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Grain coalescence has been proposed as a mechanism for tensile stress generation in deposited films. The
present work investigates this mechanism using atomistic simulations performed over a wide range of grain
boundary configurations. Surface, grain boundary, and elastic strain energies are measured and correlated with
the stress generated during coalescence. Strain accommodation at the atomic scale is shown to depend on the
details of grain boundary structure, and the magnitude of stress developed is found to scale inversely with grain
boundary energy. The results are compared with a popular continuum-level model that overestimates the
maximum stress observed in the present simulations and also in experiments in the literature in general. It is
concluded that grain coalescence is governed by the maximum range of atomic interaction across the coales-
cence gap, and the stress generated depends on the apparent stiffness of the coalescence reaction. These results
have important implications in understanding the tensile stress developed in experiments and continuum-level
models.
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I. INTRODUCTION

The development of intrinsic stress in deposited films is
an active area of research focused on controlling high stress
levels that can lead to excessive deformation or complete
failure of the film by cracking or spalling. Tensile stresses, in
particular, have plagued a variety of materials and synthesis
routes,1–5 and strategies to reduce or eliminate these stresses
require an understanding of the fundamental mechanisms of
stress generation. While several theories have been
proposed,6 the most popular is based on grain coalescence as
introduced in 1972 by Doljack and Hoffman.7,8 This theory
assumes that neighboring grains are attracted to one another
under the action of interatomic forces leading to spontaneous
coalescence and a net in-plane contraction of the film during
deposition. Because the film is constrained by the substrate,
this mechanism produces a tensile stress, �, which can be
approximated in the linear elastic region as8

� = C
�

d
, �1�

where C is the material stiffness, � is the gap over which
grains coalesce, and d is the grain size. The stiffness, C, is
strictly a tensor quantity depending on the crystallographic
orientation of coalescing grains; however, the biaxial modu-
lus E / �1−�� , where E is Young’s modulus and � is Pois-
son’s ratio, is typically substituted for C to provide an ap-
proximate measure of stress in polycrystalline films. The
quantity � /d represents the strain developed in the system
depending on the characteristic length scale of coalescence
events. This relationship predicts that fine-grained films are
exceedingly prone to tensile stress due to the high density of
stress-generating grain boundaries. While stiffness and grain
size are both straightforward to quantify, � in Eq. �1� con-
tinues to be the most elusive parameter. Several works have
aimed at quantifying � based on either atomic bonding
considerations6–11 or global energetic analyses.12 In the
former, � is taken as the maximum range of atomic interac-
tion calculated from interatomic potentials or approximated

by atomic radii. The latter approach was introduced by Nix
and Clemens,12 who performed an energy balance between
precoalescence and postcoalescence states similar in concept
to the Griffith theory of fracture,13 but in reverse �i.e., crack
closing instead of opening�. In their analysis, the initial, Ei,
and final, Ef, energy states can be expressed as12

Ei = 2A�s, �2�

Ef = A�gb + Estrain, �3�

where A is the grain boundary area, �s and �gb are the sur-
face and grain boundary energies, respectively, and Estrain
= CA�2 / 2d is the elastic strain energy of coalescence. For
cases where Ei�Ef, an elastically strained grain boundary is
energetically favorable to two free surfaces and coalescence
will occur. Solving for the critical condition Ei=Ef gives an
upper-bound estimate for the maximum possible coalescence
gap, �max;

�max = �2d�2�s − �gb�
C

�1/2

. �4�

Inserting Eq. �4� into Eq. �1� leads to an expression that is
one of the most commonly cited in reference to tensile stress
development in deposited films;

�max = �2C�2�s − �gb�
d

�1/2

. �5�

Originally derived by Nix and Clemens,12 Eq. �5� has since
spurred a number of works where researchers have extended
the model to account for more complex geometries14–16 and
used these types of expressions in finite element calculations
of grain coalescence.17,18 All of these works implicitly con-
tain the fundamental energy balance concept introduced
above.

While previous studies have almost exclusively focused
on continuum-level analyses, there has been very little effort
approaching grain coalescence from an atomistic standpoint.
The author is aware of only one recent work where atomistic
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simulations were used to examine the coalescence of a single
crystal,19 but without incorporating grain boundaries the
scaling of Eq. �5� could not be studied. Work is needed in
this area as Eq. �5� typically overestimates experimental
stresses17,19–21 bringing to question the critical energy as-
sumption upon which most studies are based. A better under-
standing of the grain coalescence mechanism should also
lead to new techniques for reducing and controlling stress in
experiments. A wide range of materials including, for ex-
ample, Ta,22 Ni,23 Cr,24,25 Cu,26 Al,11 Be,27 Mo,28,29 W,30 and
Au �Ref. 31� have all shown a tendency for high tensile
stresses approaching a significant fraction of the yield
strength, which is undesirable in most applications. The goal
of the present work is to investigate grain coalescence
through rigorous atomistic computer simulations over a wide
range of grain boundary configurations. This approach en-
ables direct observation of the mechanism and associated
energetics of tensile stress generation. It also allows for
quantitative comparison with analytical models to test the
applicability of continuum-level approaches.

II. SIMULATION PROCEDURE

A schematic of the simulation setup is shown in Fig. 1.
Two grains �A and B� are fixed between rigid plates, sepa-
rated by an offset distance �. Both grains are constructed as
body-centered cubic �bcc� with the �110� axis parallel to the
z direction. Symmetric rotations about the �110� axis are per-
formed to produce the 13 unique tilt grain boundaries listed
in Table I, spanning a wide range of misorientation angles
from 0 �i.e., single crystal� to 148.4°; the coincident site
lattice �CSL� classification for each boundary is also listed.
Periodic boundary conditions are applied in the x-z plane
capturing the behavior of two infinite plates and eliminating
complicated edge effects. For all simulations, dimensions in
the y and z directions are set at 30 and 14 Å �6 �110�
planes�, respectively, for each grain, while the length in x
depends on the periodic repeat distance of the particular
structure under investigation, ranging from �14–79 Å. The
30 Å dimension in y ensures that atoms in the grain bound-
ary region are not influenced by the rigid plates, as will be
seen in subsequent analyses. Atomic interactions are gov-
erned by an embedded-atom-method potential for Ta,32 in-
corporating both first- and second-nearest-neighbor effects

out to a radius of �4 Å around each atom. This potential
has been shown to accurately reproduce a number of prop-
erties in Ta including both surface energies and moduli.32

Tantalum is chosen as a model material here, but the proce-
dure and resulting trends should be applicable to transition
metals in general.

Each simulation begins by applying a specified rigid off-
set � between grains A and B. Next, a molecular statics
conjugate gradient relaxation routine is performed to mini-
mize the energy of the system. Atoms are allowed to move
off the original lattice of grains A and B in a direction dic-
tated by the net local force; atoms in the rigid plates attached
to A and B, however, remain fixed. For sufficiently small
values of �, the free x-z surfaces of grains A and B are
attracted and coalesce to form a grain boundary. Once the
system energy is minimized, the average tensile stress pro-
duced by coalescence, �, is measured on the fixed plates.
Stress is calculated by summing the atomic-level forces in
the y direction over each plate atom and normalizing by the
simulated cell area in the x-z plane; in all cases the forces
measured on the plates satisfy equilibrium conditions. It is
important to note that the molecular statics routine imple-
mented here captures only the enthalpy of coalescence. How-
ever, recent work has shown19 that vibrational entropy ef-
fects are essentially negligible in the coalescence mechanism
and hence are not expected to significantly affect the results
presented here. It is also important to note that thermally
activated relaxation mechanisms are not included in the
present approach so that the stresses achieved represent an
upper bound for the grain coalescence mechanism.

The simulations described above have been performed for
a number of initial offset distances, �, for each of the grain
boundaries listed in Table I. Comparing the energy, strain,
and stress for each system allows for quantitative insight on
the grain boundary coalescence mechanism.

III. ENERGETICS OF COALESCENCE

The driving force for coalescence, as proposed by Nix and
Clemens,12 is the elimination of two high-energy surfaces in

FIG. 1. Schematic of the simulation setup. Grains A and B are
separated by an initial offset distance, �, and allowed to relax to a
minimum energy state. Periodic boundary conditions are applied in
the x-z plane, and atomic interactions are governed by a multibody
potential for Ta. The stress developed upon relaxation is measured
on the rigid �black� plates attached to each grain.

TABLE I. Misorientation angle and CSL classification of all Ta
�110� symmetric tilt boundaries studied in the present work.

Misorientation angle
�deg� CSL classification

0.0 Single crystal

3.4 �1153

6.7 �289

13.4 �73

20.0 �33

31.6 �27

38.9 �9

50.5 �11

59.0 �33

70.5 �3

109.5 �3

141.1 �9

148.4 �27
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favor of a grain boundary. In the present work, atomistic
simulations enable direct measurement of these defect ener-
gies, which will prove useful in comparing with analytical
models. Grain boundary and surface energy for the 13 con-
figurations listed in Table I are presented as a function of
misorientation angle in Fig. 2. Both quantities are calculated
by taking the difference in energy between a defective struc-
ture �including either a surface or grain boundary� in refer-
ence to that of an ideal single crystal and normalizing by
area. For surface energy calculations, a large offset distance
� was applied such that no interaction occurred between
grains A and B, while grain boundary energy was calculated
based on the minimum energy structure obtained over the
entire range of offsets examined following the conjugate gra-
dient relaxation routine. These minimum energy configura-
tions are assigned a value of �=0 in the present work and
correspond to a state of zero normal stress on the boundary.
The grain boundary energies reported in Fig. 2 therefore rep-
resent equilibrium values within the constraints of the
present simulation technique. It is important to note that rigid
displacements in the x or z directions, which have been
shown to impact equilibrium energies and configurations in
some cases,33 have not been explored here. Nevertheless, the
energy trends in Fig. 2 are generally consistent with those
expected for �110� tilt boundaries34–36 including the occur-
rence of low-energy cusps for “special” CSL boundaries.
Most important for the present work, the simulated orienta-
tions span many different values of 2�s−�gb as required to
test the scaling of existing grain boundary coalescence mod-
els �cf. Eq. �5��.

The energy difference between grain boundaries and sur-
faces revealed in Fig. 2 is an important factor for coales-
cence. However, the second term in Eq. �3�, strain energy,
also plays an important role. In order for coalescence to oc-
cur, the benefit of grain boundary formation �replacing 2�s
with �gb� must outweigh the penalty from strain. To gain
some understanding of the strain energy contribution, equi-
librium energies for single-crystal simulations performed
over a range of initial offsets, �, are plotted as open points in
Fig. 3. Strain is quantified here as � /d, where d=60 Å is the
effective grain size �i.e., the total length of the bicrystal in

the y direction�. It is important to note that the open points in
Fig. 3 are not the result of a single tensile test but are each
from unique coalescence simulations performed from differ-
ent initial offset distances ranging from ��0–1.2 Å. These
results are typical for all simulations performed in the
present work; energy increases parabolically with strain con-
sistent with the expected elastic analytical prediction, Estrain
from Eq. �3�, which is plotted as a solid line in Fig. 3. The
stiffness, C, used in the analytical prediction was determined
by performing a simulated tensile test on the single crystal
yielding a value of 237 GPa, which is generally consistent
with experimental measurements in Ta.37 These results con-
firm that the coalescence mechanism can be described as an
elastic process, and the addition of a strain energy term,
Estrain in Eq. �3�, adequately captures the energetics.

While global strain energy obeys the expected analytical
prediction �Fig. 3�, it is not clear how strain is accommo-
dated on the atomic scale; these details are implicitly ne-
glected in continuum-level models. To investigate this,
atomic displacements occurring on coalescence are plotted in
Figs. 4�a�–4�d� for several grain boundaries encompassing a
range of energies and misorientation angles. All the bound-
aries shown here correspond to the final, equilibrium state
after a macroscopic strain of 0.017 �i.e., initial offset distance
of �=1 Å�. Note that only displacements in the y direction
�which contribute to tensile coalescence stress� are quantified
here; displacements in the x and z directions are relatively
low in comparison. Several interesting observations can be
made based on the results of Fig. 4. The low-energy �3
boundary in �a� displays a smooth, monotonically decreasing
displacement field from the grain boundary into the bulk.
The higher-energy low-angle boundaries in �b� and �c�, on
the other hand, show discrete regions of highly localized
atomic displacement corresponding to the positions of grain
boundary dislocations. The displacement field around each
dislocation is not necessarily symmetric here as it depends
on the specific sequence of relaxation in the numerical con-
jugate gradient technique; i.e., atoms on one side of the grain

FIG. 2. Surface and grain boundary energies as functions of
misorientation angle for the boundaries listed in Table I.

FIG. 3. Energy of the single-crystal simulations �open points� as
a function of strain �offset� along with the linear elastic prediction,
Estrain from Eq. �3�, showing the elastic nature of the coalescence
mechanism.
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boundary that initiate the relaxation process show slightly
higher displacement. Nevertheless, the important point here
is that displacement is localized in the vicinity of grain
boundary dislocations. Lastly, the high-angle high-energy
boundary in �d� displays somewhat mixed behavior with sig-
nificant atomic-level displacement occurring in the immedi-
ate vicinity of the grain boundary and more uniform dis-
placement extending into the bulk. The general features
observed here can be rationalized based on grain boundary
structure and the interactions occurring across the coales-
cence gap. For boundaries with low CSL classification �Fig.
4�a�� displacement is distributed uniformly due to the excep-
tional atomic registry between grains; random high-angle
boundaries �Fig. 4�d��, on the other hand, exhibit localized
displacement depending on the specific position of grain
boundary atoms. For low-angle boundaries �Figs. 4�b� and
4�c�� that can be described as an array of dislocations, dis-
placement is concentrated around these defects. In most ex-
perimental materials where grain boundaries are typically of
general high-angle character, it is expected that the atomic-
level displacement will be similar to that shown in Fig. 4�d�.
The various mechanisms of local strain accommodation will
be shown to have important consequences on stress genera-
tion in Sec. IV.

An interesting point to note in passing pertains to the
physical meaning of the offset distance � in the present
work. In continuum approaches this variable is clearly inter-
preted as the distance between two perfectly flat surfaces.
However, the atomic-scale definition of � depends on the
local roughness at this length scale, as is apparent in Fig. 4,
where slightly protruding or recessed atoms will experience
different interaction distances across the grain boundary

plane. For the purposes of the present work �=0 has been
defined as the rigid displacement between grains A and B
that results in a minimum energy structure with zero normal
stress acting on the boundary. Note, however, that this defi-
nition is merely for convenience and local effects ultimately
dictate the strain developed across the coalescence gap as
discussed above.

The results of Fig. 4 show how macroscopic strain is ac-
commodated on the atomic scale during grain coalescence,
and, from a global thermodynamic perspective, Fig. 3 dem-
onstrates that the energy of this process is well described by
an elastic calculation. In Sec. IV, the stress generated upon
coalescence is examined and discussed in light of the ener-
getic driving forces.

IV. TENSILE STRESS GENERATION

The stress-strain response of coalescence is plotted in Fig.
5 for boundaries with energy ranging from 0 �single crystal�
to �1.1 J /m2. Linear elastic behavior is evident in all cases;
however, there is a decrease in the apparent stiffness of coa-
lescence with increasing grain boundary energy. It is again
important to note that each data point in Fig. 5 is the result of
a unique coalescence simulation for each boundary per-
formed at an initial offset distance � and not from simulated
tensile tests. The observed trend in stiffness is therefore re-
lated to the coalescence reaction. However, as mentioned in
Sec. I, the anisotropy of stiffness in Ta �Refs. 37 and 38�
must also be considered in evaluating this trend to rule out
any possible contribution from different crystallographic ori-
entations. Correcting for this effect, the apparent stiffness of
coalescence for all boundaries investigated here is plotted in
Fig. 6 relative to that expected for each orientation as a func-
tion of grain boundary energy. The single-crystal simulation
at 0 J /m2 displays the same stiffness in coalescence as ex-
pected in tension and thus has a relative value of zero. As

FIG. 4. �Color online� Atomic displacement �in the y direction�
upon relaxation for the �a� 109.5° �3, �b� 6.7° �289, �c� 13.4° �73,
and �d� 59.0° �33 boundaries arranged in order of increasing grain
boundary energy. The macroscopic strain in all cases is 0.017 cor-
responding to an initial offset distance of �=1 Å.

FIG. 5. �Color online� Average stress developed upon coales-
cence as a function of strain �offset�. Elastic behavior is evident for
all boundaries, but the apparent stiffness of coalescence decreases
with increasing grain boundary energy.
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grain boundary energy increases, however, stiffness is found
to generally decrease by as much as �60 GPa below the
expected value. The trend in stiffness is a direct consequence
of the coalescence reaction, independent of orientation ef-
fects. This finding has significant implications for stress gen-
eration. For example, unlike the analysis leading to Eq. �5�,
low-energy boundaries may not necessarily generate higher
stress as the result of a larger coalescence gap, �max from Eq.
�4�. Instead, low-energy boundaries are inherently stiffer in
coalescence generating higher stress levels at any given
strain. A reasonable explanation may be that the extent of
coalescence scales with the energetic driving force, 2�s
−�gb, leading to more complete coalescence in low-energy
boundaries. This line of reasoning is qualitatively supported
by the atomic strain data in Fig. 4, where the high-energy
boundaries in �c� and �d� appear to contain relatively more
free volume, suggesting that these structures have not coa-
lesced completely. Although this interpretation differs from
previous theories, it contains the same essential feature that
stress scales with grain boundary energy. However, it brings
into question the fundamental reason for this trend: is it
based on the maximum achievable coalescence gap, �max, or
is it related to the extent of coalescence and the details of
local strain accommodation in the boundary? This issue will
be addressed in more detail in Sec. V.

V. COMPARISON WITH ANALYTICAL MODELS

The derivation of a maximum coalescence gap, �max from
Eq. �4�, is a key component of the Nix and Clemens12 ener-
getic approach to coalescence stress. For a given material
and grain size, this relationship predicts that �max should
increase with the driving force for coalescence �2�s−�gb�.
Both of these quantities are directly accessible in the present
simulations, and values of �max for each of the grain bound-
aries listed in Table I are plotted as a function of 2�s−�gb in
Fig. 7; �max is taken here as the critical offset beyond which
no coalescence occurs in the simulations. Also plotted as a

solid line in Fig. 7 is the analytical prediction of Eq. �4�,
which is found to overestimate the maximum coalescence
gap by an average factor of 2 �ranging from 0.9 to as much
as 4.1�. The origin of this discrepancy can be understood by
examining the inherent assumptions of the Nix and Clemens
model in light of the present simulation results. Representa-
tive system energies from the single-crystal simulation are
presented in Fig. 8 as a function of strain for both the initial
�precoalescence� and final �postcoalescence/equilibrium�
conditions plotted as open and closed points, respectively.
Beyond a strain of �0.02 ��1.2 Å offset�, no coalescence
occurs in the single crystal, and hence no solid points are
plotted. Note that the initial energy plateaus at this same

FIG. 6. Stiffness of the grain coalescence reaction relative to
that expected for each grain boundary orientation �including aniso-
tropic effects in Ta� as a function of grain boundary energy. Stiff-
ness generally decreases as grain boundary energy increases.

FIG. 7. Comparison of the maximum coalescence offsets ob-
served in the present simulations with that predicted analytically by
Nix and Clemens �Ref. 12�. The analytical prediction, �max from
Eq. �4�, overestimates the coalescence gap.

FIG. 8. Initial and final �equilibrium� system energies for the
single-crystal simulations plotted as open and closed points, respec-
tively; no coalescence occurs beyond a strain level of �0.02 �1.2 Å
offset�. The energetic analysis of Nix and Clemens is demonstrated
by extrapolating the final elastic strain energy to the point of inter-
section with the initial energy. The condition for grain coalescence
is apparently governed by the maximum length scale of atomic
interactions rather than the global energetics of the system.
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limit, indicating that the free surfaces of grains A and B are
no longer interacting. Also plotted as a solid line in Fig. 8 is
the elastic prediction for final system energy from Fig. 3
extrapolated well beyond the maximum coalescence strain
observed in simulations. The prediction of Nix and Clemens
�Eq. �4�� is shown by a solid diamond at the intersection of
the initial and final energy curves where the critical condition
Ei=Ef is satisfied. From this construction it is clear that the
maximum coalescence strain from Eq. �4� greatly overesti-
mates the fundamental limit set by the length scale of atomic
interactions. Although the system energy could be lowered
by coalescence, there is no interaction across the coalescence
gap to initiate the process. As mentioned in Sec. I, a number
of works have approximated �max based on atomic bonding
considerations6–11 instead of the global thermodynamics of
the system, which appears here to be the more appropriate
method. For example, several authors6,9,11 have used the re-
lationship;

�max =
a� − �2/2

2a − �
� ro, �6�

where a is the lattice parameter and ��2ro is the distance of
closest approach between atoms, typically approximated by
the ionic diameter �2ro�. This expression agrees reasonably
well with the simulation results of Fig. 7 where ro for Ta is
�0.7 Å.39 The energetic Griffith-type approach, on the other
hand, is only valid under the constraint that atomic interac-
tions actually occur across the coalescence gap. While it may
be argued that this global energetic analysis could be recov-
ered by simply extending the range of the interatomic poten-
tial, it is unlikely that sufficient interaction occurs over the
required offset distance of �4 Å. It is also important to
again point out the accuracy of the current potential in repro-
ducing numerous properties in Ta,32 including those sensitive
to longer-range interactions. Furthermore, the coalescence
simulations performed by Seel et al.19 mentioned in Sec. I
included an interatomic potential extending to 15 Å, and the
authors found that coalescence still only occurred over dis-
tances of �1–3 Å, well in line with the present work. The
results of Figs. 7 and 8 are therefore expected to accurately
represent Ta bonding, suggesting that coalescence is limited
by the maximum range of atomic interaction rather than glo-
bal energetic considerations. Consequently, the tensile stress
developed in deposited materials should not scale with the
energetic driving force �2�s−�gb� via Eqs. �4� and �5�. Al-
though the formation of a grain boundary �in lieu of two free
surfaces� is still ultimately the energetic rationale for coales-
cence, the limiting maximum offset distance is more appro-
priately calculated based on atomic bonding using Eq. �6�,
for example. This limiting condition should be incorporated
into the various analytical models and finite element calcu-
lations referenced in Sec. I14–18 that have relied on a global
energetic approach to determine the length scale where op-

posing grains coalesce. Future work should also be directed
at the stiffness relationship revealed in Fig. 6, including more
detailed atomistic simulations and incorporation of stiffness
dependence in continuum-level models.

VI. CONCLUSIONS AND IMPLICATIONS

Atomistic simulations have been used in the present work
to investigate grain coalescence, a mechanism for tensile
stress generation in deposited films. A variety of tilt grain
boundary configurations have been studied, enabling com-
parisons over a wide range of misorientation angles and en-
ergies. The main conclusions of this work may be summa-
rized as follows:

�i� Grain coalescence is elastic from a continuum perspec-
tive, although details of the atomic-level strain depend on the
specific nature of the grain boundary; whether of low or high
angle or of special low-index CSL classification.

�ii� Coalescence is limited by the maximum range of
atomic interactions rather than the global energetics of the
system as assumed in most models to date.

�iii� Grain boundary structure affects the stiffness of the
coalescence reaction with low-energy boundaries displaying
stiffer response �thus generating higher stresses�. This find-
ing is explained based on the extent of coalescence and local
strain accommodation at the boundary.

The conclusions outlined above have important implica-
tions for both analytical modeling efforts and experiments.
For example, the maximum coalescence gap �and stress� pre-
dicted using a popular analytical model was found to over-
estimate that observed in simulations by a factor of �2 �cf.
Sec. V�. Although the coalescence reaction may be energeti-
cally feasible at large offsets, it was shown that the length
scale required to initiate the process is greater than that rea-
sonably achieved at the atomic level. The tensile stress gen-
erated in experiments should therefore more adequately be
described by Eq. �1� with � based on atomic bonding con-
siderations �cf. Eq. �6��. Also, the concept of stiffness in the
coalescence reaction has not been discussed previously, and
the trend found here suggests that low-energy boundaries
will lead to higher tensile stresses due to a stiffer response.
This interpretation is in contrast to the traditional view where
high stresses are caused by large coalescence gaps based on
global energetic considerations. Coalescence stiffness and its
dependence on grain boundary structure should be explored
in future continuum and atomistic approaches to better un-
derstand tensile stress generation in deposited films.
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