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bstract

ew inorganic materials with dominant ionic chemical bonds which expand upon crystallization at room temperature have been discovered. This
ffect has been observed in alloys of the ZrO2–Y2O3–Er2O3 system. It can be interpreted as transition existence from crystal structure with dominant
onic bonds to the one with dominant covalent or covalent-metallic bonds while heating below the melt point. So the phase transition from cubic

phase to hexagonal H which occurs in these materials at about 2300 ◦C should be linked to changing in the dominant type of chemical bonds.

Such a phenomenon should be take place upon oxides crystallization of rare-earth elements which have physicochemical properties and electron

tructure similar to those of Y2O3, namely of heavy lanthanides oxides Ho2O3, Tm2O3, and Yb2O3; upon the crystallization of their alloys with
ach other and with Er2O3 and Y2O3.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

REE oxides and their alloys among each other and with
r oxide are widely used as the materials having high melt-

ng temperature, thermodynamic stability, strength and crack
esistance and can be used in developing of special-purpose
efractories, fuel elements, etc. These alloys have a lot of phase
ransitions at high temperatures. It has been found out that some
f the alloys have anomalous specific volume changing (expan-
ion) upon crystallization.1,2 Consequently, these materials are
f great interest for research and practical application.

Inorganic materials which expand upon crystallization cannot
e frequently observed. Undoubtedly, the first known substance
f this type is water, in the point of the phase transition of
water–ice”. Similar behaviour was also found for Bi and Sb
lready in the 19th century.3
∗ Corresponding author. Tel.: +380 44 393 0974; fax: +380 44 424 2131.
E-mail address: Al-frolov@yandex.ru (A.A. Frolov).
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The value of volume increase upon crystallization (�V /Vs)
s determined by the formula:

�V

Vsol

× 100(%) = (Vsol − Vliq)

Vsol

× 100(%) (1)

here Vsol and Vliq are specific volumes of solid phase and liq-
id phase (g/cm3), respectively. Most of the currently known
norganic substances expanding upon crystallization are (in
arenthesis (�V/Vsol) × 100(%) is indicated): (1) chemical
ompounds with chemical bonds of the hydrogen type: H2O
8.3%)4,5; (2) elementary semiconductors: Si (10.0%,6,7 8.4%,8

.4%9) and Ge(5.7%,6,8 4.75%7); (3) metallic Ga (3.24%,6

.2%10,11); (4) semimetals: Sb (0.95%6), Bi (3.3%6), and
ome of their alloys; (5) semiconductor compounds AIIIBV:
aSb (9.6%,6 8.2%7), InSb (12.5%6,7), AlSb (12.9%6,7), GaAs

10.7%6,7), and InAs (7.1%6,7); (6) semiconductor compounds
g2BIV: Mg2Si (23.3%7), Mg2Sn (2.5%6, 2.03%7), and Mg2Pb

2.03%,6 4%7); (7) plutonium and some of its alloys,12 and (8)
ome compositions of grey irons.13 The volume increase of grey

ast iron at the eutectic temperature is related to the growth of
raphite grains. The latter have a larger specific volume than
hat of the dissolved carbon.13 The anomalous behaviour of
ater upon crystallization is connected with the presence of

dx.doi.org/10.1016/j.jeurceramsoc.2010.04.003
mailto:Al-frolov@yandex.ru
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irectional hydrogen bonds between water molecules. Under
reezing, water molecules are arrayed into a lattice according
o the directions of chemical bonds, which leads to the forma-
ion of a “loose” ice structure, and therefore to the increase of
he specific volume.4,5 Semiconductors Si and Ge9 are typical

aterials with dominant covalent bonds. Large amount of direc-
ional covalent bonds is observed in the crystals of semimetals
b, Bi,6 metallic Ga10,11 and semiconductor compounds GaSb,
aAs, InSb, InAs, AlSb, Mg2Si, Mg2Sn, and Mg2Pb as well.7

he processes of melting and crystallization of these materi-
ls have been reviewed.7,10,11 The large covalent component of
hemical bonds acts in plutonium and its alloys.12,14 Tanaka,15

nalyzing P–T diagrams, has made the conclusion that the effect
f expansion upon crystallization of Si, Ge, Sb, Bi, Ga, and InSb
s the consequence of the directional covalent bonds existence.

Thus, in all the substances with a positive volume effect
f crystallization, we can observe directional chemical bonds
omination. They can form a “loose” lattice of substance upon
rystallization. Therefore, the availability of a large component
f the directional chemical bonds is a necessary but certainly
nsufficient condition of expansion upon crystallization.

The above list of substances shows that the positive volume
ffect of crystallization is not observed in substances with dom-
nant ionic bonds. Though, an anomalous shape of ingot surface
ormation has been found upon crystallization of the refractory
irconia–yttria–erbia system in the centrosymmetrical temper-
ture field.1,2 These alloys are materials with dominant ionic
onds and so are not expected to be expanded upon freezing.
ut the formation of anomalous shape of ingot surface can be

elated to expansion upon crystallization. The positive volume
ffect of crystallization in the alloys which included ZrO2 was
elated to the emergence of point defect complexes in the course
f a hexagonal structure formation in solutions of nonisovalent
etals oxides (zirconium and rare-earth elements). However, the

ollowing experiments have shown that the positive values of the
olume crystallization effect are typical for pure Y2O3 and the
inary Y2O3–Er2O3 alloys, where ZrO2 is absent. Therefore,
he aim of this work was to find out the reason of the anomalous
ehaviour of the Y2O3–Er2O3 alloys upon crystallization.

In this research, fused ingots of zirconia–yttria–erbia alloys
f various compositions have been obtained. All of these oxides
re substances with dominant ionic bonds. It is significant for
iscussion of high temperature properties of such alloys.

The values of the chemical bond ionicity of the tested oxides
ere estimated by using the Pauling formula16:

% = 1 − exp
⌊
−0.25(XA − XB)2

⌋
(2)

here (XA − XB) is the electronegativity difference for A and B
toms.

We used the following parameters of electronegativity:
Zr = 1.416; XEr = 1.2 (1.25)17; XY = 1.317; and XO = 3.5.16

hemical bond ionicity (I %) of considered oxides were

btained: I(ZrO2) = 67%; I(Er2O3) = 73%; I(Y2O3) = 70%.

For comparison, the chemical bond ionicity of NaCl is 67%.16

hus the ionicity of ZrO2, Er2O3, and Y2O3 are equal to or
igher than that of such a typical ionic compound as NaCl.

o
(
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. Experimental procedure

It is well known that the phenomenon of volume changing in
ransition from liquid to solid state causes mass transfer in the
rocesses of directional crystallization and zone cleaning.18 The
pecific volume of such widespread semiconductors as Si and
e increases upon crystallization. So the mass of these melts

s partially transferred along the line of melting zone move-
ent. It is well known in metallurgy that shrink cone formation

ccurs in most substances under crystallization of melted mate-
ial in a centrosymmetrical temperature field from the walls of
he crucible to its center. During the directional crystallization of
ubstances which have positive volume effect of crystallization,
or example Ge, along the lines from the edge to the center of
he melting zone, the formation of a salient cone on the ingot
urfaces occurs.19

Alloy ingots of the ZrO2–Y2O3–Er2O3 system were obtained
y the melting method in the focal zone of the optical
urnace.2,20,21

In the focal zone center of this optical furnace, the energy
ow density can reach value of Emax = 1.6 × 104 kWt/m2, which
llows melting the most refractory oxide materials. In order to
mprove the temperature field radial symmetry, a sample (20 mm
n diameter) was rotated under heating and cooling. The gradual
rystallization of material from the melt pool edge to the cen-
er was induced by decreasing the energy light flow density in
rder to obtain the necessary conditions for crystallization. No
pecial safe temperature conditions for slow cooling and anneal-
ng after solidification were used. Samples were cooled in air.
he crystallization process of the ternary ZrO2–Y2O3–Er2O3
ystem alloys was put onto video.

All obtained ingots had inner volume defects (pores, cracks,
ollow spaces). Their maximal concentration was in the center
f ingots. Therefore, the samples for the porosity measure-
ents were cut out from the central zones of the Y2O3 ingots.
he porosity was measured by using the method of hydrostatic
eighing with preliminary samples vacuum treatment.22 The
eighing accuracy was up to 0.0001 g and the weighing error
id not exceed 0.5–1%.

. Results

The following characteristic changes were observed in the
rystallized ingots: (1) shrink cone formation occurred on the
ngot surfaces of the 100% ZrO2 and most of the tested samples
uring of the processes crystallization in the focal zone of the
ptical furnace (Fig. 1); (2) horizontal plane was formed on the
ngot surface with 100% Er2O3 composition (Fig. 2) (if the melt
ool surface had convex geometry, it did not change); (3) salient
ones were formed on the ingot surfaces with large concentra-
ion of erbia and yttria (Fig. 2); (4) some of the alloy ingots
ith intermediate concentrations of zirconia were broken in the

xplosion-like manner after being crystallized (Fig. 3); (5) some

f the alloy ingots with intermediate concentrations of zirconia
more than in (4)) were broken under cooling.

The crystallization processes in the binary ZrO2–Er2O3 and
rO2–Y2O3 alloys have been studied before.2 In that case
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ig. 1. Stages of shrink cone formation in condition of centrosymmetrical tem
ample surface of 100% ZrO2 and (e), (f), (g) stages of shrink cone formation,
r2O3.

alient cone formation on hypoeutectic alloys ingot surfaces
akes place. Hypereutectic alloys in the concentration area of the
exagonal phase existence break in the explosion-like manner.
he concentration areas classification for alloys in the ternary
rO2–Y2O3–Er2O3 system according to the ingot surfaces crys-

allization behaviour and shape is shown in Fig. 4.
The studied system is characterized by the following features:

1) Salient cones are formed on the ingot surfaces in the alloy
compositions having hexagonal H phase primary crystal-

lization such as alloys of the binary Er2O3–Y2O3 system,
100% Y2O3, and alloys with small ZrO2 concentration. The
surface ingot shapes with 100% Er2O3 do not change. These
are areas I and II.

t
a

ig. 2. Stages of “anomalous” ingot surface formation in condition of centrosymme
ample surface of 100% Er2O3 and (e), (f), (g) stages of salient cone formation, (h) t
ure field: (a), (b), (c) stages of shrink cone formation; (d) shrink cone on the
rink cone on the sample ingot surface of alloy of composition 50% ZrO2–50%

2) The alloys with high ZrO2 concentration are situated in the
area of the C phase primary crystallization and the follow-
ing 〈C〉 → 〈C〉 + 〈H〉 transition under cooling (area III). In
his case a shrink cone starts its formation and the sample
explosion-like break occurs.

3) The alloys with higher ZrO2 concentration are located out-
side the area of incongruent transitions crystallize with a
shrink cone formation (areas IV, V, and VI). But some of the
alloy ingots with intermediate concentrations become bro-
ken under the subsequent cooling (area VII). This process
is possible but not compulsory.
The most interesting result of such observations is the forma-
ion of the salient cone on the ingot surface of the Y2O3 and some
lloy compositions. The initial melt pool and solidified ingot of

trical temperature field: (a), (b), (c) stages of plane surface formation, (d) the
he sample surface of 10% ZrO2–90% Er2O3 alloy.
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ig. 3. Stages of ingot crystallization of the alloy with 25% ZrO2–75% Er2O3 c
one formation; (d) stage of explosion-like breaking; (e) residual part of presse
f broken ingot with a part of shrink cone.

2O3 are shown in Fig. 5a, b. The schematic drawing of the
olume change estimation upon crystallization is illustrated in
ig. 5c, d. The method of solid-to-liquid specific volumes ratio

ough estimation via analysis of ingot surface shape has been
eveloped.23,24 But, the mentioned method uses an “assumed”
hape of the melt pool surface. In this paper, we propose to esti-

ig. 4. Crystallization behaviour of alloys of the ZrO2–Y2O3–Er2O3 sys-
em in centrosymmetrical temperature field: (I) concentration area of the H
hase primary crystallization and the following 〈H〉 → 〈C〉 transition upon
ooling; (II) area of the H phase primary crystallization and the following
H〉 → 〈H〉 + 〈C〉 → 〈C〉 transitions; (III) area of the C phase primary crys-
allization and the following 〈C〉 → 〈C〉 + 〈H〉 → 〈C〉 transitions; (IV) area
f the C phase crystallization and the following secondary crystallization
C〉 → 〈C〉 + 〈F〉; (V) area of the F phase primary crystallization and the fol-
owing 〈F〉 → 〈C〉 + 〈F〉 transition; (VI) area of the F phase crystallization; and
VII) expected area which corresponds to the eutectoidal reaction of the forma-
ion of chemical compounds with larger specific volume than that of the solid

atrix at lower temperature. Spot symbols correspond to: (©) shrink cone for-
ation; (×) explosion-like break of sample; (†) sample break upon following

ooling; (�) formation of a salient cone or lack of surface shape change (100%
r2O3).
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sition: (a) melt pool; (b) intermediate stage of solidification; (c) start of shrink
ple after the melted ingot top and sintered part being “exploded”; (f) fragment

ate changing of true specific volume ((�V/V )true) with the
se of the melt pool and ingot side views at axial symmetry
pproximation.22 According to (1)

�V

V

)
true

= (Vsol − Vliq)

Vsol

(1a)

The method has three general sources of errors. Such as:
(1.1) The shapes of melt pool and ingot are not absolutely
ymmetrical. Fig. 5.
The volume of liquid phase (Vliq) and ingot (Ving) can be

etermined as the volumes of corresponding rotary figures mul-
iplied by a certain perspective distorting coefficient (k).

ig. 5. Side projections of Y2O3 sample and design diagram for: (a) side pro-
ection of the melt pool before crystallization; (b) side projection of the ingot;
c) design diagram of melt pool; (d) design diagram of ingot. rl

0, rl
i , r

l
i+1 are radii

f based (0), ith and i + 1th truncated cones that were re-established with left
art of side projection, conformably. rr

i , rr
i+1 are radii of ith and i + 1th truncated

ones that were re-established with right part of side projection, conformably.

0, Hl, Hs are ordinates of bottom pool melt (ingot), top of pool melt, top of
ngot conformably. 2δV is the volume of the bottom ingot layer.
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This inaccuracy can be taken into account in the following
ay:
The volumes of the melt pool (Vliq) and apparent volume

f ingot (Ving) can be calculated as average value of the rotary
gures (of the left (V l

mel, V l
ing) and right (Vr

mel, Vr
ing) parts of

orresponding images) multiplied by distorting coefficient k:

liq = k
V l

mel + Vr
mel

2
and Ving = k

V l
ing + Vr

ing

2
(3)

here V l
mel, V

r
mel, V

l
ing, Vr

ing are equal to the sums of the volumes
f the elementary truncated cones,

l
mel = π

3

⎧⎨
⎩

Hi=Hl∑
Hi=H0

δhi ·
[(

rl
i

)2 +
(
rl
i+1

)2 + rl
i · rl

i+1

]⎫⎬
⎭ (4a)

r
mel = π

3

⎧⎨
⎩

Hi=Hl∑
Hi=H0

δhi ·
[(

rr
i

)2 + (
rr
i+1

)2 + rr
i · rr

i+1

]⎫⎬
⎭ (4b)

Similarly:

l
ing = π

3

⎧⎨
⎩

Hi=Hs∑
Hi=H0

δhi ·
[(

rl
i

)2 +
(
rl
i+1

)2 + rl
i · rl

i+1

]⎫⎬
⎭ (4c)

r
ing = π

3

⎧⎨
⎩

Hi=Hs∑
Hi=H0

δhi ·
[(

rr
i

)2 + (
rr
i+1

)2 + rr
i · rr

i+1

]⎫⎬
⎭ (4d)

here Hi is identification code of the ith elementary truncated
one; H0 is the ordinate of the bottom of the melt pool and solid
ngot of Y2O3; Hm is the ordinate of the top of the Y2O3 melt
ool; Hs is the ordinate of the top of the Y2O3 ingot; δhi is the
eight of the ith elementary truncated cone. rl

i and rl
i+1 are left

ase radii of the ith elementary truncated cone in the side views.
r
i and rr

i+1 are right base radii of the ith elementary truncated
one in the side views.

To make the images clear, the right dimensions of the melt
ool diagram and the left ones of the ingot diagram are not shown
n Fig. 5c, d.

As we estimate the true changing of specific volume
�V/Ving)

true
, it can be written as follows:

�V

Ving

)
true

= k

k

(Ving − Vliq)

Ving

(5)

Coefficient k is cancelled (it is a value of volume distortion for
he side views interpretation), and so we have that (�V/Ving)

true

oes not depend on distortion at the side views interpretation.
It should be emphasized that Fig. 5c, d. is the calculation

cheme only, as even the outline thickness causes an apprecia-
le error. Therefore, in practice we did it in the following way:
he images of melt pool and ingot were printed in the same

cale. Then the outline of the melt pool image was cut and
laced on the ingot image. After that the elementary truncated
ones were chosen in the images of the melt pool and ingot. By
he method described above the estimation of apparent specific

P

n
m

eramic Society 30 (2010) 2497–2504 2501

olume changing (�V/Ving)
app

is:

ΔV

Ving

)
app

=
[

0.067 ± δΣ

(
�V

Ving

)]
(6)

here

Σ

(
�V

Ving

)
=

√[
δsys

(
�V

Ving

)]2

+
[

3δ0.68
acc

(
�V

Ving

)]2

(7)

s the sum of (�V/Ving)
app

estimation errors: the accidental stan-

ard error (squared error) multiplied by 3 (3 · δ0.68
acc (�V/Ving),

he confidence probability of such estimation equal 0.997) and
ystematic error (δsys(�V/Ving)). We have got in our experi-
ents, that

· δ0.68
acc

(
�V

Ving

)
= 0.024 (8)

1.2) The general systematic error (δsys(�V/Ving)) is caused by
he fact that boundary surface between the ceramic base and melt
ool (or fused solid phase) is not plane and cannot be determined
xactly. Therefore the volumes of the melt pool and ingot are
etermined with the similar absolute systematic inaccuracy δV .
V can be defined as 1/2 volume of the rotated figure between
ower planes in Fig. 5c, d. Accordingly, (�V/Ving)

app
has sys-

ematic error of estimation. Investigations of fused ingot crosses
howed that such systematic error (δsys(�V/Ving)) is no more
han 0.1 or 0.2, as compared with relate changing of volume,
nd the limit value of such error in our experiments is:

sys

(
�V

Ving

)
≈ 0.2 ·

(
�V

Ving

)
≈ 0.0134 (9)

According to (7), (8), (9), we have got for our experiments,
hat

�V

Ving

)
app

≈ 0.067 ± 0.027 (10)

onfidence probability equals to 0.997.
(1.3) Pores, cracks and other hollows increase apparent vol-

me of the ingots. (Further, no hollows (bubbles) are considered
o be in the melt of Y2O3). The true volume of solid phase (Vsol)
s:

sol = Ving − Vpor (11)

here Vpor is total volume of porous, cracks and other volume
efects in the ingot.

Porosity has been experimentally determined by the method
f hydrostatic weighing in the distilled water with preliminary
ample vacuum treatment. The obtained results showed that
here was no open porosity in the fused samples. The closed
orosity was22:
= 2–2.5% (12)

If the estimation error of the volume changing has maximal
egative value (−0.027) and the porosity of Y2O3 ingots has
aximum possible value (according to (12) Pmax = 2.5%) then:
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ig. 6. General forms of ingot surface shapes of the boundary binary Er2O3–Y
0% Er2O3–60% Y2O3; (d) 60% Er2O3–40% Y2O3; (e) 70% Er2O3–30% Y2O

(�V/Ving)
app

equals, no less than 0.04 and thus, the true
pecific volume change of Y2O3 upon crystallization is no less
han:

�V

Ving

)
true

× 100% =
[(

�V

Ving

)
app

− Pmax

]

×100% ≈ 1.5% (13)

It is the smallest Y2O3 specific volume increase value upon
rystallization that can be accepted according to our experi-
ents.
So, the processes have observed in our experiments show that

2O3 specific volume increases upon crystallization as well as
n some alloys of the ZrO2–Y2O3–Er2O3 system.

. Discussion

The main unusual result obtained is the increase in the specific
olume of some alloys of the ZrO2–Y2O3–Er2O3 system upon
he phase transition from liquid to solid phase. Possible causes
f the expansion upon crystallization are the following: (1) a
reat number of macro- and microdefects such as pores, cracks,

ubbles and other hollow spaces, which lead to increase of an
pparent ingot volume, (2) formation of chemically induced
acancies in the metal sublattice created thanks to addition of
arger valence metal oxides, and (3) the smaller density of the

t
i
b
a

ig. 7. Phase diagrams of the boundary binary systems: (a) Er2O3–ZrO2
28,29; (b) Z

rO2; (3) 50% Er2O3–50% ZrO2.
ystem alloys for the compositions: (a) 100% Y2O3; (b) 30% Er2O3–70%; (c)
.

rystal phase compared to that of the melt, which occurs for
ubstances with directional chemical bonds (as mentioned in
ection 1).

The general forms of binary Er2O3–Y2O3 system ingot
urfaces25 are shown in Fig. 6.

The form of the ingot surface of 100% Er2O3 is shown in
ig. 2d.

The domination of directional chemical bonds in substances
s a requirement for the “loose” crystal structure formation and
xpansion upon crystallization, as mentioned in the introduction.
herefore we can state that the hexagonal H phase forming upon

he phase liquid–solid transition in alloys of the Er2O3–Y2O3
ystem represents a structure with dominant directional chemi-
al bonds. The possible bonds for the materials studied can be
ovalent or covalent-metallic. It is well-known that under heat-
ng yttria and erbia have the phase transition from the cubic C
o hexagonal H phase at about 2300 ◦C accompanied by volume
ncrease,26 which can be related to the transition to the domi-
ant directional chemical bonds. Naturally, the reverse transition
nder cooling must be connected to rebuilding of the lattice to
structure with dominant ionic bonds typical for the C phase.

The nature of chemical bonds as is known depends on tem-
erature and pressure. For example, the bond ionicity of such a

raditional ionic compound as NaCl decreases with temperature
ncrease.27 It is evident that the ionic component of chemical
onds in the tested alloys decreases under heating too, and
t certain temperature the directional component (covalent or

rO2–Y2O3.30 Compositions (1) 90% Er2O3–10% ZrO2; (2) 80% Er2O3–20%
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ovalent-metallic) of the chemical bond becomes dominating to
uch a great extent that causes rebuilding of the lattice into a
tructure corresponding to the space direction of this bond com-
onent. In a particular case, such structures can have density
ower than that of the disordered (molten) substance. Herein the
pecific volume has to increase with formation of long range
rdering. This case is realized in some of the studied alloys.

It is reasonable to discuss the model of expansion upon crys-
allization due to “Directional chemical bonds formation” in
arallel with the model based on the “Emergence of point defect
omplexes”.2

The phase diagrams of the boundary binary Er2O3–ZrO2
28,29

nd ZrO2–Y2O3
30 systems are shown in Fig. 7.

When the hypoeutectic melts of the boundary systems are
ooling, the primary crystallization of the H phase occurs. The
pecific volume of such alloys increases upon crystallization.
he replacement of Y3+(Er3+) by Zr4+ occurs in the formation
f the H phases of the Er2O3–ZrO2 and ZrO2–Y2O3 alloys. In
his case, the requirement for crystal electric neutrality leads
o the appearance of additional vacancies in the metal sublat-
ice. The replacement of every six Er3+ (Y3+) ions by Zr4+

ons in the H phase lattice leads to the appearance of two
dditional vacancies in the metal sublattice and that is to the
ppearance of numerous additional vacancies in the volume
f alloys.2,20 Therefore, the specific volume of H phases in
he ZrO2–Er2O3, ZrO2–Y2O3 and ZrO2–Y2O3–Er2O3 alloys
s greater than that in both 100% Er2O3, 100% Y2O3, and the
orresponding intermediate Y2O3–Er2O3 alloys. The effect of
pecific volume increase upon crystallization of these alloys with
small additions of ZrO2 is greater than that of pure oxides or

heir alloys. There is a salient cone on their surface and its size
s larger than that of 100% Er2O3, 100% Y2O3 or the interme-
iate Y2O3–Er2O3 alloys. These alloys have composition (1) in
ig. 7a and composition of areas I and II in Fig. 4. It should
e emphasized that we can see the value of specific volume
ncrease upon crystallization related namely to the emergence of
oint defect complexes if a small quantity of ZrO2 is added into
00% Er2O3, because the expansion upon pure Er2O3 crystal-
ization is equal to zero. The plane ingot surface of 100% Er2O3
s shown in Fig. 2c, d. Similar effects for the ZrO2–Y2O3–Er2O3
nd ZrO2–Y2O3 alloys are not so obvious and visible as for
rO2–Er2O3 ones.

The specific volume of the H phase is larger than that of the
phase. In the area of the secondary H phase crystallization,

he latter is crystallized inside the C phase matrix for the second
ime. At first, shrink cones begin their formation on the surfaces
f ingots and then the ingots brake into pieces. These alloys
ave composition (2) (Fig. 7a) and the composition of area III
Fig. 4). The shrink cones formed on the ingot surfaces of these
lloys confirm the fact that the specific volume of the C phase
s lower than that of the melt.

Under cooling of the alloys with high ZrO2 concentration,
he C phase primarily crystallizes in area IV with the follow-

ng secondary crystallization transition 〈C〉 → 〈C〉 + 〈F〉. The F
hase primarily crystallizes in area V with the secondary crystal-
ization transition 〈F〉 → 〈C〉 + 〈F〉 and in area VI. The specific
olumes of the C and F phases are lower than those of their

c
a
i
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elts, and shrink cones form on the surfaces of their ingots. The
omposition (3) (Fig. 7a) and the compositions of areas IV, V,
nd VI (Fig. 4) are related to these alloys.

The eutectoidal reactions 〈F〉 → 〈F〉 + � (�′) or
F〉 + 〈C〉 → 〈F〉 + � (�′) exist in the ZrO2–Y2O3–Er2O3
ystem in area VII at lower temperatures. Intermediate phases
orrespond to the chemical compounds Zr3Y4(Er4)O12 (�
hase) or Zr2Er5O11 (�′ phase) for the boundary binary
r2O3–ZrO2 and ZrO2–Y2O3 systems (Fig. 7). The specific
olumes of � or �′ phases are larger than that of the F phase,
nd the alloy samples may be broken under rapid cooling (it is
ossible but not obligatory).

Therefore, the results of these experiments allow to state that
he directional type of chemical bonds dominate in the described
lloys in the area of the existence of high temperature hexago-
al H phase, and the 〈C〉 → 〈H〉 phase transition under heating
s accompanied with changing of the chemical bond type from
ominant ionic one to dominant covalent or covalent-metallic.
n the last case, the phase transition may be accompanied by
he changing of the conductivity type from dielectric (semi-
onducting) to metallic.

It is possible that phase transitions of the 〈C〉� 〈H〉 type
xisting in other rare earth metal oxides and their alloys are sim-
lar to the ones in the ZrO2–Y2O3–Er2O3 system. Therefore,
he change in the chemical bond type from the dominant ionic
ond to dominant covalent or covalent-metallic one is the rea-
on for such transitions too. Nevertheless, these alloys should
ot inescapably expanding upon crystallization because, in some
ay it is an extreme case. The phenomenon of specific volume

onservation was found upon crystallization of rare earth metal
xides having physicochemical properties and electron struc-
ure similar to those of Y2O3. Such substances are the heavy
anthanides Ho2O3, Tm2O3, and Yb2O3 oxides.22 It is possible
hat the alloys of the above mentioned oxides with each other
nd with Er2O3 and Y2O3 can have the similar properties. The
ddition of ZrO2 or HfO2 into such substances in the concen-
ration area of the H phase primary crystallization leads to an
dditional volume increase due to the appearance of chemically
nduced vacancies in the metal sublattice.

. Conclusions

The phenomenon of the specific volume increase upon crys-
allization of some alloys of the ZrO2–Y2O3–Er2O3 system has
een discovered. These alloys are compounds with dominant
onic chemical bonds under normal conditions, whereas expan-
ion upon crystallization is a feature of substances with the
irectional type of chemical bonds. Therefore, the phase transi-
ion of the cubic C phase to hexagonal H phase accompanied by
olume increase, which exists in some alloys of the investigated
ystem at about 2300 ◦C, is a transition from a crystal struc-
ure with dominant ionic chemical bonds to one with dominant
ovalent or covalent-metallic bonds.
The addition of ZrO2 or HfO2 into such substances in the con-
entration area of the H phase primary crystallization leads to an
dditional volume increase due to the appearance of chemically
nduced vacancies in the metal sublattice.
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