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Dependences of diffusion coefficients on pressure in the range from 1 to 6000 atm and
at temperatures 450, 500, and 550°C in KBr and KCI single crystals were investigated by
technique of sintering the compacts from KBr and KCI single crystals powder mixtures in
the ratios providing 50 % KBr-KCI solid solution. Studying the kinetics of the solid
solution formation was carried out by measuring the X-ray diffraction {200} intensity
maxima depending on annealing time for the pure components. The obtained diffusion
coefficient versus pressure dependences under the above-mentioned conditions indicate the
observed diffusion coefficient decrease with increasing pressure (within this range) being
caused by decreasing the equilibrium vacancies concentration under pressure.

Keywords: diffusion coefficient, alkali halide single crystals, powder sintering,
pressure.

Hccaemosana saBucumocTts Kos(pduumentos auddysun B monokpucramaax KBr u KCl or
maBjenusa B quamnasoHe (1-6000) atm u Ttemmepatypax 450, 500 u 550°C meTomoM cneKaHus
MMOPOINKOBLIX IIPECCOBOK M3 CMecH IMopoinkos mMomokpuctamntos KBr u KCl B coornomennn,
patormgem 50 % -mprii TBepabiii pacreop KBr—KCl. HaGawomenrne KUHETUKM (POPMUPOBAHUSA
TBEPAOTO PACTBOPA IPOBOLHUJIOCH II0 M3MEPEHUIO 3aBUCHMOCTH HMHTEHCHBHOCTH AUMPAKIIMOH-
HBbIX DPEHTI€HOBCKMX MAKCHUMYMOB AJd YMCTBHIX KommoHedT tuma {200} or BpemeHu oTxura.
Haiigen xapakTtep 3aBucumMocTu KoaQPuiineHToR tuddysuu oT gaBIEHHUSA IPU SAHHBIX YCJIO-
BUAX, KOTOPBIM YKasbIBaeT Ha TO, UTO HabiomaemMoe yMeHbIleHUe Koa(hduiueHToB 1udPy-
3UM C POCTOM [AaBjeHuUs (B YKa3aHHOM [HANA30HE TaBJeHHuI) 00yCJIOBJIEHO yMEHbIIeHHEM
O IaBJEeHHEM PABHOBECHOHN KOHIEHTPAIMM BAKAHCUMH.

Bzaemua mudysias mig Tuckom y cucremi moHokxpucrtaixie KBr—KCl. B.I'Kononewnko,
B.B.Bozdanos, M.A.Borocwk, A.B.Bosrocwok.

Hocaimmeno sanexuicTs Koedimienris qudysii y moumoxpucranmax KBr i KCI Bixg tucky B
piamasoui (1-6000) arm i remneparypax 450, 500 i 550°C meTog0oM CIIiKaHHA IIOPOIIKOBUX
npecyBaub 3 cymimi mopourkis mouokpuctanis KBr i KCl y chisigmormenni, mo mgae 50 % -
uit tBepauit posuumn KBr—KCl. Cmocrepesmenns kKimeTuxu (OPMYBAHHS TBEPAOTO POSUUHY
OPOBOAUJIOCH 32 BUMIPIOBAHHAM B3aJeKHOCTI iHTeHCUBHOCTI AMMPAKIINHNX PEHTTEeHIBCBKUX
MAKCUMYMIiB il yncTux KommoHeHnT tumy {200} Bixm yacy sigmany. 3uailifeHo xapakrep
sayeskHOCTl KoedimientiBs amdysii Bixg THMCKy 3a gaHuUX yMoB, AKUM yKasye Ha Te, IO
3MeHIITeHHA KoedimienTtis audysii mio cmocTepiraeThes i3 3pocTaHHAM THCKY (Y BKasaHOMY
miamasoHi THMCKY) OOyMOBJIeHe 3MeHIIEeHHSM I TUCKOM piBHOBajKHOI KOHIeHTpaii Ba-
KaHcii.
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1. Introduction

Materials obtained by powder sintering
using ceramic crystal technology, powder
metallurgy, and nano-technologies are
widely applied [1-3]. In these technologies,
the sintering processes are usually carried
out at high temperatures and under high
pressures. These are controlled by diffusion
and plastic deformation processes.

Atomic thermal mobility induced by en-
ergy local fluctuations is the fundamental
substance property which causes transport
phenomena including diffusion determining
various processes of influence on strength
and durability of materials at any tempera-
ture [4-8]; the diffusion is in the basis of
technologies for principally new materials
production-nano-materials, amorphised met-
als, graphene, and hydrogen as fuel [9-13].
For determining the diffusion parameters
under different conditions, besides experi-
mental ones, the methods of molecular dy-
namics are widely used [14-19].

The objective of our work is studying the
effect of hydrostatic compression on the dif-
fusion mechanism and diffusion coefficient
value in alkali halide (AH) single crystals
KBr and KCI. The single crystals of this type
are widely applied in laser, fiber optic, scin-
tillation and other technologies; their work-
ing conditions by temperature and pressure
being in the very broad range from the very
low to the very high values close to the
limit of material existing without destruc-
tion. At that the AH single crystals are
convenient model objects.

2.Experimental

For solution of the mentioned problem,
diffusion homogenization process of com-
pact from 50 % mixture of KBr and KCI
single crystal powders has been used. The
system KBr—KCI forms a continuous series of
solid solutions stable in the whole tempera-
ture range. The solid solution lattice pa-
rameter varies linearly from the value of
pure KBr to the pure KCI one, i.e. is sub-
jected to the Vegard rule.

Kinetics of interdiffusion through the
boundary between contiguous powder parti-
cles of KBr and KCI single crystals was ob-
served under varying the hydrostatic com-
pression pressure and temperature. During
the process, there took place the homogeni-
zation of the compact with formation of the
50 % KBr—KCI solid solution on account of
diffusion counterblows of Br(®) anions into
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Fig. 1. Idealized calculation scheme of pack-
ing the powder particles as KBr and KCI sin-
gle crystal cubic blocks alternating along X,
Y, and Z axes and forming the spatial "chess
board™.

the KCI single erystal, and anions CI®) into
the KBr one.

The experimental procedure was as fol-
lows. The KBr and KCI single crystals grown
by the Kyropoulos method from the chemi-
cally pure raw material were taken in equal
proportion, i.e. by 50 atomic percents of
each type, fractioned, and in common (for
better mixing) thoroughly grinded in a por-
celain mortar to homogeneous state. The ob-
tained mixture consisted of the powder par-
ticles with nearly cubic shape and the simi-
lar sizes (about 50 um). This is connected
with the fact that KBr and KCI single crys-
tals possess both the cubic symmetry and
isotropy of physical properties, while the
surface energy of {100} crystallographic
planes has a sharp minimum in comparison
with other planes. Thus, the crystals of al-
kali metal halides of NaCl type split easy by
{100} crystallographic planes.

The interdiffusion process is considered
in the geometry of an idealized scheme
(Fig. 1) where each powder particle is a
cubic shape single crystal of A or B sort. At
equal quantities of the both sorts of the
particles and under ideal mixing, it can be
assumed that each particle of the one sort is
surrounded by six particles of another sort
contacting by {100} faces. The interdiffu-
sion process takes place through the plane
faces and, finally, the compact of KBr—KCI
50 % solid solution forms.

In connection with high absorbability of
the single crystals (especially KBr), before
compression of the samples, each portion of
the powder mixture was annealed in the
vacuum chamber [20] at T = 300°C directly
in the mould without applying pressure dur-
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Fig. 2. Diffraction patterns obtained from
the compacts of non-dehydrated powder mix-
tures compressed under different pressures,
P, atm: a — 50, b — 200, ¢ — 500, d —
1000, e — 2000, f — 5000. Temperature T =
23°C; pressing time ¢ = 3 min. Side maxima
are (200) diffraction reflections from the
pure components, the average maximum be-
longs to KBr—KCl 50 % solid solution.

ing 8 minutes, then the working pressure
was applied, the chamber was heated to the
working temperature and hold during the
set time for diffusion annealing. The pre-
liminary short annealing of the powder
without applied pressure was necessary for
dehydration of the powder surface from at-
mospheric moisture.

In the preliminary experiments it was es-
tablished that if the non-dehydrated powder
was compressed, then under pressure even
at the room temperature (T = 23°C) the ho-
mogenization process took place during
short time interval (3 min.), the KBr-KCI
50 % solid solution formed, and the charac-
teristic average maximum appeared in the
diffraction pattern (Fig. 2).

From Fig. 2 it is seen that under these
conditions, significant portion of the pow-
der mixture quickly transforms into the
solid solution state; the higher is the pres-
sure, the more solid solution forms. Under
pressure near 2000 atm., increasing of the
formed solid solution quantity with pres-
sure stops. This fact is apparently con-
nected with depletion of water quantity ad-
sorbed by the powder.

During the preliminary experiments, the
minimum temperature (T = 300°C) and the
annealing time (= 8 min) were select so as
the solid solution did not yet form, but
moisture was removed.

The diffusion homogenization of the
compacts was controlled by intensity wvari-
ations of (200) diffraction lines from the
KBr powder particles (angle 13°30) and KCI
(angle 14°10%). All measurements were car-
ried out using X-ray diffractometer URS-
50-IM with a copper anode, Ay,Cu=
1.539 A. The homogenization process was
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found to be slightly different on the surface
and in the bulk; obviously that was con-
nected with adsorption of some water on the
surface of the compacts. For obtaining the
reliable information about the diffusion
processes within the compact bulk, its sur-
face layer (about 1 mm depth) was removed
by grinding after annealing before the X-ray
diffraction studying.

By intensity variations of the selected
(200) line for pure KBr and KCI| depending
on the diffusion annealing time, the fea-
tures of the diffusion homogenization proc-
ess can be established and diffusion coeffi-
cients calculated. The whole complex of
measurements of the KBr and KCI (200) line
intensities during homogenization of the
powder particles mixture was realized at
the following regimes: temperatures 550°C,
500°C, and 450°C; annealing times at all tem-
peratures and pressures ¢ =0.5 h, 1 h, 2 h,
3 h, 4 h, and 6 h; pressures P =1 atm. and
(1, 2, 4, 6)-103 atm. (at T = 550°C); P = 1 atm.
and 4-103 atm. (at T = 450°C and T = 500°C).

3. Results and discussion

Results of measurements of KBr and KCI
(200) diffraction line intensities depending
on the diffusion annealing time ¢ at tem-
perature T = 550°C and under different
pressures P are shown in Fig. 3a, b. It is
seen from the figure, that homogenization
process slows down as the pressure in-
creases that is, obviously, connected with
decreasing the diffusion coefficient under
pressure increasing. Similar data have been
obtained also at temperatures T = 500°C
and 450°C. From comparison of the data it
follows that temperature decreasing results
in weakening the pressure influence on the
diffusion coefficient.

By idealizing the situation, we consider
the powder particles as KBr and KCI single-
crystalline cube blocks alternating by three
mutually perpendicular directions (along x,
y, and z axes) (Fig. 1) forming the spatial
"chess board”. Such approach is conven-
tional enough, because the cubes may have
arbitrary orientation, not the same sizes,
and not always regular alternation. How-
ever, taking into account that selected sin-
gle crystals have cubic symmetry and isot-
ropy of physical properties including bulk
diffusion, and for calculation simplification
we consider the chosen scheme justified.

If to solve the diffusion problem for such
systems of cubes, then by comparing the
calculation and experimental results it

Functional materials, 23, 2, 2016
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Fig. 3. X-ray diffraction line relative intensities depending on the diffusion annealing time: a) for
KBr (200) line; b) for KCI (200) line at temperature T = 550°C and pressures P, atm: ¢ — [, 2 —

1000, 3 — 2000, 4 — 4000, 5 — 6000.

could be possible, in principle, to determine
diffusion coefficients controlling the diffu-
sion homogenization process. The problem
solution, on the one hand, is enough com-
plex and cumbersome; on the other hand, if
we are interested only in the effect of hy-
drostatic compression on the diffusion coef-
ficient, we can limit ourselves by analysis
of only the beginning stage of homogeniza-
tion process, where the interaction of diffu-
sion flows through different faces of an indi-
vidual cube is yet small and negligible. There-
fore, we apply the known solution of the
problem on the diffusion through flat bound-
ary into the infinite semi-space. From the
solution it follows that the diffusion front of
equal concentrations moves from the contact
plane according to the equation [21, 22]:

x =D, o

where x is the diffusion front coordinate in the
moment ¢ (annealing time), D is diffusion coef-
ficient. If size of the cubic crystals is a, the
solution would be right in the case x <<a/2.

A unit of volume of the compact contains
1/2 - a® KBr and KCI single crystals (parti-
cles). Intensity of the X-ray reflected signal
depends on volumes of the pure components
of KBr and KCI single crystals "caught the
eye” of X-ray. Density of the particles (the
number of particles in the volume unit)
does not change with annealing, but volume
of the pure phase in one particle changes:
before annealing it is proportional to a3,
while after annealing during ¢ it being pro-
portional to (a — 2YDt)3. Therefore, inten-
sity of the maximum in the ¢ moment will
be
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I = oa — 2VDt)3, (2)

where o is proportionality factor (the ex-
perimental constant) taking into account
also the number of particles got into the
X-ray beam cross-section. The ratio of the
maxima intensities after annealing, I, and
before annealing, I, will be

I _(a—2VDt)3

IO a3

(3)

Thus, relation (3) is the equation for the
curves families shown in Fig. 83a and 3b,
their parameters being diffusion coeffi-
cients in the KBr and KCI single crystals.
So, the plots (I/Io)l/3 versus t1/2 at differ-
ent P would be linear, and by the angle of
their slope it is possible to determine diffu-
sion coefficients at corresponding P and T
values by the equation:

1/3 2
D a? d[(I/1y)]

4 d[tl’?]

For T = 550°C these dependences are
shown in Fig. 4a and 4b.

Similar dependences have been plotted
also by the annealing results at T = 500°C
and T = 450°C, and pressures P =1 atm.
and P =4 -103 atm.

Data on the diffusion coefficients in KBr
and KCI| single crystals at temperatures
550°C, 500°C and 450°C were calculated
using plots of 4a and 4b type figures and
equation (4), and tabulated in Table 1.

It is seen from Figs. 4a and 4b that as
the pressure increases, the slopes of linear

(4)
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Fig. 4. Dependences (I /Io)l/3 versus (¢, hours)!/2 for (a) KBr and (b) KCI (200) diffraction lines after
annealing at T = 550°C under pressures P, atm: 1— 1, 2 — 1000, 3— 2000, 4 — 4000, 5 — 6000.

Table 1. Diffusion coefficients in KBr and KCI single crystals

T, °C Single crystal Diffusion coefficients D, 10710 cm2/s
under pressures P, and P, 10% atm
P P=1 P=2 P=4 P =
550 KBr 2.980 2.300 1.87 1.490 0.734
KCI 2.680 2.127 1.794 1.085 0.510
500 KBr 0.646 0.409
KCI 0.554 0.287
450 KBr 0.354 0.227
KCI 0.229 0.160
Table 2. Interdiffusion coefficients in KBr and KCI single crystals
T, °C Interdiffusion coefficients D,,, 10710 cm2/c in KBr—KClI system
under pressures P, and P, 103 atm
P,. P=1 P=2 P=4 P=6
450 2.822 2.21 1.831 1.256 0.602
500 0.596 0.337
550 0.278 0.188

parts of the plots decrease which signifies
decreasing the diffusion coefficient (see
Table 1).

For practical purposes, e.g., for estima-
tion of the formation time for the compact
of homogeneous solid solution KBr—KCI, the
interdiffusion coefficient D,,; is introduced
by relation D,,, = 2D;Dy/(D; + D). Data
on are given in Table 2.

In ionic crystals, the vacancy diffusion
mechanism prevails, and the expression for
diffusion coefficient in the pure ionic crys-
tals can be written as [23]:
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D = ajv - exp[—(AF, + 2AF,))/2kT), (5)
where a is lattice parameter; v is frequency
at which atoms transit into new positions
from the saddle point (its precise determi-
nation is difficult, therefore usually v is
accepted equal to the Debye frequency [20]);
AF, is free energy need for formation of one
pair of vacancies (anion and cation);AF,, is
free energy for formation of activated com-
plex (in connection with local variation of

Functional materials, 23, 2, 2016
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Fig. 5. Dependences InD versus P obtained in
experiments with T = 550°C: I — for KBr
single crystal; 2 — for KCI single crystal.

atomic and electron configuration), need for
realization of each elemental diffusion act.
Taking into account that in the isothermal
process: dF = —PdV, the relation (5) is writ-
ten as:

D=a}v- ex;{—(AVD + 2AV, )P/ ZkTJ =
= ajv - exp[-AV,P/2kT], ©)

where P is pressure; AV, is vacancy volume
depending on the degree of relaxation of

atoms surrounding the vacancy; AV, is the
volume of the activated complex, the value
small enough comparing with volume V per
an atom (so, in gold [20], e.g., AV, = 0.151_/);
the value AV, = AV, + 2AV,, is called the ac-
tivation volume of transitional state.

From equations (5) and (6) it is seen that
the first exponential factor in these rela-
tions determines the vacanecy concentration
at given temperature T and its dependence
on pressure P.

According to (6) the plot In(D) versus P
should be a linear function as:

InD = Inagv — AV, P/ 2kT. )

Using the data from Table 1 on the diffu-
sion coefficients in the KBr and KCI single
crystals at temperature 550°C and pressures
from 1 atm. to 6 - 103 atm. the dependences
In(D) versus P were plotted and shown in
Fig. 5.

The dependences InD versus P are found
to be close to linear. That means, in the
studied pressure range, decreasing the dif-
fusion coefficient is related indeed only
with dropping vacancy concentration under
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Fig. 6. Specifics of mutual arrangement of
ions in NaCl-type ionic crystal: ¢ — cations,
o — anions; arrows indicate possible rotation
of the ion group in planes parallel to {111}.

pressure (the first exponential factor in
Eq. (5)). It is clear from physical point of
view. Really, decreasing the free energy of
the crystal under pressure can be achieved
by reducing its volume by closure of the
part of vacancies, i.e. dropping their con-
centration.

Differentiating equation (7) by pressure
P, we obtain

dlnD =_AVa. (8)
oP - 2kT

We use data of Fig. 5 and Egs. (7), (8)
for obtaining the values of activation vol-
ume AV, under anions diffusion in the KBr
and KCI single crystals. For the KBr single
crystal, AV, =4.15- 10729 m3, while for
KCl — AV, = 6.43 - 10729 m3. The volume of a
unit cell per a molecule in the single crystals is
following: for KBr, AV, = 7.18 - 10729 m3, and
for KCI, AV, =6.28 - 1029 m3.

Taking into consideration atomic radii for
Br (r; = 1.95 A), Cl (r, = 1.81 A), and K (rg
=1.33 A), we see that the anions occupy the
largest part of the volume (about 60 + 70 %)
per one molecule in the crystalline lattice.
The obtained value AV, = 4.15 - 10729 m3 for
the KBr single crystal is practically similar
to the volume of the anion vacaney having
the value about 4.5 - 10729 m3. In the KCI
single crystal, the volume AV, is found to
be larger than the anion wvacancy volume
3.86 - 10729 m3. In order to explain this
fact, let us specify the circumstances com-
plicating the diffusion act in KCI in com-
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parison with KBr. So, for the KBr single
crystal, the experimental temperature is
0.819 T, (550°C), while for KCl — this
being 0.788 T, , i.e. somewhat lower, result-
ing in decreasing the fluctuations energy
and their efficiency. Additionally, differ-
ence of the atomic radii between the anion
and the cation in KBr single crystal is sub-
stantially larger than in KCI; so, there are
more free space in KBr having the larger
lattice parameter (as it is seen from Fig. 6),
the fact facilitates an elementary diffusion
act, that means the activation volume de-
creases.

More detailed analysis of the problem re-
quires solution of a difficult quantum-me-
chanical task on the interaction of electron
shells of the metal and halide ions in the
ion crystal under pressure. From the experi-
ments and calculations of [28] it follows
that as the external pressure increases to
more than hundreds of thousands atmos-
pheres, there grows noticeably and quickly
the potential barrier which an atom must
overcome for going out of the lattice site.
For this reason, we observe increasing the
melting temperature, sharp dropping the
vacancy concentration practically to zero
(under pressures of hundreds of thousands
and millions atmospheres). At that the va-
cancy mechanism of diffusion almost ceases,
only the diffusion acts like collective rota-
tions of atomic groups remain possible. In
Fig. 6, for example, the possible fluctuation
rotation of three anions within planes paral-
lel to {111} planes is shown. In this case,
obviously, the linear behavior of InD ver-
sus P plots will be broken.

The similar transition from individual
jumps of atoms to collective moving of a
number of atoms, sometimes, it is observed
also under temperature variations [17].

4. Conclusions

The method has been presented for
studying the interdiffusion kinetics in sin-
gle crystals of KBr and KCI and for determi-
nation of diffusion coefficients in the com-
ponents by using sintering the compacts of
powder mixtures of the KBr and KCI single
crystals in the ratio providing KBr-KCI
50 % solid solution, and by registration of
evolution of X-ray diffraction {200} peaks
for pure components under different condi-
tions of sintering: pressures from 1 to
6000 atmospheres and temperatures 450,
500, and 550°C.
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The data have been obtained on the dif-
fusion coefficients in the KBr and KCI single
crystals under abovementioned experimental
conditions, and it has been shown that in
the range of the applied pressures, the diffu-
sion coefficients decreasing is caused by re-
ducing the vacancy concentration with pres-
sure increasing. This is caused by the fact
that in the alkali halide single crystals, the
vacancy mechanism of diffusion dominates.
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