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Abstract

Influence of the ultrasound on talc (Mg;Si4O19(OH),) cathode material was experimentally investigated. The Gibbs' energy change of the
Li T -intercalation process, the diffusion coefficient in Li,Mg3Si4O,o(OH),, the charge transfer resistance and the capacitance of the electric
double layer were studied in electrochemical cells, based on initial and ultrasonic treated talc. The obtained results were interpreted within the
nonlinear diffusion-deformation model, which involved formation of vacancy nanoclusters under ultrasonic influence at temperatures lower than a

critical value.
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1. Introduction

Intercalation is the reversible insertion of molecule (or ion)
into guest position of compounds with layered structures.
Furthermore, intercalation provides a significant increase in
specific energy of power sources, because strongly correlated
bertollide phases are formed as a result of current generation
process. The technical implementation of such process causes
the appearance of lithium and lithium-ion batteries at the
market. Today searching of new cathode materials for these
applications is almost the most important task of material
science. Taking into account the urgent problems of high
prices of one Wh, ecological compatibility and resource base
formation for use in the foreseeable future, it is obvious to
focus on natural minerals. For this purpose they should have
a system of the guest positions and provide good lithium
diffusion and energy of lithium insertion, chemical and electro-
chemical stability, appropriate structure of the energy spectrum
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[1] conjugated with voltage range. We have proved that talc
could be this mineral [2]. However, generally, the combination
of all above listed characteristics in a certain mineral is
implemented rarely. Therefore target modification of talc takes
a lead place in improving efficiency of intercalation reaction. It
was shown [3] that doping of talc powders could change its
band structure in desired direction and as a result could
improve both the energy and the power characteristics of
lithium power sources. In this paper, we proposed ultrasonic treat-
ment [4-6], as a new method of modification, which belongs
to one of the most effective, cheap and environmentally safe
technologies.

2. Experimental

Monodispersed talc powders with average grain size of 1
and 0.5 pm were used in experiments. Ultrasonic treatment of
each talc fractions (0.2 g) was carried out in 2 ml of 1 M LiBF,
in y-butyrolactone solution during 8 h at the frequency of
22 kHz.

Electrodes of 0.25cm? area on a nickel substrate were
formed for research. The cathode mixture consisted of active
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material (talc), conductive additive (acetylene soot), binding
agent in the ratio 85:10:5 wt%. Mass of active material did not
exceed 2.5 mg/electrode. Thermodynamic and kinetic para-
meters of lithium intercalation were investigated in three-
electrode electrochemical cell in 1 M LiBF, in y-butyrolactone
solution and a chlorine-silver reference electrode. Nyquist
diagrams were investigated in the frequency range from
1072 to 10° Hz using impedance spectrometer “AUTOLAB*
(“ECO CHEMIE®, Netherlands), equipped with computer
applications FRA-2 and GPES. Computer modeling of the
obtained impedance data was carried out in the software
package ZView 2.3 (Scribner Associates). X-ray diffraction
(XRD) measurements were performed on a DRON-3 under
Co-Ka-radiation.

3. Results and discussion

Dependence of Gibbs' energy change (AG(x)) of Li*-
intercalation process in talc fractions before and after ultra-
sonic treatment vs. the guest load degree x (x is a number of
inserted guest atoms per one structural unit of host material) is
shown in Fig. 1. First of all, one should pay attention to the
behavior of curves 1 and 2 in Fig. 1. Since reduction of initial
talc powders size from 1 pm to 0.5 pm leads to disappearance
of the Ist order phase transition in x range from O to 2.5 and
formation of strongly correlated single-phase states. The 1 um
talc fraction has higher energy storage in the high lithiated
phases (x > 4.5). After ultrasonic treatment of talc fractions the
phase diagram of their intercalated phase has changed com-
pletely. The range of two-phase states of the 1 pum fraction is
divided into three intervals: with higher (0 <x < 0.8), lower
(0.8 <x<1.5) and (1.5 <x <4.5) energy storage. The range
of two-phase states of the 0.5 pm fraction changes both width
(0.8 <x<3) and values of AG (3 <x<)5).

Kinetics of LiT-intercalation processes in LiMgs-
Si4019(OH), at room temperature both before and after
ultrasonic treatment (Fig. 2) cannot be described by the
Rendls—Ershler classical model [7] because the slope angle
of the low frequency branches of Nyquist plots to Re Z axis of
the complex impedance differes from 45°. The most probable

Fig. 1. Gibbs' energy change of lithium intercalation process in talc
Mg3Si4010(OH) powder of fractions: 1 pm (1, 3) and 0.5 pm (2, 4), before
(1, 2) and after (3, 4) ultrasonic treatment.
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Fig. 2. Nyquist diagrams of 1 pm (1, 3) and 0.5 pm talc fractions (2, 4), before
(1, 2) and after (3, 4) ultrasonic modification. The insets are equivalent electric
circuits.

reason for this is that the lithium diffusion in the volume of talc
particles is not described by the ideal Fick's law. This in turn
provides application of finite Warburg impedance [7] as a
structural diffusion element in the impedance model. In the
proposed equivalent electrical scheme (inset a, Fig. 2) Ry is
resistance of an electrolyte, the series of parallel units of R;IIC;
and RlIC, consecutively attached to the Rendls—Ershler
modified chain WI(R;-C;) simulates charge transfer through
the barriers between grains (and possibly passivation film)
and through the space charge region in the talc particle,
respectively.

Computer modeling of the obtained impedance data in the
software package ZView 2.3 determines the kinetic parameters
of the intercalation process for all values of x. Verification of
adequacy of the constructed model to the experimental data
shows that Kramers—Kroning's coefficient does not exceed
3x 1077

Nyquist plots indicate the diffusion-kinetic control of the
intercalation process. It means that limiting parameters of
power capability are the lithium diffusion D(x) in talc and the
charge transfer resistance R;(x) through the interface of talc
and electrolyte. As it is shown in Fig. 3 the kinetic parameters
essentially depend on the conditions of ultrasonic effect on
talc. At the same time ultrasonic treatment significantly
increases power capacity even at sufficiently deep discharge
levels (x ~ 4). It is interesting to note that the Ist order phase
transitions (Fig. 1) are observed in the vicinity of this value of
x. Extraordinary is the fact that both D(x) and R3(x) oscillate
with concentration only after ultrasonic modification (insets,
Fig. 3). Hypothetically, such behavior can be explained by
changes in electronic energy topology caused by ultrasonic
effect on defective subsystem.

The XRD analysis of both samples before and after
intercalation confirms impact of ultrasound on defect subsys-
tem. First of all, aftereffect of ultrasonic treatment on the talc
structure depends on the particle size. Ultrasonic treatment of
the 1 pm fraction greatly reduces the width of the main peaks
at 20=11.00 and 33.39°. Moreover treatment reformats the
intense doublet at 20=22.05 and 22.59° into one peak at
20=22.17°. Ultrasonic treatment of the 0.5 um fraction
reduces intensity of the indicated diffraction peaks and slightly
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Fig. 3. Diffusion coefficient D (a) and charge transfer resistance R; (b) vs guest load degree x in Mg3Si4O;0(OH), fractions: 1 pm (1, 3) and 0.5 pm (2, 4),

before (1, 2) and after (3, 4) ultrasonic treatment.

(by 0.07°) shifts the diffraction peak at 20=33.39° to the
higher angles. Intensity of the amorphous halo reduces in the
range of 11.44-+21.54° in both fractions after ultrasonic
treatment. The stronger effect of ultrasonic treatment is
observed for the structural changes caused by intercalation
(x=7). Ultrasonic treatment of the 1 um fraction suppresses
diffraction peaks, that appeared at 20=13.10 and 16.94° after
intercalation and reformats doublet at 20 =33.32° into the one
peak. In addition, the doublet appears in the vicinity of
20=17.01° only in ultrasonic treated talc after intercalation.
Ultrasonic treatment of the 0.5 pum fraction suppresses peak at
20=22.02°, shifted after intercalation to 20=22.78°, and
leads to appearance of the peak at 2@ =17.14°.

Appearance of middle frequency linear areas on Nyquist
diagrams, marked by arrows in Fig. 2 (curves 3, 4) is most
probably related to ultrasonic effect on the defective subsystem
of talc. Such areas are explained by spherical diffusion [8,9],
but in our case this interpretation is illegal, because the
lamellar form of initial talc has not changed after ultrasonic
treatment. That is why appearance of linear areas may be
caused by change in type of conductivity from ultimate to
complex [7]. Besides it can be explained by visualization of
decays of complexes, activated by ultrasonic treatment. In this
case the Gerisher impedance [7,10] is used in electric scheme.
The reason of linear areas appearance can be caused by
common contribution of both described conditions. Then the
equivalent electric scheme is presented in the inset b, Fig. 2.
In the last case both reactance and electro reactionary behavior
are explained by ultrasonic impact on the defect structure of
the talc powders.

It is known that the defect concentration, in particular the
vacancy concentration in a solid treated with ultrasound
depends nonlinearly on both temperature and intensity of
acoustic vibration [11,12]. Significant increase of defects in
the talc structure is observed in the certain ultrasonic and
temperature range. Equilibrium vacancy concentration can be
high even at low temperatures [11], while bulk deformation
exceeds some critical value. Self-organization of vacancies
into separate clusters and periodic structures is possible if their

concentration is high enough [13] and they interact one with
another and with the crystalline matrix through the deforma-
tion field. Formation of the periodic pore lattice in metal and
dielectric materials irradiated with high-energy neutron and
electron beams is observed in works [14,15].

In works [16-18] it was demonstrated that ultrasonic wave
could control the transport properties of semiconductors.
Besides it could change their structure due to the processes
of impurity atom diffusion, dissolution and formation of
complexes impurity atom clusters and intrinsic defects in
periodic deformation fields. Moreover the extrinsic heteroge-
neous deformation causes the change of chemical potential of
point defects, thus leading to the directional diffusion flows
appearance. In work [19] it was empirically determined that
ultrasonic treatment could stimulate Si diffusion at room
temperature. Significant increase of carbon diffusion coeffi-
cient in steel was observed at fixed temperature in a certain
range of acoustic vibration amplitude [20].

In this work, a nonlinear diffusion deformation theory of
vacancy cluster formation in a porous material treated with
ultrasound is carried out to specify ultrasonic influence on
Li* -intercalation kinetic parameters.

4. Theory
4.1. The model

We model a porous medium by the system of spherical
particles (granules). The radius of particles is r,=Ry—rp, and
the radius of impurities is r, (Fig. 4a), where 2ry is the space
between the granules, considered below as the pore diameter
(Fig. 4b). We select a cylindrical bulk element of porous
material (Fig. 4) with the radius R, and the cylindrical pore
having the radius ry (Ryp>ry). The average vacancy concentra-
tion of that system is Ny.

Considering the nonlocal Hooke's law [21], the energy of

vacancy interaction with matrix atoms U™ through the elastic



400 O.V. Balaban et al. / Progress in Natural Science: Materials International 24 (2014) 397—404

-

-

Fig. 4. Geometrical model of a porous medium with impurity.
field can be determined as:
Uit(r)= — /ﬂ(lr/ —re( AR, dr, (1)

where A is the elastic modulus operator [18]. Introducing the
variable 7 = r — r and after Taylor series expansion of &( r+1)
by z, we obtain:

Uin(r) = — / Mz)e( r+7)ALQ, dr

- / ,1(1|)(g( "+ azg(r)f) AQ dr

orr 2
Pe(r)
= —Ke(r)AQy—K P 2 AQy, ()

where K= [A(|r])dr is an elasticity coefficient [13];
2r3, = ([ Mz)z*dz/ [ A(|z|)dz) is an average value of the
squared distance between the vacancy and matrix atoms;
AQ, is the change of crystalline volume by one defect; &(r)
is a radial component of strain tensor.

The elastic field of solid influences the vacancy by force:

e(r)

or?

F=— gradU™' = Kgrad (s(r)A.Qd + T A.Qd> )]

Under this force, the defects in the elastic field get the
velocity

0%e(r)
P r?,aAQd>, @)

T = /477) = D.X grad (s(r)A.Qd +
kgT

where u, and D, are the mobility and vacancy diffusion

coefficient; T is the temperature; kp is the Boltzmann constant.

Here we use the Einstein relation to determine impurity

mobility.

As one can see from Eq. (4), the vacancy rate in the elastic
field is determined by deformation gradients and crystal
volume gain due to these defects. Thus, the defects that are
the compression centers (A€L2; <0), in particular vacancies,
will move to the area of the relative compression.

Taking Eq. (4) into account, the stationary flow of vacancies
can be presented as:

ON, D,K (ag Pe

= —D,—< +N, —AQ 2 AQy, ). 5
J or TN \Graeat 5T d) ®)

Taking into account the anharmonic components, potential
energy density of the elastic defects-free continuum can be
presented as:

, 0%e(r)
O or2
where E is the modulus of elasticity; a and f are the elastic
enharmonicity constants; a, is the characteristic distance of the
crystalline matrix atoms interaction that is roughly equal to the
matrix lattice parameter.

Then, taking into account Egs. (2) and (6), free energy
density of the crystal with vacancies can be presented as:

@ =U,+N,U—TS

Us= %Eez(r)‘f‘ %Ea£3(r)+ ZILE/}54(V)+EG e(r),  (6)

1 1 1 0
=3 Ee*(r)+ 3 Eag’(r)+ 1 Epet(r)+ Ea(z) ;‘(zr) e(r)—
02
— KN (r)e(r)AQy — KN 4(r) % 2 AQ,—TS, (7)
where S is entropy density.
— 92

Applying the relation ¢ = we obtain the mechanical

stress expression:

de’

02
o = Ee+ Eag® + Efé’ ~|—Ea(2) a—}j — KN AQ,. (8)

The mechanical stress in the ultrasonic treated solid, subject
to the enharmonic components, is:
& = o+Eey cos wi+Ea(ey cos wr)’+Ep(ey cos wr)’,  (9)

where ¢ is deformation amplitude, caused by ultrasound. Here
the wave length 1>R,. Averaging by the time, we obtain:

2 62
& = Ee+Eae®(1+ -2y 4 Epe® + Ea2 25 —KN,AQy =
2¢2 or?

02
E£+E(}£2+Eﬂe3+EaédT§ —KNALQy,, (10)

where @ = a(1+ %).
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From the strained solid equilibrium condition %2 =0 we

or
obtain the deformation equation:

a o(e? ae e oN,
£% 4 g %) (8) +E2ZE _ kT pq,

or or %573 or
=0. (11)

+Ep

Taking into account Eq. (5), the diffusion steady-state
equation for vacancies can be written as:
AQd)]

+Gd_—=03 (12)

div|D,—— — Ny Qi+ —

ON, D,K deA e
or kgT \or PEM

where Gy, and 7, are the generation rate and vacancy lifetime,
respectively.

To find vacancy concentration distribution and deformation
in the investigated structure, the system of nonlinear differ-
ential Egs. (11) and (12) should be solved.

Let us present vacancy concentration and deformation as:

Ny(r) = Ni(r)+No, (13)

e(r) = e1(r)+NoAQy, (14)

where N(r), and &(r) are the space inhomogeneous compo-
nents of vacancy concentration and deformation, respectively;
N1(r)<Ny.

Substituting Egs. (13) and (14) into Egs. (11) and (12), and
taking into account that N;(r) <N, and the conditions
(ONy/or) =0 and (de;/or) =0 at r—> R, must be kept, we
obtain that Ny = G,7, and the equations for N(r) and &(r):

aNl DU@V 681
or 0 kgT or3 | da

&
D,— —N, o &l 2):0, (15)

Og| a(e?)
E— +Ea
or + or

ae oM ON
(E) +E2ZE 9, % 0, (16)

o T o

+Ep

where 6, = KAQ, is the vacancy deformation potential.
Integrating Eq. (15), we obtain:

Nob, Pe
Nl = 0 <8 -+ a 21 ‘210) (17)

kgT
Substituting Eq. (17) into Eq. (16), we obtain the deforma-
tion equation that, after integration, can be written as

2

agz —ae ~|—f€1 ce?:O, (18)
where
o 1—(No/N.) = || .
ri(No/No)—(aj/r3,))’ ri(No/No)—(a§/r3,)’
p o EkT

B rzzia((NO/Nc) — (a(%/réa)) s Ne= 93

Here we have taken into account, that « <0, >0 [13].

4.2. Formation of vacancy nanoclusters and their periodic
structures
The solution of Eq. (18) is
d€1
Vaet—(Qf el [3)+(cel/2)

where r. is the constant of integration.
Replacing ¢; = 1/z, one can present this integral as:

r—r.= — / dz , (19)
—(f/3a))* +4

a(z

rL')

where

e
A= —"—+—.
9a + 2
The integral (19) is expressed by the analytic functions
which type we determine by the sign of the coefficients a and
A.
If the following conditions are fulfilled:
No a2 2a°

0 %0 and 2 <1— -2 (a<0iA<0), 20
NS, M op N, @=0ra<0 20

then £, =0, and N(r) = Ny, namely self- organization processes

do not take place. Taking into account, that 2% 9/:’ = % [13] and
2 2
2. & 0y
= —N
€ > + ( X 0) )
the conditions (20) can be written as
2 2
N z 2kgT N
—0<% and 83<(IB><—0)
N, "l 0, N,
| —1
X —1 . (21)
(3/2)y/1=(No/No)—1

If average defect concentration exceeds the value of
No=Nc(a}/r3,), independently from the ultrasonic wave
deformation amplitude, the spatially homogeneous solution
becomes unstable, and then a new spatially inhomogeneous
stationary state (formation of clusters or periodic vacancy
structures) appears. Besides, if the 2nd condition in (21) is not
fulfilled, vacancy clusters will always appear. If concentration
of clusters or periodic vacancy structures is constant, then their
formation conditions depend on the temperature. In particular,
the conditions (21) can be written as:

2 2 -1
£<a70’85<(\/§k5Tc> ! -1 ,
T "7, 0. ) \G/2/ 1= -1

(22)
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In other cases, depending on the values N, (7) and ¢, the
solution of Eq. (18) will be:

a>0andA>0:
A a Ny
= — t — —_—
&) B+ sh(—/a(r—rp)) a r2a<NC
2~2
<1—%. and
—1
82<<ﬁksr>2(zvo)2 1 )
’ 0, Ne) \(3/2)y/T=No/No)—1 ’
(23)
a>0 and A<O:
A 2a> Ny
— S P
O a9 SN
and

—1
1> 2

R m—
Ve )N 3VT-No/No -1
or at

2 N 262 25T\ [ No\>
%<—°<1—l,83><\/‘5>< 0)
2. "N, op 0, N.

(24)

—1
1
—1
- ((3/2»/1 ~(No/N)—1 )

a<0 and A>0:
B+ sin(y/|al(r—ry)) N,
1

s (ﬁk5T> ? ( No) 2 I )
gy < —1 s
0, N, (3/2)y/1—(No/N.)—1

£

>1 and

e1(r)=

10°¢ D,
10°
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10-12
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or at
—1
, (VZksT\ [ No\> 1
ke 0 N 3 N -1
v c 4/1= Nc"—l
NO a(z)
where

A=3v2lal(|9ca — 2f*))~ /% B=~2f(Oca — 2*)~ /.

The constant of integration r. is chosen because the
maximum vacancy clustering occurs at the pore surface, so
that the condition r.=ry is fulfilled.

Thus, vacancy clusters or their periodic structures are
formed at certain values of the defect concentration N, (or
the temperature 7) and ultrasonic wave amplitude &y. In Fig. 5
the areas of possible formation of vacancy clusters depending
on the values & and (No/N.) (T./T) are plotted. Calculations
are carried out for the following parameter values:
(@3/r3,) =0.01; (v2ksT/6,) = 0.01.

Substituting the formulas (23)—(25) into (17), we can find
the vacancy concentration. Fig. 6 shows the spatial vacancy
concentration distribution (when a symmetric cluster is
formed) in the vicinity of a pore with the radius r.

The cluster radius depends on the defect concentration,
elastic constants, and temperature, and can be determined as:

1 (No/No)—(ag/r3,)
Vcluster = 7;1— - rda\/ 1— (NO/NL) (26)
or
o /(TC/T)—(ag/rza)
Feluster = 75 =Tda W (27)

D,

0.01

z Mo (L)
N, \T

Fig. 5. Areas of possible vacancy cluster formation depending on the values of &(2, and (No/N.) (T./T): Dy is the no vacancy self-organization processes occur; Dy
is the region, where the asymmetric vacancy cluster appears (Eq. (23)); D, is the region, where the symmetric vacancy cluster appears (Eq. (24)); D3 is the region,

where the periodic vacancy lattice appears (Eq. (25)).
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Fig. 6. Spatial vacancy concentration distribution in the vicinity of the pore.

The cluster radius has nano-range value and increases
monotonically with vacancy concentration increase (tempera-
ture decrease).

4.3. Diffusion coefficient

Vacancy clusters or their periodic structures are formed,
when the vacancy concentration exceeds a certain critical value
(at the temperature lower, than a certain critical value). Then it
can be considered, that the porosity of the structure will
increase due to the pore expansion and formation of new ones.
The pore size r(' at the surface of which a vacancy cluster is

D —
formed can be determined in the following way (Fig. 6): 0
r;) =10+ Tecluster- (28)
)
Dous

107 4

T T T T
0.001 0.01 0.1 1
X

Fig. 7. Dependence of the diffusion coefficient of Li impurities in
Mg3Si40;0(OH), structure on their relative concentration x: 2Rp=1 um
(curves 1, 3) and 2Ry=0.5 um (curves 2, 4); before (curves 1, 2) and after
(curves 3, 4) the ultrasonic treatment; @gq — experimental points after the
ultrasonic treatment at 2Rp=1pum and 2Ry=0.5 pm, respectively; Qo—
experimental points before the ultrasonic treatment at 2Ry=1 um and 2R,=0.5
pm, respectively.

are moving as well and the granules are motionless, the full
number of the collisions can be presented as:

= 4«/571}’5}105—}— a(rg+Ro— ro)zngﬁ, (30)

where ng, and ng are the granule and impurities concentration
in the granule-free bulk.

The impurity concentration in the granule-free bulk can be
calculated through the molecule concentration in the full bulk
of the structure n as ng=n(R)/R3—(Ro—ro)’). Then the
diffusion coefficient can be written as:

v

o 2 p3p3 3 3 2\’ GD
3(4\/§ﬂrdn(R0/R0—(Ro—ro) )+ 4‘—R3(Vd +Ro—r0) )

Taking into account Eq. (28), we obtain the diffusion
coefficient vs the vacancy cluster size:

Let us find the dependence of the impurities diffusion
coefficient D of the porous structure dependently from pores'
radius, within the kinetic theory.

Diffusion coefficient of gases:

2
3z’
where v is the arithmetic average velocity of impurities; z is the
number of collisions of impurity with other impurities and
granules of porous structure per unit of time.

We define the number of collisions of impurity with other
impurities and granules of porous structure as the sum
separately of the collisions with impurities and the collisions
with granules. For this purpose we consider that the impurities

and the granules are the spheres with the radii r; and (R — rp),
respectively (Fig. 4). Taking into account, that other impurities

Dy = (29)

B 3(4\/§”r§n(R3/RS —(Ro—ro— rcluster)3) + (3/4R3)(rd +Ry—ro— rcluster)z) '

(32)

Fig. 7 shows the theoretical calculation results and the
empirical data of the dependence of the diffusion coefficient D
of Li* impurities in Mg3Si;O,o(OH), structure vs relative
concentration of x. Calculations are carried out under the
following conditions: ry=5nm, ro=>5nm, (No/N,)=0.8,
ry;=0.106 nm, an=0.5 nm.

The increase of Li* diffusion coefficient in ultrasonically
treated talc corresponds to the calculation results within
the proposed model. The theoretical results agree well with
the empirical results at low impurity concentrations, as far as
we have applied the kinetic theory of gases to calculate the
diffusion coefficient. Besides, inhomogeneous deforma-
tion fields, appearing in the vicinity of self-organized defect
clusters can retract or, contrary, eject the diffusing impurities
depending on the type of deformation gradient and the kind of
deformation generated by the impurity.
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Conclusion

1. Ultrasonic treatment of talc natural mineral in 1 M LiBF, in y-
butyrolactone solution during 8 h at the frequency of 22 kHz
is an effective modification method to increase power capacity
even at a sufficiently deep discharge level (x x~ 4).

2. The aftereffect of ultrasonic treatment on the talc structure
and Gibbs' energy of Li™-intercalation current formation
process depends on the particle size. The phase diagram of
the intercalated phase has completely changed after ultra-
sonic treatment.

3. Ultrasonic treatment of talc causes oscillations of diffusion
coefficient D(x) and stage charge transfer resistance R;(x) with
x, which is the result of changes in electronic energy topology
caused by ultrasonic effect on a defective subsystem.

4. Formation of vacancy nanoclusters and their periodic struc-
tures in a porous material, treated with ultrasound, is the base
of the nonlinear diffusion deformation model. This model
foresees significant diffusion coefficient increase. This result
coincides with the experimental one.
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