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Synthesis, structure and magnetic properties
of Ti doped La,MnNiO, double perovskite

We report sol-gel synthesis, structural characterization and magnetic proper-
ties of La,Mn,_,Ti NiO, (0 < x < 1.0). Ti doping removed the biphasic structure
of La,MnNiO, by suppression of rhombohedral structure and all the Ti containing
samples crystallized in monoclinic P2, /n symmetry. La,MnNiO exhibits multiple
magnetic transitions. The high temperature ferromagnetic transition of La,MnNiO,
gradually shifted to lower temperatures with increase in Ti doping. La,TiNiO,
(x = 1.0) does not show any long-range magnetic ordering. The suppression
of magnetic transition by Ti doping is ascribed to the destruction of Mn* - 0 - Ni**
superexchange interaction. However, the signature of ferromagnetic phase
persists up to 70% Ti doping, indicating the robustness of magnetic ordering
in La,MnNiQ,. These results suggest that the addition of Ti*" truncates the ferro-
magnetic Mn* - 0 - Ni** superexchange path and it likely promotes ferromagnetic
cluster formation. The robustness of ferromagnetic state towards Ti substitu-
tion compared to the simple perovskite or spinel structure can be attributed
to cationic ordering in double perovskite structure. Both the pure and Ti-doped
samples exhibit magnetic frustration at lower temperatures due to partial cationic
disordering. The absence of long-range ordering in La,TiNiO, unlike La,TiCo0,
or Pr,TiCo0y, could be related to cationic disordering.
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cationic disorder; magnetic cluster.
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Introduction

Oxides of transition metals with ~ competing electronic and magnetic states.

perovskite structure LnMO, (where Ln
is rare earth elements or alkaline earth and
M is transition element) exhibit various ex-
otic physical properties related to the cor-
relation between spin, charge, lattice and
orbital degrees of freedom [1-3]. These
strongly correlated electronic systems show
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Accordingly, compounds with perovskite
structure have most extensively been stud-
ied by the physics and chemistry commu-
nities due to their magnetic, transport and
magnetotransport properties [4]. Presence
of second transition metal in the perovskite
structure further improves the characteristic



features of the so-called double perovskites,
Ln,MM’O,. The important features of dou-
ble perovskite are cationic ordering, an-
tiphase boundaries and multiple exchange
interactions [5-7]. The rock salt ordering
with alternate occupancy of octahedra
by different metal ions takes place when
there is a large size mismatch or the charge
difference is greater than 2 [6, 8, 9]. All
these are governed by the local electronic
configuration of the transition metal ions.
Extensive investigations on double perovs-
kites reveal that by virtue of wide M/M’
cationic range they exhibit multifunctional
properties like insulating, metallic, ferro-
magnetic, magnetodielectric, multiferroic,
etc., which are suitable for various techno-
logical applications [10-13].

Among the double perovskites,
La,MnNiO, has attracted special attention
due to its striking properties such as mul-
tiple structures, multiple magnetic ground
states, spin frustration and ferromagnetic
insulating behaviour near room tempera-
ture with giant magnetodielectricity and
magnetoresistance [14-19]. La,MnNiO,
is reported to crystallize in biphasic nature
with rhombohedral (R3¢) and monoclinic
(P2,/n) [14, 15, 20-22] or rhombohedral
and orthorhombic (Pbnm) symmetry [17,
23]. The high temperature synthesized
sample is rhombohedral and low tempera-
ture one is monoclinic or orthorhombic,
whereas for intermediate temperature
range it is biphasic [23]. The phase fraction
in the sample is also sensitive to the synthe-
sis condition and post annealing treatment
[14, 15, 18]. It was reported that the high-
temperature phase transforms to P2,/n
phase at low temperature [14]. The mag-
netic ordering temperatures are differ-
ent for different phases. The R3¢ phase
shows ferromagnetic ordering at relatively
higher temperature (~280 K) compared

to the P2,/n or Pbnm phase (~150 K)
[16, 17]. The high temperature magnetic
phase is governed by Mn"* — O - Ni**, where
for low temperature it is Mn’* - O - Ni**
superexchange interactions [15-17, 23,
24]. There is also report on ferromag-
netic transition at T.~100 K in partially
disordered sample, which was attributed
to the Mn>" - O -Ni’" interaction [15]. Fur-
thermore, there is also appearance of spin
glass behaviour in La,MnNiQO, associated
with the competing interaction between
ferromagnetic superexchange and disorder
induced antiferromagnetic Mn** ~ O - Mn"*
and Ni** - O - Ni** interactions [15, 18, 25].
This suggests that the cationic disordering
suppressed the high temperature ferromag-
netic Mn"* - O - Ni*" interaction of per-
fectly ordered phase. Another extensively
studied compound is La,MnCoO, with
ferromagnetic T.~230 K [26]. The double
perovskites in which both metal ions are
magnetic exhibit ferromagnetic ordering.
However, for the ordered perovskite with
single magnetic ion the long-range mag-
netic ordering is antiferromagnetic and
the interaction is supersuperexchange
with separation of magnetic centres larger
than 5 A [27, 28]. Such interaction also
becomes weaker as reflected from the or-
dering temperatures. The observed Ty
values for La,CoTiO, and Pr,CoTiO, are
respectively, 15 Kand 17 K [28, 29]. Thus, it
would be interesting to investigate the fer-
romagnetic to antiferromagnetic crossover
starting from an ordered ferromagnetic
system by gradual replacing one magnetic
ion by a nonmagnetic one.

In the present studies we have gradu-
ally replaced Mn*" in La,MnNiO, by Ti"*
to better understand the role of Mn** in de-
termining the structural and magnetic
properties. To the best of our knowledge
there is no report in the literature on in-
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vestigation of Ti doping in La,MnNiO,.
The ionic radius of Ti** (0.605 A) is larger
than that for Mn** (0.530 A) [30]. In addi-
tion, there are other aspects of this substi-
tution. The replacement of magnetic Mn**
by nonmagnetic Ti*" will make magnetic
dilution in system, which in turn will
truncate the ferromagnetic exchange path.
Thus, substitution of Ti*" in La,MnNiO,
is expected to rapidly destroy the ferro-
magnetic state. Furthermore, by consid-

Experimental

Polycrystalline La,Mn, Ti NiO,
(0<x<1) samples were prepared by modi-
fied sol-gel technique. At first, stoichio-
metric amounts of metal nitrates (La, Ni)
and acetate (Mn) were dissolved in 100 ml
double distilled water followed by the addi-
tion of about 5 ml concentrated nitric acid
to prevent the hydrolysis of the aquated
metal ions. In another small beaker stoi-
chiometric amount (1:1) of titanium iso-
propoxide [Ti{OCH(CH,),},], and acetyl
acetone were mixed and stirred for about
several minutes. These two different so-
lutions were mixed in one single beaker
and were stirred for about one hour using
a magnetic stirrer to get a clear solution.
Citric acid was then added to the solu-
tion at four times mole ratio of the total
metal ions. The final pH of the solution
was found to be ~2. The resulting solution
was stirred overnight followed by evapora-
tion of solvent at 100 °C to obtain the gel.
The obtained gel was dried by increas-
ing the temperature of hotplate to 150 °C
to transform the gel into crude precursor.
The crude powders were ground thor-
oughly by using an agate mortar-pestle and

Results and discussion
The PXRD patterns for all the
La,Mn, TiNiO, (x = 0, 0.2, 0.3, 0.5, 0.7
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ering the retention of cationic ordering it
will bring antiferromagnetic supersuper-
exchange Ni** - O -Ti"" - O -Ni’* in place
of ferromagnetic Ni**~O-Mn"*" - O - Ni**
exchange path. We observed that the fer-
romagnetic ground state of La,MnNiO,
is very robust and it persists up to 70%
doping of Ti* We did not observe any
antiferromagnetic ordering in La, TiNiO,
could be due to cationic disordering.

calcined at 500 °C for 6 h in air. The final
calcination was performed at 700 °C for 6 h
in air to achieve the pure phase samples.

The powder X-ray diffraction (PXRD)
patterns were registered with a Bruker D8
Advance X-ray diffractometer using Cu Ka
radiation (\ = 1.5418 A) operating at 40 kV
and 40 mA. The PXRD patterns were re-
corded in the 20 range of 10-120° using
Lynxeye detector (1D mode) with a step
size of 0.02° and a dwell time of 1s per
step. Jodometric titration of the samples
confirms the oxygen stoichiometry fixed
to “O,” within the limit of accuracy +0.05.

The dc magnetization measurements
were performed using a superconducting
quantum interference device (SQUID)
magnetometer with a variable tempera-
ture cryostat (Quantum Design, San Diego,
USA). The magnetic ac susceptibility, x, (T)
was measured with a PPMS (Quantum
Design, San Diego, USA) with the fre-
quency ranging from 10 Hz to 10 kHz.
All the magnetic measurements were per-
formed on powder samples putting inside
a Teflon capsule.

and 1.0) samples recorded in the 2q-range
10-120° are shown in Fig. 1. All the pat-



terns are refined by Rietveld method us-
ing FullProf suit program [31]. The pattern
of the parent compound (x = 0) La,MnNiO,
can only be refined properly by considering
a mixed rhombohedral R3¢ and monoclin-
ic P2,/n phases. The biphasic nature com-
posed of rhombohedral and monoclinic
phases for La,MnNiO, sample was reported
in the literature by several researchers [14,
15, 18, 32]. However, the phase fraction
depends on synthesis condition as well
as on post-synthesis annealing treatment.
We observed predominant monoclinic
phase (80%) over rhombohedral (20%) one
for the sol-gel synthesized La,MnNiO, with
final heat treatment in air at 700 °C for 6 h.
However, all the Ti doped samples can be
nicely indexed with monoclinic structure
(sp. gr. P2,/n) (Fig. 1). Thus, the Ti dop-
ing suppressed the rhombohedral phase
of La,MnNiO,. The detailed structural and
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refinement parameters are given in Table 1.
From the Table, one can see the systematic
increase in cell volume with the increase
in Ti** content as expected for its larger
ionic radius compared to that of Mn"* [30].
We observed that the size of NiO, octahe-
dra are slightly larger than that of MnO,
as reported in the literature [33].

Fig. 2 shows the temperature depend-
ent dc-magnetization measured in both
the zero field-cooled (ZFC) and field-
cooled (FC) protocols under an applied
magnetic field of 500 Oe for the tempera-
ture range 5-300 K. The magnetization
data of x = 0 parent phase exhibit ferro-
magnetic transition (7-.~280 K) just below
room temperature (Fig. 2, a). One should
notice the large thermomagnetic irrevers-
ibility between ZFC and FC data branch
immediate below T ~280 K where ZFC
data show a hump. The ZFC data also
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Fig. 1. Powder X-ray diffraction patterns of La,Mn, 'Ti NiO, (x =0, 0.2, 0.3, 0.5, 0.7 and
1.0). The open red circles, black lines, the bottom blue lines and vertical bars represent
the experimental data, calculated pattern, difference curve and Bragg position, respectively
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show a second broad hump at low tem-
perature centred around 25 K. Below T,
FC data show a plateau followed by a defi-
nite slope change below 100 K (Fig. 2, a).
Such magnetic behaviour of the parent
phase is in good agreement with the re-
ported data which supports the preva-
lence three magnetic phases in the tem-
perature window 5-300 K [15-17, 23, 24].
The high temperature T is associated with
the ferromagnetic Mn** - O - Ni** super-
exchange interaction of cation ordered
state. The transition below 100 K ascribed
to the Mn’>* -~ O - Ni’* superexchange in-
teraction and lowest temperature anomaly
was attributed to the magnetic frustration
arising out of partial cationic disordering
[15, 18, 25]

For the Ti doped sample with x=0.2,
the high temperature magnetic transition

0.8

La,Mn,_Ti NiO,

0.6[

0.4[
0.2

0.0[

Magnetization (u/f.u.)

0.06 L

0 100 200 300
Temperature (K)

Open symbol-ZFC
Solid symbol-FC

0.00:_.(p.).|....|....|....|....|....|

0 50 100 150 200 250 300
Temperature (K)

0.04[ ~

0.02[F

Fig. 2. Temperature dependent dc-
magnetization of La,Mn, Ti NiO,:

a—forx=0and 0.2 and (b) for x =0.5and 0.7.
Inset in (b) shows the data for La, TiNiO,

86

largely shifted (~60 K) to lower tempera-
ture at T.~220 K (Fig. 2, a). However,
the shape of the curve remains similar
to that of the parent phase, though the ther-
momagnetic hysteresis loop shrinks com-
pared to the x = 0 sample (Fig. 2, a). How-
ever, the upturn in magnetization below
100 K is not much shifted for x = 0.2 sample
compared to x = 0. This result indicates that
the high temperature magnetic transition
associated with Mn*" - O - Ni*" superex-
change interaction is largely hampered
compared to the Mn’* - O - Ni’* super-
exchange interaction. This could be due
to preferential isovalent substitution effect.
Thus, it can be suggested that for 20% Ti
doped sample the cationic ordering per-
sists. For x = 0.5 the T, value comes down
to 150 K and still one can observe the dou-
ble humps in ZFC branch data, upturn
in FC data below 50 K as well as the ther-
momagnetic irreversibility (Fig. 2, b).
It is worth mentioning that the parent
phase sample with orthorhombic Pbnm
or monoclinic P2,/n structures exhibits
ferromagnetic transition at T.~150 K as-
cribed to the Mn®* - O - Ni** superexchange
interaction [15-17, 24]. However, we be-
lieve that the T.~150 K for x = 0.5 sam-
ple is not associated with Mn’* - O - Ni’*
superexchange interaction like in parent
phase, rather it is related to the weakening
of Mn"" - O -Ni** superexchange interac-
tion due to substitution of nonmagnetic
Ti"" in place of Mn"". The second magnetic
phase further shifted below 50 K as indicat-
ed by the upturn in FC data in x = 0.5 sam-
ple (Fig. 2, b). This indicates that still there
is possible cationic ordering up to 50% Ti
doping in La,MnNiO,. On further increase
in Ti doping to x = 0.7, there is only one
broad hump in ZFC data around 20 K
and FC data show up turn below 100 K
(Fig. 2, b). This indicates that the high and



low temperature transitions as well as low
temperature magnetic frustration merged
together. For complete substitution of Mn
by Tii.e. x = 1.0 sample does not show any
anomaly in the magnetization data and
ZFC-FC superimposed as shown in in-
set of Fig. 2, b. This behaviour is typical
for a paramagnetic material. This suggests
that La,TiNiO, does not show any kind
of long-range ordering.

The gradual change in magnetic prop-
erties with replacement of magnetic Mn"*
by nonmagnetic Ti*" in La,MnNiO is also
supported from the isothermal magnetiza-
tion data measured at 5 K under an applied
field of +5 T (Fig. 3). There is also a system-
atic decrease in magnetization as expected
for magnetic dilution, but all the samples
up to x = 0.7 exhibit clear hysteresis loop
suggesting the prevalence of ferromag-
netic component in the system. However,
the opening of the loop is small as reported
for the parent phase [15, 24]. There is no
hysteresis loop for x = 1.0 sample (see inset
in Fig. 3) which practically shows a lin-
ear increase in magnetization with field
as expected for a paramagnet (see inset
in Fig. 3).

Let us discuss the observed change
in magnetization in La,Mn, Ti NiO,.
The substitution of Mn"" by nonmag-
netic Ti*" will truncate the ferromagnetic
Ni** - O -Mn"* - O -Ni** superexchange
path to Ni** — O -Ti"* - O - Ni*". This dop-
ing not only destroy the ferromagnetic
exchange path, but also results in weak
antiferromagnetic interaction between
the Ni’* cation. The weak antiferromag-
netic interaction between Ni** takes place
via super superexchage interaction me-
diated through O -Ti"* - O linker. This
type of antiferromagnetic interaction
is observed in half doped LaNi,.Al O,
through Ni-O-Al-O-Ni exchange

path [34]. Thus, with increase in Ti dop-
ing the ferromagnetism in La,MnNiO, be-
comes more and more weaker as reflected
by the change in T, shown in Fig. 4. This
result is very contrasting with the effect
of Ti doping in single perovskite mangan-
ite Sm ;;Sr, ,,MnO,, where just 4% of Ti
doping leads for disappearing of the ferro-
magnetic state [35]. The robustness of fer-
romagnetism towards magnetic dilution
in double perovskite La,MnNiO, may be
related to the cationic ordering. Most likely
the disruption of Ni** - O - Mn*" - O - Ni**
superexchange path leads to fragmented
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Fig. 3. Isothermal magnetization

of La,Mn, TiNiO, (x =0, 0.2, 0.5 and 0.7)
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ferromagnetic clusters which are respon-
sible for observed magnetic behaviour
of the Ti doped samples even for 70% dop-
ing. This is even higher than the effect of Ti
doping in spinel structure. Mn,, Fe, , Ti O,
has been reported to exhibit ferrimagnet-
ic ordering up to 50% Ti doping [36, 37].
However, one cannot rule out the cati-
onic disordering with the increase in Ti
doping. La,CoTiO, and Pr,CoTiO, have
been reported to show long-range antifer-
romagnetism at 15 K and 17 K, respec-
tively, in cationic ordered state. The anti-
ferromagnetic exchange interaction path
is Co” ~O-Ti"-0-Co” in cationic or-
dered samples [28, 29]. However, we did
not observe any such long range antifer-
romagnetic ordering in La, TiNiO,. The ab-
sence of such long range ordering can be
related to the cationic disordering.

To look at the magnetic features above
T, we have fitted the high temperature data
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with Curie-Weiss law. The calculated ef-
fective paramagnetic moments also found
to decrease with the increase in Ti dop-
ing. The y; value for the parent phase is
6.30 p,/f.u. which is slightly larger than
the calculated value 5.97 p,/f.u., which has
been attributed to the possible formation
of ferromagnetic cluster above T,.[38, 39].
The y 4 value decreases from 4.8 p,/f.u.
for x =0.2 to 1.72 p,/f.u. for x = 1.0 sample
revealing the effect of magnetic dilution.
Finally, to confirm the association of low
temperature magnetic anomaly with spin
glass behaviour as reported for the par-
ent phase we have measured the ac-sus-
ceptibility of x = 0 and x = 0.5 samples
at different driving frequencies in the low
temperature regions. Fig. 5 shows the real
and imaginary parts of the ac-susceptibil-
ity data for these two samples. The x'(T)
for x = 0 sample is too broad to uniquely
identify the glass transition temperature T,
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Fig. 5. Temperature dependent ac-susceptibilities of La,Mn,  Ti NiO, for x = 0 and 0.5. Panels
(a, b) show real part, x'(T), and (¢, d) show imaginary part, x”(T), at selected frequencies
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(Fig. 5, a). However, the x”(T) revealed two
frequency dependent peak around 20 K
and 50 K (Fig. 5, ¢), respectively, suggesting
the magnetic frustration. The multiglass
behaviour of La,MnNiO, has been reported
in the literature [18]. This magnetic frus-
tration is associated with the competing
interaction between the antisite disorder

Conclusions

In the present study, we have syn-
thesized La,Mn, Ti NiO, (0 < x < 1.0)
by modified citrate-based sol-gel method.
Rietveld analysis of the PXRD patterns re-
vealed that the parent phase (x = 0) is bi-
phasic in nature composed of rhombohe-
dral R3¢ and monoclinic P2,/n structures,
whereas Ti doped samples crystalized
in single phase monoclinic P2,/n struc-
ture with the suppression of rhombohe-
dral phase. The cell volume of the Ti doped
samples increased due to larger size of Ti*"
compared to Mn"* ion. The magnetic meas-
urements suggest the multiple magnetic
transition in La,MnNiO,. The high tem-
perature ferromagnetic transition with
T-~280 K associated with the cationic
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Encapsulation of Ni nanoparticles
with oxide shell in vapor condensation

Controlled input of oxygen into the inert working gas flow during the produc-
tion of Ni nanoparticles by the electrical explosion of wire (EEW) method leads
to the formation of a crystalline oxide shell on the surface of particles during
their condensation from the vapor phase. Resulting oxide shells encapsulating
Ni particles weaken their agglomeration processes as well as protect the surface
of the Ni nanoparticles from further oxidation. The influence of the amount of en-
ergy introduced during EEW and the quantity of oxygen added to the working
gas in EEW process on the properties of resulting Ni nanoparticles was studied.
The obtained nickel nanopowders were characterized by X-ray diffraction (XRD),
transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
and N, adsorption (BET) methods, which gave the specific surface area, the aver-
age diameter of nanoparticles, their phase composition, the morphology of the
particles and the structure of the oxide shells. It was shown that the addition
of oxygen leads to a decrease in the average diameter of Ni nanoparticles and
reduces the degree of their agglomeration. The encapsulation of Ni nanoparticles
with 3-5 nm thick gas-tight oxide shells protects the particles from oxidation
and eliminates the pyrophoricity of the powder product.
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Introduction

Today, nanoparticles of transition
metals are of considerable interest both from
a scientific point of view due to their spe-
cific physical and chemical properties, and
also in connection with promising practical
applications [1]. In particular, such materi-
als can be used as catalysts, as components

in magnetic recording systems, in bioengi-
neering and biomedicine, as components
in sensors, actuators, scaffolds, etc.

With a decrease in particle size their
surface activity considerably increases,
promoting agglomeration and aggrega-
tion of particles, which complicates their
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further use. For instance, in the prepara-
tion of metal matrix composites or com-
plex ceramic composites, the uniformity
of the material is achieved only at the scale
of agglomerates with sizes varying from
units to tens of micrometers. Thus, the ag-
glomeration of nanoparticles during their
production limits the yield: with a decrease
in the size of the particles, it is necessary
to reduce the productivity of equipment
to prevent their agglomeration. In addi-
tion, it is known that metal nanoparti-
cles, with the exception of noble metals,
are very pyrophoric at low temperatures
and simply combust if exposed to ambient
air. Usually, after the synthesis, the metal
nanoparticles are passivated: a thin layer
of oxide, which subsequently protects the
metal from rapid oxidation, is formed
on their surface. However, some metals,
such as Cu, even after the passivation
do not form a gas-tight oxide shell that
protects them from further oxidation. In
particular, it is shown [2] that the process
of oxidation of copper nanoparticles dur-
ing their storage in air results in complete
formation of CuO.

To prevent agglomeration and to pro-
tect the surface of the particles, it is de-
sirable to form protective shells on the
particles during their formation. A choice
of a material for a protective cover is a sep-
arate issue. On the one hand, the most ac-
ceptable material for the protective shell
is a material that reliably protects the sur-
face of the particle from rapid oxidation
and does not interfere with, and in some
cases even contributes to the further use
of such powders. On the other hand, na-
noparticles with the structure of the metal
core — protective shell are typically used
as fillers in composite polymer materials
and liquid disperse systems. Therefore, the
main property of the shell material is also
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to ensure the compatibility of core/shell
nanoparticles with the dispersion medium,
which depends on the energy of interac-
tion between the dispersion medium and
the surface of such nanoparticles.

In the technology of synthesis of metal
nanoparticles, their surface is typically
covered with pure carbon, silicon car-
bide, or polyethylene [3], which are not
active at low temperatures. For instance,
to create a carbon protective shell on the
particles, various methods are used, such
as annealing of metal particles in the at-
mosphere of hydrocarbon (gasoline) [4],
filling carbon tubes with metal [5], an-
nealing of a mixture of metal powder with
carbon [6]. All these techniques involve
the processing of the finished powder. The
formation of a carbon shell on the surface
of the particles in the process of synthe-
sis of Fe, Co, Ni metal nanoparticles and
their alloys using the method of an arc
discharge in the methane atmosphere is
described in Ref. [7].

In our opinion, nickel monoxide (NiO)
is a promising material of the protective
shell for Ni nanoparticles. NiO has a rel-
atively high melting point, 1955 °C [8],
and it forms a strong gas-tight protective
film on the metal surface [9]. The objec-
tive of the present study is to develop an
in-situ method of the formation of the
protective oxide shells on the surface
of Ni nanoparticles during their synthesis
by the electric explosion of wire. Electric
explosion of wire (EEW) is one of the most
productive methods of synthesis of nano-
particles of metals, alloys and their chemi-
cal compounds. The productivity of EEW
method ranges from 50 to 500 g/h depend-
ing on the nature of nanoparticles. The
method has low energy consumption, not
exceeding 50 kW-h/kg; it is environmen-
tally friendly; it provides high purity of the



resulting particles. Experimental setups
for EEW method are compact and do not

Experimental

Production of nickel nanopowders was
carried out in the installation of an electric
explosion of wire (EEW). The discharge
circuit had an inductance of 0.4 uH. The
capacitance of the capacitor bank varied
from 3.2 to 4.8 pF, and the charging volt-
age — from 20 to 30 kV, which provided
a change in overheating ratio k (the ratio
of the energy introduced into the wire
to the sublimation energy of the wire
metal) in the range of 1-2.2. To obtain the
powder, a wire of nickel (NP2 grade) with
a diameter of 0.3 mm and a length of 88
mm was used. The wire was fed into an ex-
plosion chamber continuously. Wire explo-
sions were carried out in argon at a pres-
sure of 0.12 MPa at a frequency of 0.5 Hz.

The gas system of the installation con-
sisted of an explosion chamber, two inertial
traps with a gas flow rotation, a mechanical
(cloth) filter and a fan connected in series.
Inertial traps were used to separate large
micron-sized particles; the rest of the pow-
der was collected in the filter. As shown
by preliminary experiments, the output
of the powder in the filter depends on the
amount of energy introduced into the wire
and averages 85% of the mass of all result-
ing from the explosion powder. Only the
powders from the filter were studied in the
present work. To create shells on the sur-
face of the particles in the process of the
powder production, oxygen was contin-
uously introduced into the working gas
(Ar) flow directly before entering the ex-
plosion chamber. With the help of an ad-
justable flow-type throttle, the oxygen flow
could vary from 0.3 to 20 cm’/s. For the
ease of comparison of powders obtained
in different modes, the amount of oxygen

require separate facilities. This method has
been described in detail elsewhere [10].

is given below in grams per gram of nickel
(g/g Ni). At low oxygen consumption, after
producing the powder, it was additionally
passivated with oxygen flow (0.5 cm’/s)
supplied to the EEW setup. The minimum
oxygen consumption, which allows elimi-
nating the pyrophoricity of the powder,
was determined experimentally. The pas-
sivation process was controlled by the
oxygen partial pressure sensor. Passiva-
tion stopped when the partial pressure
of oxygen reached 2 kPa. After that, the
powder was freely (without the risk of its
self-combustion) removed to the air.

The specific surface area of the obtained
powders was determined by the BET meth-
od by low-temperature nitrogen adsorp-
tion using Micromeritics TriStar 3000. X-
ray phase analysis (XRD) was performed
on the Bruker D8 DISCOVER diffractom-
eter in Cu Ka radiation (A = 1.54 A) with
a graphite monochromator on the second-
ary beam. Processing of diffractograms was
performed using the program TOPAS 3.
High-resolution transmission electron mi-
croscopy (TEM) was performed using the
JEOL JEM2100 electron microscope at an
accelerating voltage of 200 kV. The energy
introduced into the wire was determined
by the oscillograms of the current pulse
passing through the exploding section
of the wire. Measurements of the X-ray
photoelectron spectroscopy (XPS) spectra
of the main and valence levels of powders
were carried out on the spectrometer PHI
5000 VersaProbe, based on the classical
scheme of X-rays with a quartz monochro-
mator and a hemispherical energy ana-
lyzer operating in the energy range from
0 to 1500 eV. Electrostatic focusing with
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magnetic shielding allows obtaining energy
resolution AE < 0.5 eV for AlKa radia-
tion (1486.6 eV). Pumping of the analyti-
cal chamber was carried out with the help
of an ion pump, which provides a pressure
lower than 107" Pa. Two-channel neutrali-
zation was used to compensate the local
surface charge formed during the measure-

Results and discussion
The major variable to control the size
of metal particles in EEW method is the
overheating ratio (k). It is a dimension-
less coeflicient, which is equal to the elec-
trical energy introduced into a portion
of a metal wire subjected to EEW divided
by the energy of sublimation of this metal.
In case of Ni, the energy of sublimation is
65.1 J/mm”. The experimental dependence
of the specific surface area and the mean
diameter of Ni nanoparticles on overheat-
ing coeflicient are shown in Fig. 1. The
mean diameter of spherical particles (D) is
related to the value of their specific surface
area (S,,) by the following equation:
D=6/p-S,, (1)
with p being the effective density of the ma-
terial (Ni — 8.91 g/cm’, NiO — 7.45 g/cm’).
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Fig. 1. The dependence of the specific surface
area (left) and the average diameter (right)
of Ni nanoparticles synthesized by EEW
method on the overheating ratio
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ments. The diameter of the X-ray spot was
200 mcm and X-ray power — 50 W. Cali-
bration of spectra was carried out at the po-
sition of the 1s line of carbon E = 285.0 eV.
Processing of XPS experimental data was
carried out using the complex ULVAC-PHI
MultiPak Software 9.8.

It is seen that the specific surface area
of Ni nanoparticles substantially increases
from around 7 m’/g up to 11 m’/g if the
overheating ratio is doubled. Consequently,
with the increase in the overheating ratio,
the diameter of Ni particles diminishes
from 100 down to 60 nm in average. Fur-
ther on, the results for two values of the
overheating ratio will be systematically
compared. These values are k = 1.2, which
corresponds to large Ni particles (low spe-
cific surface area) and k = 2 (small parti-
cles, high specific surface area). It is worth
noting that overheating ratio k = 1 was not
taken, because of the technical difficulties
of maintaining stable EEW process at zero
overheating.

Using the given levels of overheating
ratio, several batches of Ni particles were
synthesized with the controlled addition
of oxygen to the EEW installation. The
crystalline structure of obtained Ni nano-
particles was characterized by XRD. Fig. 2,
a gives examples of XRD diffractograms
for two Ni batches synthesized at different
amount of oxygen added to the working
gas of the EEW installation. In both cases,
two cubic phases were identified: the major
one corresponded to Ni with lattice pa-
rameter a = 3.523(1) A and the minor one
corresponded to NiO with a = 4.174(2) A.
It means that the addition of oxygen to the
working gas resulted in the in-situ oxida-
tion of condensed Ni nanoparticles. Fur-



ther on, the obtained particles, which con-
tain both the fraction of metallic Ni and
NiO are denoted as Ni@NiO.

Using the diffractograms, the weight
fraction of NiO in all batches was evaluat-
ed. The dependence of NiO content in na-
noparticles on the amount of oxygen added
to the working gas in EEW installation is
given in Fig. 2, b. The amount of oxygen
(in weight) is divided by the weight of Ni
wire consumed in the synthesis. Further
on it is denoted as Q. Experimental points

in Fig. 2, b relate to two values of overheat-
ing ratio, k =1.2 and k = 2.

It is seen that, despite the difference
in the level of overheating ratio, the ex-
perimental points can be fitted well with
the same linear dependence, %NiO =
302-Q. It means that in-situ oxidation does
not depend on the average diameter of Ni
particles and is governed exclusively by the
amount of oxygen in the working gas.

Fig. 3 presents experimental depend-
ences of the specific surface area (Fig. 3, a)
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Fig. 2. a — Selected XRD diffraction patterns of EEW Ni nanoparticles synthesized with the
addition of oxygen; b — Dependence of NiO weight fraction on the amount of oxygen added
to EEW synthesis per Ni wire consumption. Closed circles correspond to overheating ratio 1.2,
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and the average diameter of nanoparticles
(Fig. 3, b) on the amount of oxygen added
to the working gas of the EEW installa-
tion at the values of overheating ratio equal
to 1.2 and 2.

As shown in Fig. 3, a, the increase
in oxygen consumption leads to an increase
in the specific surface area of produced Ni
nanoparticles at both levels of overheating
ratio. The experimental plots are nicely fit-
ted by the linear dependences: 6.9+44.2-Q
(R*=0.981) for k = 1.2 and 9.2+82.4-Q
(R*=0.998) for k = 2. In general, the in-
creasing trend in specific surface area
due to the addition of oxygen is equiva-
lent to the same trend due to the increase
in overheating ratio (see Fig. 1). It is be-
cause the oxidation of Ni to Ni oxide is
accompanied with the evolution of heat,
which adds up to the electric energy in-
troduced in EEW. Thus, the total amount
of energy (electrical and oxidation) in EEW
process exceeds the sublimation energy
of Ni significantly more in the presence
of oxygen than in the inert atmosphere.

Fig. 3, b presents the average diameter
of Ni@NiO particles as a function of oxy-
gen/Ni ratio. The average diameter was
calculated using Eq. (1) taking into account
that the density of Ni@NiO particles di-
minishes with the increase of NiO content
due to the difference in densities of Ni and
NiO. It is seen that, at both levels of over-
heating ratio, the decreasing trend in the
average diameter of Ni@NiO particles is
observed. The reason is the same as for the
increasing trend of the specific surface ar-
ea. The oxidation reaction provides extra
energy to the system, and the overheating
effectively increases.

It is noticeable that the slopes of the lin-
ear plots in Fig. 3, a are different for two
levels of overheating. The slope coefficient
is44.2 if k = 1.2, and it is 82.4 if k = 2.
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However, no evident difference in the
slopes of plots can be noticed in Fig. 3, b.
It is because the calculation of the average
diameter of Ni@NiO particles according
to Eq. (1) includes the partial correction
of increasing S, values by the decreas-
ing density of Ni@NiO particles with the
increase in their oxidation. The plots are
shifted one against the other by the ini-
tial difference of average particle diameter
for k = 1.2 (smaller particles) and k = 2
(larger particles).

It is known [9] that in the oxidizing
atmosphere the surface of metallic Ni is
covered with dense oxide layer which ef-
ficiently prevents metal from further oxida-
tion. The Pilling-Batworth criterium [11]
for NiO is 1.52, which means that Ni par-
ticles should be covered with dense oxide
shell in the presence of oxygen. During
EEW, the formation of oxide shells on the
surface of Ni particles can start only at the
moment when the expanding cloud of met-
al vapor after the explosion mixes up with
the working gas, which contains oxygen.
It does not take place at the very first mo-
ments after the explosion, as the expand-
ing cloud of vapors is substantially denser
than the surrounding working gas. Fur-
thermore, the critical temperature of the
thermodynamic stability of NiO is lower
than the temperature of condensation of Ni
vapors into liquid phase. Therefore, oxida-
tion begins when the condensation on Ni
liquid droplets has been already complet-
ed, and it takes place at the surface of Ni
particles (liquid or solid). Fig. 4 presents
high-resolution TEM image of the surface
of Ni particle synthesized in the presence
of oxygen.

It is clearly noticeable that the surface
of a particle is covered with a layer, whose
crystal structure is different from that
of the interior of the particle. The lattice



period in the surface layer evaluated from
HRTEM images is 2.4+0.1 A. This value
corresponds to the lattice period for cubic
or rhombohedric NiO structure. According
to XPS analysis, the spectrum of the surface
of Ni particles synthesized in the presence
of oxygen contained signals of elements
Ni and O. Ni is present in the oxidation
state Ni*%, which is an indication of NiO
[12], and Ni*’, which likely corresponds
to Ni,0, [13] or NiOOH [14]. The surface
also contained carbon, which is the result
of carbon dioxide adsorption from the air.

The thickness of oxide layers on Ni
particles was evaluated by the graphical
analysis of TEM images obtained with
3.7-10° and 7.4-10° magnification. The av-
erage values of the thickness of oxide layers
are given in Table 1. According to Table
1, the thickness of oxide layers increases
with the increase in the amount of oxygen
added to working gas in EEW process. At
the same time, the overheating ratio does
not make a noticeable influence.

Table 1
Average thickness of oxide layer
on Ni@NiO particles

Qop Overheating, | Thickness,
g/g Ni k nm

0.03 1.2 2.51

0.1 1.2 3.35

0.02 2.82
0.096 2 3.31

Like other chemical reactions in the
EEW process, oxidation of Ni surface takes
place in non-equilibrium conditions. It re-
sults in the non-uniformity of NiO distri-
bution on the surface of Ni@NiO particles.
It becomes more evident at large amounts
of added oxygen. Fig. 5 presents TEM
image of Ni@NiO particles obtained at

Q,,=0.1g/g Ni.

Fig. 4. High-resolution TEM image of Ni
particle synthesized by EEW at k = 1.2;
Qp,=0.033g/g Ni

It is noticeable in Fig. 5, a that the
spherical shape of Ni@NiO particles be-
came substantially distorted due to the for-
mation of oxide layers with varied thick-
ness. Most likely, it is because oxidation
took place at elevated temperature before
the particles were cooled down to the am-
bient temperature. In these conditions
of intense non-equilibrium oxidation,
the initially formed oxide layer could be
fractioned, and spherical shape of parti-
cles would be distorted. Such distortions
might as well be taken as evidence in favor
of oxidation of Ni in liquid droplets, whose
surface is easier to distort, rather than con-
densed solid particles.

At the high level of oxygen in the work-
ing gas, the smallest Ni particles, which are
the most chemically active, could transform
completely into NiO. Fig. 5, b shows such
a particle with a diameter of 15 nm, which
is completely formed by NiO. The frag-
ment of crystal lattice noticeable in Fig. 5,
b has a lattice period of 2.4+0.1 A, which
corresponds to NiO. Due to the presence
of separate NiO particles and thickened
oxide layers, the total NiO content in Ni@
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NiO particles according to XRD increases
up to 30% if oxygen content in the working
gas is raised up to 0.1 g/g Ni.

As the oxidation of Ni likely takes place
on the surface of liquid droplets, the for-
mation of solid oxide layer can prevent
the coalescence of droplets, which causes
agglomeration of particles in the product

powder. Fig. 6 illustrates the influence
of oxygen addition on agglomeration.

In Fig. 6, a it is evident that agglom-
eration of Ni particles is high. Almost all
of them in the image are bonded into one
cluster, which is certainly the result of coa-
lescence of liquid Ni droplets in gas phase
at temperatures above crystallization. Con-

a

Fig. 5. a — Ni@NiO particles obtained by EEW at Q,,= 0.1 g/g Ni, k = 1.2; b — High resolution
TEM image of the surface with NiO layer and small separate NiO particle
(D =15nm)

200 o

b

Fig. 6. a — Ni nanoparticles synthesized in argon; b — Ni@NiO nanoparticles synthesized
in argon with the addition of oxygen, Q,,=0.033 g/g Ni
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trary to that, the majority of Ni@NiO na-
noparticles in Fig. 6, b are separated from
each other. Even if we see them on top
of one another, we can also see distinct
spherical boundaries. It means that Ni@
NiO particles are individual. Some agglom-
eration can still be noticed, but it is not pre-
dominant in case of Ni@NiO particles. The
residual agglomeration of Ni@NiO stems
from the large difference — 1223 K —
between the temperature of vaporization
of Ni, 3173 K [15], and the upper tempera-
ture of oxidation, 1950 K (calculated using
the software Chemical WorkBench, ver. 3,
Kinetic Technologies Ltd.). This tempera-
ture interval provides a time gap from the
moment when liquid droplets of Ni con-
dense from the vapor phase until they are
covered with solid oxide, which prevents
their coalescence. In case of other metals,

Conclusions

The controlled oxygen injection into
the inert working gas of the EEW unit dur-
ing the production of Ni powder makes it
possible to form a crystalline oxide shell
on the particles in the process of their for-
mation. It depresses the particle agglom-
eration, as well as protects the surface of Ni
particles from oxidation. The increase
in oxygen consumption leads to an increase
in the specific surface area of the powder.
In the range of oxygen consumption from
0 to 0.1 g/g Ni, the specific surface area
varies almost linearly and increases by 60-
80% depending on the overheating ratio.

Addition of oxygen to the working gas
leads to the formation of a separate phase
in the powdered product — crystalline Ni
oxide, the content of which increases with
increasing oxygen consumption. At low

this interval is narrower: Al — 350-400 K,
Cu — 500 K. In case of these metals, the
addition of oxygen prevents agglomeration
completely. Nevertheless, despite the large
temperature interval before oxidation, the
addition of oxygen substantially decreases
agglomeration of Ni nanoparticles.

NiO layers on the surface of Ni nano-
particles substantially enhance their sta-
bility to self-combusting in the air. It was
found experimentally that at an oxygen
consumption greater than 0.015 g/g Ni, the
powdered product can be transferred from
the EEW setup to the ambient air without
the risk of combustion. Such oxygen additi-
tion leads to a significant reduction in the
pyrophoricity of the powder, as Ni@NiO
particles are covered with an oxide shell
that reliably protects them from oxidation
during storage.

consumption of oxygen, NiO forms a dense
crystalline shell on the surface of particles.
The thickness of the shell is 2-5 nm and
increases with increasing oxygen consump-
tion. Overheating ratio has no significant
effect on the shell thickness. In the range
of oxygen consumption 0-0.1 g/g Ni the
content of NiO linearly increases up to 30%
independently of overheating ratio. At high
oxygen consumption, spherical shape
of Ni@NiO nanoparticles is substantially
distorted, and small separate individual
NiO nanoparticles tend to appear. When
the oxygen consumption is larger than
0.015 g/g Ni, the powdered product be-
comes non-pyrophoric and can be sub-
jected to the ambient air without the risk
of combustion.
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Introduction

Molten cryolites are applied
as electrolytes in industrial production
of aluminum due to high alumina solu-
bility and high electrical conductivity [1].
However, it is difficult to use them due
to their relatively high corrosion activ-
ity. One means of avoiding this issue is
to create protective layer of frozen salts
on the walls of electrolytic cell, but this
layer, or ledge, is unstable due to high heat
flows in the salt bath. In order to control
the thickness of a side ledge, the knowl-
edge of thermophysical properties of both
liquid and frozen electrolyte is very im-
portant, as well as freezing and melting
processes themselves. The heat that is ab-
sorbed or realized at melting or freezing is
determined by the enthalpy of fusion. The
main component of an aluminium bath
is sodium cryolite, and its enthalpy of fu-
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sion was investigated by many researches.
The very first results were very different
from later data. Malinovsky [2] analyzed
all results available in mid-eighties. His
own results on heat of fusion were given
as 115.4 kJ-mol™ (considering cryolite
as Na,AlF,) or 28.83 kJ-mol ' (considering
cryolite as 75 NaF — 25 AlF, in mol %.The
data obtained by Malinovsky do not differ
essentially from the previous ones [3, 4].
Latest results are also close to these data
[5]. Along with sodium cryolite, the other
cryolites were studied in works of Holm
and Bjorge [3, 6].

The real bath consists not only of cry-
olite but also of the other components
such as alumina and calcium fluoride.
The composition of electrolyte is usually
close to some eutectic mixture of sodium
cryolite with alumina, calcium fluoride



and aluminium fluoride plus some small
quantities of initial components. Eutectic
mixture behaviour at melting (freezing) is
similar to that of individual substance, and
it is possible to perform a precise measure-
ment of the heat related to melting of such
mixture. Heat of fusion measurements can
be carried out by differential scanning calo-
rimetry (DSC) and drop calorimetry. In
drop calorimetry, the measured parameter
is the enthalpy of the sample. The tempera-
ture dependence of enthalpy is discontinu-

Experimental
The chemicals used for the sample
preparation are listed in Table 1. Alu-
minum fluoride was purified from oxy-
gen containing admixtures by ammonium
fluoride in a glassy carbon crucible. Part
of NH,F (10% of AlF,) was placed on the
bottom of the crucible, and the other
part was mixed with aluminum fluoride
in proportion as follows: 12 g of NH,F per
100 g of AlF,. The mixture was heated up
to 723-773 K and kept for about 6 hours
at that temperature. The reaction between
aluminum oxide and ammonium fluoride
is given below:
6NH,F+ALO, =
=2AIF,+6NH,+3H,0 (1)
The analysis on oxygen after purifica-
tion had been made using LECO element
analyzer (USA). The mass content of oxy-
gen was less than 0.1%. The purity of other
reagents was higher than 99.5% content

ous at a melting point. The difference be-
tween values for solid and liquid states is
the heat of fusion. With the DSC method,
the heat of fusion is calculated from the
melting area.

The aim of the work was to measure
the melting points and heats of fusion
of some eutectic mixtures of cryolite
with aluminium oxide and calcium fluo-
ride. The measurements were carried out
by DSC method, which can provide pre-
cise results.

of main component (Table 1); therefore,
their purification was not required.

For preparation of cryolites with cal-
cium fluoride and alumina, the aluminum
fluoride was mixed with the other com-
ponents of eutectic mixture, placed into
platinum crucible and heated up to 1323 K.
To avoid the oxidation, a small amount
of NH,F was added to the mixture. Ammo-
nium fluoride was decomposed at 513 K
and did not influence the composition
of the mixture. After melting, the sample
was poured into a graphite mould.

The investigations were carried out us-
ing a STA 449C Jupiter synchronous ther-
mal analyzer (NETZSCH, Germany). The
experimental setup ensures high accuracy
of the measuring parameters: temperature
(< 1 K); mass (+ 1-10°° g); base line repro-
ducibility (£ 2.5 mW); enthalpy (+ 3%).
The apparatus was calibrated using pure

Table 1
Materials used in this work
Compound Mass fraction purity, % Supplier Purification
NaF 99.5 Vecton —
AlF, 95 Vecton Treatment by NH,F
ALO, 99.5 Achinsk alumina plant —
CaF, 99.5 Vecton —
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salts supplied by NETZSCH (CsCl, AgSO,,
BaCO,, RbNO,, KCIO,). Monocrystalline
sapphire was used to calibrate the sensi-
tivity. The measurements were performed
under following conditions: temperature
interval — 308-1300 K; heating rate —

Results and discussion

Some eutectic compositions of cryolite
with calcium fluoride and alumina were
investigated; their compositions are given
in Table 2.

The phase diagrams of these systems
were widely studied and can be found
in works [7-11]. The DSC curves are
shown in Fig. 1. The weight loss was ob-
served only after melting, and its value var-
ied from 0.6 to 3%. There are some solid-
solid transitions on the curves. The a—f8
cryolite solid transition is present in sam-
ples 1 and 4 (Figs. 1, a, d). The temperature
of this transition is in good agreement with
literature [12]. All curves containing cal-
cium fluoride have endothermic peaks in
the interval of 1060-1080 K.

Fedotieff and Iljinsky found two
temperature halts in the cooling curves
in this region for calcium fluoride contain-
ing compositions [7]. There are no a/p
transitions of cryolite in samples 2 and 3.
The transitions occur in mixtures which
are quasi-binary such as Na,AlF -AlLO,,
Na,AlF -AlF, and Na,AlF,-CaF,. The
sample 1 is such quasi-binary Na,AlF -
Al O, and sample 4 is close to quasi-bi-

10 K min"'; atmosphere — pure argon;
crucibles with lids — Pt-Rh. All measure-
ments were carried out under the same
conditions. All calculations were per-
formed with NETZSCH Proteus software.

nary Na,AlF,-CaF, due to the low con-
centration of alumina in this sample. The
multi-component mixtures manifest other
DSC peaks. Craig [9] investigated 8 eu-
tectic mixtures of Na,AlF —AlF,-CaF,—
ALO,. The lowest DSC peak temperature
for these mixtures was found to be equal
to 948 K. Melting peaks are very broad,
but the same lines were observed by other
scientists 8, 10].

Melting points of mixtures under in-
vestigation are in the interval of 1200-
1220 K. It is in good agreement with
the results presented in the article [11].
The values of melting points and heats
of fusion are given in Table 3. The litera-
ture data on heats of fusion and melting
points of cryolite salts are given in Table 4.
Na,AlF, is a coordination compound.
Coordination compounds are inorganic
salts formed by the combination of two
or more simple compounds in stoichio-
metric ratio. In order to compare molar
properties of coordination compounds
and simple compounds, one must con-
sider a coordination compound (in our
case Na,AlF,) as a combination of simple

Table 2
The composition of samples under investigation
No Composition/mass% Composition/mol%
NaF AlF, CaF, AlLO, NaF AlF, CaF, AlLO,
1 56.4 37.6 0.0 11.7 70.5 235 0.0 6.0
2 50.1 33.4 14.8 3.1 66.1 18.5 10.2 1.7
3 50.5 33.6 10.0 59 67.2 22.4 7.2 3.2
4 46.2 30.8 19.9 3.1 62.8 21.0 14.6 1.7
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compounds, i.e. 3 molecules of NaF and
1 AlF,. In order to to equalize cryolite with
simple compounds its molecular weight
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Fig. 1. DSC and thermogravimetric (TG) curves of cryolites with different composition:

1 (a), 2 (b), 3 (c), 4 (d) (see Table 2)

Table 3
Heats of fusion and melting points of eutectics under investigation
Comp. No | Transition AH,/ AH,/ Melting AH,/ AH,/
point/K Jg'! kJ mol™ point/K Jg'! kJ mol™
1 831 43.3 2.4 1202 476.6 26.4
2 1080 95.5 5.1 1210 501.8 26.6
1075 71.7 4.0 1219 477.2 26.7
835 44.2 2.5 1204 455 26.0
! 1063 84.3 4.8 — — —
Table 4
Heats of fusion and melting points of cryolites
Compound T,,/K H, /k] mol' | Compound T,,/K H,/k] mol™
Li,AIF, 1058 [4] 21.0 [4] Na,AlIF, 1284 [2] 28.3 2]
Li,AlF, 1058 [2] 22.0 [2] Na,AlIF, 1284 [1] 28.9 [1]
Na,AlF, 1284 [3] 28.8 [3] K,AIF, 1273 [2] 30.8 2]
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Thus, the literature data were recalcu-
lated using the molecular mass of mixture
as a sum of 75% of molecular mass of alkali
halide and 25% of molecular mass of alu-
minjum fluoride. It allows comparing re-
sults with data on individual salts. All the
results are presented in Fig. 2 in coordi-
nates as follows: heat of fusion — melting
point.

There is a clear correlation between the
enthalpy of melting and the melting point.
The nature of this correlation is in thermo-
dynamics, because

T,=AH_/AS,, (2)
where T, is the melting temperature, AH,
is the enthalpy of fusion, and AS, is the
entropy of fusion.

The correlation between the enthalpy
of melting and the melting point for alkali
halide salts was found in our previous ar-
ticle [13]. The same correlation was shown
for nitrates, carbonates and sulphates [14].
This trend is the part of more broad rela-
tionship known as Trouton’s rule, which
connect enthalpy of phase transition with
its temperature. It is valid both for vapori-
zation of pure elements [15] and for melt-
ing [16, 17].

According to LSM (least-squares meth-
od) estimations, the coefficients in the
equation H = A+B-T are as follows: By, =
0.034 kJ mol ™ K™; Ay, = -14.25 kJ mol™;
T — temperature, K. The standard devia-
tion oy, is equal to 0.815 kJ mol ™, and the
determination coefficient R’=0.94.

Thus, the equation is:

AH, /k] mol™ =
=By, T, — Ay =0.034 T, - 14.25 (3)

Conclusions

1. Heats of fusion were measured
for some eutectic mixtures of sodium cry-
olite with alumina and calcium cryolite.

108

Table 5
The values of coefficients in equations for heat
of fusion dependence on the melting point

Compounds Parameter Parameter
p Ago/K] mol™ | Byy/kJ mol 'K
Cryolites -14.25 0.034
Alkali
halides [7] -12.12 0.036
36,
o Cryolites .
321 4+ Alkali halides
? 28
2 24 |
S N
S 20- rs
5 «
3 16
I A
12

700 800 900 1000 1100 1200 1300
T melting [K]

Fig. 2. Heat of fusion dependence on the
melting point for cryolites and alkali halides

The heat of fusion temperature coef-
ficient of cryolites is close to that of alkali
halides. Thus, the temperature depend-
ence of heat of fusion is the same for halide
compounds and equal to the value for al-
kali halide salts. The values of temperature
coeflicients are close to 4R. It is the same
number as heat capacity of halide salts per
atom [18].

Thus, the heat of fusion is directly pro-
portional to the melting point for simple
halide salts, salts compounds and eutec-
tic mixtures. The fusion properties of all
these substances are possibly connected
due to the fact that the main components
of these compounds are halide salts.

2. The heat of fusion was found to be
directly proportional to the melting point.
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