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Magnesium fluoride, MgF,, is a widely used compound in electrical engineeny, optoelectronics, etc.
Materials based on it have high transparency up tahe deep (vacuum) ultraviolet range of the spectrum
Their main disadvantage is the presence of oxide puarities, mainly MgO, which appear during heat
treatment and prolonged storage in open air due tdwydrolysis or incomplete reaction during synthesis.
Addition of boron oxide, B,Og, is proposed to bind oxide impurities of basic naire into complex compounds
such as fluoroborates. The amount of additive wasatculated based on the estimated content of MgO
impurities in the material. Excess BO3; was washed with ethanol, which was then removed lprolonged heat
treatment. The base substance, Mgk and reaction products were identified by infrared transmission
spectroscopy and X-ray diffraction. The IR transmitance spectra of the original sample clearly showhe
bands characteristic of Mgk, and after the addition of the additive, absorptim bands characteristic of B-O
bonds are detected, the intensity of which decreasavhen the additive is washed away. The original M&
preparate is single-phase, but the increase in theidth of the peaks and their shift indicate a distubance in
the structure. The average size of the Mgicrystallites was calculated according to the weknown Scherrer
equation, and is in the range of 14-20 nm (averagalue 18 nm). After heat treatment with the addition of
B,0s, the width of the reflections decreases significaly, and after subsequent washing and calcinatiorthe
diffractogram of the sample reveals the reflectionof magnesium fluoborite, Mg(BO3)Fs. According to a
quantitative analysis by the Rietveld method, its @ntent is about 8.7% by volume. The thickness of thMgO
surface layer on the surface of Mgkparticles was calculated (about 0.068 nm), and crms the X-ray
amorphous nature of the impurity.

Magnesium fluoride / Oxide impurity / Boron oxide /Infrared spectroscopy / X-ray phase analysis

1. Introduction However, magnesium fluoride, as well as fluoridés o
other metals used in optics, has some disadvantages
Metal fluorides, in particular of some alkali and the main one being the presence of oxygen-continin

alkaline earth metals, are widely used in opticshim impurities in the material, mainly MgO. The fact is
visible, infrared, and ultraviolet spectral ranges. that focusing on the purpose of separating MgF
Magnesium  fluoride, Mgk combines high crystallites (there are no solid solutions in thgR

transparency in the far (vacuum) ultraviolet rangn MgO system [6-10]), magnesium oxide easily

a low (h = 1.38) refractive index. It is currently the interacts with evaporator materials (Mo, Ta) during
most widely used material among opticians for thermal evaporation in vacuum according to the
interference coatings on various optical elements scheme:

[1-4]. It may be mentioned that Mgwas the material 3MgO + Mo [ v, Mg? + MoOst 1)
that was first used in the world by O. Smakula, our

compatriot, to obtain a transmissive coatiffg.
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Thermodynamic calculations show that
magnesium fluoride is not capable of such inteoacti
The products of reaction (1), getting into the ouat
deteriorate its optical and operational parameters.
Oxygen-containing impurities have the same, if not
worse, effect on fiber optic materials. To elimmat
them, it is proposed to use nonmetal (ClI, Br) fides
and Krk, or XeFk, [11]. However, both the reagents

themselves and the methods based on them can befurnace

considered exotic and, moreover, dangerous for
Nature and humans. It should be noted that in some
cases, composites of the MgHgO system are used
as a material for applying anti-reflective coatirfgs

the IR spectruniil2].

We have previously developed a method for
binding an oxide impurity in magnesium fluoride by
exchange reactions with additives of metal fluogide
(LnFs, wherelLn is Sc, Nd, Lu)[13] according to the

scheme:
T
MgO +LnF; —» MgF, + LnOF (2)

The resulting lanthanide oxofluorides (their

presence was detected by XRD) are less prone to

chemical interaction with the evaporator matetiant
MgO. One of the materials used as a binding additiv
namely Sck was successfully used in a multilayer
interference coating of a broadband filféd]. There

have also been attempts to use other compounds to

bind the oxide impurity, in particular, lanthanide
sulfofluorides of the general formulanSF, which
should react with the impurity according to a sligh
different schemgl5]:

T
MgO + A.nSF - MgF, + Ln,S,0 3)

At the same time, a method has been proposed that

combines exchange reactions with redox reactions
with the removal of an oxide impurity, or rather
oxygen[16]. For this purpose, a mixture of Euénd
ZrF, was prepared as an additive reacting according to
the equation:

;
2MgO + 4Euf + 2ZrF; —

2EUMgR, + 2EUZrk + 01 (4)

Thus, the oxide impurity is almost completely
removed to form pure fluoride phases. Eventually,
during high-temperature heat treatment (over 10p0°C
ZrF, is volatilized, leaving behind EgFwhich acts as
additional protection for the evaporator. It shoblel
recognized that the use of rather expensive raith ea
fluorides is only appropriate in certain cases.

Recently, we have shown the high efficiency of the
addition of boron oxide, £, for binding the oxide
impurity, ZnO in zinc sulfide and the ZnS—Ge system
[17], as well as stabilizing Ge(ll) in Ge[@8,19] Due
to the fact that BD; is a very accessible substance
(mainly in the form of orthoboric acid) and the low
molecular weight of the removed compound, it
seemed of interest to study the effect gbBaddition
on the properties of fluorides, in particular MgF

2. Experimental methods

The starting material MgF was a product
manufactured by New Materials and Technologies
(Odesa). Orthoboric acid ;BO; of grade 14-3
(commercially available) was used as starting nelter
for the production of BD;. The samples were heat-
treated in a high-temperature tubular (horizontal)
RHTC 804-450 (manufactured by
Nabertherm, Germany) in a medium of additionally
purified argon. The purification system was
manufactured by Valco Instruments Co Inc., USA.

The heat treatment was carried out in several
stages at temperatures from 250 to 400°C with steps
of 50°C and a holding time of 10 minutes at each
stage. An indication of the end of the processhes t
disappearance of water as condensate on the caid pa
of the reactor. At the next stage, which also ciagf
several stages and is carried out at much higher
temperatures — up to 1000°C and a small excess
pressure of argon, the holding lasts much longer an
takes place every 100°C. The indicator at thisesiag
the complete absence of gas emission. After thé hea
treatment, the material is cooled to room tempeeatu
the reactor is opened, and the material is reméwed
analyses. The test material is pre-ground and @dess
into tablets. In this work, three samples were preg:

1) the original Mgk; 2) material with the addition of
B,O; in an amount that should correspond to the
binding of 10 mol.% MgO in Mgk 3) material
washed with ethanol, followed by prolonged
calcination of the sample until the volatile boron
compounds and ethanol were completely removed.
The indicator was the absence of boron in the wagshi
portions of ethanol (greenish flame).

X-ray diffraction (XRD) of the products was
performed on a DRON-3M diffractometer with €u
radiation using the powder method. XRD images were
taken with focusing according to the Bragg-Brentano
scheme in the angular range 10-80° with a step55f O
and an exposure of 1 s. The current of the X-rég tu
anode was 20 mA, the voltage was 30 kV, and the
dimensions of the Soler slits were 002/12/025 mm.
The error of the device was 0.01%.

To identify the phase composition of the synthesis
products, the diffractograms were processed usiag t
computer software “Match! Crystal Impact ver. 3.3”
with FullProfs toolbarf20] and the databases “ICDD
PDF-2", and “COD (Crystallography Open
Database)”.

The average particle size was calculated using the
Scherrer formula:

KA

- pcog)

(%)

where d is the average particle size, nm; K is the
dimensionless particle shape factor (Scherrer's
constant), which is 0.9; is the X-ray wavelength, A;

£ is the width at half-height of the X-ray peakf°is

the diffraction angle, °.
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The Rietveld method and the Jana2020 program
[21] were used to quantify the phase content in the
sample. The calculations were based on the X-rtey da

of the crystallographic open access database (COD) the

[22] for the compounds MgHID — 9009075, space
group P4, /mnm, crystallographic  parameters:
a = 4623 A ¢ = 3.052 A) and MgBO;)F;
(ID - 9009572, space groupes/m, crystallographic
parametersa = 8.827 Ac = 3.085 A).

The calculation error did not exceed 2.5%.

Taking into account the ability of,B; to undergo
a glass transition, the primary identification diet
samples was carried out by infrared transmission
spectroscopy. The spectra of the samples prested in
a Csl matrix (manufactured by the Institute of $ng
Crystals of the National Academy of Sciences of
Ukraine, Kharkiv) according to the standard method
with a possible sample-matrix ratio of 1:20, were
recorded using a Fourier transform spectrometer
Frotier manufactured by Perkin-Elmer (USA). The

compounds. After ethanol washing of the unbound
B,O3; compound, the picture described for the previous
sample did not change qualitatively. However,
intensity of the bands and peaks
decreased significantly (by a factor of ~1.5),
and some weak peaks disappeared completely.
It is clear that this phenomenon is directly refate

the removal of a significant part of,8;, which has
not formed any chemical bond with the MgO
impurity (see Fig.1). Instead, the intensity
of the bands of valence and, especially, strain
vibrations of Mg—F bonds has increased markedly,
which is understandable due to the increase
in the proportion of Mgkafter the removal of part of
B,0s.

Along with the above, structural changes can also
be seen in Fig.2 with only the peaks of
the crystalline phase of MgMbeing visible. The rather
high halo level and large width of the peaks are
evidence of the nanocrystalline nature of

wavenumber measurement range was in the range of the material, and their shift towards lower valads

200-4000 crit.

3. Results and discussion

The infrared transmission spectrum of the annealed
MgF, sample without addition of B3 contains a
broad band consisting of two bands of differenttisd
with peaks at 410 and 456 ¢mand a much narrower
band with maximum absorption at 262 tifTable ).
Obviously, they correspond to the valence andrstrai
vibrations of the Mg—F bonds of the matrix,
respectively. A very narrow but weak peak at
3616 cm' was also detected, corresponding to the
valence vibrations of hydroxyl groups (Mg—OH)
(Fig. D).

Rather weak but distinct bands in the range of
880-1100 crit most likely reflect the presence of SiO
impurities, or magnesium silicates, due to caléimat
of the sample in quartz glass vessels.

The sharp, albeit weak, peak at 666 ‘cris
obviously an indication of strain vibrations in
hydroxyl groups. Thus, these data indirectly canfir
the presence of an oxygen-containing impurity in
MgFZ

With the addition of BO; and subsequent
calcination, the spectral picture of the samplengieal
dramatically: of course, the absorption bands
corresponding to the valence and strain vibratiohs

Bragg angles indicates a deviation of the cell
parameters from the standard values. The tetragonal
symmetry of the Mgk crystals in the three samples
was confirmed.

The parameters of the MgFell that we have
refined are presented ihable 2 (standard value in
parentheses). The crystal system is tetragonal:
a=4.62485 A (5.623 A)¢c = 3.05165 A (3.0549 A),
space grou4,/mnm.

Thus, the cell parameterbecame slightly smaller
than the standard value, which is typical for
nanostructured systems. The size of the Magtticles
(crystallites) calculated by equation (5) was 14nA20
(18 nm on the average)e. they can be classified as
nanoparticles. The addition of,B; to the Mgk
material results in a change in the aspect of the
diffraction spectra, namely, they become “slimmer”
with a sharp decrease in width, and the halo also
decreases by more than a factor 2. This indicates a
increase in the degree of crystallinity of the mate
with a simultaneous increase in the size of the
crystallites and a decrease in their defectivenglss.
positions of the diffraction peaks get closer te th
table values.

Finally, washing the material with ethanol to
eliminate excess B, followed by calcination
changes the entire diffraction pattern except for t
peaks characteristic of MgFand peaks of a complex
magnesium fluoroborate crystallizing in the hexajon

the Mg—F bonds remain, although some changes have crystal system, space grolg6s/m, crystallographic

occurred (see~ig. ). Thus, a group of bands and

parametersa = 8.827 A,c = 3.1021 A. Obviously, it

peaks have appeared, especially evident at 1246 is formed by the reaction:

and 702 crl, as well as several less evident
ones superimposed on the Mgbands. These new

bands and peaks are undoubtedly associated with

valence and strain vibrations of the B-O bondshe t
additive. The disappearance of the valence vikbmatio
peak in the O-H groups is also characteristic,
indicating that the MgO impurity is bound in comyple

T
3MgF,; + 3MgO + BO3; - 2Mgs(BO3)F; (6)

The occurrence of adverse reactions of the additiv
with the main substance is also not excluded, in
particular:

T
3MgF2 + 28203 — Mgg(BO3)F3 + 3BOFT (7)
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Table 1 Positions of bands and absorption peaks of tHerdifit Mgk samples.

Sample Wavenumber3), cm*

MaE 3616 (v.weak) 1092 (v.weak) 1049 (weak) 1008ak) 882 (weak) 666 (weak)
ok 456 (v.strong) 410 (medium) 262 (strong)

3684 (weak) 1246 (v.strong) 1064 (weak) 88Wéak) 743 (medium) 668 (v.weak)
MgF; + B,Os 473 (v. strong) 410 (strong) 397 (strong) &®édium) 261 (strong) 235 (weak)
210 (v.weak)

MgF; + B,Os 3696 (weak) 1266 (strong) 1250 (v.weak) 1Q6@eak) 744 (medium) 47%L. strong)

washed 410 (strong) 357 (weak) 262 (strong) 228 éaly)

T, % T, %
90 i 90 e

3
3
75 ) \ 75
1
60 60 v
45 45
30 30
3500 3000 2500 2000 1500 1000 500 1400 1200 1000 800 600 400 200
v, em’! V,cm’!

2

Fig. 1 Infrared transmission spectra in the intervals3800 (a) and 1400-200 (b) enof MgF, samples:
1 — original sample, 2 — sample after heat treatméth B,Os;, 3 — sample after heat treatment witfOB
removal of excess B); and repeated heat treatment.

Table 2 Crystallographic parameters of phases in the Mgples.

Sample Phase Symmetry Space group paLrJ;rE_e?ealrls, A

MgF, MgF,, amorph.* Tetragonal P4,/mnm Ccl ; ggéigg;
MgF, + B,Os MgF, Tetragonal P4,/mnm g ; ggégg
MgF, + B,Os MgF, Tetragonal P4,/mnm z ; ggégg
washed Mgs(BO3)F3 Hexagonal P6s/m z ; 2?825

* X-ray amorphous component

Thus, in this case, boron oxide clearly plays B,O; has a similar effect in the BMa-Li,O-CuO[24]
the role of a substance that promotes crystalimati  and LiFB,0; [25] systems. At the same time, a
with the transition from an amorphous to decrease in the B; content plays a positive
a crystalline substance, as is the case, accomding role in this processThe content (vol.%) of MgO in
Mao and Lu [23], in the TiQ-ZrO, system. the Mgk matrix can be calculated. Using

4 Chem. Met. Alloys 16 (2023)
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the Rietveld method, the content of magnesium the surface of the MgFparticle, then after certain
fluoroborate was initially calculated to be 8.7 .96l simplifications we obtain the value df= 0.068 nm =
Hence, the share of MgO is 2.3 vol.%. If we imagine 0.68 A for the thickness of the MgO layer,
the part of Mgk as a sphere with a diameter of 18 nm which indicates the X-ray amorphous nature of the
(radius 9 nm), and MgO as a substance occupying impurity.

SO

e I

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
26, degree

s b

—

10 15 20 25 30 35 40 45 50 55 60 65 70 75
S 26, degree

C

£ f £ “ VoLt

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20, degree

Fig. 2 Diffractograms of Mgk samples: a — initial sample, b — sample after lestment with BOs,
¢ — sample after heat treatment witJ)OB removal of excess B and repeated heat treatment.
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