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ABSTRACT A theoretical model is suggested which describes
irradiation-induced amorphization in nanocrystalline solids,
using the rate theory approach. In the framework of the model,
interfaces (grain boundaries) cause the two basic effects on
irradiation-induced damage and amorphization processes in
nanocrystalline solids where the volume fraction of the interfa-
cial phase is extremely large. First, amorphization is enhanced
in nanocrystalline solids, because high-density ensembles of
interfaces essentially contribute to the total energy of the crys-
talline state and thereby provide a shift in the energetics of
amorphization. Second, interfaces serve as effective sinks of
irradiation-produced point defects and thereby hamper amor-
phization driven by defect accumulation. The competition be-
tween these effects is described by kinetic equations for densi-
ties of point defects in nanoscale grains in nanocrystalline solids
under irradiation treatment. This competition is shown to be re-
sponsible for the specific behavior of irradiated nanocrystalline
solids, which is different from that of their coarse-grained coun-
terparts. The suggested model accounts for the experimental
data reported in the literature.

PACS 61.46.+w; 61.72.Cc; 61.80.Az

1 Introduction

Nanostructured solids exhibit the outstanding
physical, mechanical and chemical properties due to nanoscale
and interface effects; see, e.g., [1–3]. These properties open
a range of new applications of nanostructured solids in
high technologies. In particular, single-phase and compos-
ite nanocrystalline materials have wide perspectives to be
exploited in structural applications and nanoelectronics in
various radiation environments in space vehicles, nuclear
reactors, etc. Irradiation treatment of conventional coarse-
grained polycrystalline and microscale composite solids pro-
duces defects in crystal lattices and often induces amor-
phization (crystal-to-glass transformation); see, e.g., [4–14].
Similar irradiation-induced structural transformations and
amorphization are expected to occur in nanocrystalline solids.
In doing so, however, damage and amorphization processes
can show the specific peculiarities in nanocrystalline solids
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due to the presence of high-density ensembles of interfaces
(grain and interphase boundaries) and other specific struc-
tural peculiarities. This statement is supported by experimen-
tal observations [15–22] and computer simulations [23–25]
of defect production, structural and amorphizing transform-
ations induced by irradiation in nanocrystalline and nanocom-
posite solids. In particular, following experiments [17, 18],
irradiation-induced amorphization is essentially enhanced in
nanoparticles (ZrO2, Si) in nanocrystalline composites com-
pared to their conventional coarse-grained polycrystalline
counterparts. For instance, zirconia (ZrO2) nanoparticles in
nanocrystalline composites can be amorphized at a dose as
low as 0.9 dpa [17, 18], whereas bulk zirconia has been irradi-
ated to 680 dpa with no evidence of amorphization [26]. At the
same time, experiments [15, 16] have shown that nanocrys-
talline solids (ZrO2, Pd) are highly resistant to irradiation-
induced defect production, compared to coarse-grained poly-
crystals with the same chemical composition. The defect
production, in turn, is commonly responsible for solid state
amorphization, in which case experimental data [15, 16] are
indirectly indicative of the fact that amorphization processes
are hampered in irradiated nanocrystalline solids. Thus, there
are intriguing controversial experimental data giving evidence
for a rather specific behavior of nanocrystalline solids under
irradiation. The main aim of this paper is to suggest a theoret-
ical model describing these controversial experimental data.
The model takes into consideration the competing interface
effects that simultaneously cause both enhancement and sup-
pression of amorphization processes in nanocrystalline solids
under irradiation.

2 Evolution of point defects in nanocrystalline solids
under irradiation. Basic statements of the model

Let us consider a nanocrystalline solid under ir-
radiation. We assume that the irradiation treatment occurs
with tentatively the same intensity in all the volume of
the nanocrystalline solid during some time interval [0, t1].
Nanoscale grains of the solid are modeled as identical spher-
ical balls with the radius a. In the first approximation, ir-
radiation processes in nanocrystalline solids can be divided
into the two basic categories: high- and low-energy irradi-
ation processes. High-energy irradiation produces vacancies
and self-interstitials in both nanograin interiors and grain
boundaries (Fig. 1a). Low-energy irradiation causes the gen-
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FIGURE 1 Nanocrystalline solid under a high- and b low-energy irradi-
ation treatment (schematically). Irradiation-produced pairs of vacancies and
interstitials are shown as pairs of open and full circles, respectively, con-
nected by arrows. The closed contours bound the grains while the space in
between the contours represents the grain boundaries

eration of vacancies only in the grain boundary phase (Fig. 1b)
where the atomic density and thereby the vacancy formation
energy are low compared to those in the bulk (nanograin in-
teriors). At the same time, low-energy irradiation produces
interstitial atoms in both nanograin interiors and grain bound-
aries (Fig. 1b). (In the former case, irradiation causes host
atoms to move from their initial sites in grain boundary re-
gions to adjacent nanograin interiors. As a result, vacancies
in grain boundaries and interstitials in nanograin interiors are
generated.)

Also, we assume that grain boundaries serve as effective
sinks of point defects - vacancies and interstitial atoms - that
migrate from nanograin interiors towards boundaries. This as-
sumption is supported, for instance, by molecular dynamics
simulations [23, 24] showing intense absorption of point de-
fects in nanocrystalline solids under irradiation.

In general, by analogy with the situation with conventional
coarse-grained polycrystalline materials, the following trans-
formations of defect structures can occur in nanocrystalline
solids under either low- or high-energy irradiation:

(i) irradiation-induced formation of point defects;
(ii) absorption of point defects by grain boundaries;
(iii) annihilation of vacancies and interstitial atoms;
(iv) formation of stable clusters of point defects.
Let us discuss the interface and nanoscale effects on the

processes (i)-(iv) in nanocrystalline solids under irradiation.
The process (i), the irradiation-induced formation of point de-
fects, is the dominant process responsible for damage in irra-

diated crystals [4–14]. This process occurs in nanograin inte-
riors in the same way as in conventional microscale grains and
thereby is essential in both coarse-grained and nanocrystalline
materials. More than that, the irradiation-induced formation
of point defects is enhanced in the grain boundary phase
where the atomic density and thereby the vacancy formation
energy are low compared to those in the bulk phase. At the
same time, the volume fraction of the grain boundary phase
in nanocrystalline solids is very large. In these circumstances,
point defects in nanocrystalline solids are generated under
irradiation more intensively than in their coarse-grained coun-
terparts. Also, the process (ii), absorption of point defects by
grain boundaries, intensively occurs in nanocrystalline solids,
because the volume fraction of the grain boundary phase is
extremely large. In addition, the migration path of point de-
fects towards grain boundaries in nanoscale grains is very
short. Thus, the processes (i) and (ii) intensively occur and
strongly affect evolution of point defects in nanocrystalline
solids under irradiation.

At the same time, the annihilation of point defects (pro-
cess (iii)) is not intense in irradiated nanocrystalline solids
due to the interface and nanoscale effects. In particular, as
shown below, the density of vacancies in nanograin interi-
ors of a nanocrystalline solid under high-energy irradiation
is much higher than that of interstitials. In the case of low-
energy irradiation, the density of interstitials in nanograin in-
teriors is much higher than that of vacancies. In these circum-
stances, the annihilation process (iii) does not significantly af-
fect evolution of point defects in nanocrystalline solids under
irradiation.

In order to illustrate the above statement, first, let us con-
sider the case of high-energy irradiation. In this case, owing
to inelastic collision events, vacancies and interstitials are
generated in both nanograin interiors and grain boundaries
(Fig. 1a). Interstitials generated in nanograin interiors and
characterized by a relatively high mobility rapidly migrate to-
wards grain boundaries where they are absorbed [23, 24, 27].
Therefore, after some time interval (exceeding the mean time
that characterizes migration of interstitials from nanograins
towards grain boundaries), the concentration of interstitials
becomes low compared to the concentration of slow vacancies
in irradiated nanocrystalline solids. As a corollary, the point
defect annihilation is not intense in nanocrystalline solids
under high-energy irradiation.

In the case of low-energy irradiation, vacancies are formed
mostly in grain boundaries, while interstitials generated in in-
elastic collisions of host atoms and irradiation particles can
move from grain boundaries to nanograin interiors (Fig. 1b).
(In doing so, we assume that interstitials move to all regions
of nanograin interiors but not only to the regions in vicinities
of grain boundaries.) In these circumstances, the density of
interstitials in nanograin interiors is much higher than that of
vacancies in irradiated nanocrystalline solids. As a corollary,
the point defect annihilation is not intense in nanocrystalline
solids under low-energy irradiation.

Now let us consider the process (iv), the formation of
clusters of point defects. This process does not play a sig-
nificant role, because amorphization occurs in nanocrystalline
solids at a critical defect density being lower than the dens-
ity sufficient for intense formation of point defect clusters.
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More precisely, the point defect clusters are hardly formed, if
zn(a/b)2 � 1, where n is the relative concentration of point
defects of one type (vacancies or interstitials), z is the num-
ber of the nearest neighboring atoms for an atom in the crystal
lattice, and b is the interatomic distance. At the same time,
the critical concentration of point defects for amorphization is
low in nanocrystalline solids where grain boundaries provide
a shift in the energetics of amorphization. As shown in next
sections, typical values of the critical concentration for amor-
phization obey the inequality zn(a/b)2 � 1, in which case
amorphization prevents the formation of point defect clusters
in irradiated nanocrystalline solids.

To summarize, with the specific structural features of
nanocrystalline solids, the only processes (i) and (ii) crucially
affect evolution of point defects in such solids under irradi-
ation. The processes (iii) and (iv) are not essential due to the
interface and nanoscale effects. Therefore, in the framework
of our first approximation model, we will focus our analysis
on the only processes (i) and (ii) in irradiated nanocrystalline
solids.

3 Evolution of point defects and amorphization in
irradiated nanocrystalline solids. Model equations

Let us describe the evolution of point defect en-
sembles in nanocrystalline solids under irradiation. In doing
so, we will use both representations of our first approxima-
tion model developed in the previous section and rate the-
ory methods [28–31] effectively exploited in a theoretical
description of damage and amorphization processes in con-
ventional coarse-grained polycrystalline solids. The two basic
processes that control evolution of point defects are taken into
account in the rate-theory equations for densities of vacan-
cies and interstitials in irradiated nanocrystalline solids. These
processes are (i) the irradiation-induced generation of point
defects and (ii) migration of point defects from nanograin in-
teriors towards grain boundaries where defects are absorbed.

Let γ be the mean number of interstitials produced by ir-
radiation in a unit volume of a material per unit time interval.
In the situation with high-energy irradiation, γ is a constant
value which depends on both irradiation intensity and energy
of irradiation particles; γ is independent on nanograin size a.
For low-energy irradiation treatment, γ is proportional to the
volume fraction F of the grain boundary phase in a nanocrys-
talline solid. That is, γ = βF, where β is the factor taking
into account irradiation intensity and energy. In the frame-
work of our model, grain boundaries represent spherical shells
of thickness h. They surround ball-like nanograins with radius
a. In this case, we have: F = 3 h/a, and γ = 3 hβ/a.

Let us calculate the mean concentration of point defects in
a nanocrystalline solid under irradiation treatment. Let t = 0
and t = t1 be respectively the initial and final time moments
of irradiation treatment. In the framework of our model rep-
resenting nanograins as ball-like regions, the concentration c
of point defects at a time moment t in a point of the nanocrys-
talline specimen depends on t and the distance r between this
point and the center of the nanograin containing the point.
That is, c = c(r, t).

The behaviors of the absolute concentration c(r, t) of point
defects (vacancies in the case of high-energy irradiation and

interstitials in the case of low-energy irradiation) in nanograin
interiors are very different during and after irradiation treat-
ment. Therefore, we consider these cases separately. To do
so, let us designate the point defect concentration as c1(r, t)
during irradiation treatment (for t ∈ [0, t1]) and c2(r, t) after ir-
radiation treatment (for t > t1). During irradiation treatment,
the concentration c1 in nanograins evolves due to both the
irradiation-induced generation of point defects and their mi-
gration towards grain boundaries. Irradiation increases c1 by
the quantity γ per unit time. Defect migration towards grain
boundaries causes the change of the concentration c1 (per unit
time) by value of D∆c1 [32], where D is the diffusion coef-
ficient, and ∆ is the Laplace operator. In the considered case
of spherical symmetry, we have ∆c1 = 1

r2
∂
∂r

(
r2 ∂c1

∂r

)
. With

the assumption that grain boundaries absorb all point defects
reaching them, the boundary condition at grain boundaries is
given as: c1(r = a) = 0.

Thus, the concentration c1 as a function of r and t may
be found as a solution of the following equation with mixed
initial and boundary conditions:

∂c1

∂t
= γ + D

r2

∂

∂r

(
r2 ∂c1

∂r

)
, 0 ≤ r < a, 0 < t ≤ t1, (1)

c1(r = a) = 0, c1(t = 0) = 0. (2)

The concentration c2 of point defects in a nanocrystalline
solid after irradiation treatment (γ = 0) evolves due to migra-
tion of these defects towards grain boundaries where they are
absorbed. In this situation, c2(r, t) obeys the following equa-
tion with mixed initial and boundary conditions:

∂c2

∂t
= D

r2

∂

∂r

(
r2 ∂c2

∂r

)
, 0 ≤ r < a, t > t1, (3)

c2(r = a) = 0, c2(t = t1) = c1(t = t1). (4)

With the replacement of variables: c1 = c̃1 − γ(r2 −
a2)/(6D), the system (1) and (2) is reduced to the standard
system:

∂c̃1

∂t
= D

r2

∂

∂r

(
r2 ∂c̃1

∂r

)
, 0 ≤ r < a, 0 < t ≤ t1, (5)

c̃1(r = a) = 0, c̃1(t = 0) = γ

6D
(r2 −a2). (6)

It is effectively solved by the method based on separation of
variables. In doing so, we find the solution of (1) and (2) to be
as follows:

c1(r, t) =− γa2

6D

{
1 − r2

a2
+ 12a

π3r

∞∑
n=1

(−1)n

n3
sin

πnr

a

× exp

(
−π2n2

a2
Dt

)}
. (7)

Substitution of solution (7) into the second equation from (4)
yields the initial condition for (3). With conditions (4), we find
the solution of (3) to be given as:
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c2(r, t) =− 2γa3

Dπ3r

∞∑
n=1

(−1)n

n3

[
1 − exp

(
−π2n2

a2
Dt1

)]

× sin
πnr

a
exp

[
−π2n2

a2
D(t − t1)

]
. (8)

With equation

∞∑
n=1

(−1)n

n3
sin

πnr

a
= −π3

12

r

a

(
1 − r2

a2

)
, (9)

it is evident that the expressions (7) and (8) for c1 and c2, re-
spectively, represent solutions of systems (1)–(4).

The average (over volume) values of the concentrations c̄1

and c̄2 are defined as:

c̄k(t) = 3

a3

a∫

0

ck(r, t)r2 dr (k = 1, 2). (10)

From (7), (8) and (10) we have:

c̄1(t) = γa2

15D

{
1 − 90

π4

∞∑
n=1

1

n4
exp

(
−π2n2

a2
Dt

)}
, (11)

c̄2(t) =6γa2

Dπ4

∞∑
n=1

1 − exp
(
−π2n2

a2 Dt1
)

n4

× exp
[
−π2n2

a2
D(t − t1)

]
. (12)

As follows from formula (11), c̄1 runs parallel with time t at
low t (t � a2/D) and saturates at large t (c̄1 = γa2/(15D) in
the limit of t → ∞). As follows from formula (12), c̄2 de-
creases with rising t.

4 Amorphization due to accumulation of point
defects in irradiated nanocrystalline solids

Let us analyze amorphization processes in irradi-
ated nanocrystalline solids, using the functions c1 and c2 ob-
tained above. To do so, following the approach [29, 33, 34],
we assume that amorphization (crystal-to-glass transform-
ation) occurs in a nanocrystalline solid when the total en-
ergy of both grain boundaries and irradiation-produced point
defects in the solid reaches its critical value equal to the
difference ∆Eam in the energy between the amorphous and
defect-free crystal phases. In the framework of the approach
discussed, the criterion for energetically favorable amorphiza-
tion reads:

EGB + Eel > ∆Eam. (13)

Here EGB is the energy of grain boundaries, and Eel is the
elastic energy of point defects. In the model of ball-like
nanograins, EGB = NωS, where N denotes the number of
nanograins, S the sum area of grain boundaries surrounding
one nanograin, and ω the mean specific energy (per unit area)
of grain boundaries. The energy Eel = cWpVN, where Wp is
the energy of a point defect, c is the absolute concentration of

point defects, and V is the nanograin volume. In the standard
model [35] (representing point defects as elastic balls char-
acterized by radius r0 +∆r and inserted into spherical pores
characterized by radius r0), the energy Wp is given by the
following approximate expression: Wp = 8 πGr0(∆r)2. The
energy ∆Eam = (G/α)VN, where α is a material-dependent
factor.

In our model of ball-like nanograins, the volume V of
a nanograin and the sum area S of its grain boundaries are
as follows: V = (4/3)πa3 and S = 4πa2. With these for-
mulas and those for the energies EGB, Eel and ∆Eam (see
above), (13) can be re-written as c > ccrit, where

ccrit = 1

8 πr0(∆r)2

(
1

α
− 3 γ

Ga

)
. (14)

The concentration of point defects in a nanocrystalline solid
under irradiation reaches its maximum value at the end of the
irradiation treatment. Therefore, if irradiation-induced amor-
phization does not occur at the end of the irradiation treat-
ment, it does not occur at all. In these circumstances, the
critical condition for amorphization of a nanocrystalline solid
is given as: c̄1(t1) > ccrit. Here c̄1(t1) is the concentration of
point defects at the end of the irradiation treatment, that is, the
maximum defect concentration.

Let us consider separately high- and low-energy irradi-
ation processes. With (11) and (14), the critical condition
c̄1(t1) > ccrit for amorphization in a nanocrystalline solid
under high-energy irradiation, can be re-written as γ̃ > γ̃c.
Here

γ̃ = 8πr0(∆r)2ω2

G2 D
γ, γ̃c = 15 (ã −3α)

α ã3 f(t1, ã)
, (15)

ã = (G/ω)a, and

f(t1, ã) = 1 − 90

π4

∞∑
n=1

1

n4
exp

(
−π2n2

ã2

G2

ω2
Dt1

)
. (16)

In the case of low-energy irradiation, we have: γ = 3hβ/a.
Then the critical condition for amorphization is given as
β̃ > β̃c, where

β̃ = 8πr0(∆r)2ωh

G D
β, β̃c = 5 (ã−3α)

α ã2 f(t1, ã)
. (17)

For Dt1/a2 � 1, we have f(t1, ã) ≈ 15Dt1G2/(ω2ã2). As
a corollary, γ̃c(Dt1/a2 � 1) ≈ ω2(ã − 3α)(αG2 Dt1ã),
β̃c(Dt1/a2 � 1) ≈ ω2(ã − 3α)/(3αG2 Dt1). In the limit of
ã → +∞, we find γ̃c → ω2/(αG2 Dt1), βc ∼ ω2ã/(3αG2 Dt1).
In the limit of t1 → +∞, we have f(t1, ã) → 1. In these
circumstances, the critical condition for amorphization is
γ̃ > 15 (ã − 3α)/(α ã3) in the case of high-energy irradi-
ation, and β̃ > 5 (ã − 3α)/(α ã2) in the case of low-energy
irradiation.

(In the beginning of irradiation treatment (t1 = 0), we have
f(t1, ã) = 0. With this equation, the critical conditions for
amorphization, γ̃ > γ̃c and β̃ > β̃c, are reduced to the inequal-
ity: ã < 3α. In the situation discussed, amorphization occurs
due to the contribution EGB of grain boundaries to the en-
ergy of the nanocrystalline state. This situation is realized, for
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FIGURE 2 Dependences of parameters γ̃c (a) and β̃c (b) on the non-
dimensional nanograin radius ã, for α = 70. (a) ω2 Dt1/G2 = 104, 2×104,
4×104 and ∞ (curves 1, 2, 3 and 4, respectively). (b) ω2 Dt1/G2 = 5×104,
2×105, 4×105 and ∞ (curves 1, 2, 3 and 4, respectively). These depen-
dences separate the parameter regions where amorphization is energetically
unfavorable and favorable, respectively

instance, in ball-milled nanocrystalline solids where severe
plastic deformation causes both the formation of new grain
boundaries and thereby grain refinement; see, e.g., [36–39].
When the energy of grain boundaries reaches the difference
∆Eam in the energy between the amorphous and defect-free
crystal phases (in our terms, when ã < 3α), amorphization oc-
curs in ball-milled nanocrystalline solids. This situation has
been theoretically described in the framework of the theormo-
dynamic approach by Desre [34].)

The dependences γ̃c(ã) and β̃c(ã), calculated with the
help of (15)–(17), are shown in Fig. 2, for α = 70 and dif-
ferent values of parameter ω2 Dt1/G2. These dependences
separate the parameter regions where amorphization is ener-
getically unfavorable and favorable, respectively. As follows
from Fig. 2, for ã < 3α, amorphization is energetically fa-
vorable at any values of γ̃ (or β̃) and t1. For ã > 3α, the
range (β̃, ã) (or (γ̃ , ã)) in which amorphization is energeti-
cally favorable, expands with rising time t1 of the irradiation
treatment. In the case of high-energy irradiation, for large
values of ã, the critical parameter γ̃c approaches the con-
stant value ω2/(αG2 Dt1) (see Fig. 2a). For small enough t1
(curve 1 in Fig. 2a), γ̃c monotonously increases with rising ã.
In doing so, for a given γ̃ , amorphization is energetically fa-

vorable provided ã is lower than some critical value. For large
values of t1 (see curves 2 and 3 in Fig. 2a), each of the de-
pendences γ̃c has one maximum γ̃c = γ̃cm(t1). For γ̃ > γ̃cm ,
amorphization is energetically favorable at any values of ã.
If γ̃ < γ̃cm, amorphization can come into play at either suffi-
ciently low (ã < ãc1) or sufficiently large (ã > ãc2) values of
ã. Both ãc1 and ãc2 are shown in Fig. 2a, for characteristic
values of ω2 Dt1/G2 = 2 ×104 (corresponding to curve 2) and
γ̃ = 0.6 ×10−6.

In the case of low-energy irradiation (Fig. 2b), for large
values of ã, β̃c is proportional to ã. In doing so, in the range of
small t1 (see curve 1 in Fig. 2b), β̃c monotonously grows with
rising ã. For small t1 and a fixed value of β̃, amorphization oc-
curs, if ã is lower than some critical value. For large t1 (see
curves 2 and 3 in Fig. 1b), each of the dependences of γ̃c has
one maximum β̃c = β̃cm(t1) and one minimum. For β̃ > β̃cm,
amorphization is energetically favorable, if ã is not too large.
For β̃ < β̃cm, amorphization occurs either at low ã (ã < ã′

c1)
or in the range: ã′

c2 < ã < ã′
c3. Values of ã′

c1, ã′
c2 and ã′

c3 are
shown in Fig. 2b, for ω2 Dt1/G2 = 2 ×105 (corresponding to
curve 2) and β̃ = 0.75 ×10−4. In the limit of t1 → ∞ (see
curve 4 in Fig. 2b), we have ã′

c3 → ∞. In these circumstances,
amorphization is energetically favorable at either sufficiently
low ã (ã < ã′

c1) or sufficiently large ã (ã > ã′
c2), similar to the

situation with high-energy irradiation.

5 Concluding remarks

In this paper, a theoretical model has been sug-
gested describing the experimentally detected phenomena of
the enhancement of irradiation-induced amorphization [17,
18] and instability of irradiation-induced defects [15, 16] in
nanocrystalline solids. The model takes into account such
specific structural features of nanocrystalline solids as the
presence of high-density ensembles of grain boundaries and
nanoscale size of crystallites (nanograins). In the framework
of the model, it has been shown that the accumulation of point
defects in irradiated nanocrystalline solids is either enhanced
or hampered, compared to conventional coarse-grained poly-
crystals. This variety in the behavior occurs due to the com-
peting effects of grain boundaries whose volume fraction is
extremely large in nanocrystalline solids. On the one hand,
grain boundaries are characterized by excess energy (com-
pared to that of grain-boundary-free crystals) which provides
a shift in the energetics of amorphization and thereby en-
hances irradiation-induced amorphization. On the other hand,
grain boundaries act as effective sinks of irradiation-produced
point defects, in which case grain boundaries hamper amor-
phization. If the first factor is dominant, nanocrystalline solids
under irradiation treatment exhibit the enhanced ability to
solid state amorphizing transformations. If the second factor
is dominant, nanocrystalline solids are resistant to irradiation-
induced amorphization. The competition between the above
effects of grain boundaries on irradiation-induced damage
and amorphization processes is responsible for the specific
behavior of nanocrystalline solids under irradiation. The sug-
gested concept of the competing effects of grain boundaries
on irradiation-induced damage and amorphization processes
in the nanocrystalline matter naturally explains the controver-
sial experimental data [15–18] in this area.
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The suggested model gives a first approximation descrip-
tion of irradiation-induced amorphization in nanocrystalline
solids. In doing so, the model describes homogeneous amor-
phization under irradiation. At the same time, irradiation-
induced amorphization in conventional coarse-grained poly-
crystalline and microscale composite solids often occurs as
a heterogeneous process; see, e.g., [4, 5, 10, 19, 40] and refer-
ences therein. In general, heterogeneous amorphization pro-
cesses induced by either irradiation, severe plastic deforma-
tion or local stress field inhomogeneities are highly sensitive
to the presence of defects, interfaces and stress field distribu-
tion in pre-existent crystals [40–47]. Therefore, an adequate
description of such heterogeneous amorphization processes in
nanocrystalline solids should take into account the interface
and nanoscale effects on point defect evolution (as with the
situation analyzed in this paper), the role of defects and in-
terfaces as stress sources (enhancing the heterogeneous amor-
phization), and the role of interphase crystal-glass boundaries
(providing a shift in the energetics [48, 49] and thus hamper-
ing heterogeneous amorphization). In this context, approxi-
mate results of the model suggested in this paper can be effec-
tively used in further theoretical and experimental studies of
irradiation-, deformation- and stress-induced amorphization
processes in nanocrystalline bulk solids, films and coatings.
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