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A set of experiments on mechanical alloying of Cu and Y powders of two com-
positions is performed in a high-energy planetary mill in air. The first com-
position consists of equiatomic Y—Cu mixture, while the second composition
contains an admixture of 1% vol. of multiwalled carbon nanotubes (CNTSs).
The synthesis products of Y-Cu and Y-Cu—-CNT mixtures, selected after
each 10 min of processing, are studied by a combination of X-ray diffraction
methods (qualitative and quantitative phase analysis, refinement of the crys-
tal structure of individual phases). Based on the data obtained, the effect of
atmospheric oxygen and carbon dopants (CNTs) on the phase composition and
the crystalline structure of reaction products are analyzed. As shown, the
oxidation of reaction products is accompanied by the formation of a mixture
of oxygen-containing phases, namely, Y,0;/Y,_,Cu,O for the Y-Cu composi-
tion and Y,0,/Y,_,Cu,0, ;C, 5 for the Y-Cu—CNT composition. Moreover, it is
established that Y;_.Cu,O oxide and Y, ,Cu,O,;C, s carboxide (both crystal-
lized in a NaCl type structure) are the substitutional solid solutions, the cop-
per content of which increases to 25 at.%. As shown, the phase transfor-
mations during Y—Cu mixture processing occur 10 min earlier than similar
transformations during Y-Cu—CNT mixture processing, which means that
the carbon dopants (in form of CNTs) could be an oxidation inhibitor at
mechanochemical synthesis.
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powder metallurgy, crystal structure, X-ray diffraction.

Y BUCOKOEHEPreTHUYHOMY IIJIaHeTAaPHOMY MJIMHI Ha IOBIiTpi mpoBeieHO MeXa-
HiUHe JIeTyBaHHA IBOX €KBiaTOMHUX CyMilIel IOPOIIKiB Miai Ta iTpito, ogHa 3
SAKUX AomaTKoBO Mictuia 1% 00. GaraToirapoBuX BYTIJIEIEBUX HAHOTPYOOK
(BHT). ITpogykTu cuatedy Y—Cu i Y-Cu—BHT cywmimreii, Bizibpani uepes Ko-
skHi 10 XB BUTPUMKH, OYJI0 JOCTiKEHO CYKYIIHiCTIO METOiB PEeHTI'€HiBChLKO1
mudpakrmii (akicHu i KigbKicHU hasoBuil aHATi3, YTOUHEHHA KPUCTAIIUHOL
CTPYKTypu oKpemux ¢asd). Ha mizcraBi oTpuMaHMX MaHUX IIPOAHATIiIB0BAHO
BriuB KucHio noBiTpa i Byruemnro (BHT) mmx T Ha ha3oBuii CKiaJ IPOAYKTiB
PO3MeJIIOBAaHHSA Ta KPUCTATIUHY CTPYKTYPY oKcumiB. Ilokasano, 1o B mpoiieci
MeXaHIYHOTO JleT'yBaHHSA OKVCHEHHS IMPOJAYKTIB CHHTE3y CYIPOBOIKYETHCA
YTBOPEHHAM cyMiliei KucHeBMicHuX (as, a came, Y,0;/Y,_,Cu, O qna muxTu
Y-Cui Y,03/Y,.,Cu,0,;Cp s ana muxtu Y—Cu—BHT. Binsiuie Toro, BcTaHOB-
JeHo, mo okcug Y, .Cu,O i xap6ookens Y, .Cu,O,;C, 5 (00uaBa Kpucramisy-
10ThCs B cTpyKTypi Tuiry NaCl) € TBepgumu posunHamu 3amiinenusa, smict Mi-
Ii B AKUX 31 30iIbIIIEHHAM 4acy PO3MeIoBaHHA 30iabiryeTbesd g0 =25 at.% .
IToxasano, m1o (asoBi meperTBopeHHsa npu 06pobIri muxTu YCu BigOyBaioThCA
Ha 10 xB panie, Hi»K aHaJOriuHi iM mepeTBOPeHHS Hpu OOPOOIi MUXTH Y—
Cu—-BHT, a Bigrak, mo6aBka Byr.elo y Buriaani BHT moxxe 6yTu iHrioiTopom
OKVCHEHHSA IPOAYKTIB MEXaHOXiMi4YHOTO CUHTE3Y.

KarouoBi cioBa: KOMIO3UIiHMIT MaTepiaj, ByTJelneBi HaHOTPYOKU, HAHOK-
pUCTaiuHHII MAaTepiaj, IOPOIINKOBA METANyprisd, KpPHUCTaJIiuHa CTPYKTypa,
PeHTI'eHiBChbKa AU paKiris.

B BBICOKOHEPTETUUECKO IIJIaHETAPHOI MeJbHUIIE Ha BO3AYXe IIPOBEEHO Me-
XaHUYECKOe JIETUPOBAHNE ABYX SKBUATOMHBIX CMECEH IIOPOIITKOB MEAU U WT-
TPUSA, OGHA M3 KOTOPBLIX MNOIIOJHUTEJIbHO comep:kana 1% 00. MHOTOCIOMHBIX
yraeponabix HaHOTPY6oK (YHT). IIpoaykrer cuaTeda Y—Cu m Y-Cu—YHT
cMmeceii, oToOpaHHbIe uepes KaxKable 10 MUH BBIIEP:KKU, OBLIN MCCIETOBAHBI
COBOKYHIHOCTBIO METOIOB PEHTTEHOBCKOM AudpaKkIuu (KaYeCTBEHHBIN U KOJIU-
YeCTBEHHBIN (Ha30BBIN aHAIN3, YTOUHEHNE KPUCTAJINYECKOH CTPYKTYPHI OT-
IenbHBIX (a3). Ha ocHOBaHWY MOJyYeHHBIX JAHHBIX IPOAHATIU3UPOBAHO BJIU-
sHUe Kucjaopoaa Bodnyxa u yriepoga (YHT) muxTel Ha (ha3oBbIi COCTAB IPO-
IYKTOB pasMoJia ¥ KPUCTAJIINUYECKYIO CTPYKTYPY OKcuaHbIX (ha3. IlokasaHo,
YTO B IIPOIeCCe MEXAHNUYECKOTr0 JIETUPOBAHUSA OKMCIeHNEe IPOAYKTOB CUHTE3a
COIIPOBOJKIAETCS 00pasoBaHMEM cMecell KUCIOPOogocoAepKamux ¢das, a MMeH-
HO, Y,03/Y,_,Cu,O ana muxtel Y-Cu u Y,0;/Y,_,Cu, 0y sCy 5 A mUXTH Y—
Cu-YHT. Bomee Toro, ycramoBmeHo, uro okcmuyg Y, ,Cu,O m xapbookrcup
Y,_,Cu,0,:Cy5 (06a xpucrammusyorca B cTpykType Tuna NaCl) aBisrorca
TBEPABLIMH PACTBOPAMHU 3aMeIleHUA, COJlep:KaHre MeJu B KOTOPBIX C YBeJImue-
HIEeM BpeMeHU pa3MoJja yBeandyuBaercs 00 =25 at.% . [lokasano, uro ¢asoBbie
mmpeBpailleHus Ipu o6padoTke muxThl Y —Cu mpoucxoaaT Ha 10 MUH paHbIIIe,
YyeM aHAJOTUYHBIE MM IpeBpalleHusa npu obpaborke muxtel Y-Cu—YHT, a
3HAYUT, Jerupyminaa nobaBka yriaeponaa B Buge ¥ HT mokeT SBAATHCA UHTH-
OMTOPOM OKHMCJIEHUA IPOIYKTOB MEXaHOXUMHUUECKOT'0 CUHTE3a.

KaroueBbie ciaoBa: KOMIIOSUIIMOHHBIN MaTepwaJs, YrJaepPOoJHble HAHOTPYOKH,
HaHOKPUCTAJLINUYECKUIN MaTepuaJ, IIOPOIIKOBAsA METAJLIIYPIusa, KPUCTAJLIINYE-
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CKasd CTPYKTYpPa, PEHTreHOBCKAaA JUMPPaKIHs.

(Received November 18,2019; in final version, April 21, 2020 )

1.INTRODUCTION

The powder materials containing mainly equiatomic YCu compound
with full ordered CsCl-type structure have been successfully synthe-
sized by mechanical alloying either in air [1] or in argon atmosphere
[2]. It was shown that the materials, compacted from the preparing in
such way powders, exhibit a nanoscale microstructure and are charac-
terized by an increased microhardness value (almost twice as high as
that of bulk YCu obtained by arc melting) and relatively low value of
the Young’s modulus. More specifically, for these materials, an aver-
age value of the Vickers hardness Hy is equal to 5.0 GPa and the
Young’s modulus E is equal to 120 GPa[2, 3].

However, it should be noted that the Y,0; oxide was present even if
the experiment was carried out in a protective argon atmosphere [2].
The powders obtained already contain two impurity oxide phases,
namely Y,0; and YCuO [1] at synthesis in air. Therefore, these results
clearly demonstrate that the presence of atmospheric oxygen atoms in
the reaction zone significantly affects the phase composition of the
synthesis products. Moreover, similar bulk products obtained by arc
melting with commercial yttrium metal have revealed the existence of
Y,0; oxide, too [4].

The oxidation of the initial yttrium powder results in a shift of the
composition of equiatomic YCu synthesis products towards the for-
mation of the intermetallic phases with higher Cu component. So, the
impurity YCu, phase is formed at mechanical alloying under argon at-
mosphere [2] or both YCu, and YCu; phases are formed successively at
mechanical alloying in air [1]. Considering this, it is important to
choose the dopant being an oxidation inhibitor at the synthesis of YCu
compound by mechanical alloying method. Moreover, it is the carbon
dopant, which could be tested as the effective corrosion inhibitor for
the YCu synthesis.

Here we present the results of study of the phase transformations
occurred at the milling in air of the equiatomic Y—Cu powder mixture
and Y-Cu—CNT blend in a high energy planetary ball mill.

2. EXPERIMENTAL DETAILS

The crushed particles of vttrium (99.8% wt. purity, particle sizes of
=150 um) and copper powder (99.5% wt., 2150 um) were used to pre-
pare a charge of equiatomic YCu composition. Another charge contains
1% vol. of multiwalled carbon nanotubes (CNT) in addition to Y-Cu
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equiatomic powder mixture. Multiwalled CNTs used in this experi-
ment were synthesized by the catalytic chemical vapour deposition
method (CVD) at TM Spetsmash Ltd. (Kyiv, Ukraine) [5]. Parameters
of CNTs are as follows: the average diameter is (10—20) nm, the specif-
ic surface area (determined by argon desorption method) is (200—400)
m?/g and their poured bulk density varies from 20 to 40 g/dm?. Both
charges were thoroughly mixed and placed into two stainless vials. Me-
chanical alloying of the charges has been performed in a high energy
planetary ball mill. The hardened stainless balls were used to carry out
the experiments. The rotation speed was equal to 1480 rpm; the accel-
eration was about 50 g; the pressure for a substance particle reached 5
GPa. The cycled milling process (10 min of treatment and 25 min of
cooling time) was carried out in the air. Vial temperature was held at
below 375 K during the experiments.

Phase transformations have been studied by X-ray diffraction
methods on test samples selected after each 10 min of milling. XRD
data was collected with DRON-3M automatic diffractometer (Cuk, ra-
diation) in a discrete mode under the following scanning parameters:
observation range 26 = (20—100)°, step scan of 0.05° and counting time
per step at 3 s. The original software package, including full complex
of standard Rietveld procedures, has been used for analysis and inter-
pretation of the X-ray diffraction patterns obtained, namely, determi-
nation of both peak positions and integral intensities of the Bragg re-
flections by means of full profile analysis; carrying out qualitative and
quantitative phase analysis using PDF data for phase identification
and the least square method for lattice parameters refinement; testing
of the structure models and refining crystal structure parameters (in-
cluding coordinates of atoms, atomic position filling, texture, etc.)[1].
More details are presented at www.x-ray.univ.kiev.ua.

3. RESULTS AND DISCUSSION

According to results of the XRD phase analysis a small amount of YCu
phase has already been detected in the Y—Cu sample processed for 20
min in a ball mill, while in Y-Cu—CNT samples the YCu phase was ap-
peared only after 30 min of processing. Further treatment of both mix-
tures in a ball mill leads first to the appearance of oxides, amount of
which gradually increases, and second to appearance of intermetallic
YCu —» YCu, — YCu; phases [1]. Moreover, according to XRD results
similar phase transformations occur at processing of the Y-Cu—CNT
charge with a delay by 10 min. Therefore, after 40 min of processing
the test sample of Y-Cu—CNT charge contains YCu and YCu, interme-
tallics only while the test sample of Y-—Cu charge contains some
amount of the oxide phase already (Fig. 1).

Since the phase transformations of intermetallic phases at mechani-
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Fig. 1. Fragments of diffraction patterns of the test samples processed in a
ball mill. Reflections of Y,0, are marked as ‘+’, of Y, ,Cu,O are marked as ‘x’,
other reflections belong to the intermetallics.

cal alloying of Y-Cu and Y-Cu—CNT charges are quite similar and de-
scribed in Ref. [1], here the main attention will be directed to the phase
transformations of oxides. So, it was shown that the reflections on dif-
fraction pattern belonging to the first oxide phase (being named pre-
liminary as ‘YOQ’), which appears at mechanical alloying of both charg-
es, are indexing well in a cubic lattice with the NaCl-type crystal struc-
ture. The Y,0; oxide is formed in samples with further processing. Ac-
cording to the results of quantitative phase analysis the total content
of the coexisting ‘YO’ and Y,0; oxides (Fig. 1) gradually increases with
milling time increasing (Fig. 2).

The lattice parameters of the ‘YO’ oxides depend on the milling time
for both charges (Fig. 3, a). So, in order to identify the features of
crystal structure of these oxides, the calculations required have been
made in a framework of the NaCl-type structure (Fm3m space group).
In this model both Y and Cu atoms are placed in 4(a) (0, 0, 0) position,
while O and C (for CNT containing samples) atoms are placed in 4(b)
(0.5, 0.5, 0.5) position. As a result of crystal structure refinement per-
formed for oxides existing in each test sample studied the following
features were found:

1. Oxides forming at processing of the Y—Cu charge in a ball mill
contain =50 at.% of oxygen atoms, and they are characterized by grad-
ual substitution of yttrium atoms with the copper atoms with milling
time increasing. So, the general formula of these oxides could be writ-
tenas Y, .Cu,O.
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Fig. 2. Fraction of the oxide phases in the synthesis products of Y—Cu (circles)
and Y-—Cu—CNT (triangles) charges.

2. Oxides forming at processing of the Y-Cu—CNT charge in a ball
mill contain approximately equal amount of oxygen and carbon atoms
(each of =25 at.% ) and these oxides are characterized by gradual sub-
stitution of yttrium atoms with the copper atoms, too. Therefore, the
general formula of these oxides could be written as Y, ,Cu,0, ;Co.5.

Thus, the formation of Y;_,Cu,O and Y,_,Cu,O, ;C, 5 substitution sol-
id solutions is exactly the reason, which leads to a significant decrease
of their lattice parameters (Fig. 3). As far as we know, the cubic ‘YO’
binary oxide does not exist, but the lattice parameters (Fig. 3) for cubic
Y,_.Cu,0 oxide studied are similar to those of rhombohedrally distort-
ed 2R- or 3R-YCuO,,; oxides with ay =0.352 nm [6]. On the other hand,
lattice parameter of the known YC, ;; carbide with NaCl-type structure
is somewhat higher (0.5102 nm [7]) than that of starting value of lat-
tice parameter for Y, ,Cu,O,;Cy 5 (x = 0.1), while this starting value is
similar to that for Y,OC oxycarbide (0.4948 nm [8]). Previously YC, 4,
binary carbide with a = 0.5015 nm was successfully synthesized by us
after 60 min of milling the Y-CNT charge [9]. It was found that the
lattice parameter of the Y,0O. oxide formed at processing of the both
charges in a ball mill dose not change (a =1.060(1) nm).

Therefore, the results obtained have revealed that the phase trans-
formations at milling in the air of the equiatomic Y-Cu and Y-Cu-—
CNT charges follow the schemes:

0
Y+Cu—Y+YCu+YCu, ——2 5 Y, .Cu,0+Y,0; + YCu,
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and

0
Y+Cu—Y+YCu+YCu, ——2 5 Y, .Cu,0p5Cy 5 + Y505+ YCus,

respectively.

Moreover, the formation of similar intermetallic compounds or ox-
ides at processing of the Y—Cu charge occurs faster than at processing
of the Y-Cu—CNT charge. Thus, the carbon (in a form of CNT) dopants
(1% vol.) are the oxidation inhibitors for the synthesis of intermetal-
lics by mechanical alloying method.

Note that in order to suppress the oxidation of YCu material synthe-
sized, it seems reasonable to add no more than 1% vol. CNT to the ini-
tial Y—Cu charge, since the addition of higher number of nanotubes
could lead to a change in the phase composition of the synthesis prod-
uct due to the formation of carbide phases. However, in our previous
study [8] has revealed that test samples selected after 120 minutes of
processing the charge in a high-energy ball mill already contain two

0.4964 «
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0.492- \

0.490 1 .

Lattice parameter, nm
»

0.488 N e, ..

0.486 ‘ T T T T
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».
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Milling time, min
Fig. 3. Dependences of the lattice parameters (a) and Cu content (b) in the ox-

ides with NaCl-type structure formed in the Y—Cu (circles) and the Y-Cu-
CNT (triangles) charges on a milling time.
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yttrium carbides in a case of mechanical alloying of Y-CNT charge
with a 2-4% vol. CNT. These carbides are the known YC,,, carbide
with lattice parameter a =0.5015 nm and new YC, carbide, the diffrac-
tion spectrum of which was indexed in a hexagonal lattice with periods
a = 0.9041 nm, ¢ = 0.6296 nm. Therefore, in the framework of this
work, to prevent the possible formation of yttrium carbides, CNT con-
tent in a charge does not exceed 1% vol., since this quantity of nano-
tubes was intended to suppress the oxidation of YCu material studied,
and would not initiate the formation of undesirable carbide phases.

Previously it has been shown that gallium dopants increase the oxi-
dation resistance of some dental titanium alloys [10]. Therefore, it
would be interesting to test CNT together with gallium dopant as a cor-
rosion inhibitor for the Y and Cu powders at processing in a ball mill,
since the gallium additives form an extended solid solution not only
with copper and yttrium metals but also with the most compounds of
the Y-Cu system [11].

4. CONCLUSION

Phase transformations at simultaneous mechanical alloying in air of
equiatomic Y—Cu mixture and Y-Cu—CNT blend (1% vol. of CNT) have
been studied by XRD methods, including qualitative and quantitative
phase analysis as well as refinement of the crystal structures of the
phases formed at processing in a ball mill.

The effect of atmospheric oxygen and CNT on the phase composition
of the milling products obtained has revealed. The oxidation of the
synthesis products is accompanied by the formation of a number of ox-
ygen-containing phases, namely, Y,O. and Y;_,Cu,O for the Y-Cu
charge and Y,0; along with Y, ,Cu,0, C, = for the Y-Cu—CNT charge.
Moreover, it was established that Y,_,Cu,O oxide and Y;_,Cu,0,;C,
carboxide (both crystallized in a NaCl-type structure) are substitution
solid solutions, the copper content of which increases up to =25 at.%.
In whole, carbon dopants (1% vol.) in a form of CNT act as oxidation
inhibitors for the synthesis of Y-—Cu intermetallics at mechanical alloy-
ing.
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