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Abstract 
 
Normal grain growth (NGG) of a (111) textured Ni film on c-sapphire and abnormal grain growth (AGG) 
of (100) grains at the expense of this (111) texture has been studied as a function of temperature with 
and without a capping layer. The grain boundaries (GBs) in the Ni film are controlled by the preferred 
orientation relationships (ORs) adopted by the Ni grains on the sapphire substrate. The 2 variants of a 
single OR, Ni(111)<11!0>//Al2O3(0001)<11!00>, form a (111) mazed bicrystal with Σ3 GBs. The (100) 
grains have a single OR, Ni(100)<010>//Al2O3(0001)<11!00> with 3 variants; their GBs within the (111) 
grains have the (111)<11!0>//(100)<010> misorientation. 
(100) AGG within the (111) mazed bicrystal of the 100 nm Ni film takes place above 1023 K. The 
orientation transition is driven by the biaxial elastic modulus anisotropy which favors the growth of (100) 
grains over (111) grains, as this reduces the elastic strain energy induced by the thermal mismatch 
between Ni and sapphire. (100) AGG is suppressed and the NGG of the (111) texture is slowed down 
when the film is covered by a 10 nm amorphous alumina layer aimed at inhibiting surface diffusion. 
Thus, it is proposed that as long as the surface can act as a sink for the point defects diffusing along 
the GBs, the movement of the GBs is correlated to the diffusivity of atoms and vacancies, which is a 
function of their misorientation and crystallographic GB structure. 
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1. Introduction 
 
Grain boundaries (GBs) in polycrystals control a wide range of material physical properties, which can 
be modified by grain growth (GG) produced by annealing. Basic understanding of GB motion is a key to 
controlling the microstructure of a polycrystal, which cannot simply be described as a sum of individual 
GBs. Indeed, in recent experiments on GG in 3-D, using a non-destructive method, it has been observed 
that GBs can move against their curvatures [1,2] unlike a GB in a bicrystal. On the other hand, a recent 
review of abnormal grain growth (AGG) [3] has underlined the lack of understanding of the anisotropy 
of GB kinetics.  
Atomic-scale simulations are able to model the kinetics of GBs, based on disconnection motion [4], but 
this approach is only suitable for analyzing experiments on the motion of a GB in a bicrystal (see for 
example [5]). Today, modelling of GG in polycrystals can only be tackled by a macroscopic approach 
based on curvature-driven GB motion. In order to better interpret the experimental GB distribution in a 
microstructure after GG, it has been recently shown that GB stiffness (the second derivative of the GB 
energy with respect to inclination [6]) is more strongly correlated than just GB energy anisotropy [7]. 
This points to the possibility that the motion of a given GB depends on its location in the GB network. 
 
The study of grain growth in thin films is appealing because it deals with microstructures which can be 
reduced to two dimensions, i.e., consisting of columnar grains. A major experimental issue arises with 
the fact that at the surface of films, grooving of the emerging GBs and of their triple junctions (TJs) 
interferes with GB motion as shown recently in [8] by simulations. In addition, GB and TJ grooving ends 
with a complete break-up of the film into separate grains (also called agglomeration) (see [9,10] for 
example). On the other hand, simulations of GG in 2-D microstructures are very flexible since it is 
possible to check the impact of each parameter/mechanism one at a time, and in particular to ignore 
the surface of the film and its interface with a substrate. However, an understanding of the mechanisms 
involved in GG requires the relevant parameters to be implemented in simulations for a reliable 
prediction and match with experiments.  
 
In order to bridge the gap between experiments and simulations in thin films, and take advantage of the 
outcome of such an approach in order to better understand the mechanisms involved in AGG, there is 
a need to design experiments in which the driving forces and mechanisms of GB motion are controlled. 
This also includes the role of their junction(s) to the external phases (that we name "external line 
junctions" (ELJs) in order to avoid confusion with the TJs between the GBs in the film).  
 
This paper presents an original set of experiments on GG in thin polycrystalline fcc films, in which the 
GBs are controlled by using a c-sapphire substrate, and the surface diffusion can be turned on or off by 
leaving the film surface free or by capping it with an oxide layer, respectively. In a first set of experiments, 
we observe the evolution of the microstructure of (111) mazed bicrystalline films [11], i.e., with only GBs 
and no TJs, when they are capped or uncapped. We measure the grain boundary length decrease, 
instead of the averaged grain size increase, to characterize grain growth. In a second set of experiments 
on uncapped films, we study the abnormal growth of (100) grains, which have 3 orientation variants and 
grow within the (111) mazed bicrystal. 
 
Such experiments are based on 4 key components: 
(1) the control of the film microstructure is achieved by using Ni films on a c-sapphire substrate, such 
that under annealing, the Ni grains adopt preferred orientation relationships (ORs) which lead to a 
reproducible GB distribution; (2) the role that the ELJs of the GBs with the film surface play on GG is 
tackled by comparing the evolution of the microstructure of uncapped films with a free surface to that of 
films capped by an amorphous alumina layer; (3) the microstructure of the uncapped and capped Ni 
films is determined by electron backscattered diffraction (EBSD) after annealing at different 
temperatures; (4) the thickness of the oxide cap is controlled such that at 10 nm, EBSD on Ni can be 
performed through the cap, and at 30 nm the capping layer can be made to delaminate under annealing, 
which allows observation of GG on uncapped films after annealing up to 1173 K. 
 
The unexpected outcome of these experiments is that the film microstructure evolves differently 
depending on whether the film surface is capped or uncapped, i.e., without or with surface diffusion, 
respectively, that is to say without or with diffusion along the GBs. Normal grain growth (NGG) in a (111) 
textured film, which is almost a mazed bicrystal, takes place at 873 K in both uncapped and capped 
films. At temperatures higher than 1023 K, AGG of (100) grains at the expense of the (111) mazed 
bicrystals, followed by the break-up of the film, occurs in uncapped films. Capping the Ni film, delays its 
break-up, as expected, but also produces two unexpected phenomena: (1) NGG in the mazed (111) 
bicrystal slows down and (2) AGG of the (100) grains stops. 
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Analysis of these results allows the suggestion of a mechanism involved in abnormal and normal grain 
growth in thin Ni films, that is the diffusion along the GBs coupled to surface diffusion. The efficiency of 
GB diffusion is controlled by the presence or absence of external sinks for the absorption or emission 
of the appropriate point defect species (at the surface). 
 
 
2. Experimentals 
 
2.1. Sample preparation and characterization 
 
Ni film deposition  
A 100 nm thick Ni film was deposited on a c-sapphire wafer, 5.08 cm in diameter, purchased from 
CrysTec GmbH (Berlin, Germany), in an ultra-high vacuum (UHV) chamber. Before deposition the 
sapphire substrate was annealed at 600 K for 12 h and then cooled down. Deposition of Ni (99.995% 
pure) was performed at room temperature at a pressure of 6.5x10-7 Pa, at a rate of 0.045 nm/sec, by 
magnetron sputtering.  
 
Annealing conditions 
Samples of about 1 cm2 were cut from the sapphire wafer with the deposited Ni film. They were heat 
treated at temperatures between 873 K and 1373 K in a 60% Ar + 40% H2 gas mixture at atmospheric 
pressure flowing at 10 cc/min, in an alumina tube inserted into a tube furnace. The heating rate to the 
set temperature was 25 K/min. Cooling from the annealing temperature occurred at the rate imposed 
by switching the furnace power off (see details in [12]). The annealing duration was 1 h for most of the 
samples. It was 30 mins for the uncapped film annealed at 1173 K. 
 
Capping layer of amorphous alumina 
For some of the samples, the Ni film was capped with either 10±1 nm or 30 ±1 nm of an amorphous and 
continuous alumina layer [13,14]. It was deposited by atomic layer deposition (ALD) in a Fiji 200 reactor 
(Veeco/Cambridge Nanotech) operating with Ar as the gas carrier. The reaction chamber was 
maintained at 423 K. The deposition conditions have been set according to previous work [15]. Al2O3 
was deposited from trimethylaluminum (TMA from STREM Chemicals, 98%) and deionized water (ρ = 
18.2 MΩ·cm) that were stored in dedicated canisters at room temperature. The ALD cycle consisted of 
sequential pulses of TMA and H2O separated by purge steps. The pulse and purge durations were 0.06 
and 10 s, respectively, for both precursors. Under these conditions, the Al2O3 layer growth is 0.068 
nm/cycle.  
 
Microstructure analysis after annealing 
After annealing the Ni films have either kept their integrity and consist of columnar grains, or they have 
broken up into separate grains through the well-known mechanism involving GB and TJ grooving at the 
surface of the film, followed by dewetting of the Ni grains (see for example [10,16-18]).  
The samples were first observed in a high resolution Scanning Electron Microscope (SEM), Jeol JSM-
7900F at 3 kV, and then analyzed using EBSD in a UHV-SEM, to determine the ORs of the Ni grains 
on the c-sapphire substrate. 
The EBSD camera is a "Symmetry" from Oxford Instruments specially built for a home-made UHV-SEM. 
The electron beam voltage was set at 15 kV and the working distance was chosen between 11 and 15 
mm (the maximum field of view is about 1x1 mm2). The samples were tilted by 68±1° from the horizontal 
to optimize the electron backscattered pattern (EBSP) quality and the data were processed using the 
Aztek and HKL Channel 5 software. The investigated regions were scanned with various step sizes from 
60 nm to 3 μm depending on the size of the Ni grains, and the acquisition time per point was set between 
5 to 20 ms for uncapped films and 100 ms for Ni surfaces capped with a 10 nm of oxide cap. When the 
capping oxide layer is 30 nm, the Ni EBSP is not accessible through the oxide layer but can be recorded 
where this oxide layer has detached (delaminated) from the Ni.  
Initially, the oxide cap is used for preventing surface diffusion and delays the Ni film break-up [10]. 
However, tuning the cap thickness allows us to perform two different experiments. On one hand, when 
limited to 10 nm, it allows to study grain growth under an oxide cap, without totally shielding the 
backscattered electrons from the Ni grains; a Ni EBSD pattern forms for reasonably long acquisition 
times (we can "see" through the oxide cap). On the other hand, a 30 nm oxide film is too thick to allow 
an EBSD pattern of the Ni film to form, but is useful for studying grain growth in the film at high 
temperatures; indeed, the grains in the film grow under the oxide cap in the early stages of temperature 
ramping, and then, the thick cap delaminates due to tensile stress when it crystallizes. GG in these 
uncapped regions of a pre-grown Ni film can be observed at temperatures where an as-deposited 
uncapped film would have broken-up. 
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The Ni film microstructure was characterized by the EBSD scans by using the GB length density, i.e., 
the length of the GB network normalized by the scanned area (μm/μm2). It is calculated as the ratio of 
the average perimeter of the grains and their mean area given by the Aztek software, and is divided by 
2 because each GB belongs to two adjacent grains. Only the EBSD scans which contain more than 
70% of indexed pixels are used. The EBSD scans were processed so as to replace the unidentified 
pixels by averaging the neighboring identified pixels. 4 to 7 regions of each sample were measured for 
obtaining statistically sound data. 
 
 
3. Results 
 
3.1. Ni film microstructure after deposit 
 
X-ray diffraction (XRD) showed that the as-deposited Ni film had a preferred (111) texture with a few 
(100) grains, as displayed in Fig. 1a. In Fig. 1b, a transmission electron microscope (TEM) image of a 
slice of the film, where the grains are colored according to their orientation parallel to the substrate, 
shows that the deposited film is made up of 20-40 nm nano-grains, consistent with the width of the X-
ray peaks. Since the (100) grains are scarce, TEM images cannot provide good statistics of their 
distribution within the film. The small size of the grains and the randomness of their orientations is 
probably related to the high energy bombardment at room temperature during magnetron sputtering 
[19]. 
 

 
 

Figure 1. (a) XRD of the as-deposited 100 nm thick Ni film showing the frequency of the {111} and {200} grains 
that are within ±5° of the perpendicular to the substrate. (b) slice of the film perpendicular to the substrate showing 
the Ni grains in the film colored according to their plane orientation parallel to the substrate. The color code is given 
by the standard stereographic triangle (SST) of fcc Ni inset on the top right. 
 
 
3.2. Orientation Relationships of the Ni grains after annealing 
 
Whatever the morphology of the film after annealing, continuous or broken-up into separate grains, the 
Ni grains have preferred ORs on c-sapphire. These have been identified by comparing the location of 
poles of the Ni grains, in a fcc stereogram, to the location of poles in the stereogram of the c-sapphire 
substrate acquired during the same EBSD run (see Fig. 2). Such an approach allows a resolution of the 
ORs between the Ni grains and the c-sapphire substrate to better than 0.3°.  
 
The Ni grains have either a (111) or a (100) plane parallel to the (0001) sapphire substrate. They also 
have preferred in-plane orientations: the <11!00> and/or the <112!0> in-plane directions of sapphire 
(0001) are parallel to the <11!0> interfacial in-plane direction of the (111) Ni grains, and to the <010> in-
plane direction of the (100) Ni grains. The 3 ORs have several variants because of the symmetry of the 
abutting Ni and sapphire planes. They may be written as follows: 
 
OR1 (2 twinned variants) displayed in Fig. 2b: 
Ni{111}<11!0> // Al2O3(0001)<11!00> 
 
OR2 (2 twinned variants) displayed in Fig. 2c, with a variable angular deviation from the perfect in-plane 
direction alignment: 
Ni{111}<11!0> // Al2O3(0001)<112!0> within ±7° 
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OR3 (3 variants) displayed in Fig. 2d, with a variable angular deviation from the perfect in-plane direction 
alignment: 
Ni{100}<010> // Al2O3(0001)<112!0> and <11!00> within ±4° 
 

 
 

Figure 2. Parallel stereograms of sapphire and Ni in the 3 orientation relationships, showing the poles in the 
northern hemisphere. (a) The trigonal sapphire stereogram centered on the (0001) pole (red hexagon) contains the 
6 in-plane {11!00} poles (green lozenges) located on the outer circle of the stereogram. One of the (112!0) poles at 
30° from the {11!00} is also shown. (b) and (c) are the fcc stereograms of Ni(111) in OR1 and OR2, respectively, 
displaying their two variants; they are centered on a (111) pole (blue triangle) and display the 3 other {111} poles; 
the 9 {110} poles (green circles) are plotted such that 6 are superimposed on the {11!00} and the {112!0} poles of 
sapphire, respectively. (d) Shows the fcc stereograms of Ni (100) in OR3 with its 3 variants; they are centered on a 
(100) pole and display 4 other {100} poles which are superimposed on the {11!00} poles of sapphire. In these 3 
stereograms, the 8 {110} poles (green circles) are also plotted. 
 
 
3.3. Microstructure, morphology and grain boundaries of the annealed Ni film 
 
The Ni films adopt two types of microstructures and morphology depending on the annealing 
temperature, the ORs of the Ni grains after annealing, and the presence of a capping oxide layer. They 
are reported in Figs. 3, 4, 5 and 7 and commented below. 
 
Microstructure (1): (111) mazed bicrystal 
 
After annealing at 873 K, the collection of nano-grains of the as-deposited Ni film displayed in Fig. 1b 
has recrystallized into (111) textured columnar grains consisting of a mazed OR1 bicrystal with up to 
10% of OR2 grains, as shown in Figs. 3a and 3b for a 10 nm oxide capped and an uncapped film, 
respectively. The capping oxide does not change the microstructure, i.e., the ORs of the Ni grains, their 
distribution and their GBs are identical, but it produces a decrease of the rate at which the grains grow. 
The GB length density is significantly longer by almost a factor of 1.5 when surface diffusion is stopped 
by the capping layer. It is 1.94±0.33 μm/μm2 and 2.88±0.31 μm/μm2 for the uncapped and capped films, 
respectively, as reported in Fig. 6. This means that suppressing surface diffusion was more efficient in 
slowing grain growth than the grooving of the GBs at the external line junction (ELJ) formed where the 
GBs intersect the free surface of the uncapped films. 
The GBs have been identified using the Aztek EBSD software (assuming that they are perpendicular to 
the film surface). They are Σ3 GBs between the two OR1 (twinned) variant grains. The GBs between 
the OR1 and OR2 grains, which are not all exactly rotated by 30°, are mainly Σ7, Σ13b, Σ19b, or Σ21a. 
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The Σ13b and Σ21a have the highest frequencies. These results are similar to those previously found 
for Cu and Al on c-sapphire [20-22]. 
 
The morphologies of the Ni films capped with a 10 nm oxide layer after annealing at 1273 K and 1373 
K, are shown in Figs. 4.  
At 1273 K, the mazed bicrystal film has grown self-similar grains bigger than the ones grown at 873 K 
(Fig. 3a) such that the GB length density has decreased (see Fig. 6). Holes extending down to the 
sapphire substrate have formed (white regions in Fig. 4a). They are not located at the TJs of the GBs 
of the OR2 grains embedded in the mazed OR1 bicrystal, but rather at the GBs above which the capping 
oxide had delaminated.  
At 1373 K, the capped film has broken-up into finger-like grains (Fig. 4b). This morphology results from 
the fractal growth of holes propagating along the GBs parallel to the substrate rather than the grooving 
of the GBs perpendicular to the surface [10]. The finger grains consist mostly of the two OR1 variants. 
Their size is related to the grain size before fragmentation of the film. The smallest grains formed during 
the dewetting process have shrunk and fed the larger ones by Ostwald ripening. 
 

  
 
Figure 3. False color EBSD images of (111)-textured Ni films after annealing at 873 K, (a) with and (b) without a 
capping oxide layer. The self-similar microstructures consist of OR1 bicrystals together with a few OR2 grains; the 
two twinned variants of the OR1 grains are blue and purple and the OR2 grains are in shades of green. 
 

 
 

Figure 4. False color EBSD images of the microstructure of Ni films capped with a 10 nm alumina film, after 
annealing at (a) 1273 K and (b) 1373 K. As in Fig. 3, the OR1 variant grains are blue and purple and the OR2 grains 
are colored in different shades of green. The sapphire substrate is white. 
 
Two samples capped with 30 nm of amorphous alumina were annealed at 1173 K and 1273 K. The 
oxide layer is too thick to obtain an EBSD pattern from the Ni underneath. However, after the mazed 
bicrystals have formed under the capping layer during the ramping-up of the temperature, the Ni film 
surface is freed in some regions because the alumina layer which crystallizes above 873 K [16], has 
delaminated and detached as a result of stresses. This is illustrated in Figs. 5 in the case of the sample 
annealed at 1273 K. The microstructure of the (111)-textured Ni film in these alumina free regions is 
self-similar to that shown in Figs. 3 and 4a, with larger grains overgrown after the surface has been 
freed. 
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Figure 5. Oxide cap delamination on a film initially covered with 30 nm of alumina, after annealing at 1273 K. (a) 
secondary electron (SE) image with two large black elliptic regions where the Ni film has been freed from the 
alumina layer (bare Ni). The alumina cap has not completely detached from the sample. It is visible as a crumpled 
white veil (see arrow) hanging off the surface between the two elliptical black Ni regions. The grey capping layer, 
around these features, is still attached to the Ni film, except where there are light grey "blisters/bubbles"; several of 
them are circled on the top right of the image; (b) surrounded with an orange line, false color EBSD map of the Ni 
microstructure in the two bare Ni regions, superimposed on the SE image; the Ni film is a mazed bicrystal of the 
two OR1 blue and purple variants with a few OR2 grains in shades of green. The black regions located around the 
colored grains are not indexed because the Ni film is shielded by the thick alumina capping layer; the white 
elongated regions at the periphery of the colored grains correspond to the sapphire substrate at the bottom of holes, 
opened in the Ni film which has started to break-up/dewet.  
 
The GB length density in the Ni film, with and without an alumina cap, after annealing at different 
temperatures, is reported in Fig. 6.  
The GB length density of the capped films (with brown error bars), fitted with a brown dashed line, 
decreases and plateaus as the annealing temperature increases.  
The GB length density of uncapped films have blue or green error bars. The film annealed at 873 K 
(blue error bar) has remained continuous, however at higher annealing temperature, the uncapped film 
has broken up. Thus, the points with green error bars have been measured on Ni in delaminated regions 
of samples initially covered with a 30 nm oxide layer (see Fig. 5). The GB length density of uncapped 
films drops and keeps decreasing as the annealing temperature increases as indicated by the dashed 
blue line, i.e., grain growth is faster when the surface is uncapped even if GB grooving is activated. 
 

 
 
Figure 6. GB length density with standard deviation measured on several (4 to 7) scans as a function of the 
annealing temperature for 3 capped and 3 uncapped samples. The 2 points on the blue dashed line, with a green 
error bar have been measured on Ni regions of a Ni film initially covered with 30 nm of alumina where the oxide 
layer has delaminated during annealing (as illustrated in Figs. 5). The dashed brown line joining the data for capped 
films and the dashed blue line through the uncapped samples are guides for the eye. The two grey vertical arrows 
on the sides emphasize the drop of the GB length density when the Ni film surface is free of a capping layer. 
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Microstructure (2): small (111) and very large (100) grains 
 
Uncapped films annealed at 1023 K and 1173 K have broken-up into micron-sized (111) grains and 
large (100) single- or poly-crystals with sizes that span from 100 μm up to 1 mm. Their orientations have 
been checked using EBSD. Figs. 7 display these two kinds of grains. The (111) grains are fairly 
homogeneously distributed while the (100) grains appear in uncorrelated locations of the sample and 
with different shapes. They can appear as an isolated (100) single-crystal or be gathered into a (100) 
oligocrystal, i.e., polycrystal made of grains with the same surface orientation. They are always in a 
"sea" of (111) tiny grains. Such an inhomogeneous distribution is often the signature of AGG. Figs. 7 
show the different configurations and shapes of the (111) and (100) grains in SE images and EBSD 
maps. 
 

     
 

 
            

                
  

Figure 7. Secondary electron (SE) and EBSD maps of uncapped Ni film broken-up into small (111) and large (100) 
grains after annealing at 1023 K and 1173 K. On the SE images, the Ni grains appear in light greys, and the sapphire 
substrate in dark greys. (a) faceted crystals with (111) orientations parallel to the sapphire substrate (b) EBSD map 
of the same region at a smaller magnification in false colors (white for the sapphire substrate, purple/blue for the 
OR1 Ni grains and green for the OR2 Ni grains). (c) a (100) single-crystal within a "sea" of (111) grains (shown in 
(a)) abnormally grown at 1023 K; (d) a (100) poly-crystal abnormally grown at 1023 K within a "sea" of tiny (111) 
grains barely visible because of their size; (e) EBSD map of part of the (100) polycrystal shown in (d), where the 
grains have colors depending on their in-plane orientation corresponding to the 3 (100) variants to the sapphire 
substrate. (f) SE image of large (100) grains abnormally grown at 1173 K within a "sea" of tiny (111) grains barely 
visible because of their size; (g) EBSD map of a region of the image shown in (f). All the (100) grains have only 3 
possible orientations OR3 within ±4°. The GBs between the (001) grains are either between 2 of the OR3 variants 
or low angle boundaries between two grains with a few degrees of deviation (white arrows display some of them). 
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In the regions where the film microstructure was a mazed (111) bicrystal, grooving has separated the 
finger-shape (111) OR1 grains which then broke-up by Rayleigh instability into strings of beads as 
detailed in [18]. These (111) grains are present in all the images of Figs. 7a, c, d, f but barely visible in 
c, d and f because of their tiny sizes compared to the size of the (100) grains. In the SE image of Fig. 
7a, it is seen that the (111) bead grains are facetted single-crystals. Their ORs are displayed in an EBSD 
map at lower magnification in Fig. 7b with the false colors used earlier to identify the OR1 and OR2 
variants. Strings of bead-crystals of the same variant correspond to the former finger shaped grains.  
 
Figs. 7c, 7d and 7f are secondary electron images showing the different distributions of the (100) grains 
of the three OR3 variants within the "sea" of (111) micron-sized bead grains. The growing shapes of the 
(100) grains were "frozen" when they were separated from the (111) grains by GB grooving. The 
misorientation of these GBs between the OR1 (111) and OR3 (100) grains before the break-up was 
(100)<010>//(111)<11!0>. 
 
The (100) grains grown in the samples annealed at 1023 K and 1173 K have different shapes. At 1023 
K, an isolated (100) single-crystal shown in Fig. 7c has a lens shape, elongated in a <010> direction 
along which it has grown the fastest. The elongation is related to the inclination of the ex-GBs between 
the (100) OR3 grains and the (111) mazed bicrystal. This is deduced from EBSD map/pole figures on 
both kinds of crystals (not shown here) (see more details in Fig. 8a). The (100) grains with free edges 
at the periphery of the big (100) polycrystal of Fig. 7d also have lens shapes elongated in the 3 
equivalent <010> directions at 120°, corresponding to the 3 OR3 variants of Ni on the sapphire 
substrate. When the growing (100) grains contact each other, new GBs form. This is displayed on the 
EBSD maps of Fig. 7e which corresponds to the large (100) polycrystal of Fig. 7d. The (100) grains in 
the polycrystals in (e)/(f) have different colors corresponding to the 3 (100) variants. Because the 
variants can deviate by ±4°, some of the GBs are low angle GBs. Some of them are marked with white 
arrows in the EBSD map of Figs. 7e and 7f. 
At 1173 K, the free edges of the (100) grains have a more rectangular shape. During the annealing first 
the GBs between the (100) and (111) grains disappear. Then the free edges of the (100) crystals start 
to dewet and tend to develop <010> edges as observed in [17] for Ni(100) films dewetting from MgO in 
the same gas environment as used in the current experiments. 
 
Fig. 8a shows a sketch of a polygonal (100) grain within the (111) matrix, delimited by 3 kinds of GBs, 
presumably perpendicular to the substrate, and having the misorientation between OR1 and OR3 
determined by EBSD. It is a simplified shape of the nuclei that develop into the (100) lens-shaped grain 
shown in Fig. 7c. The abutting planes of these 3 GBs are made up of two perpendicular (010) and one 
(110) planes on the side of the (100) grain (denoted (010)100, (001)100 and (110)100), which face the two 
perpendicular (2!11)111 and (11!0)111 planes and a plane close to (4!31!)111 of the (111) grain, respectively. 
The longest GBs (001)100//(11!0)111 are made up of two low index facing planes. The two other GBs with 
low indices on the side of the (100) grain face high index planes, namely (2!11)111 and ~(4!31!)111 planes, 
on the side of the (111) crystal; these GBs move faster than the (001)100//(11!0)111 GB and eventually 
disappear, as has been seen for the fast moving planes of crystal Wulff shapes [23]. 
 

 
 
Figure 8. (100) OR3 grains and their GBs. (a) Sketch of an elongated (100) grain in a mazed (111) OR1 bicrystal 
surrounded by three GBs with low index planes on the edges of the (100) grain (in red) facing the corresponding 
planes in the (111) grain (in blue) according to the misorientation between OR1 and OR3; (b) SE image of three 
(100) OR3 grains with their grooved GBs meeting at 120° at a triple junction (sample annealed at 1173 K). Grooving 
varies depending on the GB inclination as seen along the rightmost GB where a part of the GB is almost ungrooved.  
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During growth of two (100) grains of 2 of the 3 variants can merge and form a GB. It has a unique 
misorientation, since the 3 variants are rotated by 120° from each other, as found for the (100) grains of 
an Al film deposited on Si(111) [24]. The secondary electron image of Fig. 8b shows the meeting of 3 
(100) grains of the 3 variants. Their GBs meander and have anisotropic grooving depending on the GB 
inclination. Fig. 8b also shows a TJ formed by these 3 GBs at 120°, where grooving is deeper, as 
expected [9,25]. 
 
 
4. Discussion 
 
4.1. Orientation relationships 
 
The OR of fcc metals on ionic solids, which are weakly bonded phases, has been studied in several 
systems. On cubic ionic substrates, it was found that atomic matching of the fcc metals was not a 
necessary condition for an OR to be preferred [26]. Instead, the alignment of the densest planes and 
their densest in-plane rows has often been observed, and is referred to as the lock-in model [27]. Since 
the interface energies do not correlate with the density of coincidence or lock-in sites [28], many studies 
have suggested that lattice mismatch could be a key parameter in the resulting OR. 
After annealing, the Ni grains in the present study have adopted 3 preferred ORs with either a (111) or 
a (100) plane parallel to the substrate. It is very unlikely that Ni grains randomly oriented in the deposited 
film could rotate to adopt these ORs. Instead, it appears that the growth of preferred seed-grains in 
contact with the substrate has been activated by relevant driving forces and mechanisms. The 3 kinds 
of seeds with preferred ORs are probably present because of the high energy deposition technique. 
Physical vapor deposition (PVD) by thermal evaporation or electron beam sputtering favors growth of 
(111)-textured columnar seeds from which only OR1 and OR2 grains are preferred to grow during 
annealing. This has been observed in the case of Ni films deposited by PVD and annealed at 1625 K 
(0.94 Tmelting) [29] and of Ni films deposited by magnetron sputtering and annealed at 773 K (0.46 Tmelting) 
[30]. 
 
Development of OR1 agrees with the lock-in model [27] since the densest <11!0> atom rows of Ni(111) 
align with the densest <11!00> ion rows of the (0001) sapphire plane. Because there are two Ni OR1 
twinned variants, the Ni film microstructure is a mazed bicrystal with no triple junctions. This is consistent 
with the observations that OR1 has been found in the growth of several fcc metals and alloys on ionic 
solids [16,20,21,29-34]. The range of lattice mismatches of these fcc phases with the c-plane of sapphire 
being large, the two abutting lattices must be accommodated by localized or delocalized dislocations, 
as suggested in the case of Cu [20]. 
 
OR2 is such that the densest <11!0> row of Ni(111) aligns with the second densest in-plane direction, 
<112!0> of Al2O3(0001). However, the OR2 Ni grains display a range of angular in-plane deviation of 
about ±7° from the exact alignment, as has been observed for several other fcc phases such as Al 
[16,21], Cu [20,33], Pt [31] and high entropy alloys (HEA) [34]. It has been suggested in the case of Al 
[16] that the deviation from OR2 allows an optimization of the GB misorientation between OR1 and OR2. 
The Σ13b and Σ21a GBs found with the highest frequency in Ni, correspond to OR1-OR2 
misorientations where OR2 grains deviate by 2° and 8°, respectively. Considering that the interface 
bonding is weak, GB energy or mobility could favor the growth of misaligned OR2 grains within the OR1 
mazed bicrystal. Further investigation of the GBs between two twist (111) GBs with these 
misorientations are necessary in order to verify this hypothesis. 
 
OR3 is the most puzzling OR because the two perpendicular in-plane rows of Ni(100) parallel to the 
densest directions of (0001) sapphire (<11!00> and <112!0>) are <010>, i.e., not the densest <110>  
directions. OR3 has recently been found in fcc HEA films [35] also prepared by magnetron sputtering. 
An equivalent of OR3 named "twist orientation" (i.e., rotated in-plane by 45°) has been mentioned for 
fcc metals on cubic ionic substrates [28]. However, there have been reports that fcc (100) planes grown 
on a 3-fold symmetry (111) substrate, align their densest <011> directions. This is the case for Al(100) 
on Si(111) [24] and for Ag(111) on Ni(100) [36-39], both interfaces between weakly bonded phases. In 
a review on (100)/(111) interfaces [40], it has been suggested that the d-spacing criterion proposed by 
Wolf [41] which requires low-index planes to lie parallel to the interface is a unique attribute that favors 
the stability of such interfaces.  
The d-spacings of {010} and {011}/{022} in a Ni(100) plane are 0.176 nm and 0.124/0.248 nm, 
respectively, while for {33!00} and {112!0} in an Al2O3 (0001) plane, they are 0.137 nm and 0.238 nm, 
respectively [42]. Matches of <010> direction of Ni(100) and the two <11!00> and <112!0> in an Al2O3 
(0001) plane is poor, under compressive and tensile strain, respectively:  
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d<010>Ni(100)-d<11!00>Al2O3(0001)/d<010>Ni(100)  = -0.22  
d<010>Ni(100)-d<112!0>Al2O3(0001)/d<010>Ni(100)  = +0.26 
On the other hand, a <011>/<022> direction of Ni(100) better matches the <11!00>/<112!0> direction of 
sapphire with only a compressive strain of Ni in the <11!00> direction:  
d<220>Ni(100)-d<11!00>Al2O3(0001)/d<220>Ni(100)  = -0.1  
d<110>Ni(100)-d<112!0>Al2O3(0001)/d<110>Ni(100)  = +0.04 
 
The d-spacing of the two abutting crystals does not explain OR3. Interface reconstruction as observed 
for OR1 with Ni [29] could be envisaged. However, the GB energy between OR3 and OR1 could be a 
better explanation as suggested for the growth of the OR2 grains within an OR1 film [16]. 
 
The technique used to deposit the Ni film has allowed the growth of tiny OR3 seeds of Ni in contact with 
the sapphire (see Fig. 1). The driving force to overgrow these OR3 grains at the expense of the (111) 
OR1 grains, is explained in the next section.  
 
 
4.2. Abnormal and normal grain growth: driving force and mechanisms 
 
When a 100 nm thick Ni film on c-sapphire is annealed at 873 K (0.52 Tmelting), it recrystallizes into a 
(111) texture. At and above 1023 K (0.64 Tmelting), AGG of (100) grains takes place at the expense of 
this (111) texture, before the film breaks-up; the GBs between the (100) and (111) grains have moved 
several tens of times faster than those between the (111) grains. This requires a driving force and a 
mechanism. It is worth mentioning that the film is subject to a volumetric driving force upon annealing 
because the thermal expansion of sapphire is smaller than that of nickel. 
In this section, GG kinetics in the Ni film are discussed. First, the driving force responsible for the (100) 
grain growth at the expense of a (111) texture is addressed, then GG kinetics in the (111)-textured film 
with and without an oxide capping layer is analyzed. Finally, a possible mechanism for AGG of the (100) 
grains at the expense of the (111) texture involving diffusion along the GBs is proposed. 
 
Driving force for the growth of (100) grains at the expense of a (111)-textured film 
 
The driving force of the transition from (111) to (100)-textured films has been extensively studied in Cu 
and Ag films of thickness ranging from 50 nm to several microns (see for example [36,43-46]), either on 
single-crystal [43] or on amorphous [44,46,47] substrates. It is described in the model of Thompson and 
Carel [44,45] as the result of a reduction in elastic energy when the grains switch from a (111) to a (100) 
orientation, which overcompensates the surface energy increase when (100) replaces (111) surfaces. 
This model infers that the grains are elastically strained in the plane of the film. The thinner the film, the 
higher the strain required to balance the surface/interfacial energy force per unit of volume [44,45]. Thus, 
given the stress, there is a minimum thickness above which the (111) to (100) transition occurs. On the 
other hand, the thinner the film, the larger the elastic strain its grains can sustain before yielding 
[44,48,49].  
 
The values of the C11, C12 and C44 elastic moduli of Ni are equal to 249, 155 and 114 GPa, respectively 
[50]. The degree of elastic anisotropy is expressed by the Zener anisotropy ratio 
A = (C11-C12)/C44. A is 2.5 for Ni, slightly lower than for Ag (3.0) or Cu (3.2). Thus the (100)-(111) 
transition should also occur in Ni films, under appropriate conditions of film thickness and stress imposed 
on the film.  
Our experiments deal with 100 nm Ni films on c-sapphire, annealed at temperatures higher than the 
deposition temperature by ΔT. Upon annealing, a compressive thermal stress, εT, is implemented in the 
Ni film. εT = ΔαNi/Al2O3 ΔT, where ΔαNi/Al2O3 = 4.9 10-6 K-1 is the difference in thermal expansion coefficient 
between nickel and sapphire, and is positive, (αNi = 13.4 10-6 K-1 [51] and the average value of αAl2O3 = 
8.5 10-6 K-1 [52]). The elastic energy reduction and the surface energy cost, when a (100) grain replaces 
a (111) grain in a 100 nm thick film are calculated below.  
The biaxial elastic moduli of the (100) and (111) surfaces of Ni may be written as a function of the Cij 
coefficients (see for example [53]): 
 
M100 = C11+C12-2C122/C11 = 211 GPa and M111 = 6C44(C11+2C12)/(C11+2C12+4C44) = 377 GPa Eqs. 1 
 
The lateral strain energy densities, Whkl for the (100) and the (111) planes are related to the biaxial 
stress, ε, and their biaxial elastic modulus, Mhkl, by the following equation: 
 
Whkl = Mhkl ε2           Eq. 2 
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Using the values of M100 and M111 calculated in Eqs. 1, the elastic energy reduction when a Ni(111) 
surface is replaced by a Ni(100) surface is: 
 
ΔW = W111 - W100 = 166 ε2 GPa         Eq. 3 
 
On the other hand, the energy cost in surface energy, γs, and interfacial energy, γi, is: 
 
ΔGγ = 1/h [(γi100 - γi111) + (γs100 - γs111)]         Eq. 4 
 
ΔGγ has the units of pressure because the surface and interfacial energy contributions are divided by 
the film thickness (h = 100 nm). The interfacial energy anisotropy is set to zero for Ni on c-sapphire as 
observed for Cu on c-sapphire [54]. The surface energy anisotropy is of the same order of magnitude 
for fcc metals [55-58]. The Ni surface energy, γNi(s), is isotropic close to the melting point (0.88 and 0.95 
Tmelting) [55]. γNi(s)100 is about 9% larger than γNi(s)111, as seen on the Ni crystal shape equilibrated at 1253 
K (0.74 Tmelting) in [18].  With γNi(s) equal to 1940 mJ/m2 at 1800 K [59], and a temperature coefficient of 
-0.35 mJ/m2/K measured for liquid Ni [60], γNi(s) is 2220 mJ/m2 at 1000 K. Thus, ΔGγ ~ 2 MPa. 
 
Equating ΔW and ΔGγ, it is found that the biaxial strain necessary to supersede the surface energy cost 
must be larger than ε* = 3.5 10-3. The thermal strain due to the thermal expansion coefficient difference 
between Ni and sapphire is εT = 4.9 10-6 ΔT. At 873 K (ΔT = 580 K), where only a (111) texture film had 
formed, εT = 2.8 10-3, below ε*. At 1123 K (ΔT = 730 K), where the (111)-(100) transition is observed, εT 
= 3.6 10-3, i.e., slightly above ε*. The compressive stress built-up in the film during deposition [61] may 
also add to the thermal strain. Thus, the elastic biaxial strain can actually be the driving force for the 
observed growth of the (100) grains in the (111) texture.  
 
Carel [47] investigated the (111)-(100) orientation transition in a Ni film supported on an amorphous 
silica layer grown on a Si wafer of thermal expansion αSi = 2.6 10-6 K-1, i.e., on a substrate where ΔαNi/Si 
(9.8 10-6 K-1) is twice ΔαNi/Al2O3. For 100 nm thick films deposited at room temperature, the transition was 
found to occur for ΔW~5 MPa, i.e., at ΔT = 460 K, which is about 2/3 of the one found when Ni is 
stressed by sapphire. This is consistent with our results since the experiments in [47] used X-ray 
diffraction to identify the occurrence of the transition at a ratio of (100) to (111) Ni grains equal to 1. This 
technique is not suitable to identify the scarce occurrence of large (100) grains, such as the one 
observed in the present experiments. 
 
The transition from (111) to (100) grains could have been missed had the (100) grains not grown 
abnormally, because: (1) the quantity of as-deposited (100) seeds in contact with the substrate which 
grow in OR3 is below 2% of (100) grains identified by X-ray (cf. Fig. 1), and (2) above 1073 K (0.62 
Tmelting), Ni surface diffusion is fast enough [62-64] for a 100 nm Ni polycrystalline film to start to break-
up into separate grains within 30 mins [12].  
 
An oxide layer was deposited on the Ni film to suppress surface diffusion and delay film break-up due 
to GB grooving. The purpose was to follow GG in continuous films at temperatures higher than 1023 K. 
For oxide layers less than 10 nm thick, tested on Cu films, amorphous Al2O3 has been found to be the 
most efficient to prevent grooving [59]. A native alumina layer formed on Al films has indeed prevented 
dewetting of 250 nm thick Al films on c-sapphire annealed at 0.94 Tmelting(Al) for several tens of hours 
[16], and has also avoided impeding of GB motion during GG of Al bicrystals between 0.52 and 0.97 
Tmelting(Al) [66,67]. However, we found that the capping oxide layer had suppressed the growth of the 
(100) grains in the Ni(111) textured film. This was unexpected because the driving force for (100) growth, 
i.e., the Ni elastic strain anisotropy, is still present, the surface energy penalty had been strongly reduced 
and the important effect of minimizing the energy of the film-substrate interface is not affected. The 
analysis of grain growth in the (111) textured film, presented below, provides insight into the mechanism 
involved in GG of a strained film. 
 
Grain growth in the (111) textured film 
 
Upon annealing, the grains of the mazed OR1 bicrystal, containing a few OR2 grains, grow larger and 
retain the same microstructure (i.e., self-similar) for both capped and uncapped samples. Two important 
features displayed in Fig. 6 need to be addressed: (1) GG is slower in capped films compared to 
uncapped films and (2) the GG rate tends to stagnate above 1023 K (0.61 Tmelting) when the film is 
capped.  
The capping alumina layer could contribute to enhance GG, because when it crystallizes above 873 K 
[16], it adds an extra stress in the film, which may be significant at the interface [68]. This would add to 
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the compressive stress due to thermal expansion mismatch with the substrate. Since we observe a 
decrease of GG rate when the film is capped, another explanation for GG rate decrease due to the 
capping layer is proposed below. 
 
GG participates in the release of the compressive strain produced in the film during deposition and 
annealing, and diffusion mechanisms are involved in the kinetics of this process. Since diffusion within 
the GBs is faster than in the bulk, the GBs act as short-circuit paths for the diffusing species. As these 
species merge at the surface where diffusion is faster than at GBs, they spread out. 
When surface diffusion is stopped by the capping layer, the species diffusing along the GB get stuck 
when they reach the surface, which no longer acts as a sink or a source for the diffusion processes. 
Thus, the mechanism involving diffusion short-circuit is no longer involved in GG and we observe that 
GG slows down. This means that diffusion along the GB participates in GG. This is consistent with the 
activation energy of GB kinetics measured in thin Ag films which suggests that surface diffusion is 
involved in GG [69]. Also, in [70] it is suggested that diffusion along GBs is the mechanism of GG in thin 
Ni films deposited on amorphous SiO2.This conclusion is supported by finding that the activation energy 
for GG is comparable to that for self-diffusion of Ni in GBs. It also agrees with the analysis of Kobrinsky 
and Thompson [71] showing that surface diffusion to and down GBs, whose spacing scales with film 
thickness, mediates strain accommodation in uncapped films. It also fits the results of [67] regarding the 
motion of the GBs of a bicrystal under shear stress, which suggests that low angle GBs (LAGBs) need 
bulk diffusion to move, while high angle GBs (HAGBs) need diffusion along the GB. Finally, it is also 
consistent with the observation of hole formation at the GBs of Cu films under tension, when they are 
covered with an alumina layer [72]: the vacancies accumulate at the GBs because they cannot be 
evacuated when they reach the surface.  
 
Thus, the results confirm previous research and suggest that for capped films, the strain energy of the 
film is likely released by bulk diffusion at temperatures above half the Ni melting point [73]. 
 
Mechanism involved in the AGG of the (100) grains: relative GB kinetics 
 
When annealing at and above 1023 K begins, GG is fast enough to overcome GB grooving. As the 
strain energy is consumed GG slows and GBs get pinned by grooving at the surface. This proceeds 
until the film breaks-up. Above a certain size, the grains yield such that the strain can also be released 
plastically. 
In order to have AGG, the GBs surrounding the grains growing abnormally should move faster than the 
GBs between the other grains [3]. In our experiments, the GBs between (100) and (111) grains move 
faster than the Σ3 GBs between the (111) variants of the OR1 grains. 
The necessary driving force for AGG is the anisotropy of strain energy, i.e., the equivalent of a higher 
"chemical potential" in the (111) than in the (100) grains, and all the (111) grains are at the same 
"chemical potential". To release the compressive stress in the film with small grains, Ni atoms are likely 
to self-diffuse along short-circuit paths such as the GBs, up to the surface where they are dispersed by 
surface diffusion: the limiting rate of this process is the diffusion along the GBs when the surface is free 
because surface diffusion is faster than GB diffusion. The GBs which are the most "disordered" are 
those along which diffusion is the fastest. Thus, it is likely that the GBs around an OR3 (100) grain move 
the fastest because of their structure, and of the driving force for replacing (111) grains by (100) grains. 
When the surface is capped, the atoms cannot diffuse along the GBs at a rate limited by GB diffusion 
because the surface has become an interface along which diffusion is slower than along GBs. Thus, 
diffusion along the GBs can no longer relieve the strain and all the GBs move at about the same speed. 
While there is still an advantage to grow the (100) grains, there is no longer a mechanism available to 
be used for their abnormal growth. The species which should redistribute in the strained film have to 
diffuse through the bulk of the Ni grains [73]. In [74], it has been suggested that the driving force to 
operate GG and AGG requires that the surface of the film be free when the film is under compression. 
 
Fig. 9 is a sketch connecting AGG and NGG to GB diffusion. The GBs between OR3 (yellow) and OR1 
grains move much faster than the GBs between the two variants of OR1 (blue/pink) and between the 
OR1 and OR2 grains (blue/green and pink/green). When the capping layer on the film stops surface 
diffusion, NGG slows down and AGG stops; the anisotropy of mobility of the GBs in a direction parallel 
to the substrate is related to the anisotropy of diffusion along the GBs. This mechanism can only be 
efficient if there is a sink or a source at one end of the GB, such as the free surface for thin films on 
which surface diffusion is the fastest mechanism for redistributing atoms. 
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Figure 9. Sketch of GG in a columnar film (a) without and (b) with capping layer; the arrow length represents the 
GB diffusion rate. OR3 (100) grains are yellow. OR1 (111) grains are pink or blue and OR2 (111) grains are green. 
In (a) GBs between OR3 and OR1 move faster than the other GBs because diffusion along them is faster. In (b) 
GG is sluggish and (100) grains cannot grow. 
 
 

 
 

Figure 10. Sketch showing GB motion as time of annealing increases, because of the asymmetry of strain in the 
two adjacent grains. 
 
All the grains in the Ni film are under compressive stress and elastically deformed. To relieve this 
deformation, among the diffusion mechanisms which are involved, our experiments have shown that 
GB diffusion is a major player. Fig. 10 visualizes the evolution of strain of a bicrystal due to grain 
boundary motion in connection with grain boundary diffusion. Locally, the GB is a fast path to relieve 
the strain in the grains, probably by disconnection motion [4], which produces a motion of the GB 
towards one grain (Gleft in the sketch). The right grain becomes locally unstrained (or less strained). At 
its new position, the GB is now surrounded by a stressed grain on one side and an unstrained (or less 
strained) grain on the other side. Thus, the GB continues to move in the grain which has the highest 
strain and replaces the swept region by an unstrained piece of grain Gright. This decreases the total 
energy of the two-grain system. The driving force due to the differential stress, produces a GB motion 
which widens the unstrained (or less strained) region in the right grain. 
At the local scale around the GB, the asymmetric elastic deformation of the two grains persists as the 
GB moves till it has swept the entire left grain and replaced it by an unstrained (or less strained) right 
grain. This mechanism is similar to the one proposed for DIGM (diffusion induced GB migration) [75,76] 
but with a mechanical instead of chemical driving force.  
We should stress that this explanation is a conjecture, based on a mechanism of GB motion by 
disconnections and related to the asymmetric strain of the two grains abutting at the GB. Our 
experiments do not provide atomistic information to support this mechanism. 
In the case of the growth of a (100) grain at the expense of a (111) grain, there is a clear driving force 
pushing the GB towards the (111) grain: GB moves because the (100) grains have a smaller lateral 
stress than the (111) grains. AGG can be seen as the reorientation of the (111) grain into a (100) grain 
with less or no more strain. 
In the case of a GB between two (111) grains, the same mechanism stands once the GB has started to 
move in one of the (111) grains. A slight asymmetry of strain at the local scale around the GB builds-up 
due to a strain relief in the grain from which the GB moves. One grain has less strain than the other and 
the GB continues to move in the most strained grain to "replace" it by a less strained or unstrained grain. 
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5. Summary 
 
100 nm thick Ni thin films with a microstructure containing small (100) grains annealed at and above 
1023 K, undergo AGG of (100) grains at the expense of a (111) texture. The GBs between (111) and 
(100) grains move more than 10 times faster than the GBs between the (111) grains. A controlled 
microstructure of the film is provided by using a (0001) sapphire substrate. It allows an analysis of grain 
growth in self-similar microstructure at different temperatures.  
 
AGG in these films stops when they are capped by an oxide layer, i.e., when surface diffusion is stopped. 
In addition, NGG slows down. Thus, it is suggested that diffusion along the GB accelerates the release 
of the thermal strain induced by the difference in thermal expansion between the film and the substrate. 
The anisotropy of diffusion along the GBs allows the grains which contain less strain to grow at the 
expense of the others. If the mechanism of growth involving GB diffusion is inhibited GG has to proceed 
through bulk diffusion which gives no advantage to AGG. 
 
The Ni grains have preferred ORs on c-sapphire: most of them exhibit the usual OR1 at low temperature 
with a few grains in OR2. A new OR3 in which the alignment on the densest directions of the c-plane of 
sapphire is not the <011> densest direction in the (100) plane but a <010> direction. This OR has also 
been found recently in thin films of high entropy alloys. 
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