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a b s t r a c t 

Grain boundary character distributions (GBCD) are routinely measured from bulk microcrystalline sam- 

ples by electron backscatter diffraction (EBSD) and serial sectioning, and this data can be used to recon- 

struct relative grain boundary energy distributions (GBED) based on the 3D geometry of triple lines, as- 

suming that the Herring condition of force balance is satisfied. These GBEDs correlate to those predicted 

from molecular dynamics (MD); furthermore, the GBCD and GBED are found to be inversely correlated. 

For nanocrystalline thin films, orientation mapping via precession enhanced electron diffraction (PED) has 

proven effective in measuring the GBCD, but the GBED has not been extracted. Here, the established rel- 

ative energy extraction technique is adapted to PED data from four sputter deposited samples: a 40 nm- 

thick tungsten film and a 100 nm aluminum film as-deposited, after 30 and after 150 min annealing 

at 400 °C. These films have columnar grain structures, so serial sectioning is not required to determine 

boundary inclination. Excepting the most energetically anisotropic and highest population boundaries, i.e. 

aluminum �3 boundaries, the relative GBED extracted from these data do not correlate with energies 

calculated using MD nor do they inversely correlate with the experimentally determined GBCD for either 

the tungsten or aluminum films. Failure to reproduce predicted energetic trends implies that the con- 

ventional Herring equation cannot be applied to determine relative GBEDs and thus geometries at triple 

junctions in these films are not well described by this condition; additional geometric factors must con- 

tribute to determining triple junction geometry and boundary network structure in spatially constrained, 

polycrystalline materials. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The grain structure of polycrystalline materials and the proper- 

ies of their grain boundaries play a key role in determining elec- 
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rical [1–3] , mechanical [4] , and chemical properties [ 5 , 6 ] in a va-

iety of systems. The grain boundary character distribution (GBCD), 

hich measures the relative areas of boundary types in a sample, 

as been shown to correlate with macroscopic properties in a va- 

iety of systems [7] . As an example, twin boundaries have been 

hown to contribute significantly less to resistivity than bound- 

ries of different types [1–3] . To fully define the crystallography of 

 boundary, its character must be specified over five macroscopic 

egrees of freedom; three of these parameters define the misori- 

ntation between the two neighboring crystallites, and two define 
nc. This is an open access article under the CC BY-NC-ND license 
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he geometric plane which divides them. Even when accounting 

or symmetry in cubic systems, and dividing the space coarsely in 

ncrements of 10 °, there are still more than 50 0 0 boundary types 

vailable, meaning large datasets of > 10 4 boundary segments are 

sually required to obtain smooth distributions insensitive to the 

etails of the sampling in this large space [8] . 

Advancements in automated electron backscatter diffraction 

EBSD) have made the measurement of a large number of grains 

nd grain boundaries routine in bulk microcrystalline samples. This 

as paved the way for several analysis techniques to be developed 

o determine grain boundary character and relative grain bound- 

ry energies. From a single layer of orientation data, four of the 

ve degrees of freedom can be directly determined for any given 

oundary; these are the three parameters for misorientation and 

ne of the two plane parameters. Applying stereological analysis to 

he traces of a large enough set of boundaries allows an accurate 

stimate to be made of the relative areas of boundary planes, and 

hus the five-dimensional (5D) GBCD [8] . This stereological method 

as also been applied to nanocrystalline thin film data, collected 

sing precession enhanced electron diffraction (PED) in the trans- 

ission electron microscope (TEM); furthermore, nanocrystalline 

hin film GBCD results in metals like copper [9] , tungsten [10] , 

nd aluminum [11] , have shown excellent correlation to compara- 

le bulk materials. 

To fully characterize the boundary network in bulk samples 

ithout the use of statistical approximations, techniques employ- 

ng automated EBSD and serial-sectioning have been developed, 

llowing researchers to fully map the 3D boundary network, and 

irectly measure the inclination of the boundary planes [12–14] . 

ethodologies taking advantage of this detailed 3D information 

ave been developed to calculate relative grain boundary ener- 

ies as a function of bicrystallography based on the geometry 

f triple junctions and an assumed force balance between the 

offman-Cahn capillarity vectors [15] of each participating bound- 

ry [ 14 , 16 , 17 ]. First implemented on a magnesia sample [18] , the

omplete 5D relative energy distribution has been calculated for 

 variety of systems. In each case, the boundary populations have 

een observed to have an inverse log-linear correlation with rela- 

ive energy [ 13 , 19–22 ]. This inverse correlation has also been ob-

erved between boundary populations and absolute energies cal- 

ulated from molecular dynamics (MD) and interpolation in both 

ulk [ 24 , 24 ] and thin film [25] samples, especially for high popu-

ation and high energy-anisotropy boundaries. 

While relative energy calculations have shown great success in 

ulk systems, the same analysis has yet to be conducted on thin- 

lm PED data. For films like those discussed in this work, the 

rains are columnar [ 9–11 , 26 , 27 ]; with few exceptions, the grain

oundary planes are perpendicular to the surfaces of the film. In 

ungsten films deposited as part of the same series of films as the 

ne under study here, the observed grain size was independent of 

lm thickness between 20 and 180 nm. For one of those tungsten 

lms, which is significantly thicker than that under study in this 

ork, cross sectional microscopy showed a distinctly columnar mi- 

rostructure [27] . This unique structure can be exploited to greatly 

implify the determination of the crystallographic plane of a given 

oundary segment, as it can be easily deduced from the orienta- 

ion of the grains and the segment’s trace in the crystal reference 

rame. As a result, the GBCD can be calculated from one layer of 

ata without the use of stereology, yielding comparable results to 

he stereological methods; in both cases there is remarkable simi- 

arity to GBCD results from comparable bulk microcrystalline mate- 

ials [9–11] . It would therefore appear possible to perform the de- 

cribed relative energy extraction with just one layer of PED orien- 

ation data from nanocrystalline films, under the assumption that 

he triple lines are perpendicular to the plane of the film and run 

hrough the film thickness from the top surface to the substrate 
2 
nterface. Some prior work suggests that a single layer of data is 

ufficient in films. A grain boundary energy reconstruction method 

as applied to a single layer of EBSD data from a 1.7 μm-thick, 

icrocrystalline, aluminum film to reconstruct the relative ener- 

ies of [111]-tilt boundaries as a function of misorientation angle; 

n that work, the film was assumed to have a columnar microstruc- 

ure, with boundaries perpendicular to the film surface at least as 

eep as the electron escape depth, and it was assumed that the 

ihedral angles of the considered triple junctions were solely de- 

ermined by the relative energies of the boundaries [28] . 

The purpose of this work is to test whether the Herring con- 

ition provides an appropriate general description of the equilib- 

ium at triple junctions in thin films and whether it can be used 

o reconstruct the relative GBED. This has already been successfully 

emonstrated in bulk systems [19–22] , however the role of thin 

lm geometry is as yet unknown. The significance of this aspect of 

he microstructure is emphasized by the results of this research. 

o approach this problem, the most recent method for the cal- 

ulation of relative energies from triple junction geometry [17] is 

dapted to thin film PED data of four samples. The relative GBED 

esults are then compared to their corresponding GBCDs and to 

rain boundary energies from MD calculations and interpolation. 

he expected energetic trends are not recovered, ultimately call- 

ng into question whether the conventional Herring equation accu- 

ately describes the geometry of grain boundary triple lines in thin 

lms where the grain size is larger than the film thickness. This in- 

ight points to other driving forces in the development of the ge- 

metry of the grain boundary network and character distribution 

n thin films and is consistent with the results of recently devel- 

ped mathematical theory and simulations modeling grain growth 

ith dynamic lattice misorientations and with finite triple junction 

obility [ 29 , 30 ]. These findings have implications for future grain 

rowth simulations of nanocrystalline materials and experimental 

esign to more effectively study these technologically relevant ma- 

erials. 

. Methods 

.1. Sample and data preparation 

In this study, two data sets are examined. First, data from a 

ominally 40 nm-thick α-tungsten film is analyzed. The film was 

putter deposited on an oxidized Si(100) substrate and encapsu- 

ated with an underlayer and an overlayer of sputtered silicon 

ioxide in order to provide identical top and bottom electron scat- 

ering surfaces. The film was subsequently annealed at 850 °C for 

 h to transform all β-W to α-W and was mapped using PED with 

 0.3 ° precession angle and a step size of 5 nm. Film preparation, 

haracterization, and 5-dimensional GBCD have been described in 

etail elsewhere [10] . Then, a 100 nm-thick aluminum film, also 

putter deposited on thermally oxidized silicon, is analyzed in its 

s-deposited state as well as after 30 and 150 min annealing at 

00 °C; these films and their characterization were also previously 

escribed in detail [11] and were mapped using a precession an- 

le of 0.6 ° and a step size of 4 nm for the as-deposited film and

 nm for the annealed films. In contrast to the W film, the Al film

as deposited directly onto an oxidized Si(100) substrate and was 

rotected only by its native oxide on the top surface. The Si/SiO 2 

ubstrates were chemically back etched to electron transparency 

sing a nitric acid and hydrofluoric acid solution, similar to what 

as been described in detail elsewhere [ 31 , 32 ]. 

For each sample, the PED data were recorded and indexed us- 

ng the ASTAR 

TM (NanoMEGAS, Brussels, Belgium) system and im- 

orted into the TSL OIM 

TM 8.1 (EDAX, Mahwah, NJ, USA) software 

ackage, where they were subject to a cleanup procedure. First, 

he grains, defined as a group of neighboring pixels with a max- 



M.J. Patrick, G.S. Rohrer, O. Chirayutthanasak et al. Acta Materialia 242 (2023) 118476 

i

d

w

(

f

g

d

b

a

a

m

f

a

o

e

a

f

a

b

t

S

2

n

t

t

j

p

i

l

l

m

m

b

w

s

a  

T

t  

a

t

s

t

o

I

t

b

s

t

w

t

t

w

2

d

i

fi

c

r

a

a

a

t

b

s

c

d

i

p

3

3

c

t

w

a

o

b

t

t

t

l

g

p

e

fi

n

i

l

c

o

r

e

c

i

q

t

c

c

i

t

t

l

f

g  

o

a

e

s

e

t

d

�

v

p

f

t

e

i

g

v

l

n

mum of 5 ° disorientation, were dilated to eliminate poorly in- 

exed points which create spurious grains and boundaries. This 

as done with a minimum grain size of 5% of the mean area 

cluster of 7 steps for Al, cluster of 15 steps for W), determined 

rom the reconstructed boundary network prior to cleanup. A sin- 

le average orientation was then assigned to each grain. Finally, the 

ata were subject to the pseudo-symmetry cleanup, removing false 

oundaries that arise when two symmetry related orientations are 

ssigned within a single grain, because the diffraction pattern is 

ligned with a rotational symmetry axis. This step is described in 

ore detail in [33] . The aluminum and tungsten films both had 

alse boundaries with 180 ° misorientation removed with a 1 ° toler- 

nce angle for 20 axes. Tungsten was further subject to a cleanup 

f boundaries with misorientation of 60 ° about [111], with a tol- 

rance angle of 2 °. The final Euler angles and spatial coordinates 

ssociated with each boundary segment were exported, deviating 

rom the true boundary position by no more than 2 steps. Gener- 

lly, the GBCD is insensitive to the cleanup, but the reconstructed 

oundary network contains many fewer unphysical features. Fur- 

her details on the cleanup and its impacts can be found in the 

upplemental Information. 

.2. Relative energy reconstruction 

To calculate relative energies, the geometry of the boundary 

etwork at the intersections of boundary planes is considered, and 

heir capillarity vectors are calculated based on the assumption of 

he Herring condition of force balance. To accomplish this, triple 

unctions in each layer are identified as locations where the end- 

oints of the traces of three boundary segments meet. By compar- 

ng the locations of triple junctions in a given layer to the next 

ayer, the direction of the triple line vector can be determined. The 

ocally optimal block preconditioned conjugate gradient (LOBPCG) 

ethod is then implemented to solve the system of equations by 

inimizing the residual differences between capillarity vectors of 

oundaries and those of their neighbors in the 5D boundary space, 

hile satisfying the Herring condition; then, by multiplying the re- 

ulting capillarity vector by the plane normals, relative energies for 

ll boundaries within the sampled region can be calculated [ 15 , 17 ].

his nonparametric approach does not rely on the discretization of 

he 5D boundary space as the conventional method does [ 16 , 17 ]

nd therefore does not require uniform sampling of the 5D space 

o be successfully implemented. For this reason, the method is in- 

ensitive to orientation texture and can be used to calculate rela- 

ive energies from data-sets with boundaries from limited regions 

f the 5D space, like the annealed aluminum films considered here. 

n the work which introduced this technique, for most boundaries, 

he uncertainty in the resultant relative energies was measured to 

e less than ±0.1, and had general errors of ±0.02 for regions out- 

ide cusps and ±0.04 for regions near cusps in the GBED [17] . 

To calculate relative energies from a single layer of PED data, 

he grain boundaries are treated as two identical sets of segments 

hich are separated by the thickness of the film; triple junc- 

ions are identified and triple lines are constructed through the 

hickness of the film with the sample normal direction, [001] S , 

here the subscript denotes sample directions. In total, there were 

4,192 (57,623) triple junctions (total segments) identified in the W 

ataset, 29,723 (70,610) in the as-deposited Al film, 31,533 (67,356) 

n the Al film annealed for 30 min, and 17,511 (41,450) in the Al 

lm annealed for 150 min. For certain boundaries, the plane is 

rystallographically constrained to a certain set of indices. As a 

elevant example, �3 boundaries with a trace in the [111] zone 

re overwhelmingly coherent twin boundaries, and so their planes 

re known to be (111)-type. In the aluminum samples, boundaries 

re identified as likely coherent twins by trace analysis, with a 10 °
olerance. Then, the normals of the twins and the normals of the 
3 
oundaries which meet with them at triple junctions are adjusted 

uch that the triple line lies in the (111) boundary plane of the 

oherent twin rather than normal to the film surface. In the as- 

eposited (annealed) Al films, 7.5% (6.5%) of all triple lines were 

dentified and adjusted. From this point, the energy reconstruction 

roceeds as described in [17] without further modification. 

. Results and discussion 

.1. Tungsten film 

Fig. 1 shows a representative inverse pole figure map with its 

orresponding inverse pole figure after cleanup of the 40 nm-thick 

ungsten film. Here, it is clear that the orientation texture is weak, 

ith a maximum intensity of less than 1.5 MRD. The grains have 

n average size of about 100 nm, but experienced no grain growth, 

wing to the low homologous temperature of annealing. When the 

oundaries are reconstructed (shown as solid black lines in Fig. 1 a), 

he disorientations across the segments closely match the distribu- 

ion for randomly misoriented cubes [34] . In Fig. 2 , the disorien- 

ation distribution is plotted for the tungsten film as a solid black 

ine and the distribution for the random case is plotted as a dotted 

reen line. This close correlation indicates that the sample has no 

reference for any given misorientation angle. 

Despite the lack of grain growth or clear preference for disori- 

ntation angle, the grain boundary plane distribution (GBPD) at 

xed misorientations, three of which are shown in Fig. 3 a–c, is 

on-random and correlates well with bcc materials with grain size 

n the micrometer scale [10] . The populations of boundaries simi- 

arly have a clear qualitative inverse correlation with energies cal- 

ulated via MD simulations and an interpolation scheme, as previ- 

usly reported by [ 25 , 35 ]; corresponding GBEDs calculated by Chi- 

ayutthanasak et al. [25] in this manner are shown in Fig. 3 g–i. As 

xpected, the logarithm of the population of boundaries showed a 

lear linear inverse correlation with the calculated energies [25] , 

ndicating that the lowest energy boundaries appear more fre- 

uently than higher energy boundaries. 

When the described energy reconstruction method is applied to 

he data collected from the under the assumption that the Herring 

ondition of force balance is satisfied, the LOGBC algorithm rapidly 

onverges, with negligible residuals and just four segments return- 

ng invalid (negative) energies; the resulting GBED, however, fails 

o reproduce the energetic trends found in MD calculations and in- 

erpolation from [25] and fails to show a qualitative inverse corre- 

ation with the GBCDs plotted at fixed misorientations (c.f. Fig. 3 d–

). When the boundary populations are binned against their ener- 

ies for the misorientations shown, as they are in Fig. 4 , there is no

bvious relationship between the relative energy and the bound- 

ry populations; values of 1 to 2 MRD across the range of relative 

nergies indicate that the lowest energy boundaries appear with 

imilar area fraction to the boundaries with the highest relative 

nergies. When a linear least-squares fit is applied to the data, for 

he �3, �17b, and �33a, the slope of the lines is not significantly 

ifferent from zero when considering the standard error. For the 

11 boundaries, the fit obtained has a negative slope, with an R 

alue of −0.68. However, comparison between the stereographic 

lots shown in Fig. 3 indicated the trend is likely spurious. 

The failure of these calculations to reproduce the anticipated 

eatures and trends in the GBED indicates that the application of 

he Herring condition in this film is not appropriate for relative 

nergy extraction in this sample. As the grain boundary energy is 

ndependent of microstructure, this result further implies that the 

eometry of the triple junctions is not fully determined by the con- 

entional Herring force balance as was assumed during the calcu- 

ations. It is worth noting, however, that this sample experienced 

o grain growth during annealing as the annealing temperature of 
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Fig. 1. (a) Inverse pole figure map along the sample normal, showing orientations of grains in a representative field of view of the nominally 40 nm-thick tungsten film. 

Reconstructed boundary segments are drawn as thin black lines. (b) Inverse pole figure, along the sample normal, for this field of view; it shows very weak orientation 

texture, with a maximum of 1.33 multiples of random distribution at the [111] direction. 

Fig. 2. Probability density of boundary disorientation angle across all reconstructed 

boundaries in all fields of view for the 40 nm-thick tungsten film plotted as a solid 

black line and the random, i.e. Mackenzie, distribution for disorientation [32] plot- 

ted as a dotted green line. 
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120 K was less than 1/3 of the melting point of tungsten. This 

ample therefore inherits its structure from its deposition condi- 

ions and the nucleation rate of α-W in the originally deposited 

-W grains [10] ; it did not experience any major rearrangement 

f its grain boundary network in the course of annealing, which 

ay suggest that the observed boundary-network geometry does 

ot reflect an equilibrium state for boundary segments meeting at 

he triple junctions. 

.2. Aluminum films 

To address the limitations of the tungsten sample, the same 

nalysis was conducted on the 100 nm-thick aluminum films, 

hich were characterized in an as-deposited state as well as af- 

er being annealed for 30 and 150 min at 400 °C. In contrast to 

he tungsten film, the aluminum sample experienced significant 

rain growth and orientation texture evolution during annealing. 

he starting equivalent circle diameter of mean grain area was 

09 nm, grew to 152 nm after 30 min, and grew to 157 nm af-

er 150 min. The orientation texture evolved from a 2.4 MRD to 

.4(6.0) MRD preference for the [111] orientation after being an- 

ealed for 30(150) min [11] . Fig. 5 a–c shows representative in- 

erse pole-figure maps from each annealing condition. With the 

xception of a notable excess at 60 ° and the corresponding deficit 
4 
ear the middle of the distribution, the disorientation distribu- 

ions for all three films closely follow the Mackenzie distribution, 

s shown in Fig. 6 . The distribution of disorientations in this work 

as fewer departures from the random distribution than the pre- 

iously reported distribution from the same sample [11] , reflect- 

ng the cleanup procedure used here which includes the removal 

f pseudosymmetry boundaries to ensure a maximum number 

f usable triple junctions (see the Supplemental Information for 

ore details.) This indicates that there is little preference for any 

iven misorientation angle, except of 60 °, corresponding to the �3 

oundaries which are present in unusually high fractions in these 

hree samples [11] . 

After annealing, the orientation maps show an obvious pref- 

rence for the [111] fiber texture. The GBPD, plotted at a fixed 

3 misorientation of 60 °|[111] (after twin adjustment), shown in 

ig. 5 d–f, show a clear evolution in the boundary texture. The 

lane distribution for the �3 misorientation in the as-deposited 

lm has a large peak of > 900 MRD at (111), the pure twist loca-

ion. The as-deposited sample has very little orientation texture, 

ith a slight preference of 2.4 MRD for the [111] orientation [11] . 

he �3 twist boundaries are virtually eliminated and the plane 

istribution shows an increasingly strong preference for tilt bound- 

ries, as can be seen most clearly in Fig. 5 f where the majority of

3 boundaries lie near the great circle 90 ° away from the (111) 

osition. This reflects the increasingly limited available characters 

or boundaries as the film develops stronger fiber texture, since, if 

he boundaries are perpendicular to the film surface, two adjacent 

111] oriented grains are constrained to meet at [111]-tilt bound- 

ries. 

Like the tungsten film, these samples have a mostly columnar 

tructure. Indeed, the GBCD is insensitive to whether the segments 

re treated using stereology to determine relative areas as a func- 

ion of boundary plane or treated as strictly columnar and deter- 

ining boundary plane based solely on the boundary’s trace direc- 

ion and crystalline orientation. Direct comparisons can be found 

n the Supplemental Information. One exception to this are the 

ow-energy coherent twin boundaries, however; these boundaries 

re not suitable for comparison because they were assumed to 

ave the (111) orientation in the data processing. 

When the energy reconstruction is applied to the Al data-sets 

reated as fully columnar (before the twin adjustment), as it was 

n the case of tungsten, no relationship between population and 

he extracted relative energy is observed for any boundary types. 

fter adjusting the twin boundaries and their triple lines, however, 

he GBED becomes consistent with expectations for �3 bound- 

ries, but not other misorientations. Figs. 7 and 8 contains twin- 

djusted grain boundary plane distributions calculated using stere- 
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Fig. 3. Grain boundary plane distributions for the 40 nm-thick tungsten film, calculated using the stereological method [3] for �11, �17b, and �33a misorientations (a–c). 

The corresponding relative energy distributions are shown in the second column (d–f). Here, r.u. stands for relative units, and is referenced to the average relative boundary 

energy. Finally, in the third column (g–i), the energies calculated based on the interpolation scheme presented in [25] are shown. 

Fig. 4. Logarithm of boundary populations, log( λ) with λ as relative area in units 

of MRD, binned by their relative energy for the 40 nm-thick tungsten film for mis- 

orientations of �3 (black circles), �11 (red squares), �17b (green triangles), and 

�33a (blue diamonds). Least squares fit lines are plotted in the same color as their 

corresponding misorientation. 
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5 
logy and the relative GBEDs at selected misorientations of �3, 

7, and �11 for the as-deposited film and the film annealed for 

50 min at 400 °C, respectively. The results for the 30 min film 

ay be found in the Supplemental Information, but closely match 

he results presented for the other two Al films. In spite of dras- 

ic differences in the grain boundary textures, the relative energy 

esults from the annealed films and the as-deposited film are re- 

arkably similar, indicating that the energy reconstruction is able 

o identify common relationships between triple junction geometry 

nd their crystallography. Further, this consistency provides con- 

urrent evidence that the columnarity of the as-deposited film is 

ot significantly different from the annealed films; this indicates 

hat the starting structure is largely columnar to begin with, vali- 

ating one of the fundamental assumptions of the technique under 

tudy. In cases of very high energy anisotropy like misorientations 

bout [111], it is able to reproduce distributions which approach 

he expected form determined via MD calculations. Even in cases 

here the energy reconstruction results do not match the predic- 

ions at all, as is the case of the �11 boundaries, the results are 

imilar between the three films. In this way, the relative energy 

esults successfully reflect the fact that the GBED is an intrinsic 

aterial property, independent of the microstructure. In both pre- 
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Fig. 5. Representative inverse pole figure maps for the 100 nm-thick aluminum films in their (a) as-deposited state and the films after annealing at 400 °C for (b) 30 min 

and (c) 150 min. The corresponding grain boundary plane distributions at a fixed misorientation of 60 °|[111] (after twin adjustment) are shown below their maps in (c–f). 

Fig. 6. Disorientation distribution for the 100 nm-thick aluminum films, reflect- 

ing the cleanup procedure used in the current work, plotted in solid black (as- 

deposited), red (30 min, 400 °C), and blue (150 min, 400 °C). The Mackenzie distri- 

bution for disorientations of randomly orientated cubes is shown as a dotted green 

line. 
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ented films, at the highest population misorientation (60 °|[111], 

3), Fig. 7 d (8d) show a deep minimum at the coherent twin po- 

ition of (111), and a band of generally higher relative energy and 

 corresponding deficit in population is seen along the (111) tilt 

oundaries, as is predicted for fcc materials. Furthermore, the cal- 

ulated relative energies show general agreement with the ener- 

ies calculated via MD [ 36 , 37 ], and plotted in 7g (8g). 

When other misorientation angles about the [111] direction are 

onsidered, like �7 boundaries (38.2 °|[111]), the results for the as- 
6 
eposited film ( Fig. 7 b,e) still show partial qualitative agreement 

etween the populations and relative energies; the annealed films 

o not, however, due to their orientation texture. For both the as- 

eposited and the annealed film, Fig. 7 e (8e) show that the re- 

onstruction again captures the predicted energy minimum at the 

7 twist position of (111), and the band of high energies along 

he (111) tilt boundaries, which overlaps with the maxima found 

ia MD calculations ( Figs. 7 h and 8 h). This is consistent with the

bserved GBCD for the untextured as-deposited film, although the 

uantitative correlation between the populations and the extracted 

elative energy when plotted and fitted ( Fig. 9 ) is weak, with an R

alue of −0.43. Furthermore, there are sharp minima present in 

he Al �7 relative GBEDs at arbitrary locations, which neither cor- 

espond to features in the GBCDs, nor to features found in bulk fcc 

aterials’ relative energy functions (e.g. nickel [21] ), nor to fea- 

ures calculated by MD [ 36 , 37 ]. Finally, for boundaries with mis- 

rientation axes other than [111], the extracted relative energies 

hows virtually no correlation with GBCD, correlation with the 

BEDs of other fcc materials [21] , nor MD calculated energies, as 

an be seen qualitatively in Figs. 7 c,f,i and 8 c,f,i, representing dis- 

ributions for the �11 boundaries. Here, both of the experimental 

nergy distributions have a minimum at the ( ̄3 32 ) symmetric tilt 

rain boundary (STGB) while the MD calculated energy distribution 

as a minimum at the ( 1 ̄1 3 ) STGB and the experimental GBCD has 

 maximum at the ( 1 ̄1 3 ) STGB. 

In Fig. 9 , where the Al boundary populations are binned against 

heir relative energies, the scatters follow no consistent trends. 

or all but the �3 boundaries, the distributions are relatively flat. 

hen a linear least square fit is applied to the as-deposited data, 

he �7 boundary populations have a negative slope, but have an 

 value of just −0.43; �11 boundaries’ population have a slightly 

ore linear trend, with an R value of 0.69, but they show a weakly 

ositive correlation with relative energy; �19a boundaries have a 
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Fig. 7. Grain boundary plane distributions for the as-deposited aluminum film calculated using the stereological method and plotted in stereographic projection along 

the [001] direction for fixed misorientations of �3, �7, and �11 (a–c). There are 4491, 1585, and 2020 boundary segments represented in each figure, respectively. The 

corresponding relative energy distributions are shown for the same set of boundaries in the second column (d–f). Here, r.u. stands for relative units, referenced to the 

average relative boundary energy. Finally, the absolute energies computed via molecular dynamics simulations are plotted in the third column (g–i). Note the minima at 

the (111) twist position for the �3 and �7 misorientations, with minimum values of 75 mJ/m 

2 and 271 mJ/m 

2 , respectively, which are vanishingly narrow in the plots due 

to the limited sampling of the 5D space by the MD calculations [ 36 , 37 ]. Further, the appearance of the �7 symmetry is affected by the contouring between sparse points 

during plotting. 
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lope which is not significantly different (given standard errors) 

rom zero. For the 150 min film, �7 boundaries show a positive 

orrelation with relative energy, in contrast to a much stronger 

egative correlation ( R = −0.75) found between the same popula- 

ions and the MD energies, which is plotted in Fig. 10 ; �11 and

19a boundaries do not have slopes significantly different from 

ero. 

The �3 boundaries do show some inverse correlation between 

opulation and energy over a small range of energies in both films. 

his correlation breaks down for boundaries with relative ener- 

ies above ∼0.8 r.u., yielding two distinct regimes. For the as- 

eposited (150 min) film, the R value is −0.75 ( −0.99) at energies 

elow the discontinuity and −0.64 ( −0.34) at energies above it. 

his disjointed result is especially evident in the annealed sample, 

here the high population of the relatively high energy tilt bound- 

ries is observed because of the film geometry. In contrast, when 

he boundary populations from the as-deposited film are plotted 

gainst energies calculated by molecular dynamics [ 36 , 37 ], as in 

ig. 10 , the inverse correlation shows no such discontinuities for 
7 
3 boundaries, or any of the other selected boundary misorienta- 

ions. 

While the relative energies extracted under the assumption of 

ocal equilibrium at the junctions do not reproduce trends ob- 

erved in other systems, when the boundary energies computed by 

omer et al. [ 36 , 37 ] are compared to nanocrystalline experimen- 

al populations, the inverse relationship is observed. Fig. 10 shows 

he population values, read from the GBCD, plotted against the cor- 

esponding energy for each boundary considered by Homer et al. 

 36 , 37 ]. For the entire range of boundaries, shown in Fig. 10 a and

, grain boundaries with the lowest energy have the highest pop- 

lations, and those with the highest energies tend to have lower 

opulations. For boundaries which do not appear frequently in the 

xperimental dataset or have low anisotropy, this correlation is 

enerally weak. The as-deposited �11 GBCD, for example, clearly 

atches the expectations set out by the MD energy results pre- 

ented in Fig. 8 , but the quantitative correlation observed when 

he data are fit is very weak, with an | R| of < 0.1. For misorienta-

ions with very high populations ( > 100 MRD for at least one plane 
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Fig. 8. Grain boundary plane distributions for the aluminum film annealed at 400 °C for 150 min calculated using the stereological method and plotted in stereographic 

projection along the [001] direction for fixed misorientations of �3, �7, and �11 (a–c). There are 2486, 760, and 1158 boundary segments represented in each figure, 

respectively. The corresponding relative energy distributions are shown for the same set of boundaries in the second column (d–f). Here, r.u. stands for relative units, and are 

referenced to the average relative boundary energy. Finally, the absolute energies computed via molecular dynamics simulations are plotted in the third column (g–i). Note 

the minima at the (111) twist position for the �3 and �7 misorientations, with minimum values of 75 mJ/m 

2 and 271 mJ/m 

2 , respectively, which are vanishingly narrow in 

the plots due to the limited sampling of the 5D space by the MD calculations [ 36 , 37 ]. Further, the appearance of the �7 symmetry is affected by the contouring between 

sparse points during plotting. 

Fig. 9. Logarithm of boundary populations, log( λ) with λ as relative area in units of MRD, as binned by their relative energy for the aluminum film at �3, �7, �11, and 

�19a misorientations for the (a) as-deposited film and (b) the film annealed for 150 min at 400 °C. Least squares fit lines are plotted in the same color as their corresponding 

misorientation, including two regimes for the �3 boundaries. 

8 



M.J. Patrick, G.S. Rohrer, O. Chirayutthanasak et al. Acta Materialia 242 (2023) 118476 

Fig. 10. Logarithm of boundary populations, log( λ) with λ as relative area in units of MRD, in the as-deposited aluminum film plotted against boundary energies computed 

by molecular dynamics in [ 36 , 37 ]. All 7304 examined boundaries are shown in (a) and (c), with the boundaries with misorientations specifically discussed in this work 

highlighted in color in (a) and (b), and boundary types with at least one boundary type with population > 100 MRD highlighted in (c) and (d). Least squares fit lines are 

plotted in the same color as their corresponding misorientation. 
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Fig. 11. Relative energies extracted from triple junction geometry of the as- 

deposited film for the 7304 boundary types examined in [ 36 , 37 ], plotted against 

the grain boundary energies calculated via MD in [ 36 , 37 ]. The least squares best fit 

line is plotted in red, with a correlation coefficient < 0.1. 

g

T

o

M

ormal), however, a clear log-linear inverse correlation is observed, 

ith R values of −0.95 for the �61d misorientation, −0.92 for 

he �3 misorientation, −0.74 for the �131e misorientation, and 

0.62 for the �67d misorientation. For those plotted, all four have 

or are close to) the [111] disorientation axis, and are generally 

lose to the �3 boundaries, explaining their generally high popu- 

ation ( �3: 60 °|[111], �61d: 52.7 °|[111], �67d: 60.5 °|[443], �131e: 

0.3 °|[554]). For misorientations whose GBPD are shown in Fig. 7 , 

specially the �3 and �7 boundaries, the relationship is also re- 

overed, as one might expect comparing Fig. 7 (a–c) to Fig. 7 (g–i), 

ith R values of −0.92 and −0.75, respectively. 

Finally, consistent with the analysis above, the energies com- 

uted under the assumption of the conventional Herring force bal- 

nce and those computed using MD show no correlation to one 

nother. Fig. 11 plots the extracted relative energies for the 7304 

oundary types considered in [ 36 , 37 ] against the energies com- 

uted by MD in [ 36 , 37 ]. Here, the trend has a correlation coeffi-

ient of < 0.1. Taken all together, these results reinforce the ev- 

dence that the characters taken by the boundaries in the alu- 

inum films correspond to configurations which lower the total 

ystem energy, but the local equilibrium at the triple junctions is 

overned by factors not described by the Herring equation. 

.3. Discussion 

The grain boundary energy distribution measured from thin 

lms with a variety of annealing conditions, orientation texture, 
9 
rain size, and crystal structures is inconsistent with expectations. 

he inverse correlation between energies and populations is not 

bserved and the extracted relative energies are uncorrelated with 

D calculated energies. This departure indicates that the Herring 
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ondition for local equilibrium cannot be applied to extract relative 

nergies in thin films as it can for bulk microcrystalline samples, 

nd thus, in contrast to bulk samples, the triple junction geom- 

try in thin films is not well-described by the Herring equation. 

n these thin films, other effects which are not dominant in those 

ulk systems and not factored into the Herring equation must play 

 significant role in determining the behavior of the network, like 

esidual stresses, free-surface energies, and geometric constraints. 

o successfully describe the behavior of boundaries at triple junc- 

ions in films like those under study here, the force balance at the 

unctions will have to include some factors beyond the simplest 

elationship between grain boundary energy and geometry, as the 

vidence presented here suggests that the local equilibrium condi- 

ion is more complex than previously understood. 

As an example, significant stresses develop during vapor depo- 

ition of thin films [38] , and large biaxial thermal stresses remain 

fter annealing [39] . Due to mechanical anisotropy in many ma- 

erials, certain grain orientations reduce volumetric strain energy; 

he minimization of this energy is a documented driving force for 

rain growth [ 38 , 40 ], and consequently of grain boundary migra- 

ion, meaning that this factor applies forces to boundaries which 

re not considered in the conventional Herring equation’s descrip- 

ion of local equilibrium. Some work has already been done to 

ocally measure strain gradients and estimate dislocation density 

ith PED [ 41 , 42 ], which could be applied to assess the contribu-

ions of strain energy to the behavior or TJs in thin films. Surface 

nergy minimization is another well documented driver of grain 

rowth [ 40 , 43 ], and so surface energies must similarly be respon-

ible for some forces applied to the boundaries, presumably in- 

uencing triple junction geometry. A purely thermodynamic force 

s also present: because the minimum-area boundary is achieved 

hen the boundary is perpendicular to the film plane, rotations 

way from this orientation are energetically costly compared to ro- 

ations around the film axis, but neither these rotations nor the 

hange in area are considered in the Herring equation. Each of 

hese effects would exert forces not considered by the conven- 

ional Herring equilibrium equation and could contribute to the 

rroneous relative energies extracted by the technique used in this 

ork. 

Despite these complications, correlation between MD calculated 

nergies and populations, as well as the consistently observed cor- 

elations between measured bulk and thin-film GBCDs, reveal that 

eometric constraints present in thin film are only exerting strong 

nfluence on the triple junction geometry, not on the selection of 

oundary character; the GBCDs still closely follow the thermody- 

amic expectations as they do in bulk materials. In other words, 

he triple junction geometry is not determined solely by the en- 

rgies of the participating grain boundaries; thus, accurate rela- 

ive grain boundary energies cannot be extracted by only consider- 

ng the geometry of triple lines through the thickness of the film. 

n contrast, for samples with randomly oriented grains, the grain 

oundary character distributions are overwhelmingly determined 

y the grain boundary energies. In this work, because the relative 

nergies were extracted based on the conventional Herring equa- 

ion, which links triple junction geometry exclusively to energies of 

he grain boundary segments in the neighborhood of the junction, 

hey do not reflect the true energies and so they are uncorrelated 

o the boundary character distributions and to the energies com- 

uted via MD. 

The strong correlation between populations and computed en- 

rgies, however, indicates that boundary populations obtained 

rom thin-film experiments can be used to qualitatively assess rel- 

tive boundary energies and be used to validate computed bound- 

ry energies via their populations, as is suggested by Holm et al. 

ith respect to bulk materials [23] . Starting from MD calculations 

f pure materials, studying changes in GBCD as a function of im- 
10 
urity content or alloying additions, for example, would allow the 

tudy of their relative effect on grain boundary energies. Further- 

ore, experiments must be conducted to determine under what 

onditions, if any, local triple junction equilibrium can be accu- 

ately described by the conventional Herring equation in thin films. 

n conjunction with calculated energies and the GBCD, the relative 

rain boundary energy extraction as performed in this work can 

ct as a proxy to test whether the conventional equilibrium condi- 

ion is met in any given system. 

To isolate the effects of surface energy, for example, the analy- 

is presented here can be repeated on highly [111]-textured sam- 

les, where every grain has approximately equal surface energies. 

he results from [28] suggest this approach may yield films where 

he conventional Herring condition does indeed apply. Other meth- 

ds to assess the effects of surface energy on TJ geometry could 

nclude an analysis where-in computed grain boundary energies 

re used to predict TJ geometries based on the Herring equation 

nd deviations from this predicted microstructure are assessed as a 

unction of the participating grains’ surface energies. Other exam- 

les of experiments include eliminating substrate-induced residual 

train by floating films off substrates before annealing and intro- 

ucing variable encapsulation layers on the top and bottom sur- 

aces, among many others. 

The insight gained from the failure of the conventional Herring 

ondition to describe these systems also points to future directions 

f theoretical study of the behavior of nanocrystalline thin films. 

 body of work simulating grain growth in thin films already ex- 

sts; a number of mathematical models and simulations of thin- 

lm grain growth apply the Herring condition a priori to govern lo- 

al triple junction equilibrium with and without anisotropic grain 

oundary energy, see for exampl e [44–46] ; other approaches use 

nite triple junction mobilities [ 29 , 30 , 47 ]. Still more simulations

ave been developed to include the effects of strain energy, sur- 

ace energy, impurity drag and grain boundary grooving on grain 

rowth [ 40 , 48–51 ], but no model yet includes all of the necessary

omponents to simultaneously reproduce the experimental obser- 

ations of every geometric and topological metric of microstruc- 

ure [52] . Based on the results presented here, naïve application 

f the Herring boundary condition is likely invalid in most cases 

elating to thin films. To understand boundary networks in these 

echnologically important systems, it is critical that modelers and 

xperimentalists work in tandem to systematically identify and in- 

orporate the unique constraints of thin films, seeing as the sim- 

lest and most widely accepted model for junction geometry is 

mpirically shown to fail in describing the behavior of the bound- 

ry network. 

. Conclusion 

Orientation data collected via precession electron diffraction 

rom a sputter deposited, nominally 40 nm-thick tungsten film and 

 sputter deposited, nominally 100 nm-thick aluminum film under 

hree annealing conditions were analyzed to extract relative grain 

oundary energies under the assumption of Herring force balance 

t the triple junctions, using a recently reported technique. The 

BCDs of the films were previously reported to correlate closely 

ith comparable bulk materials, but the methodology for relative 

nergy calculation, applied here, did not successfully reproduce ex- 

ected energetic trends. The calculations did not recover a gen- 

ral inverse relationship between energy and population and did 

ot produce GBEDs consistent with MD calculations. This result 

s in spite of clear correlations between the experimental popu- 

ations and the theoretical GBEDs calculated from molecular dy- 

amics and, in the case of tungsten, interpolation. This indicates 

hat in this set of films, including two which have had an oppor- 

unity to rearrange their boundary networks and two which have 
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ot, application of the Herring condition to solve for boundary en- 

rgies is not appropriate, implying that the geometry of the triple 

unctions is not well-described by the Herring condition. This in- 

ight has important implications for simulations of grain growth in 

patially constrained systems, where the grain size is larger than 

he thickness of the sample. Future work must include more de- 

ailed models of driving forces behind the migration of boundaries 

nd the development of the network’s junction geometry, as the 

ommonly assumed model for triple junction geometry does not 

uccessfully describe the behavior of the network in these situa- 

ions. 
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