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Kinetics of isothermal (500, 600, and 650°C) oxidation of YCu,_,Ga,
(0 £x<£0.3) solid solution powders (50 um of size) on the base of YCu com-
pound is studied by the periodic weighment method as well as by XRD phase
analysis. Features of oxidation mechanism of these intermetallic powders are
revealed, including two stages of oxidation process. The initial stage of oxi-
dation is characterized by the decomposition of the YCu,_,Ga, solid solution
into Y(Cu, Ga), phase and individual metals with gradual formation of a sta-
ble oxide scale (containing Y,0; mainly). The second stage of oxidation is
characterized by oxidation of the Y(Cu, Ga), phase with formation of both
copper and gallium oxides. This polyphase oxide scale forms significantly
retards either the diffusion of atmospheric oxygen atoms along the grain
boundaries or the oxidation. In a whole, the oxidation rate of the YCu,_,Ga,
solid solution decreases with an increase in the gallium content, while the
apparent activation energy of oxidation increases. That is, gallium dopants
increase the resistance to high-temperature oxidation of the YCu phase under
its annealing at 500— 650°C in air.

Key words: intermetallic, activation energy, oxidation rate, weight gain
method, X-ray powder diffraction.

MeTomaMu mepiogMUHOTO 3BA’KYBAaHHS Ta PEHTI€HIBCHKOTO (Da3soBOr'0 aHAJi3y
IocaigskeHo Kimetuky isorepmiunmoro (500, 600 ta 650°C) oKMCHEHHS IOPOIII-
KiB TBepmoro posumHy YCu,_ ,Ga, (0<x<0,3) (posmipom 50 MKM) Ha OCcHOBi
cunonyku YCu. BusBiieHO 0c00IMBOCTI MeXaHi3My OKMCHEHHA IIUX iHTEpMeTAa-
JiIHUX IIOPOIIKiB, 30KpeMa, ABOCTaliiiHUIT xapakTep mnpoiecy. IlouaTkoBa
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CTaisd OKMCHEHHS XapaKTepu3yeThCs PO3IaaoM TBepaoro posunny YCu, Ga,
Ha ¢asy Y(Cu, Ga), Ta imguBigyasbHi MeTaau 3 MOCTYIOBUM YTBOPEHHSIM
CTiiKO1 OKCHUAHOI OKaauHM (IIepeBakHO MicTuTth Y,0;). [Ipyra cragia mpoiecy
xXapakTepusyeTbca okucHeHHAM (asu Y(Cu, Ga), 3 yTBOPEHHAM OKCHUIIB K
mifmi, Tak i ramiro. Taka OaraTodasHa oKCcUAHA OKAJMHA 3HAYHO YIOBiJIBHIOE
nu@ysio aromiB OKCUI'eHY B3[0BK MeXK 3€pPeH i IIpoIec OKMCHEHHS 3arajoM.
IIBuaxicTs OKMCHEHHS TBepaoro posumHy YCu, .Ga, amMeHmIyeTrbesa 3i 36iJb-
IIIeHHAM BMiCTY rajiro, ToAi AK eHepria akTuBallii OKMCHEHHA 301IbIITYEThC.
To6To gomimku I'amito migBuIyoTs KOposiiiHy crifikicTs dasu YCu y pasi ii
Bigmasy 3a 500— 650°C y moBiTpi.

KarouoBi coaoBa: imTepmerasii, eHeprisi akTUBAaIlii, MBUIKICTh OKVMCHEHHS,
MEeTOJAa MePioquUYHOr0 3BAKYBaHHS, PEHTT'eHiBChbKa JU(MPaKITid.

(Received December 21,2020; in final version, June 8, 2021 )

1.INTRODUCTION

Among RE-Me equiatomic compounds with CsCl-type structure
(RE=Y, Dy, Er, Ho, Me =Cu, Zn, Ag) the YCu intermetallic is notable
for such impressive mechanical characteristics as the yield strength
(563—40 MPa), flow stress (300 MPa) and tensile strain (6—11%)[1-5].
However, the oxidation products formed on the working surfaces of
these materials could cause a deterioration of functional characteris-
tics of an item made of them. Besides, the method for preparation of
material also plays a pivotal role in its final characteristics. So, for ex-
ample, initial powders, using for synthesis of the intermetallics via
powder metallurgy route, nearly always contain residual oxygen, and,
therefore, the oxidation products are often formed even at processing
under protective environment. For the same reason the bulk YCu sam-
ples compacting from the powders mechanically alloyed in a high ener-
gy planetary ball mill contain additional amount of Y,0; oxide regard-
less on whether the synthesis is carried out in air [6] or in an argon at-
mosphere [7]

Previously, the oxidation resistance of both bulk copper and yttrium
metals is determined by studying the thickness of an oxide scale in de-
pendence on the annealing time (scaling factor) in air [8—11]. As far as
we know, there is no data on oxidation kinetics of the pure Y powder or
YCu powder. However, such studies seem to be quite important to con-
trol the processes at mechanical alloying since the high specific surface
area of milling products facilitates oxidation processes.

It has been previously shown that the gallium dopants increase the
oxidation resistance of some dental titanium alloys [12—14]. So, in this
work the gallium metal is tested as an oxidation inhibitor for the YCu
powder, since gallium atoms form extended solid solution not only
with copper and yttrium metals but also with the most compounds of
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the Y—Cu binary system [15]. The main aim of this work is to study the
kinetics of isothermal (500, 600, and 650°C) oxidation in air of the
Y(Cu, Ga) solid solution powders.

2. EXPERIMENTAL PROCEDURES

The kinetics of isothermal oxidation is studied on the powder samples
of the YCu, ,Ga, solid solution. The sources for the manufacture of
these powder samples are the series of the bulk YCu,_,Ga, alloys (up to
20% at. Ga) obtained by arc melting of the yttrium (99.8% wt.), the
electrolytic copper (99.99% wt.) and the gallium (99.999% wt.) met-
als. Bulk ingots (7 in total) of the alloys prepared are rubbed with a
rasp-file. Then the filings obtained in such way are sequentially sieved
through sieves with different mesh sizes and finally they are tested by
the method of particle size analysis: particle size is shown to be pre-
dominantly of 50 um. For each composition studied (0, 2.5, 5.0, 7.5
10.0, 12.5, and 15% at. Ga) the sifted powder is placed into two alun-
dum pots (the working and the control ones) with a diameter of 15 mm.
The initial weight of the powder in a pot is equal to 0.7—0.8 g. The oxi-
dation of the powder placed in a working pot is studied by the weight
gain method, and the oxidized powder in a control pot is used for sam-
pling for XRD study. Both pots filled with the powder of a certain
composition are simultaneously heated in a muffle furnace in air. The
weight gain of the powder placed in a working pot is measured on VLR-
20 analytical balance with an accuracy of 0.0001 g. The oxidation de-
gree a of the powder is determined as the ratio of the weight gain of the
powder at oxidation time (¢) to the weight of this powder at initial time
(t =0). To ensure the best air penetration deep inside, the pots with the
powder annealed are shaken up every time before they are placed into
the furnace again.

In order to study the phase transformations at oxidation process by
XRD method the test samples have been selected from the control pot
after certain oxidation time. XRD data is collected with DRON-3 au-
tomatic diffractometer (radiation CuK,). The diffraction patterns are
collected in a discrete mode under the following scanning parameters:
observation ranges are 20°-130°, step scan is 0.05° and counting time
per step is 3 s.

The peak positions and integral intensities of the reflections ob-
served are determined using the full profile analysis. Interpretation of
the X-ray diffraction pattern obtained have been carried out using the
original software package [6] elaborated by us using known algorithms
[16] and containing full complex of standard Rietveld procedure (in-
cluding qualitative and quantitative phase analysis using PDF data,
lattice parameters refinement, crystal structure determination, etc.).
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3. EXPERIMENTAL RESULTS AND DISCUSSION

According to known isothermal section of phase diagram of the Y-Cu-—
Ga system [15] the solubility of the Ga metals in the YCu intermetallic
at 700°C reaches 20% at. So, six gallium-containing samples of this
solid solution (7 in total) are prepared for further study of the kinetics
of isothermal oxidation of YCu,;_,Ga, powder, namely, 0, 2.5, 5.0, 7.5,
10.0, 12.5, and 15% at. Ga. Wherein, the XRD study of the initial
powder samples revealed that they are single-phase YCu,_,Ga,
(0 <x<0.3) solid solution ones and their lattice parameters vary line-
arly upon the concentration range of 0—15% at. Ga (Fig. 1).

These initial powders being preliminary tested by XRD analysis are
annealed at three different temperatures in air until their complete
oxidation, namely: 4000, 2500, and 1000 min for 500, 600, and 650°C,
respectively. Fragments of these experimental kinetic curves of iso-
thermal oxidation are shown at Fig. 2. The completion of the oxidation
process is judged by the asymptotic achievement of maximum o(¢) val-
ue as well as by invariability of the phase composition of the tested
samples containing oxides only. Character of the change in the phase
composition of the oxidation products will be described in detail below.

Previously a poly-staged character of oxidation process for bulk yt-
trium and copper metals is established as a result of the experiments on
their solid-phase oxidation in Refs. [8, 10, 11]. Namely, the first stage
of oxidation process is found to be predominantly caused by the grain
boundary diffusion of the atoms oxygen and is accompanied by for-
mation of the oxide scale. This oxide scale, growing on a sample sur-
face, gradually decreases the rate of the oxygen atoms diffusion. At a
certain thickness of oxide scale the second stage of the oxidation pro-
cess begins that is described by the quadratic equation and is charac-
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Fig. 1. Concentration dependences of lattice parameters a for the YCu,_,Ga,
solid solution.
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terized by a changeless diffusion (oxidation) rate.

Considering the complete oxidation in air at 500, 600, and 650°C of
the YCu,_,Ga, powders obtained here (Fig. 2), a mathematical function
that would describe the experimental o(t) dependence and match the
physical models of the phase transformations theory is chosen [18] The
most suitable mathematical function is as follows:

oUT) = Ay + A [1 - exp(=Ft)] + A,[1 - exp(=k,t)], eY)

where t is the oxidation time, A,, A; and A, are constants, k, and &, are
the coefficients listed in Table 1.

In general, Eq. (1) could be rewritten as a(#) =4, +A;expl + A,exp2.
Figure 2 illustrates a fragment of the experimental a(¢) curve for YCu
powder oxidized at 600°C (circles) fitted by Eq. (1). It is clearly seen
that the equation term A,exp2 becomes dominant and completely re-
produces the experimental o(t) curve (the second stage of oxidation)
after 30 min of annealing, while at the initial stages of oxidation the
prevailing role moves to A;expl term (the first stage of oxidation).
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Fig. 2. Three fragments of a(¢) dependences for YCu,_,Ga, (0 <x<0.3) pow-
ders (data for YCu sample are marked as black circles, data for gallium con-
taining samples are marked as empty triangles, curves fitted by Eq. (1) are
marked as solid lines) and a fragment of processing of the oa(¢) curve for YCu
(600°C) by A expl (1) and A,exp2 (2) components (dashed lines).
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TABLE 1. Isothermal oxidation rates for the YCu,_,Ga, solid solution pow-
ders: Exp. are experimentally measured &, and k, parameters, error in deter-
mining these values by Eq. (1) does not exceed 10%, Calc. are k, values are
calculated by Eq. (4) or by polynomial of the second degree (values in the
brackets).

500°C 600°C 650°C

Ga 12907, k107, |k 107) kp1070, | ke107°,| k107,
content, .1 .1 .1 .1 . 1 .
(% at.) min min min min min min

Exp. | Exp. |Calc.| Exp. | Exp. |Calc.| Exp. Exp.‘ Calc.

0 22 114 112 50 550 539 67 920 1041 (915)

2.5 25 91 98 58 440 426 68 730 1786 (735)

5 28 83 86 62 321 336 70 587 594 (596)

7.5 29 81 76 57 251 266 79 489 449 (498)
10 29 75 67 58 224 210 83 441 339 (440)
12.5 - 67 59 - 222 166 - 420 199 (424)
15 - - 52 - - 131 - 430 143 (448)

Moreover, experimental constants A; and A, vary as: 0.03<(4,,
A,)<0.05 at 500°C, 0.14<A,<0.18 and 0.06<A4,<0.08 at 600°C,
0.18<A,<0.20and 0.04<A,<0.06 at 650°C.

It is known that if the oxidation proceeds as

o= No [1- exp(_kefftn )1 (2)

where k; is the oxidation rate, N, is the number of nucleation centres,
then the oxidation behaviour is associated with the active nucleation
centres according to a formal theory of transformations kinetics [18].
Replotting the experimental dependences obtained as (—In(1 — a(t))) vs
In(¢) and analysing them, one could conclude that power n in Eq. (2) is
close to n ~0.8-0.9 for all kinetic curves.

The experimental &, and &, values listed in Table 1 are determined by
applying Eq. (1) to each isothermal oxidation kinetic curves studied.
The following should be noted: the first, &, >> k, and, the second, k;
values are almost changeless with the gallium content (Table 1). It is
also shown that the concentration dependences (-In(k,)) for the
YCu,_,Ga, powders with up to 7.5% at. of Ga could be successfully ap-
proximated by linear function (Fig. 3) in the temperature range stud-
ied (500-650°C).

According to the Arrhenius law the temperature dependence of oxi-
dation rate could be written as:

k. = Sexp(-E,; / RT), 3)
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where k; is the oxidation rate constant, T is the absolute temperature,
S is the pre-exponential factor, E; is the activation energy for the re-
action, Ris the universal gas constant.

Moreover, according to the collision theory the constant S is a fre-
quency of collisions and corresponds to the entropy part of the rate
constant as S=£k,exp(AS/R), while if E=AH then the component
exp(—AH /RT) corresponds to its enthalpy part.

So, taking into account Eq. (3), both the entropy and enthalpy parts
of the YCu,;_,Ga, solid solution powder oxidation rates are separated
and the activation energy values are determined. As a result, it is
found that &k, and k, values could be described in temperature range
500-650°C by following expressions:

E,,(1-0.0223c)
RT ’

k, = S,, exp {— 4)
where ¢ is Ga content (% at.), Sg; = Ey:exp(—=3.535¢/R), ko, =1.025-103
min?, E,, = 88228 J/mol.

At the same time,

E
k, =S, exp [_R_()Tl')’ (5)

where Sy; =41.2 min™?, E;; =47616 J/mol.

It should be noted that the calculated E,, value (88.2 kJ /mol) is close
to the enthalpy of formation of the YCu compound, namely, AHyc, =
=176 kJ/mol [22], while the calculated E,; value (47.6 kJ/mol) is close
to activation energy of oxidation of the bulk yttrium metal, namely,
44 kJ /mol [23].

Analysing the received data one could conclude that the A,exp2 term

9.5

—In(k:)

0o 2z 4 6 & 10 12
Ga content, at.%

Fig. 3. Concentration dependences of the (-In(%,)) values of the YCu,_,Ga, sol-
id solution powders.
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in Eq. (1) is described by the Eq. (4). This A,exp2 component dominates
at the first stage of the oxidation process (up to 40 min of annealing in
air, Fig. 2) and corresponds to the decomposition of YCu intermetallic
into separate components (see below). So, taking into account experi-
mental k, data (Table 1) the activation energy (E,,) of this process has
been calculated (Eq. (4), Fig. 4).

However, the A;expl term in Eq. (1) dominates during the entire ox-
idation process (4; >A4,) (Fig. 2) and it is well described by the Eq. (5).
That is, the oxidation rate k; value is high, slightly depends on temper-
ature at 500-650°C range and almost does not depend on the gallium
content (Table 1). Obviously, the oxidation rate k, determines the for-
mation of an oxide scale containing Y,0; oxide mainly.

So, in our opinion, the k, component of the YCu,_,Ga, powder oxida-
tion rate, which is shown to change with the gallium content, is deter-
mined by the contribution of the initial solid solution decomposition into
its individual components with their subsequent oxidation. These k&, val-
ues, obtained experimentally and calculated by Eq.(4), are presented in
Table 1 and at Fig. 5, which illustrate together a good agreement of these
values both at low gallium content and at temperatures up to 650°C. Alt-
hough is found that the second-degree polynomial is more suitable for
the approximation of the k, experimental data in gallium-rich region of
the YCu,_,Ga, solid solution (dashed lines in Fig. 5, Table 1).

According to XRD data the phase composition of the powders stud-
ied changes significantly throughout the entire oxidation. Thus, the
test samples selected at the initial stage (up to 40 min) of isothermal
annealing of powders contain four phases, namely, the YCu, interma-
tallic, the initial YCu,_,Ga, solid solution with the unchanged lattice
parameter and two other cubic yttrium phases: Y,0; oxide with
a=1.060(1) nm and presumptive (Y, Cu)O, phase with a ~5.202(6) nm

Activation energy, kJ/mol
~
>
o

0 2 4 6 & 10 12 14
Ga content, at.%

Fig. 4. Concentration dependences of E, activation energy and E, apparent
activation energy of oxidation of YCu,_,Ga, powders.
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Fig. 5. Concentration dependences of the k, oxidation rate values: experi-
mental and calculated by Eq. (4) (solid line) ones.

(Fig. 6). Recently we are found [6, 24] that such Y,_,Cu,O, cubic phases
(a=0.500-0.488 nm with 0—30% at. of Cu) are formed at mechanical
alloying in air of the Y—Cu powder mixture (YCu equiatomic composi-
tion). As for ‘YCu2’ phases formed at oxidation of YCu,_,Ga, powders
with x>0, they really are the Y(Cu, Ga), solid solution phases, whose
lattice parameters depend on the gallium content in the sample.

Thus, the first stage of the oxidation of all the solid solution pow-
ders studied is accompanied by such transformation (decomposition of
initial YCu,_,Ga, solid solution) followed by oxidation as (here, the vir-
tual phases that are not detected by XRD method, are marked in brack-
ets):

YCu, .Ga, - Y(Cu,Ga), +[Y]+[Ga]—>2— Y(Cu,Ga), +

6
+Y,0,+(Y,Cu)O, +[Ga,0,]. ©)

In our opinion, an oxide scale and its further transformation is
formed at this stage of oxidation. Because of these transformations, the
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final oxidation products contain yttrium and copper oxides only, name-
ly, Y,0;, CuO, and Cu,O (Fig. 6) according to the XRD data. Moreover,
the lattice parameters of these oxides strictly correspond to their known
values.

As for Ga,0,, it is known [25] that the deposited thin films of this
oxide are amorphous and Ga,0O; phase is not detected by XRD. So, alt-
hough in this study Ga,O; oxide is not detected by XRD method, it cer-
tainly participates in the oxide scale formation. Thus, complete oxida-
tion of YCu,_,Ga, solid solution powders is carried out as follows:

YCu, Ga, - —2—Y,0,+CuO +[Ga,0,]. )

Study of isothermal annealing of the YCu, ,Ga, powders in air has
discovered the main features of their complete oxidation. The process
of complete oxidation is preceded by the decomposition of initial mate-
rial with the formation of metastable intermediate phases such as YCu,
and (Y, Cu)O,. This conclusion is proved by the XRD results and by a
proximity of the oxidation activation energy for the powders with x =0
(88.2 kdJ/mol, Fig. 4) and the formation enthalpy of pure YCu com-
pound (76 kJ /mol [22]).

Since the decomposition of the binary YCu (x=0) compound pro-
ceeds according to the scheme (6) too, then results obtained in this
work are compared with oxidation behaviour of bulk yttrium metal. It
should be noted that the activation energy of oxidation in air of this
metal, which is equal to 44 kJ/mol [10], is close to Ey =48 kJ/mol,
which we obtained for the first stage of the YCu oxidation process from
Eq. (5). That is, the oxidation of the decomposition products of the
YCu compound starts with the oxidation of yttrium atoms with the

4 A
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= g ] T Ty A f *
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Fig. 6. Fragments of diffraction patterns for YCu,_,Ga, powders selected af-
ter different oxidation times at 500°C. Markers for individual phases are
shown in Fig. 7.
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formation of Y,0; oxide scale. Further oxidation of YCu intermetallic
is retarded with growth of this scale, which thickness could reach
100 pm in bulk yttrium [10, 11]. Thus, our results obtained for the ox-
idation of YCu powders in air coincide with those obtained for the bulk
yttrium material.

It is clear that oxidation of the YCu;_,Ga, solid solution powders
(x> 0)is accompanied by a change in the phase composition of the oxide
scale. Since any gallium oxides and phases (Ga,05;, CuGa,0,, etc.) are
not detected in the oxidation products by the XRD method the effect of
Ga dopants on the oxidation is studied by analysing k.;; parameter ob-
tained by approximating the experimental curves (Fig. 2) by single-
term equation as follows:

o(T) = A, + A [1—exp(—k1)], (8)

Despite the large error in determining k&.;; value by a single-term Eq.
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Fig.7. Phase fractions (% wt.) of the YCu,_,Ga, powders annealed at 500°C
versus oxidation time up to 40 min.
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(7), it is found that the apparent activation energy E.; increases signif-
icantly with an increase of Ga content in the YCu,_,Ga, powder (Fig. 7).

Here we have shown that o(¢) dependences for the YCu,_,Ga, pow-
ders are correctly described by a two-term Eq. (1). Moreover, the first
term of the o(t) expression for YCu,_,Ga, probably corresponds to the
formation of Y,0; oxide scale at the initial stage of the oxidation pro-
cess. Upon further annealing this oxide scale supplemented by both
copper and gallium oxides and as a result it significantly retards the
diffusion of atmospheric oxygen atoms along the grain boundaries and
the oxidation.

On the whole, the oxidation reactions of the YCu,_,Ga, solid solution
powders occur at the rates that decrease with gallium content increas-
ing (Fig. 5, Table 1), which means that the oxidation resistance of
these powders increases.

4. CONCLUSIONS

The kinetics of isothermal (500, 600, and 650°C) oxidation in air of the
powders (of 50 um of size) of the YCu,_,Ga, (0 <x <0.3) solid solution
on the base of YCu compound has been studied by the periodic weigh-
ment method and XRD phase analysis. This study has revealed some
features of the oxidation mechanisms of this intermetallic compound.

It is shown that oxidation of the YCu,_,Ga, powders follows the
scheme:

YCu, ,Ga, 9% Y(Cu,Ga), + Y,0,+(Y,Cu)O, +
+[Ga,0,]—2— Y,0,+CuO +[Ga,0,].

The oxidation process of YCu, ,Ga, powders occurs in two stages.
The initial stage of oxidation (with activation energy of 48 kJ/mol) is
characterized by the formation of a stable oxide scale, containing Y,04
mainly. Upon further annealing this scale formed significantly retards
both the diffusion of oxygen atoms along the grain boundaries and the
oxidation process since this oxide scale is completed by both copper and
gallium oxides at phase transformations. In whole, the oxidation rate
of the YCu,_,Ga, solid solution decreases with an increase in the gallium
content, while the apparent activation energy of oxidation increases.

Overall, gallium dopants increase the resistance to high-temperature
oxidation of the YCu phase under its annealing at 500-650°C in air.
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