMIIOSUTIB 3MeHInmyBajack Ha 10—-14% miasa
MaTepiAiB 3 TOBIUHOO m1apiB migi 51 7 MM i Ha 25—-27% B 3paskax 3
TOBIITUHOIO mapiB mixi 1,8 MKM (ToBIMHA I1apiB MOJIiGIeHy B ycix 3pa-
skax 1,0—1,3 Mmxm).

IlnacTruHicTh KOHAEHCOBAHMX KOMIIO3UI[IMHIX MAaTepidAJaiB 3 BigHO-
CHO BEJIMKOIO TOBIIMHOIO IIIapiB Mifi HaOaM;Kalacsa OO ILIACTUUYHOCTU
ypcTol Mifi.

I BUpOOHUIITBA KOMIIO3UIIMHUX MaTepiaaiB Ha ocHoBi Cu—Mo Bu-
KOPHCTOBYIOTHCA TeXHIUHO umcTi Metaau (uucrora migi 99,7-99,9% sa
Macowo, gomimku Hikeabr mo 0,2%, csumens mo 0,01%, muin’ag go
0,01%, cipka go 0,01%, umcrora moJuaiomeny 99,5-99,7% , momimikmu
Boabdpam o 0,2% Tta miobiit go 0,15% ), mpu ILOMY BUIIAPOBYBaHHS
Mizi 3 meror iHTeHcu(pikallii mpoilecy 3IiHCHIOETLCA UYepe3 BaHHY-
mocepenHuK 3 MUPKOHi0 Ta iTpifo [8]. OcobauBicTioO BUTapoByBaHHA II0-
IiOHMX CTOIIB y BAKYYMi 3 OTHOTO AsKepeJia € PpaKkIlionyBaHHA, 00yMO-
BJIeHEe PO30i’KHIiCTIO MBUIKOCTEl BUIAPOBYBAHHA OKPEMUX KOMIIOHEH-
TiB. BHacIigoK IbOT0 KOHJEHCATH, IO (POPMYIOThCA Ha IIigKJIaTWHIIL,
MalOTh HEOSHOPIAHUU CKJAM II0 TOBINWHI. IcTOTHaA BiAMIHHICTH IIPYIK-
HOCTi IapiB cTomy, IO BUIIAPOBYETHCA, BUKOPUCTOBYETHCA HE TiJIBKU
IS 30i7bINeHHA ITBUAKOCTH BUIAPOBYBAHHA OSHOTO 3 KOMIIOHEHTIB,
ajie i n1d JieTyBaHHA KOHAeHcaTy. B manmoMy BUIaJAKy BUIapOBYBaHHSA
TeXHIiUYHO YMCTOI MiZi uepe3 BaHHY-IIOCEPEeIHUK 3 IMUPKOHiIO Ta iTpiro
OPUBOAUTH OO0 OAeP:KaHHA MiZi 3 cyMapHUM BMiCTOM IUX MeTaJiB 10
0,1% 3a macoro, IO CIIPUAE HiABUINEHHIO KOPO3iiiHoi cTifiKocTH, 3HA-
YeHb I'PAHUIb MIiITHOCTH i IIJINHHOCTHU IIPU HEe3HAUYHOMY HOHMKEHHI eJje-
KTPOIIPOBiTHOCTH B ITOPiBHAHHI 3 TEXHIUHO YHMCTOIO MiAiO0.

IIpu omep:xaHHI KOHAEHCOBAHMX KOMIIO3UIIMHUX MATEPiAJIiB IIIJId-
XOM BUIapOBYBaHHA BUXiTHUX MATEPiAJIiB 3 OKPEMUX TUTJIIB i KOHJIEH-
calfii mapm Ha cTal[iOHAPHIN miAKJIaZWHII IMBUAKOCTH BUIIAPOBYBAHHS
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OigoupamThCA B 3aJeKHOCTI Biff OUiKyBaHOTO CKJIaLy KoMoo3uTy. IIpo-
Te, BHACJHIJAOK CUJIBHOI 3aJIeKHOCTHW MIBUAKOCTH BUIIAPOBYBAaHHA Bif
TeMIIeEpaTypyu, BUTOTOBJIEHHA KOHJEHCATIiB 3 OJHOPIAHUM CKJIQJAOM IO
TOBIIWHI MOXKJIMBO TiILKHM 34 IOBHOI cTabijisaIii MIBUAKOCTH BUIAPO-
ByBaHHA. HaBiTh Ipu KOJIMBaHHI TeMIepaTypu PifKOi BAHHU B MeKaxX
10—-20°C mBUAKicT, BUIAPOBYBaHHA MOJKe 3MiHIOBaTucs BaBiui [1], 1o
BKpall HeraTUBHO ITI03HAUYAETHCA HA MOBTOPIOBAHOCTI CKJIaAy KOHIEeHCA-
Ty i, AK HaCJIiJOK, Ha MOT0 (PiBUKO-MEeXaHIiYHNX XapaKTePUCTUKAX.

He6axauuit r'pagieHT KOHIIEHTPAIlill B KOHAEHCOBAHMX MAaTepidiaax,
III0 3aCTOCOBYIOThLCS JJIS IIPOMUCJIOBOTO BUPOOHUIITBA BUPOOiB, B 3HAU-
Hilt Mipi Moske OyTu mociaabJaeHUi IIIIAXOM 3aCTOCYBAHHSA PYXOMUX IIi-
IKJIaAuHOK. TexHoJsorii, 110 BUKOPUCTOBYIOTh PYXOMi IMiAKJIaANHKU 3
PO3IiIBHUM BUIAPOBYBAHHAM KOMIIOHEHTIB, XapaKTePU3YIOTLCSA BHCO-
KUM KoedilieHToM BUKOPUCTAHHSA Iapa (B HamomMy Bunagky no 80% ), a
TAKOK NPUTHiUeHHAM (POPMYBaHHS CTOBOUACTOI CTPYKTYPH, IO iHOAL
OPUBOAUTH 0 PO3TPiCKyBaHHA KOHIEHCATIB, OCKIJIBKU KYT HaliHHA
IIaPOBOI0 IOTOKY 6e3lepepBHO 3MiHIOETHCS.

IIBuaKicTh, BUNIAPOBYBAaHHSA iCTOTHO BILIMBAE HA CTPYKTYPY i isuko-
MeXaHiuHi BJIaCTUBOCTiI KOHAEHCATIB, OCKLILKY Ii i ABUIeHHA 30iabIITye
MOBipHicTSL yTBOpeHHA medeKTiB. B OinbitocTi BUIAAKiB yTBOpeHi me-
(eKTU € HaCJIIAKOM IIepeHeceHHs PigKol (pasdm B BUIJIAAI MiKPOKpAaIleJb.
XeMiuHME CKJIaJ TAKUX Kpalleb, IO IIOPYIIYIOThE (DPOHT KPUCTAJI3aIrii i
CTBOPIOIOTH IIEPeIyMOBU IJs1 (DOPMYBAHHS T'OJKOIMOAIOHMX CTPUIKHIB, €
Heopuopiguuii. KimbskicTh qedeKTiB B 00’eMi KOHAEHCOBAHOTO MaTEPiAIy
3aJIXKUTD BijJ 6araThox (haKTopiB, 30KpeMa BiJ UMCTOTH BUXiTHUX MaTe-
pisAiiB, iHTEHCUBHOCTY BUIIAPOBYBAHHSA, II[iJILHOCTHA MaTEPiAIy TOIIO.

B xoxi gocrimsxenus OyJia mpoBeeHa IOPiBHAJbHA OIiHKA 3MiHM Me-
XaHIYHUX BJIACTUBOCTEHN KOHJIEHCOBAHIUX KOMIIO3UI[IMHIX MaTepPisajiB B
3aJIeKHOCTL BiJf KiJIBKOCTiI Ta PO3MipiB CTPHMKHIB i BCTAaHOBJIEHO, IO
OPUCYTHICThL CTPUIKHIB Ha 3JIaMi CYIPOBOIKYETHCA IMOMITHUM 3MEH-
IIeHHAM MiITHOCTH i IIJIacTUYHOCTH MaTepiaiiB (Tadia. 2). Ilomiueno, 1o
YTBOPEHHA CTPMKHIB Ha 3aBepIIalibHi cTaail ogep:KaHHA KOHJEHCOBa-
HUX KOMIIOBUITINHUX MaTepidAjiB B MeHINi# Mipi BOJiuBae Ha MOHUKEH-
HA IX BJIaCTUBOCTEN.

IIpu amaxisi omep:KaHUX JaHUX CJIiJ BpaxOBYBaTH, IO IPH CTAHIAP-
THOMY pobodyomy Bakyymi 30—5-1072 ITa B mapoBOMY IOTOIIi Bif0yBaeTh-
cA YacTKOBe OKMCHEHHA Mifi i Mosmi6meHy, 3 YTBOPEHHSAM JOJATKOBUX
aminmioBaabHuX Pas CaO i MoOs; (mo 3% 3a Macoro), 10 TaKO BILINBAE
Ha 3MiHY (piBMKO-MeXaHIUHIX BJIACTUBOCTEH Olep:KaHUX MaTePiAIiB.

4. BUCHOBRH

B pesyiabraTi mpoBegeHMX MOCJiIKeHbL BCTAHOBJIEHO 3aKOHOMIipPHOCTI
dopMyBaHHA TeXHOJOTiIUHOTO Iapy KougeHcaty Cu—Mo B 3ajeXHOCTIi
BiJ yTBOpPEeHHSA Po3aijoBOro mapy propuny Kauabirito. Ilpu cepenuiii To-
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TABJIAIA 2. Boiue po3aMipiB CTpU/KHIB Ha MeXaHiUHi BJIaCTUBOCTI KOH/EH-
COBaHUX Kommoauiiinux martepianiB Cu—Mo (Bmict momi6meny 10-12% 3a
MAacolo).

TABLE 2. The effect of rod sizes on the mechanical properties of condensed
composite Cu—Mo materials (10-12% wt. Mo).

Poswmip cTpuskHiB Mexaniuni B1acTuBocTi
Ne spaska

d, MKEM [, MKM os, MIla 3, %
17 0,415 1,00 602 0,00
24 0,46 0,63 628 0,95
18’ 0,54 1,06 575 0,00
20’ 0,25 1,14 634 0,30
22’ - - 666 2,60
30’ - - 686 2,10

BIUHI poamaisoBoro mapy 10—15 MKM TOBIIIMHA TeXHOJOTiIYHOTO IIApy
KoJsmBaeThesa Big 20 go 50 MKM, 1110 IPUBOAUTE M0 IIOHUMKEHHA MiIlHOC-
TH 1 IJIACTUYHOCTH KOHJIEHCOBAHNX KOMIIO3UI[IMHIIX MAaTepPiAJIiB B cepe-
nEbOoMY Ha 3—5% . BecTaHoBaeHO, IO TOBIUHA TEXHOJIOTIUHOIO IIapy
3aJIeIKUTD BiJl TeMIepaTypH OCaAKeHHs i 3pocTac 3 il IiBUIITeHHAM.

Buznaueni mMexamiudi XapaKTepHUCTHKM KOHIEHCOBAHUX KOMIIO3M-
MifHUX MaTepidAJdiB, oJeprKaHMX Ha MiAKJIaIMHKAX, II[0 00epTalThCA
(36 06/xB), 3 PiBHMM pPiBHEM IIIEPCTKOCTH ITOBEePXHi. BcTaHOBIEHO, IO
3MEHIIIeHHS IIIePCTKOCTH MigKIanunHok Big R, = 1,6—0,63 (KIII 6—8) mo
R,=0,04-0,01 (KIII 12—-14) mpuBOAUTH A0 30iJbIIIeHHSI MeKi MilfTHOCTH
(os) 3 850 mo 1250 MIla i BizHOoCcHOTO TTOmOB:KeHHA (0) 3 3 o 10% masa
KOHJEeHCOBAHNX KOMIIO3UIIIHHNX MaTepisaiaiB i3 BMicToM MOJiOAeHY 10
14% (8a macom). B marepianax 3 BmicTrom mousi6aeny 6inbire 14% , 1o
Oyau ocamskeHi 3a Temnepatrypu migkaaguaku 700°C, comocrepiraiock
pisKe IMOHMIKEHHS MII[THOCTM BHACJIJOK yTBOpeHHs mop. IligBuinmenHda
Temueparypu migrgagunaxku 10 900°C gamo 3Mory ofepKaTu KOHIEHCO-
BaHi KoMmosuitiiini marepiaau Cu—Mo 3 BMicTOM TSKKOTOIIKOI pasu 10
45% 3a macoro.

B pesynbraTi mocrimgiKeHHA MeXaHiUHUX BJIACTUBOCTEN KOHAEHCOBA-
HUX KoMOo3uIlifiHux martepisanais Cu—Mo, 1o Oyiu ofepskaHi Ha ImigK-
JaguHKax 3 piBHeM IepcTkocTu ~0,63 3a Tremmneparypu 900°C, B 3aiie-
JKHOCTi Big BMicTy M0Ji6eHy, OyJIO BCTAHOBJEHO, II[0 32 MEXaHIUHIMU
XapaKTepHUCTUKAMU IIi MaTePisjii IIOCTYHaIOTLCA aHAJOTIUHIM KOMIIO-
3UTaM, II10 OyJIu ojepskaHi 3a rTemuepatypu migxaagsuaku 700°C, npub-
ausuo B 1,5 pasu.

BcranoBieHo, 10 B KOHAEHCOBAHMX KOMIIO3UI[IMHMX MaTepisaax
MiKpoIlIapyBaTOro TUITY MeXaHidHi BJJaCTUBOCTI 3aJieKaTh BiJ TOBITUHA
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MiKkporrapiB. [T KOMIO3UTIB 3 MOCTiAHOIO TOBITMHOIO IIapy Migi 5—6
MKM, 3MiHa TOBIIUHMU IapiB moiogeny Bix 1,0 mo 4,0 MKM IPUBOAUTH
IO IMiABUINEHHSA IPAHUIl IIMHHOCTU B 2,7 pasiB, a MeXXi MinmmHocT — B
1,7 pasu. BimHoCcHe IOAOBYKEHHS IIPU PO3TATYBAHHI i3 30iMbIIeHHAM
TOBII[MHY IIaPiB MOJIi0OAeHy HOHMKYEThCs Bix 29% 1m0 3% . 36iablneHHA
TOBIIUHY MiKpOIIapiB Mifli TpUBOAUTH N0 MOHMKEHHA I'PAHUIIL MiITHOC-
TH i 30iIBIIIeHHA BiIHOCHOTrO OAOBXKeHHs. [Ipu omepsxanui mapis migi
piBHUX 7,0 MKM MiKpOIIIapoBi MaTepisjau Mo MiITHOCTH i IMJIaCTUYHOCTH
HaOJIMKaIThesa 40 Mini. MakcuMaJIbHI 3HAUEHHS MeXaHiuHMUX BJIACTH-
BOCTell B MiKpOIIIapOBMX KOMIIO3UTaX CIIOCTEPiraroThcA 3a MiHiMasb-
HUX PO3MipiB MiKpornapis mizi i momiomeny 1,8 i 1,0—1,3 mxM, Bigmo-
Biguo. IIpu mpomy 6 =673 MIla, 6o, =605 MIIa, 6=1%.

B pesyiabTaTi mpoBemeHNX AOCHiIMKEHDb CTPYKTYPH BCTAHOBJIEHO, IO
nedeKTu y BUTJAAL CTPUMKHIB, IO YTBOPIOIOTHCA HA MiKPOKpAILIAX,
BUKMHYTUX 3 BAHHU-BUIIaPHUKA, IPUBOAATDH A0 IOHMKEHHSI MiITHOCTH i
MJIaCTUYHOCTH KOHJEHCOBAHNX KOMIIOSUI[IMNHNX MaTePiAIiB.

PobGoTy BuKOHaHO B paMKax TeMHu IHCTUTYTy Ipo0jeM MaTepiaios-
HascTBa iMm. [. M. @paunesnua HAH Ykpaiuu I11-12-19 «Haykogsi Ta Te-
XHOJIOTiUHi 3acamu pecypco3bepiralounx TeXHOJOTIH s IepepoOoKy Bi-
IXOMiB BUPOOHUIITBA KAPOMIITHMX CKJIALHOJIETOBAHNX HiKeJeBUX CTO-
IIiB MeTogaMu eJIeKTPOHHO-IIPOMeHeBoTo TomIeHHa» (2019-2021 pp.).
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On the Role of Plasma Electrons in CVD Synthesis of Carbon
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The paper presents the results of experimental studies of the process of vac-
uum CVD synthesis of carbon nanostructures on substrates of Si, SiO2/Si, Ti,
with controlled addition of the plasma component of the working gases C2Hz
and CHy4 to the synthesis zone. In the physicochemical processes of the synthe-
sis of the obtained nanostructures, the main role is played by the electronic
component of the plasma, which reaches the substrate and recombination of
ions with plasma electrons occurs on the substrate surface. The plasma compo-
nent in the synthesis zone significantly changes the structure of nanocarbon
phases, their ratio, and distribution over the substrate, which determines the
properties of the resulting coatings. The effect of the plasma component of the
working gases becomes significant when the proportion of plasma in the total
amount of gas is about 1% . Wherein, regardless of the physical nature of the
substrate, specific carbon nanostructures with a significant amount of poly-
meric carbon components are formed on it.

Key words: carbon nanotubes, vacuum CVD synthesis, plasma technologies,
polymer synthesis.

B po6oTi BUKJIaAeH]I pe3yabTaT eKClIepuMeHTaIbHUX JOCIiIKeHb IIPOIlecy Ba-
Kyymuoi CVD-cuHTEe3u BYyIJIEIleBUX HAHOCTPYKTYP Ha MiAKJIagUHKaAxX i3 Si,
Si02/Si, Ti 3 peryiboBaHUM AOJABAHHAM IIJIa3MOBOI KOMIIOHEHTU POOGOYOTO
ragy C2H: i CH4 B 30HY cuHTe3u. B hisuKo-xeMiuHUX Ipoliecax CUHTE3U OJep-
JKYBAaHUX HAHOCTPYKTYP TOJIOBHY DOJIb Bifirpae ejJeKTpPOHHA KOMIIOHEHTA
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IJIa3MU, SKa JOCATAa€E MiAKJIAANHKY i Ha IOBePXHi MiAKJIAIUHKY 311 ICHIOEThCS
pexoM0OiHaIlis foHIB 3 mIa3MOBUMHU eJieKTpoHamu. Il1asMoBa KOMIIOHEHTA B
30HI CMHTE3U CYTTEBO 3MiHIOE CTPYKTYPY HaHOBYyTIJIelleBux (as, ix cuniBBigHO-
IIeHHs, PO3IIOALN HA MiAKJIAAWHII, 10 BU3HAYAE BJIACTUBOCTI MOKPUTTIB, AKi
OZIePIKYIOThCSA. BIJIMB 1J1a3MOBOI KOMIIOHEHTH POOOUYUX TasiB cTae 3HAUHUM,
KOJIX YacTKa ILJIasMM B 3arajbHili KinbKocTi rasy ckJuaazae 6ima 1% . Ilpwm
IbOMY, He3aJeKHO BiJ (pisuuHOl Ipupoau NifKJIaINHKY Ha Hill yTBOPIOIOTHCS
cuenudivHi ByrieieBi HAHOCTPYKTYPH 31 3HAYHOIO YAaCTKOIO IIOJIiIMEPHUX BYT-
JIeIeBUX KOMIIOHEHT.

KarouoBi caoBa: ByriereBi HaHOTpyOKU, BakyymMHa CVD-cuHTe3a, MMaIa3MoBi
TEeXHOJIOTi1, cCHHTe3a IoJiMepiB.

(Received June 3,2022; in final version, June 13,2022)

1.INTRODUCTION

The plasma component of the working gas (ions, excited molecules, elec-
trons, active radicals) strongly affects the synthesis of carbon nanostruc-
tures on a substrate [1]. Even a small addition of plasma to the synthesis
zone leads to the excitation of the substrate atoms and to the intensifica-
tion of surface processes. In the presence of a plasma component in the
working gas under different technological conditions, a wide range of
carbon structures is formed on the substrate: amorphous carbon, carbon
nanotubes with a specific morphology, carbon-containing surface coat-
ings with an ordered structure[2, 3]. Elucidation of the role of each of the
plasma components in the formation of a specific structure is the subject
of a separate study. In addition, as shown in [4], the products of synthesis
from carbon-containing gases also strongly depend on the ratio of the
concentrations of hydrogen components in the working mixture and var-
ious modifications of carbon sp?, sp®. The appearance of hydrogen when
using, for example, gases Co:H: or CH4 in the technological process is
strongly dependent on the processes of dissociation of these gases in the
plasma of discharge, which are used for ionization.

This paper presents the results of experimental studies of the synthe-
sis of carbon nanostructures with the addition of about 1% of the
plasma component to the working gas, as well as the role of individual
plasma components in this process. A Penning cell with an incandescent
cathodeis used as a plasma source, which ensures stable operation of the
discharge in a very wide range of discharge voltages, discharge current,
and working gas pressure.

2. EXPERIMENTAL CONDITIONS

A detailed description of the setup and methods of obtaining results is
given in [5, 6]. In these works, C:Hs and CH, were used as the working
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gas. Substrates made of Si, Si/SiOs, or titanium foil (0.3 mm thick) were
located in the centre of the vacuum chamber, where there was a little ta-
ble with samples, which could be heated up to 1000°C. The plasma was
supplied to the synthesis zone from a separate isolated plasma source,
which was made in the form of a Penning cell with an incandescent cath-
ode. Such a source, together with constructive improvements [5] allows
you to smoothly control the ratio between the neutral and plasma com-
ponents of the working gas in the synthesis zone. As catalysts for the
dissociation of the working gas in the form of nanoparticles 5—40 nm
size, we used Ni, Fe, which were formed during vacuum annealing of a
thin (~ 5 nm) film at a temperature of ~ 900°C. Thin films of metal cata-
lysts were deposited on cold substrates using a source in the form of a
separate high-current vacuum arc discharge located in a vacuum cham-
ber, and in which the metal catalyst was evaporated from cathode spots
on a metal cathode. With this method of deposition of thin films, a mi-
cro-droplet phase of the catalyst material was, of course, also present on
the surface of the substrates. The processes of synthesis of carbon ma-
terials on the surface of such microdroplets with a very high purity of
the metal catalyst and a specific surface structure are of independent
interest, and some original results of such studies are presented in [6].

Carbon nanostructures obtained under different modes of formation
with the addition of a controlled plasma component of the working gas
to the synthesis zone are presented below.

3. EXPERIMENTAL RESULTS AND THEIR DISCUSSION

When in the composition of the working gas that entered the substrate,
the plasma component did not exceed 0.05% , on the catalytic centres of
the substrates were synthesized carbon nanotubes (CNTs), which we
studied earlier [2]. A typical view of such tubes is shown in Fig. 1.

However, with an increase in the fraction of the plasma component to
~1% and higher, the nature of the synthesized carbon material on the
substrate changed dramatically. A typical view of such a coating is
shown in Fig. 2.

This type of synthesized coating does not depend on the presence or
absence of a catalyst on the substrate surface. So, for example, the coat-
ing applied to the SiOz/Si surface (see Fig. 3), on which a thin nickel film
was first applied, and then the catalytic centres were annealed from the
film and a standard synthesis process was carried out, has the same ap-
pearance as in Fig. 2.

In the lower part of Figure 3, a microdrop of material is visible,
which, during vacuum-arc deposition of a thin catalyst film, spread in a
liquid state over the surface of the substrate when falling onto the sur-
face at a small angle. The carbon structures on the microdroplet, as can
be seen, do not differ from the rest of the regions. The shape of the
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observed structures is somewhat similar to vertically oriented curved
sections of graphene planes (petals), which were observed in [7].

It follows from the well-known Ferrari—Robertson diagram [4] that,
depending on the quantitative ratio between the carbon elements with
sp?, sp®bonds and the amount of hydrogen, synthesis from a carbon-con-
taining gas can lead to different results, in particular, they can be pre-
sent in the synthesized material simultaneously as pure carbon struc-
tures, and polymeric (—CH-) component. The diagram of the authors
would be extremely useful if it were possible to artificially set the per-
centage of each of the three indicated components in the synthesis zone.
The necessary thermodynamic conditions for the existence of each of
the components for the implementation of the areas highlighted in the
diagram, in which the predominant type of the synthesized material is
indicated, does not follow from the diagram. Nevertheless, it is very
valuable in that it gives options for the existence of possible phases of
carbon structures, which, in principle, can be synthesized in the pres-
ence of the three noted basic components of synthesis reactions. In a real
technological synthesis, various physicochemical processes coexist at
the same time, which generate a certain amount of each of the compo-
nents, which are marked on the diagram.

The structure of the synthesized phases, which is shown in Figs. 2, 3,
always looked more contrasting and clearer when CH, gas was used. This
means that the necessary components for its implementation, i.e., pre-
cursors were more easily formed during the dissociation of CH, gas. The

Fig. 1. View of CNTs synthesized on a SiOz/Si substrate (Ni catalyst) from C:H:
gas at a pressure of 1.4 Pa. The synthesis temperature is 700°C. The content of
the plasma component is not more than 0.02%.
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Fig. 2. Carbon structures that were synthesized on Ti foil (a) and SiO:z substrate
(b). Gas CH4, pressure 0.1 Pa, substrate temperature 750°C, plasma component
~0.8% . There is no catalyst on the surface of the substrates.

most probable pyrolysis reactions of this gas during ordinary thermal
dissociation are [8]: CHs — CH:+ H: with the formation of methyl and
CH, — C+ 2H;, which results in the formation of carbon and hydrogen.
Of course, thereactions CH, — CH; + H with the formation of methylene
or CH, — C +4H are not excluded. Possible in principle further sequen-
tial reactions of thermal dissociation of methylene in the form of a series
of CH; - CH:+H,CH; - CH + H, CH — C + Hbecome less and less prob-
able for each subsequent stage of dissociation. This means that even
during thermal dissociation, free carbon in a very active atomic state is
highly likely to appear in the reaction zone, as well as hydrogen, which,
as follows from the Ferrari—Robertson diagram, can strongly influence
the nature of synthesis reactions. And this takes place in ordinary ther-
mal dissociation. When there was no plasma from the working gas of
methane in the synthesis zone, only amorphous carbon was synthesized
on the substrate in the form of soot—no ordered structures were ob-
served. Obviously, the appearance of the plasma component not only
significantly intensifies the processes of gas dissociation, but can
strongly affect the type of dissociation itself, since in the Penning dis-
charge, the electron distribution function contains a significant fraction
of electrons with energies close to the discharge voltage [9]. In our exper-
iments, the voltage was maintained at about 100 V. In gas discharges, it
is the collisions of electrons with molecules of the working gas that lead
to the production of the excited and ionic components [10], and the main
role in these processes is played by high-energy electrons.
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What types of methane dissociation are decisive in the presence of
fast electrons in our reaction chamber, which are capable of destroying
the molecule in a variety of ways, we cannot say. This requires addi-
tional research, but it is an experimental fact that the appearance of the
plasma component in the synthesis zone radically changes the synthesis
process itself and, therefore, affects the formation of carbon structures
on the substrate. It is clear that plasma also provides a sufficient
amount of a prepared precursor for fusion reactions and promotes phys-
icochemical processes for the implementation of these reactions.

It is important that a regular structure of the type shown in Figs. 2
and 3 was formed only when an intense plasma component appeared in
the synthesis zone, which constitutes at least a few fractions of a per-
cent of the total amount of gas. To determine which of the plasma com-
ponents (ions, electrons, excited neutral gas, excited radicals) influence
the physicochemical processes the most during the synthesis of the ob-
served structures, the following experiments were carried out.

On different substrates, there was a 0.4 mm thick nickel grid with
cells (see Fig. 4), inside which the neutral gas component (always cold)
and all excited neutral components, including various radicals, could
freely enter (the temperature of the excited components could be higher
than the temperature of the walls of the vacuum chamber). The elec-
tronic component, which also entered the cell, was subjected to the

500 nm

Fig. 3. View of a carbon coating with microdroplets on the SiO2/Si surface (Ni
catalyst is present).
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action of the retarding electric field of the ion layer due to the fact that
the grid had a potential that was always lower than the plasma potential,
and the cells were sufficiently deep (not less than 0.4 mm).

The thickness of the ionic layer near the grid can be calculated from
the known expression (see, for example, [11]):

3/2
d: =04 4
9
where, dion is the thickness of the ionic layer near the nickel grid, Vs the
potential difference between the plasma potential and the grid poten-
tial, n.is the plasma density, eis the electron charge, k£ is the Boltzmann
constant, T, is the electron temperature of the plasma.

Estimates show that, under our conditions, the thickness of the ion
layer dio., exceeded half the grid cell size, and the plasma electrons were
retained in the ion layer without reaching the surface of the silicon or
titanium substrates, which were covered by the grid. At the same time,
ions not only freely penetrated to the substrate surface, but also accel-
erated up to ~ (2—-3)kT., when approaching the ion layer in the so-called
‘Bohm sheath’ of plasma [11] and arrived at the substrate with an en-
ergy not less than ~ 3£T. (all neutral components, of course, freely en-
tered the substrate inside the cell in the same way as they entered the
open, grid-free surface of the substrate). The electron temperature of
the plasma in our case was about 0.5-0.7 eV.

As can be seen from the data in Figure 4, carbon structures are also
synthesized directly on the surface of the nickel mesh, which are similar
tothe view in Figs. 2, 3. However, the clarity of the image is worse than
in Figs. 2, 3, despite efforts to improve it. The reason is that this result-
ing structure is poorly conductive, i.e., with high electrical resistance.

n JekT, (1)

200 nm

b

Fig. 4. View of the nickel mesh after the synthesis process: general view (a),
fine structure of the coating that formed on the grid (b).u
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Most likely, on the nickel surface there is a large amount of a polymeric,
non-conductive (more precisely, poorly conductive) component, and its
synthesis on a nickel substrate, which is an active catalyst material, is
facilitated. It is unexpected that the synthesis was carried out in the
temperature range of 650-750°C, and the melting of the polymer com-
ponent was never observed on any of the substrates.

But structures that are similar to Figs. 2, 3 have never been synthe-
sized inside a grid cell. In Figure 5, a view of the surface of SiO; and Ti
substrates inside a grid cell after the synthesis process is presented.

It can be seen from the last given data that only amorphous carbon is
observed on the substrate inside the mesh cells. On the rough surface of
the titanium substrate (titanium foil here without special polishing, i.e.,
as supplied), carbon was synthesized in the form of very small nanocrys-
talline fragments. This implies that it is the electronic component of the
plasma that plays a decisive role in the formation of regular structures,
which are presented in Figs. 2—4. It remains a mystery how exactly the
slow, thermal electrons, which are effectively decelerated in an electric
field of theion layer, can have such a drastic effect on the fusion processes
on the substrate. The neutral cold component of the gas, and all excited
hot plasma components, and the ion component freely come to the area of
the substrate inside the grid cell—only the electronic component does not
come to the substrate. It can be hypothesized that the processes of ion re-
combination on the substrate surface with plasma electrons play a very
important role for fusion reactions. Electrons arrive continuously to-
gether with ions, first to the surface of a clean substrate, and then to the

100 :1111 : 500 nm

a b

Fig. 5. View of the substrate surfaces inside the grid cells: from SiOz (a), from Ti
(b). Before the start of synthesis, catalytic nanocentres were formed on the sur-
face of the substrates, then the vacuum chamber was opened, a grid was placed
on the substrate surface, and then the standard procedure of vacuum synthesis
was performed. Vertical and horizontal stripes on the surface of SiO: are the
boundaries of the fine-grained structure of the initial state of the material.
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surface of the structure that has formed and continues to grow. The re-
combination of ions is carried out on the surface of the growing structure
not due to Auger processes of ejection of electrons from the surface of the
structure, but ions recombine precisely with free plasma electrons. It is
possible that it is the specific recombination spectrum of the radiation of
ions neutralized on the surface that so strongly affects the physicochem-
ical processes during the formation of the observed structures, that is
transfers carbon atoms and other precursors to an active state, which is
most conducive to chemical reactions of building structures.

It should be noted separately that any ordered structure (for example,
a nanocrystal or nanotube, or two-dimensional structures such as gra-
phene, etc.), which is artificially synthesized during some technological
process, is subject to the universal requirement that a new element that
is added to this structure (let this new element be an atom, a molecule or
a radical) must correspond in its initial quantum state (you can call it
activation) to the surface into which it is to be embedded.

In the scientific literature, this process is often called ‘self-organiza-
tion’, but this term does not carry a physical content. In fact, the laws
of crystal chemistry work here and this is discussed in detail in[12], but
itis very important to understand that not any element with the desired
chemical formula can be built into some growing structure. A certain
quantum state of this element is needed, and this quantum state, in our
opinion, is provided in the above case by a special recombination radia-
tion spectrum, which occurs when ions recombine on the surface of the
structure we observe with plasma electrons, that is in fact, on the sur-
face of the structures we observe, photochemical reactions take place
with the absorption of suitable light quanta.

4. CONCLUSION

The experiments performed to study the effect of plasma components on
the CVD synthesis of carbon structures from CH, and C:H; gases showed
that the controlled addition of a plasma component to the synthesis zone
in an amount of ~ 1% of the total amount of the working gas leads to the
appearance of specific regular structures on the heated substrate, the
form of which does not depend on the nature of the substrate. On the
surface of the nickel substrate, the synthesized structures contain a
large proportion of the polymer component. The polymeric mass of car-
bon material that forms between the observed regular structures with-
stands high temperatures without melting or modification.

It is shown that the electronic component of the plasma entering the
synthesis zone plays a decisive role in the formation of synthesized
structures. The plasma ions of the working gas recombine on the surface
of the substrates with electrons dynamically arriving on these surfaces
from the ion layer. The resulting specific recombination radiation of
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ions due to their recombination with slow plasma electrons transfers
‘building’ elements into the desired quantum state.
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studies of the substrate surface and to A. Svavil’naya for help in prepar-
ing the drawings.

Work was financially supported by Program 1230/2 of G. V. Kurdyu-
mov Institute for Metal Physics, N.A.S. of Ukraine for Fundamental
Research.

REFERENCES

1. M. Ye. Svavil’nyi, V. Ye. Panarin, A. A. Shkola, A. S. Nikolenko, and
V. V. Strelchuk, Carbon, 167: 132 (2020).

2. V. Ye. Panarin, N. Ye. Svavil’nyi, A. I. Khominich, and A. A. Shkola, Applied
Nanoscience, 10: 2885 (2020).

3. V. Ye. Panarin, M. Ye. Svavil’nyi, M. A. Skoryk, A. I. Khominich,

T. O. Prikhna, and A. P. Shapovalov, J. Superhard Materials, 40: 267 (2018).

4. J. Robertson, Materials Science Engineering R: Reports, 37, Iss. 4—6: 129
(2002).

5. V. Ye. Panarin, N. Ye. Svavil’nyi, and A. I. Khominich, Prystriy dlya Vakuum-
noho Syntezu Vuhletsevykh Nanostruktur [Device for Vacuum Synthesis of Car-
bon Nanostructures], Patent of Ukraine No. 98909 (Published 2012) (in
Ukrainian).

6. V. Ye. Panarin, M. Ye. Svavil’nyi, and V. O. Moskalyuk, Nanosistemi, Nano-
materiali, Nanotehnologii, 2: 321 (2020) (in Ukrainian).

7. M. Hiramatsu, H. Kondo, and M. Hori, Graphene Nanowalls (Ed. J. R. Gong)
(China: National Center for Nanoscience and Technology: 2013), p. 235.

8. Nauchnye Osnovy Kataliticheskoy Konversii Uglevodorodov [Scientific Basis
for Catalytic Conversion of Hydrocarbons] (Ed. V. V. Veselov) (Kyiv: Naukova
Dumka: 1977) (in Russian).

9. L.I. Romanyuk and N. Ye. Svavil’nyi, Zhurnal Tekhnicheskoy Fiziki, 50: 968
(1980) (in Russian)

10. A.Von Engel, Ionized Gases (New York: American Institute of Physics, Mel-
ville: 1994).

11. M. D. Gabovich, Fizika i Tekhnika Plazmennykh Istochnikov Ionov [Physics
and Technology of Plasma Ion Sources] (Moscow: Atomizdat: 1972) (in Rus-
sian).

12. M. Ye. Svavilnyi and A. A. Shkola, Aspects Min. Miner. Sci., 8, Iss. 3: 942
(2022).


https://doi.org/10.1016/j.carbon.2020.05.057
https://doi.org/10.1007/s13204-019-01168-1
https://doi.org/10.1007/s13204-019-01168-1
https://doi.org/10.3103/S1063457618040068
https://doi.org/10.1016/S0927-796X(02)00005-0
https://doi.org/10.1016/S0927-796X(02)00005-0
https://doi.org/10.15407/nnn.18.02.321
https://doi.org/10.15407/nnn.18.02.321
https://doi.org/10.5772/51528
https://doi.org/10.5772/51528
http://dx.doi.org/10.31031/amms.2022.08.000689
http://dx.doi.org/10.31031/amms.2022.08.000689

3acHoBHuK: HAIIIOHAJIBHA AKATIEMISA HAVK YKPATHU, [HCTUTYT METAJIO®IBUEN IM. I'. B. KyPoMoBA HAH VKPATHI
Bupageus: IHCTUTYT METAJIO®ISUKU IM. I'. B. KyPitoMOBA HAH VKPATHI

Ilepeamiaruuii ingexc/Subscription index: 74312 ISSN 1024-1809

Indopmanis A mepeAIIaTHUKIB JKypPHATIY )
«METAJIO®ISUKA TA HOBITHI TEXHOJIOTTI»

Penaxuia :xyprany MHT noBizmomisie unTadiB mmpo mepeamiaTty (1[0 MOYMHAETHCA 3 OYAb-AKOTO Mics-
ua Bunycky). JKypuanr MHT Bxozuts 3a ingexcom 74312 no «Karasory Buzans Ykpainu». PekomeH-
OyeEMO O(OPMUTH NEPEAILIATY
1) y BiggimeHnHAX momrToBOoro 3B’sA3Ky uepes menrtpastizoBane arentctBo [IIPIIB «IIPECA» (Byx. I'eo-
pris Kupnu, 6yx. 2%, 03999 Kwuis, Vkpaiua; renedarcu: +380 44 2890774 / 2480377 / 2480384 /
2487802 / 2480406); e-mail: pod ukr@presa.ua, rozn@presa.ua, info@presa.ua) a6o
2) uepes Internet:

http://presa.ua/metallofizika-i-novejshie-tehnologii.html? __ SID=U
(nmepemmuiaruwmii ingexe MHT: 74312) aGo &
3) GesnmocepegHiM nepepaxyBaHHAM Bix 170 rpH. 3a ogus Bumyck xo 2040 rpH. 38a ogus ToM (12 Bumy-
CKiB Ha piK):
«OTPUMYBAUY»: Iacruryr meranodpisuku im. I'. B. Kypaiomosa HAH Vkpaiau
Ha pospaxyHKoBui paxyHok Ne UA058201720313291001201001901 B 6anky I'VIIKCY B M. Kuesi
Kox 6anky: 820172
Kon enumoro nep:kaBHOro peectpy miznpuemcTB i opranisaniit Ykpainu (EJPIIOY): 05417331
st «IIOCTAYAJIBHUKA» — lucturyry meranodisuku im. I'. B. KypaiomoBa HAH Vkpainu
CBigonTBO IJIaTHUKA IOAATKY Ha nomany Bapricts (IIIIB) Ne 36283185, imguBinyanbHME ITOLATKOBUM
uomep (ITIH) 054173326066
Kox mpusnauenns miaarexy: 25010100
MPU3HAYEHHS IUIATEKY: 3a KypHaia «Meranodisuka Ta HOBiTHI TexHojorii» (tom(u), HOMep(u),
pik(pokn)) mia PBB IM® HAHY
MIACTABA: nepegoriata 100% .

INFORMATION FOR FOREIGN SUBSCRIBERS

Editorial Board of a Monthly Research Journal ‘Metallophysics and Advanced Technologies’
(transliteration: ‘Metallofizika i Noveishie Tekhnologii’) (CODEN: MNTEEU; ISSN: 1024-1809)
advertises the subscription on an annual basis. Orders should be placed through one of the methods
described below. Besides the subscription via the centralized service by State Enterprise ‘PRESA’
(28 Georgiy Kyrpa Str., UA-03999 Kyiv, Ukraine; faxes: +380 44 2890774 / 2480377 / 2480384 /
2487802 / 2480406 / 2487809; e-mail: pod ukr@presa.ua, rozn@presa.ua, info@presa.ua) or via Inter-
net:

http://presa.ua/metallofizika-i-novejshie-tehnologii.html?___ SID=U
the Editorial Board will take orders sent directly to the Editorial Board. To obtain our journal, the
persons and institutions, interested in this title, should made the definite payment sent, according
to the order, to the account of the Publisher—G. V. Kurdyumov Institute for Metal Physics of the
N.A.S. of Ukraine.
The journal frequency is 12 issues per year. The annual subscription rate for ‘Metallophysics and
Advanced Technologies’ is 156 USD (or 132 EUR), including airmail postage, packing and handling
charges. All other-currency payments should be made using the current conversion rate set by the
Publisher (subscribers should contact the Editorial Board).
Subscription is valid after obtaining by the Editorial Board of banker’s order. Banker’s order
should be sent to the address:
G. V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
currency account No. UA603223130000025308000000067, MFO 322313,
in the Kyiv’s Branch of JSC ‘The State Export-Import Bank of Ukraine’ (Public Joint Stock Com-
pany ‘Ukreximbank’) (11° Bulvarno-Kudryavska Str., UA-04053 Kyiv, Ukraine)
simultaneously with written notice providing the Editorial Board with a copy of banker’s order for
subscription and detailed address for mailing.
Prepayment is 100% .
Address of the Editorial Board: G. V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
36 Academician Vernadsky Blvd., UA-03142 Kyiv, Ukraine.
E-mail: mfint@imp.kiev.ua (with subject beginning by word ‘mfint’)
Fax: +380 44 4242561. Phone: +380 44 4249042.
After receiving of banker’s order, the Editorial Board will send the guarantee letter to the sub-
scriber’s address for mailing the journal for a corresponding term.

The Editorial Board of this journal hopes for effective co-operation with its present and future
readers and requests to promote the maximum information about its contents to persons and organ-
izations concerned.


mailto:pod_ukr@presa.ua
mailto:rozn@presa.ua
mailto:info@presa.ua
http://presa.ua/metallofizika-i-novejshie-tehnologii.html?___SID=U
mailto:pod_ukr@presa.ua
mailto:rozn@presa.ua
mailto:info@presa.ua
http://presa.ua/metallofizika-i-novejshie-tehnologii.html?___SID=U

	Cover_07
	MFiNT.44.07.I-IV
	MNT_INFORMATION_V-VIII
	MFiNT.44.0823-0829
	Belka 0830
	MFiNT.44.0831-0847
	Belka 0848
	MFiNT.44.0849-0860
	Belka 0870
	MFiNT.44.0861-0871
	MFiNT.44.0873-0885
	Belka 0886
	MFiNT.44.0887-0897
	Belka 0898
	MFiNT.44.0899-0911
	Belka 0912
	MFiNT.44.0913-0926
	MFiNT.44.0927-0942
	MFiNT.44.0943-0952
	MFiNT_Last page
	INFORMATION FOR FOREIGN SUBSCRIBERS




