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Emission of nanoparticles at the crack front
during cleavage of alkali-halide single crystals
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Equations of statistical physics are applied to numerical aspects of energy balance at
the crack front with reference to the cleavage of alkali halide single crystals. The possibil-
ity of nanoparticles emission during the dynamic failure is ascertained theoretically.

VpaBHeHUSA CTATHUCTHUUYECKON (DMBMKM NPUMEHEeHbl K UYMCJIEHHBIM AacCIeKTaM SHepreTuue-
ckoro fasanca y poHTa TPEHIUHBI IJA CAydasd PACKAJBIBAHUSA IEJOUHO-TAJIOUIHBIX MOHO-
KpucTtayjaoB. TeoperuuecKu OIl€eHEHA BEPOATHOCTH 00pPa30BaAHUA HAHOYACTUIL B IIPOIIECCE TU-

HAMWYECKOr0 Pa3pyIleHUsd.

In the description of a crack evolution,
we used the concept of the pre-failure zone
presented in [1-3]. This zone covers a large
group of atomic bonds within the bulk of a
material at the crack tip. During mechani-
cal action upon brittle solids [4-6], the
strained fields arise at structural heteroge-
neities and deformations, where non-linear
features of atomic interactions become appar-
ent and a high rupture possibility of strained
bonds appears. Linear dimension of such a
field is estimated to be & ~ 1076 to 1073 cm,
according to [1-4, 6]. The transience of
either fracturing or impact hinders their
detailed study, and only the phenomena of
fractoemission (FE) [7] can provide more infor-
mation. FE includes the emission of photons
and electrons [8], volatile products of mechani-
cal failure and the material structure compo-
nents in the atomie, ionic, molecular, fractal
form [7-12], and small particles [13]. In the
present work, we studied the possibility of
nanoparticle emission from the crack front
during failure of alkali halide crystals (AHC)
along the cleavage plane (100).

During propagation of a crack, the energy
E* is released at its front area 8. This energy is
the difference between the accumulated energy
E, and the energies of [14]: elastic state relaxa-
tion E,, total energies of new surface forma-
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tion and plastic strain E; + E; [15, 16], ki-
netic energies of the fracture fragments E,
[14, 15], and the FE energy E;, ie., the
sum of athermic and thermic constituents
E;=E, + E, [8, 11, 12]. The elastic energy
E, disappears in the strained areas when a
crack appears. Hence, the energy balance at
the crack front presented in [14] can be
rewritten as:

E*:EC_Ee:ES+Ed+Ek+Ef' (1)

The left part of equation (1), being pre-
sented as E, — E,, emphasizes the fact that
not the whole delivered energy is spent in
the failure, straining, and FE.

In view of (1), theoretical evaluation
of E; is very important and necessary, as
well as its comparison with the available ex-
perimental data. Let us first evaluate E..
Suppose that E_. is accumulated in some vol-
ume V = I3, where [ is a linear dimension of
the strained area adjacent to the crack
front. Taking into account that compressi-
bility is defined as B =-V1(0V/ oP); = 1/K,
where K is the volume elasticity modulus,
and dE, = —PdV = BVPdP [17], we obtain

_ 2
E.=pP2V/2, @)
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where P is the failure pressure. In [15], it
was shown that the cleavage process de-
pends essentially on the solid shape and size
(Fig. 1): x(y'/2) is the size along the crack
propagation in xz plane; z’' and 2y’ are the
width and thickness, respectively. As may
be necessary, for further estimations we
take 22 =2y’ = x' =1 cm.

Some part of energy, E, = vs, is spent [15,
16] to formation of a new surface s(xz) = 282,
where y(xz) = 8a2/n2B (1 — 2v)yqy is the spe-
cific surface energyp; v, the Poisson coef-
ficient; yy, the equilibrium interplanar
spacing in y direction, and a is the "ex-
tinction distance” for the attracting force.
E;= 9y/21n[3(1 — 2v)/2ncy[3(1 +v)] 1is the
plastic strain energy on &2 crack surface
exposure, where oy is the strain at the
crack front along y direction; E,~E (v,./v,)?,
where v, is the crack propagation speed;
vy = [pB (1 — 2v)]79-% is the speed of longitu-
dinal acoustic waves, and p is the crystal
density.

For numerical evaluations according to
(1) and (2), let us consider the most studied
process of LiF fracturing, including the ex-
perimental data on FE [9, 10] and using the
following values given in Table: B =1/K =
1.48-10712 cm2/dyn and v = 0.217 [18, 19];
¥(100) = 874 erg/cm? [15]; v, = 3.9-10° cm/s [10];
v, = 7.143105 cm/s [18]; P = 4.78-1010 dyn/cm?
[20]. Let us take P~Gypo- Assuming & = 107°
cm and using (2), we obtain, in erg-107:
E~16, E~0.374, E j~4, and E;~0.3, E~5.
From (1), E, + Ex71077 erg ~4105 eV. As-
sume to a first approximation E,=0 and
compare E; with the dissociation energy of
LiF into ioms, LiIF - Lit +F~, u; = 10.51 eV
[21], or into atoms, LiF » Li+ F, u, = 8.83 eV
[10], to estimate roughly the intensity of FE.
Calculating p = E/u ratio, we obtain the
number of Li and F atom pairs, p,=
E;/u,~5-10%, or 5101 ¢m™2 emitted from the
environment & of the crack front. The observed
experimental value is p,~I ~ 1013 atom/cm? (in
the opinion of the authors [9-11], this value
presents the lower limit for LiF, see Table,
due to high chemical activity of the atoms
with respect to the material of the measuring
system).

The calculations (Table) make it possible
not only to estimate numerically the chan-
nels of energy dissipation at the crack
front, but to determine its elastic compo-
nent E,, its fraction exceeding a half of the
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Fig. A sketch of LiF single crystal fracture
along the cleavage plane (100) [15].

full crack energy E., except for NaCl and
LiF. The contribution of E; and E, energies
into (1) is also significant (except for KF
and KCIl), and E; ~ E,. The crack energy
spent for FE is not significant, according to
the experimental data of [10], and is close
to the surface energy of crystals: E;~ E,.
Noteworthy, the accuracy of calculations is
defined both by the postulated chy equality
and the value of failure pressure P depending
essentially on the crystal defects (its origin,
prehistory of obtaining, purity, nature of ad-
mixtures, etec.) [1-3, 8, 14, 15, 20].

To evaluate the formation probability of
nanoparticles, the emission process of
atomic (molecular) aggregates in the cluster
unit form has to be considered, too. This
process necessitates a single-stage evolution
of a significant energy amount in the sys-
tem, and the best way to the solution of prob-
lem is the examination of energy fluctuations
therein. So, applying the relationships of sta-
tistical mechanics to energy fluctuation AE at
the crack front, we have analyzed the possi-
bility that some part of E, was spent in the
nanoparticle formation [17].

The following aspects of processes at the
crack front are the physical prerequisites
for the evaluation of energy fluctuation AE.
Let us first consider in detail the pre-fail-
ure zone (the black area in Figure). This
area can be considered as a subsystem in
where E_, is accumulated as a result of a
stress pulse. The rest fraction of the solid
where this energy is absent or at least is
significantly less than in the highlighted
area can be considered as an environment.
Energy E_ referred to the number of bonds
in the volume &3 can be considered as a
small fluctuation if its value is minor in
comparison with energy u bounding atoms
or ions into a single whole. This is seen
from values in Table that ratios
ECM/A63pua, where A = 6.02:1023 is the
Avogadro number and M is the molecular
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Table. Characteristics of AHC and their cleavage, channels of energy dissipation according to (1),
(2), (11), (12) and (13), sizes and number of nanoparticles being formed at the crack front

Crystal / property LiF NaF KF NaCl KCI Notes
Yo(100)-108, cm 1.007 1.195 1.530 1.363 1.790 XRD*
y, erg/em? 374 290™ 210" 310 318 [15, 16]
P10719, dyn/cm? 4.73 5.00 4.12 1.60 2.66 [20]
v 0.217 0.236 0.274 0.252 0.274 [18]
B-1012, cm?2/dyn 1.48 2.06 3.18 4.02 5.62 [18]; B = 1/K
v,1075, cm/s 3.9 3.1 2.4 2.4 2.0 [10]
vs107%, em/s 7.14 5.67 4.64 4.54 3.91 [18]
p, g/cm3 2.640 2.804 2.526 2.163 1.988 [18]
E, 107, eV 10.0 16.1 16.6 3.21 12.4 5=10%cm
(E, + Ef).10—5, eV 4.3 10 12 0.25 8.7 $§=10"%cm
u;, eV (1 eV~1.6.10712 erg) | 10.51 9.297 8.230 7.918 7.189 [21]
u,, eV 8.83 7.86 7.61 6.65 6.72 [10]
110713, atom/cm? 3.6 2.1 1.1 1.0 0.63 [10]
(n/L)10722, ¢cm3 12.26 8.04 5.24 4.46 3.21 [10]
E;=Buv, 8 n, eV.107 0.30 0.16 0.078 0.067 0.040 §=10"% cm
T,, K 1122 1269 1130 1074 1049 [22]
a-104, K1 1.25 1.2 1.0 1.54 1.89 [19, 22]
(B 1aT) 10719, dyn/ecm? 2.62 1.7 1.0 1.50 0.742 T =300 K
€108, erg/g K1 16.16 11.15 8.382 8.641 6.909 [22]
<BE,> = (pVCk)-5T 453 389 325 301 258 T = 300 K
eV (at 3 = 107° cm) 1699 1645 1224 1076 901 T=T,
<OE,> = 353 390 360 355 324 T = 300 K
= (B laT + P)PBVET)"->
eV (at 5 = 107 cm) 1850 1470 1070 870 935 T=T,
<8E;>/E; (at T = 300 K) | 0.012 0.024 0.046 0.053 0.081 §=10"% cm
<8E,>/E; (at T =T,,) 0.045 0.092 0.14 0.13 0.23 5=10"° cm
R ~yo(<8E>/u,)°5, nm 0.64 0.84 1.1 1.0 1.2 T =300 K
(at 3 = 107° cm N~1010) 1.2 1.2 1.8 1.6 2.1
R, (5= 1076 ¢cm), nm 0.11 0.15 0.19 0.18 0.22 T =300 K
(N~1012) 0.22 0.29 0.32 0.28 0.37 T=T,
R, (8 =107* cm), nm 3.6 4.7 5.9 5.6 7.0 T =300 K
(N~10%) 7.0 9.2 10 8.8 12 T=T,
R, =1073 ¢cm), nm 20 27 33 31 39 T = 300 K
(N~106) 39 52 57 49 67 T=T,

*) XRD — X-ray diffraction analysis, * calculated according to this work.

mass of the compound being considered, do
not exceed 0.01 even at u = u, and very

small value of § = 107° cm for sufficiently
plastic AHC [15, 28]. This allows us to con-
sider the presence of E, in a subsystem as a

702

small fluctuation. There are two possible
ways to consider a system in which small
fluctuation is brought. The first way as-
sumes the solution of kinetic equations
using methods of irreversible processes
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thermodynamics [24]. Another way used by
us is based on the Onzager hypothesis ac-
cording to which the macroscopic non-equi-
librium condition near to the equilibrium
condition can be considered as a fluctuation.
Conditions in a macroscopic non-equilibrium
system and in a microscopic system which
have undergone the fluctuation vary in time
under identical laws. For example, let an
inhomogeneous distribution of concentra-
tions and temperatures in a macroscopic
system be created. Thus, there will be flows
in the system that are described by the ap-
propriate macroscopic laws of transport. If
a fluctuation of temperature or concentra-
tion occurs in equilibrium system resulting
in the same distribution of concentrations
and temperatures, then according to On-
zager hypothesis, a relaxation of these flue-
tuations will run under the same laws that
control equalization of concentrations or
temperatures in a non-equilibrium macro-
scopic system. As well as during a heat trans-
fer, when there is a transfer of energy from
hot (containing excess of energy) to cold
areas, a process of energy dissipation from
area with energy excess will occur in our
case. In this case, during energy change in
the "environment — the subsystem”™ system
according to the fluctuation mechanism, the
energy allocation process will prevail, and in
this sense, the fluctuations are irreversible.
Further, to proof the application legiti-
macy of equilibrium thermodynamics rela-
tionships for system where an emission of
particles occurs, it is necessary to find out
how much the number of particles and en-
ergy in the allocated volume varies as a
result of emission. To that end, let us ac-
cept the E_, as the system energy, and let us
consider the energy fraction which leaves
the allocated volume as the size of energy
fluctuation AE, see the formula (11) lower.
Let us accept the ratio AE/E,. as infinitesi-

mal parameter. If AE/E, <<1, it will mean
that the energy released from the system as
a result of fluctuations is too little in com-
parison with the system energy and thus,
the system can be considered as an equilib-
rium one. At last, let us consider the num-
ber of particles in the allocated volume and
compare it with number of the particles
leaving the considered volume as a result of
energy fluctuation. In this case,
AEM/A83pu, value will be an infinitesimal
parameter. If AEM/A83pua <<1, the proc-
esses in this system can be described using
approaches of equilibrium thermodynamics
where the number of particles is kept. The
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estimations mentioned below (Table) allow
to assert that changes of energy and number
of particles resulting from fluctuations are
very small, and consequently relations of
equilibrium thermodynamics are applicable to
the problem being under consideration.

Generally, the energy depends on three
thermodynamic parameters: volume V, tempera-
ture T, and pressure P. Let us write the total
differential of energy fluctuation with V and T
as independent variables. To that end, we use
the expression for energy fluctuation [17]:

= AV(OE/8V)p + CyAT,

where AE is the energy of fluctuation
caused by volume and temperature fluctua-
tions AV and AT, respectively, in the system of
volume V at temperature T, and (CE/0T),, = Cy,
by definition, where Cy, is the heat capacity at
constant volume. Further, we use the expres-
sions for differentials of total energy E and
free energy F:

dE=TdS - PdV, 4)

dF = -SdT - PdV or (0F/0T),=-S (5)
and d2F/dVdT = —(dS/dV)p.

As dF/dV = —P, taking the derivatives of
F, first with respect to volume and then to
temperature, we obtain, using (5), the fol-
lowing expression:

d?F/dTdV = ~(dP/dT)yy = ~(dS/dV)p. (6)

Then we can substitute in (3), using (4):
(CE/V)p =TS/ dV)p - P, )

AE = [T(6P/3T)y — P] + CyAT. (8)

Note that the average values of fluctua-
tions go to zero, i.e. <AT> = 0 and <AV> = 0,
and in (3), the momentary values of AE,
AV, and AT are presented. In the experi-
ments, however, only the average values of
physical quantities can be observed. Hence,
AE has to be squared for averaging. As the
fluctuations of temperature and volume are
statistically independent, the average value
of the product goes to zero, <AVAT>= 0.
When squaring (8), the cross terms contain-
ing ATAV product will go to zero

703



I.A . Massalimov et al. / Emission of nanoparticles ...

<AE>2 = [T(@P/3T)y, — PIP<AV2> +  (9)
+ CH<AT?>.

Using the expressions obtained in [17]
for the average square values of fluctua-
tions for T (in centigrade), <AT2> =
kET2/Cy, and V, <AVZ> = —kT(3V/0P)p, we
find

<AE>2 = 10)
— —[T(@P/3T), — PRET@OV /Py + C kT2,

where k = 1.88.10716 erg.- K1 is the Boltzmann
constant. Introducing f = —V’l(aV/aP)T and
the coefficient of volume thermal expansion
o= V’l(ﬁV/aT)p, for the specific heat capac-
ity Cy [22], expression (10) for the crack
front takes the form

<AE>2 = <AE;>2 + <AE,>? = (11)
= (B laT + P)2BVET + pVCykT?.

The CykT? term characterizes the value
of energy fluctuation for the mass pV = pd3
of the crack front area at thermal equilib-
rium under temperature 7. The expression
in brackets represents the contribution of
temperature and pressure P to the sought
quantity of energy fluctuation. It seems of
interest to evaluate not only the values of
<AE;> and <AE,> items, but also their ex-
treme temperature characteristics. The
crystalline state of substance, as well as the
temperature pulse at the crack front [23,
25, 26] is limited by the crystal melting
temperature T,,. As P ~ B~laT (Table), con-
tributions of the items are nearly equal:
<AE;>~<AEqo>. The equilibrium constituent
of fluctuation energy <AE,> is spent for
lattice vibrations (phonon scattering) within
the crystal volume, raising its average tem-
perature by
<AT> = <AE4>8/y'pVCy = <AEy>/y'pd2Cy, ~
1076 K, if §=10"5cm and 2y =1 cm.
So, we consider below only the first item
<AE{> in equation (11) that includes three
components of fluctuation energy of the same
order (Table), p~la2VET3 (thermic), 20VPET?2
(mixed), and BVP2ET (mechanic).

Let us compare the values of <AE;>
with the experimental values E;. Correla-
tion between the crystal parameters and
FE intensity I is defined by the expression

I = Bu.n/uL~hv.n/ uL [10]. Here, n [cm™2]
is the number of broken and/or excited bonds
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at the failure surface, L=y, [cm] is the typi-
cal chemical bond length in the crystal [10],
u [erg/molecule (atom)] is the energy of soli-
tary FE, and B = 10726 erg/s is an empirical
parameter of the correlation, close (equal
[12]) to the Planck constant £ = 6.63-10"
27 erg/s. If we assume u = u,, then the
product Iu on the open failure surface,
(V)2/3 = 82, gives the measured energy E:

E;=Bv8%n/L ~ hv8%n/L. (12)

The analysis of the (11) to (12) ratio
gives the information about the FE mecha-
nism:

<AE>/E;~ (13)
~ (B laT + PYBET/8)°5[Bv (n/L)I'L.

If <AE,>/E;>> 1, the energy fluctuations
are significant, and only some fraction
thereof is realized as FE. The remaining frac-
tion is dispersed through the other energy dis-
sipation channels. When <AE;>/Ex~1, the
fluctuation energy is mainly spent for FE,
and if <AE>/E; <<1, the energy fluctua-
tions are small and only some fraction of
the full intensity of FE or a certain kind of
FE may be realized via the fluctuation
mechanism. Calculations (Table) showed that,
at any temperature T acceptable for the crys-
tal, the last variant occurs, and as the inter-
planar spacing (ion size) increases, the fluc-
tuation energy rises, whereas the FE intensi-
ties fall monotonously.

The release of <AE;> energy in volume V'
is insufficient for the elementary act of
AHC sublimation. Hence, it is reasonable to
use it to estimate the parameters of
nanoparticle emission at the crack front.
When the atoms are arranged in a cluster,
the bond energy is gained, and if the
amount of the bonds is sufficient, the fluec-
tuation energy becomes sufficient for the
emission of a particle from the crystal lat-
tice, the particle containing some pairs of
atoms p with a radius R,. Calculations for
AHC given in Table represent the range of
§=103+10% ecm and admit equal bond
energies in crystal and cluster.

The calculations were carried out taking LiF as
an example, assuming § = 107 and 7 = 300 K.
To break one bond, energy ua is necessary,
and the failure surface s, ~n(y,/2)? appears in
a crystal. If we admit that all <AE;> energy
is spent for the bond breaking, the cluster
surface will be s,<AE;>s,/u,~4nR,%. Hence,
Ry~yo(<AE;>/u,)?%~0.64 nm, and the num-
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ber N of such particles at the fracture of a
real crystal (Fig. 1) will be N~x'z'/8221010,
that is, about three orders less than the
number of neutral atoms emitted from the
crack front.

As <AE;> ~ §1'5, it is easy, using the data
of Table 1, to find the dimensions of clusters
for § values different from & = 10"° cm:
Rp(8)sz(6 =105 ¢m)(5/107% ¢cm)?-75. The
last and obligatory comment to Table 1
should attract attention to the fact that
both the diameter (2Rp= 0.2 to 130 nm)
and the number of clusters (N = 1012 to
106) are functions of linear dimension § of
the strained area at the crack front during
the process of AHC failure. The & value is
difficult to evaluate correctly using both
theoretical and/or practical means. Therefore,
a simultaneous experimental measuring of Rp
and N at AHC cleavage could advance a new
method for the evaluation. For example, dual-
frequency coherent-optical method [27], mass-
spectrometry [11], or electron microscopy
methods [28] could be applied.

To conclude it is to note that the meth-
ods of quantum theory [29] and discrete lat-
tices [30] were engaged in the analysis of
the phenomena at the crack front, but FE
was not considered. The FE evaluation car-
ried out in this work shows that, in spite of
its insignificant contribution to the total
energy balance of the dynamics of solid fail-
ure, it not only completes the set of phe-
nomena and processes at the crack front,
but also can provide a new method for the
study of a specific strained area at the
crack front. The problem of subnano- [11]
and nanoparticles [13] emission at the crack
front is discussed for the first time. We
predict the possibility of this process basing
on the following considerations: a) large
enough values of P and T in some environ-
ment & of the crack front; b) according to
the laws of statistical physics [17], dynamic
variation of P and T results in an energy
fluctuation in the volume 83; ¢) the analysis
of a single-step release of fluctuation en-
ergy shows that it is comparable with the
energy of nanocrystal particle formation at
the crack front.

This work was partially financially sup-
ported by the Integration grant of the SB
RAS and Russian Foundation for Basic Re-
search (03-03-32271 and 05-05-64572).
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Emicia HanoyacTMHOK Ha (PPOHTI TPIIUHU
IPU PO3KOJIOBAHHI JYKHO-TAJOITHUX MOHOKPHCTAJIIB

I.A.Maccanimos, I.A.Maodwxoe, B.C.llleéuenko, ©.X.Yparxaee

PiBusuua crartucTuuHOl isMKM 34CTOCOBAHO 10 UYMCJIOBHX ACIEKTiB eHepreTudHOro 0a-
JaHCy Ipu QPPoHTI TPIIIMHM AJA BUIAIKY PO3KOJNIOBAHHSA JYMKHO-TAJOITHNX MOHOKPUCTAIIB.
TeopeTuuro omineHo HMOBIpPHICTE YyTBOpPEeHHSA HAHOYACTHHOK y HpoIleci AMHAMiuHOrO pyHHY-
BaHHA.
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