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Abstract A new physical mechanism for relaxation of misfit stresses in nanocrystalline and
polycrystalline films is theoretically examined. The mechanism deals with the formation of mis-
fit disclinations at interphase (film/substrate) and intergrain (between nanograins) boundaries.
Characteristics (stored elastic energy, equilibrium residual strain, and critical thickness) of films
with misfit disclinations are investigated. It is shown that the formation of misfit disclinations
is energetically favorable, in the film thickness ranges from 0 to some optimum value hg.

1. Introduction

Solid films exhibit the functional properties widely exploited in contemporary high technolo-
gies; see, e.g., [1-3]. The properties of films are strongly influenced by misfit stresses generated
due to geometric mismatch between crystalline lattices of films and substrates.

The most effective channel for relaxation of misfit stresses in conventional single crys-
talline films is the generation of misfit dislocations that form dislocation rows at interphase
(film/substrate) boundaries; see, e.g., [4-23]. Stress fields of misfit dislocations partly com-
pensate misfit stresses; this often improves functional characteristics of films. However, in the
situation discussed misfit dislocation cores are located at interphase boundaries, violating the
ideal structure of interphase boundaries and causing degradation of their functional properties.

Recently, a new micromechanism for relaxation of misfit stresses, namely the formation of
misfit disclinations (defects of the rotational type) has been suggested [24-29] as an alternative
to the conventional formation of misfit dislocation rows. This micromechanism is theoretically
revealed as that capable of effectively contributing to relaxation of misfit stresses in crystalline
films with twin boundaries [24,25], crystalline films deposited on amorphous substrates [26,27]
as well as nanocrystalline and polycrystalline films (Fig. 1) [27-29]. Owing to the presence of
the grain boundary phase in nanocrystalline and polycrystalline films, namely grain boundary
disclinations play the role as misfit disclinations in such films (Fig. 1). The specific feature of
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266 Local Lattice Rotations and Disclinations in Distorted Crystalline Materials

the disclination micromechanism for relaxation of misfit stresses in nanocrystalline and poly-
crystalline films is that cores of grain boundary disclinations playing the role as misfit defects
are located at existent grain boundaries (either at boundaries in film interior or at junctions of
interphase and grain boundaries) and, do not induce any extra violations to the structure of
the film/substrate interface.

poly- or nanocrystalline film

Figure 1. Misfit disclinations at junctions of film/substrate interface
and grain boundaries in nanocrystalline (or polycrystalline) film.

The disclination micromechanism for relaxation of misfit stresses is of particular impor-
tance in nanocrystalline films, because of the fact that grain boundary disclinations can be
intensively generated in nanocrystalline materials synthesized at highly non-equilibrium condi-
tions (see, e.g., [30]) and because of extremely high volume fraction of the grain boundary phase
in nanocrystalline films. A theoretical description of grain boundary disclinations as misfit de-
fects of a new type in nanocrystalline and polycrystalline films is in its infancy. Papers [27-29]
just briefly discussed the key aspects of relaxation of misfit stresses via the formation of grain
boundary disclinations in nanocrystalline and polycrystalline films. Papers [24-26] focused on
some partial cases related to disclination configurations (dipoles, quadropoles, etc.) with self-
screened stress fields in crystalline films with twin boundaries and crystalline films deposited
on amorphous substrates. The aim of the present paper is to theoretically examine in detail
the basic characteristics and the behavioral features of nanocrystalline and polycrystalline films
with rows of misfit disclinations located at film/substrate interfaces (Fig. 1).

2. Model of Film/Substrate Boundary with Misfit Disclinations

Consider an interface between a nanocrystalline or polycrystalline film and a single crys-
talline substrate. In the chosen geometry the film is located in the area —h < 2 < 0,~00 < y <
00, —00 < z < 00, and the substrate is defined by —00 < z < —h,—00 < y < 00, —00 < z < 0
(see Fig. 2). Any real interface between a nanocrystalline or polycrystalline film and a single
crystalline substrate consists of many fragments each dividing the substrate and a grain of the
film (Fig. 1). Different fragments of the interface are characterized by different misorientation
parameters, in which case the interface serves as a source of spatially inhomogeneous stress
fields associated with a spatially inhomogeneous distribution of its misorientation along
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the interface plane. In general, some fragments of the interface can be incoherent due to their
»unfavorable” misorientation destroying the coherency of the interface [29].

Figure 2. Schematic for film/substrate interface with coherency edge dislocations
and misfit wedge disclinations +w.

The main subject of this paper — the disclination micromechanism for relaxation of misfit
stresses — is related to the role of interfaces as spatially homogeneous sources of misfit stresses
generated due to the geometric mismatch between lattice parameters of the adjacent crystalline
phases. With this taken into account, in order to distinguish the effects associated with misfit
stresses, in this paper we will not consider any aspects related to spatially inhomogeneous distri-
butions of misorientation that characterize interfaces between nanocrystalline or polycrystalline
films and single crystalline substrates. In doing so, here and in the following we will focus our
consideration on a model of interface as a semi-coherent interface which induces misfit stresses
and contains misfit disclinations at junctions of grain boundaries and the interface (Fig. 2).

In the framework of our model, the interface as a source of misfit stresses is characterized
by one-dimensional misfit (lattice mismatch) parameter

laz — a1

g, 1
where a; denotes the substrate lattice parameter and ay the film lattice parameter. Here
and in the following, the elastic strains (and other elastic fields, for example, misfit stresses )
associated with the lattice mismatch are modeled as those induced by continuously distributed
edge dislocations (as it is shown in Fig. 2) having infinitesimal Burgers vectors db.. These
dislocations are known as coherency dislocations (CDs), e.g., [31]. The misfit parameter f is
related to CD linear density p. and the magnitude of CD Burgers vector as follows:

pcdbc = f, (2)

It is well established that the relaxation of misfit stresses (and the corresponding dimin-
ishing of stored elastic energy) may be achieved as a result of the formation of misfit dis-
locations(MDs) at film/substrate interface, e.g., [4-23]. In this paper, following (27-29], we
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268 Local Lattice Rotations and Disclinations in Distorted Crystalline Materials

consider misfit disclinations (MDDs) as the defects responsible for misfit stress compensation.
In the first approximation, MDDs are modeled as wedge disclinations (with strength w) that
are periodically distributed along film/substrate interface, as it is schematically shown in Fig.
2. For definiteness it, it also assumed that a; > a; and initial misfit stresses in the film are
compressive. This also dictates the positive sign for misfit wedge disclinations, e.g. +w. In the
framework of our model, the disclination strength w (accepted to be identical for all MDDs)
serves as an important parameter of MDD array. In contrast to conventional situation with
MDs whose Burgers vectors are quantized (they are strictly related to film lattice parameter),
the disclination strength w can change its magnitude to permit more flexible conditions for
misfit stress relaxation.

3. Plastic Distortion of Coherent Dislocations and Wedge Disclinations

In our considerations an interface between a nanocrystalline or polycrystalline film and a
single crystalline substrate cab be modeled as the interphase boundary containing defects of the
two types: periodically distributed MDDs of the wedge type and CDs, continuously distributed
edge dislocations with infinitesimal Burgers vectors. To calculate the elastic energy of such
interphase boundary, we will apply the approach developed by Mura [32]. This approach is
based on the concept of plastic distortion, which can be associated with any defect in elasto-
plastic continuum. In this section we will obtain the plastic distortions for CD row distributed
over the period ! and for a single wedge disclination !.

According to Mura [32] one can represent the plastic distortion for any isolated dislocation-
disclination defect as follows:

ﬁ:; = 6;(S)[—b; — €jpgwp(Tg — 5”2)], (3)
where 6;(S) denotes the three dimensional delta-function on the surface S (”4” is the index of the
surface normal); [—b;] is the relative translation of the faces of this surface after cutting along
it; [~ejpewp(q — 29)] is the relative rotation of S-cut-faces ; e;p, is the unit anti symmetrical
tensor; w, is the Frank’s pseudo vector of disclination; and :Eg is the position of the rotation
axis.

We consider a probe CD with Burgers vector —db.e,, which is located at the point (0, yo),
and choose the cut surface as a section —h < z < 0,y = y; of a plane parallel to ZOX plane
with normal n = e,. In this case the plastic distortion of a CD is as follows:

By = 8,(S)dbe, (4)
where
6=/ | * §(z — 2)6(y — yo)8(z — 2)da'd’ (5)
] - oo J-n Y Yo 3
From Eq. (4) we obtain the plastic distortion for a single CD as follows:
By = dbeS(y — yo) H(z + h),z < 0, (6)

where H(z + h) is the Heaviside’s function. For the row of CDs continuously distributed on
the interphase boundary fragment of length (period) I, we get:

. 0, y<0
G, = [ pBdyo = f - H@+h){ 1, 0<y<I {,2<0 )
0 0, I<y

1”Single” - because we are interested in the elastic energy per surface area YZ taking into account the
periodicity of MDD row.
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The formulas for MDD plastic distortion can be derived from the general Equation (3) with
the assumption that cut-surface is parallel with ZOX plane. For a single misfit disclination
with strength w and coordinates (—h,0), one can find the following non-zero components of
plastic distortion tensor:

;;) = 8,(S)[—eyzzw(z + h)] (8)
and
13;: = 511(5)[_6”1/“’?4] 9)
which finally can be transformed into:
By = —w(z + h)é(y)H(z + h),z <0, (10)
Bye = wyb(y)H(z + k) = 0. (11)

To define the elastic energy associated with the interface containing MDDs we should use
the plastic distortion of all defects located within the period [ (Fig. 1) and elastic stresses of
the defect system as a whole. This is the subject of the following sections.

4. Stresses of Coherent Dislocations and Periodic Array of Misfit Disclinations

The stress field of the array of continuously distrubuted CDs may be derived by integrating
the stress field of a single edge dislocation placed near a free surface, e.g., [33]. Using Eq. (2)
we find the following non-zero components of misfit stresses:

2fG
(@ - _ 427
Oyy = —v

(z+h),z <0, (12)
2fG

o0 = —%H(x +h),z<0, (13)

where f denotes the misfit parameter; G is the shear modulus; v is the Poisson ratio, H(x+h)

is the Heaviside’s function.
The stress field of a single positive wedge disclination having coordinates (—h,0, 2) (see Fig.

2) is [34]:
2 2 2 _ ()2
02 = Dw In "t + y_2 - 1—/2— + 2zh(y 4(:5 h)Y) , (14)
r_ ri r? rt
re  (z+h)? (z-h)?  2h((z - h)*(2h —x) + 2y°h - 3y’z)
“ — D |In—* - NG
Twy t [nr_ + 2 r2 + rt (15)
oy, = V(05 + 0yy), (16)
—h 2uh 2 2 _ 2
o4 = Dw [_ (x +2h)y L& i )y | 2yh(h Ty e )] . (17)
r2 r? rd
Here D = 2——(1&-—), G is the shear modulus, w is the disclination strength, 72 = (z+h)?+¢?,
w(l—v

2 = (z — h)? + 9?, h is the distance between disclination and free surface.
The stress field of the periodic disclination array is calculated by summing the contributions
of infinite number of MDDs and has the following simple form:

1. cosh2m(Z + h) — cos 27j o a i sinh 27 (% + h)

Dw
=Dw|zIn = mZ + ~
Tz [2 cosh 27 (Z — h) — cos 27y ( cosh 27(Z + h) — cos 27§
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270 Local Lattice Rotations and Disclinations in Distorted Crystalline Materials

(G —R) s1n13 27r€a: —h) 43R 1 — cosh ?ﬂ'(&i — h)cos 2y ’ (18)
cosh 270(Z — h) — cos 27y (cosh 2m(Z — h) — cos 2m§)?
o2 — D [l 1 Sosh 2%(? +h) — cos 27rgf (@ +R) Smli 2 (% + h) _
2 cosh2n(Z — h) — cos 2§ cosh 2m(Z + h) — cos 27§
(5 + 3h) sinlj 27r(~§: —h) 42, 1 — cosh ?w(aé— h) cos 2 7 (19)
cosh 2m(Z — h) — cos 27 (cosh2m(Z — h) — cos 2mg)?
S _ s sin 27y
0py = Dw |—7(Z + h) — —+
cosh 27(Z + h) — cos 27y
G +R) ~sm 2~7ry __ anh sinh 27r~(:1: - h)sin 27y (20)
cosh 27(Z — h) — cos 27§ (cosh 27 (% — h) — cos 2m§)?
0% — D [ln cosh 27r(a~: + {L) ~ cos 27r3{ — ani sinh 27r(~:1: —h) . (21)
cosh 27 (Z — h) — cos 2my cosh 2w (Z — h) — cos 27§

- h
Here z = %, 7= %, h= T and [ is the period of the disclination row.

5. Elastic Energy of Interphase Boundary with Misfit Disclinations

In the framework of Mura’s approach [32], the elastic energy associated with the distribution
of defects in some material volume V' (excluding the contribution of their cores) is approximately
as follows:

1 .
£=-3 /v Bl owdv, (22)

where V* denotes the material volume without core regions of the defects.
From Egs. (7) and (10) to (17) it follows the expression for the elastic energy E (per unit
of the interface area) of the film/substrate interface:

1 0 t *{C, ) C, k)
B=—2 [z [(59 +5)(0%) +o%)dy. (23)

On the other hand, the total energy of the system may be calculated as the sum of three
components:

E=E 4+ W&, (24)

where £Z“ is the energy of the disclination array; W is the energy of dislocation-disclination
interaction; and £/ is the energy of CDs (or, in other words, the elastic energy associated with
lattice mismatch). In context of this paper, we are interested mainly in the energy release due
to the formation of MDD array, which can be defined as:

AE=E—& o AE=E-E’ (25)

After some algebra by using the obtained formulas for defect plastic distortions and elastic
stresses, we find the formula for the energy release AE (per unit of the interface area):

2
R (26)

AE = sy ) a5
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where G is the shear modulus, v is the Poisson ratio, w is the disclination strength, f is the
misfit parameter, h denotes the film thickness, [ is the distance (period) between disclinations
in the array,

0 P4+ h) — - si i+ h
q):/- [llncosh%r(%%—f}) 1+7r(5:+h smh27r(:z:-t-h) B
-h |2 cosh2m(Z —h)—1 cosh2n(Z + h) — 1

sinh 27(Z — h) — an2ih 1
cosh 27 (& — h) — 1 cosh 2m(% — ) — 1

n(Z + 3h) (% + h)dz
with h = ﬁ

The first term on the r.h.s. of Eq. (26) is the energy of MDD array, and the second term
on the r.h.s. of Eq. (26) is the interaction energy.

6. Results and Analysis

It follows from the consideration of Section 5 that the energy of the system depends on four
variable parameters: MDD strength w, the misfit parameter f, the film thickness h and the
distance | between neighboring disclinations. The dependence of the normalized energy release

1- h
AE* = %WV) - AE on MDD strength w at fixed parameters f and 7 is presented in Fig.3.
AE" 10

AE"-10™

20 10
8 1 2
61 3
4

' ' ® 001 002 003 004 @

b)

Figure 3. Dependence of the normalized energy release AE* on disclination strength w,
for misfit parameter (a) f = 0.01, and (b) f = 0.005. Curves 1, 2, 3 and 4 correspond
to the film thickness h = 1.2[,1.0l,0.5] and 0.2l, respectively,
where [ is the distance between neighboring disclinations.

Tt is obvious that AE* is negative, if w ranges from 0 to wp. Fig. 4 demonstrates the dependence
of the optimal disclination strength wp on the film thickness h in units ! at constant misfit
parameter f.
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Figure 4. Dependence of optimal disclination strength wy on film thickness A.
Curves 1, 2, 3 and 4 correspond to misfit parameter f = 0.02,0.01, 0.005 and 0.001,

respectively.
AE*10* AE*-10°*
15
1 30
10
1
20
5
2
0 ho ho 10
3] 4/ 5,78l n
ho ho 2 3
-5 3 T
i 20 3 a4 s/ sl h
a) b)

Figure 5. Dependence of the normalized energy release AE* on film thickness h,
for misfit parameter (a) f = 0.01, and (b) f = 0.005. Curves 1, 2 and 3 correspond
to values of disclination strength w = 0.01,0.005 and 0.002, respectively.

The energy release AE* as function of the film thickness & at fixed f and w is given in Fig. 5.
The found dependencies again demonstrate the presence of the range (0, ho) where the energy
release is negative. The dependence of the optimal thickness hy on disclination strength w is
shown in Fig. 6, for some fixed values of misfit parameter f.
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Figure 6. An optimal film thickness as function of disclination strength.
Curves 1, 2 correspond to misfit parameter f = 0.005 and 0.01, respectively.

7. Discussion and Conclusions

Thus in this paper the formation of misfit disclinations in nanocrystalline and polycrys-
talline films has been theoretically examined. The energy and stresses of a thin solid film
with a periodic array of misfit disclinations of wedge type at interphase boundary (distant by
h from free surface of the film) (see Fig. 2) have been calculated. From our calculations it
follows that there is no critical thickness for misfit disclination generation in thin films. That
is, the formation of misfit disclinations is more energetically favorable than the coherent state
of interphase (film/substrate) boundary at any value of the film thickness. It is contrasted to
the situation with ”conventional” misfit dislocations see, e.g., [4-23] whose formation in a thin
film is energetically favorable compared to the coherent state, only if the film thickness exceeds
some critical value. At the same time, following calculations of this paper, there is an optimal
film thickness at which the presence of misfit disclinations in a thin film becomes energetically
unfavorable. Thus the new micromechanism for relaxation of misfit stresses — generation of
misfit disclinations — is an effective alternative to the standard micromechanism — generation
of misfit dislocations — in polycrystalline and nanocrystalline films characterized by low val-
ues of film thickness, in particular, in films with nano-scale thickness. The effective action of
the disclination micromechanism for relaxation of misfit stresses in nanocrystalline films can
be responsible for experimentally observed (see [35] and references therein) fact that residual
stresses, by particle, are absent in nanocrystalline films and coatings synthesized by thermal
spray methods. In the framework of the model suggested here, efficiency of misfit disclinations
as defects causing relaxation of misfit stresses decreases with film thickness. Either the coherent
state of interphase boundary or the formation of conventional misfit dislocations is more ener-
getically favorable than the formation of misfit disclinations in films with thickness exceeding
the optimal thickness discussed. As with disclinations in polycrystalline and nanocrystalline
bulk solids (e.g., [30]), misfit disclinations are assumed to be generated at junctions of inter-
faces. This is a rather important specific feature of the new micromechanism for relaxation of
misfit stresses, because generation of misfit disclinations at existent junctions of interphase and
grain boundaries does not induce any extra violations of the interphase boundary structure. In
contrast, the ”standard” generation of misfit dislocations leads to occurrence of violations of
the interphase boundary structure at misfit dislocation cores, and, as a corollary, to degradation
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274 Local Lattice Rotations and Disclinations in Distorted Crystalline Materials

of the functional properties of interphase boundaries. The micromechanism for relaxation of
misfit stresses, examined in this paper, is based on the concept of disclinations, which has been
effectively used also in theoretical description of glassy structures (e.g., [36]), grain boundary
structures [37-40], solid state amorphizing transformations [41], and plastic deformation pro-
cesses in solids (e.g., [34,42,43]); see also papers in this volume. In this context, the model
considered here, from a methodological viewpoint, serves as one more example of the effective
application of the disclination theory in materials science and solid state physics.
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