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ABSTRACT

The thermal stability of nanograined pulsed-laser deposited nickel was studied by in-situ 

annealing of free-standing films in a transmission electron microscope.  The observed grain 

growth was sporadic and catastrophic as expected for abnormal grain growth.  The large grains

contained a variety of defects that includes twins, dislocation lines, small dislocation loops, and 

stacking-fault tetrahedra. This microstructure was developed at annealing temperatures as low as 

498 K, and was stable at temperatures as high as 673 K for 20 minutes and subsequently at room 

temperature for at least 22 months. Possible mechanisms for the formation of these defects 

during abnormal grain growth are proposed. 

INTRODUCTION

Microstructural development of materials via grain growth is generally classified as either 

normal or abnormal. Normal grain growth is a uniform process in which all grains grow or 

diminish at a constant rate in an effort to reach an equilibrium size and shape. In contrast, 

abnormal grain growth is fast and catastrophic, occurring inhomogeneously throughout the 

material.[1, 2] The driving force for this grain growth is a lowering of the system energy 

through the decrease in the number of grain boundaries, removal of defects and release of strain 

energy.  Abnormal grain growth, as opposed to normal grain growth, is not fully understood 

although it appears related to the crystallographic orientation of grains in conjunction with the 

anisotropy in the surface and grain boundary energies, the grain boundary structure (faceted and 

non-faceted), strain energy and contamination.[3-6]  

Previous studies of grain growth in nanograined thin metallic films have shown that the primary 

defect formed in association with abnormal grain growth is twins.[7-9] The formation of twins 
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has important consequences for continued grain growth as twin boundaries have low mobility 

and can decrease the growth rate.[10] Gregg et al.[11] observed during dynamic in-situ TEM 

annealing studies that in some cases the twins must be annihilated before grain growth can occur 

and in other cases they lengthen with the expanding grain. New twin formation was observed to 

accompany a burst in grain growth when the growth direction was parallel to the twin boundary

normal, but the source of the twinning dislocations in the grain boundary was not determined.

Abnormal grain growth and the formation of annealing twins is not restricted to nanograined 

metals. In pure metals and alloys with a large grain size (< 100 µm), anomalous grain growth

occurs on annealing at temperatures > 0.68Tm, where Tm is the melting temperature of the 

material.[12]  Booth et al.[12] studied grain growth in commercially pure nickel and observed 

abnormal grain growth. Within these grains were annealing twins, the density of which 

increased with grain size. This observation suggests that the generation of annealing twins is not 

governed strongly by the stacking-fault energy as Ni has a high stacking-fault energy for a face-

centered cubic material, 125 mJ m-2.[13]  It has been suggested that abnormal grain growth 

occurs when the boundaries are faceted through the movement of steps and this distinguishes the 

two growth modes.[14] Mahajan et al.[15] proposed that the annealing twins were created by 

the emission of the required Shockley partial dislocations from growth accidents on the 

migrating grain boundary.  As the number of growth accidents likely would increase with the 

velocity of the migrating grain boundary, more annealing twins would be expected for higher 

velocities.[15]

In this manuscript, the emphasis is on the formation of defects in large grains developed in 

pulsed-laser deposited nickel during abnormal grain growth and the stability of these defects

over time and temperature. Details of the dependence of the abnormal grain growth on annealing 

temperature, annealing time, film thickness, surface roughness, and electron beam will be 

presented elsewhere.[16]



3

EXPERIMENTAL PROCEDURE

Nanograined nickel thin films were grown on <100> rock salt substrates to thicknesses of 50, 80, 

and 150 nm by using the pulsed-laser deposition technique.  The growth chamber achieved a 

base pressure of 2x10-7 Torr, with the pressure rising to about five times higher during the laser 

pulses. The KrF laser pulse operated at a wavelength of 248 nm with a pulse width of 34 ns full-

width half-maximum, a pulse rate of 35 Hz, and a power density of 1-2 J cm-2. Plasmas released 

from the target and deposited at the sample surface typically have energies in the 1-5 eV/atom 

range. These conditions resulted in a film growth rate of about 0.25 nm s-1. As discussed in 

detail in Ref.[17], a particle filter was used to minimize the number of molten droplets that were 

deposited onto the specimen, which form “splats” of larger-grained material in the 

nanocrystalline matrix.

To produce free-standing samples for the in situ transmission electron microscopy (TEM) 

annealing investigation, a copper grid was adhered to the deposited film and the rock salt support

was dissolved in water. The free-standing nanograined PLD nickel thin film was annealed in situ

in a Philips CM20T TEM operating at 200 kV.  Notably, the accelerating voltage is below that

needed to create Frenkel pairs in Ni.[18] The temperature of the Gatan single-tilt heating stage 

(Model 628-Ta) used in these experiments was determined to be accurate to within a few 

degrees.  However there is greater uncertainty about the actual temperature of the area being 

examined as it is not in intimate contact with the heating element. The temperature quoted is the 

heater temperature and should be taken as a maximum as there was no method for independently 

determining the actual specimen temperature. Specimens were annealed until significant grain 

growth was observed at nominal temperatures ranging from 498 K to 673 K and times ranging 

from 10 min. to 840 min.  The stated temperature is probably more accurate for longer anneal

times as the temperature across the specimen will equilibrate. The resulting microstructures 

were then characterized using conventional diffraction contrast imaging techniques.

EXPERIMENTAL RESULTS

The as-deposited microstructure of the films had an average grain size of 6 nm with a limited 

grain size distribution, 2 nm to 16 nm, as can be seen in the bright-field micrograph of an 80 nm 



4

thick film presented in Figure 1. The grains are randomly oriented with a few samples showing 

limited <100> preferred texture due to the rock salt substrate. Widely-spaced large nickel 

“splats” (deposited molten droplets), like that indicated in Figure 1, provide fiducial marks to 

enable the same region to be identified repeatedly during the course of the experiments. 

Preliminary high-resolution studies of the as-deposited grains suggest that the boundaries 

between the nanograins are high-angle with no evidence for porosity; this finding is consistent 

with previous observations of this material. No defects were observed in the as-deposited

nanograined structure although dislocations have been reported in strained nanograined pulsed-

laser deposited nickel.[19].

On heating, the microstructure developed in an erratic and catastrophic manner that is typical of 

abnormal grain growth. Irrespective of film thickness, all films exhibited abnormal grain growth 

at temperatures as low as 548 K, with the faster reacting 150 nm-thick film showing abnormal 

growth down to 498K. This resulted in the formation of large grains up to a micrometer in size

distributed randomly throughout the film.  These grains were enclosed in a matrix of nanograins 

that had experienced little or no growth.  Representative examples of abnormally large grains are 

presented in Figures 2 and 3.

The microstructure depicted in Figure 2 shows the results of annealing a 150 nm-thick film at a 

temperature of 498 K for 840 min. The anneal produced a large grain that appears to be

approximately elliptical with the major and minor axes being 450 and 350 nm, respectively. A 

complex defect structure is evident in the grain.  The magnified image of the boxed area, seen in 

Figure 2B, shows dislocations and stacking-fault tetrahedra, which appear as triangular defects, 

coexisting in the grain. The presence of dislocation half-loops emerging from the grain 

boundary indicates that the boundary is the origin of the dislocations.

The micrographs presented in Figure 3 show a 700 nm-sized grain existing in a 150 nm-thick

film following an anneal at 548 K for 20 minutes.  The grain is twinned, as seen by the contrast 

change between the two halves in Figure 3A.  The twinned orientation is confirmed with the 

electron diffraction pattern shown in the inset. The microstructure within both regions includes

dislocations (arrowed defects), stacking-fault tetrahedra (circled defects), and a planar defect 
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(enclosed in an ellipse) in Figure 3B. The nature of the planar defect was not determined and 

could be a twin that has propagated only part way through the grain. In this region more than 

one grain has grown; the upper grain impinging on the twinned grain has also grown but to a 

lesser extent.  As in the other examples, this grain was also populated by defects.    

The size of each tetrahedron was estimated from measurement of the length of the triangle 

obtained in kinematical imaging conditions. Although a one-to-one correspondence between the 

image and the defect size has not been established,[20] assessing the size distribution provides 

insight to the number of vacancies that are needed to create the defects. The size distribution of 

the tetrahedra in the 150 nm-thick film created by the annealing conditions of 498K for 840 min, 

obtained from the microstructure of the grain shown in Figure 2, is presented in Figure 4. The 

line length of the tetrahedra varies from 1.5 nm to as large as 11.9 nm, with the average size 

being 5.6 nm.  For this grain, the total volume of the stacking-fault tetrahedra is 1,400 nm3, 

which is 0.002% of the total grain volume of 0.07 µm3.  The number of vacancies, N, that would 

be needed to occupy a tetrahedron of edge length L can be calculated from the expression

2

2

3

2

oa

L
N  , where ao is the lattice parameter, which is 0.354 nm for Ni. The average number of 

vacancies per stacking-fault tetrahedra is 289 and ranges from 20 vacancies for a tetrahedron of 

length L = 1.5 nm to 1305 nm for one with a length of 11.9 nm.

Similar defect microstructures were produced by annealing at 673 K, and these defects were

stable at this temperature for at least 20 min.  The defects were also stable against room 

temperature aging for at least 22 months.  This room temperature stability is evident from 

comparison of the bright-field images presented in Figure 5, which show the same area presented

in Figure 3 but after six months and 15 months aging at room temperature.  Although the same 

area of the film was located in these extended aging studies, it is not possible to obtain the exact 

same diffraction conditions, which affects the appearance of the defect structures.  However, by 

comparing the images it is obvious there has been no major change in the grain morphology and

the same defects still exist.  The planar defects, stacking-fault tetrahedra, and small dislocation 

loops remaining after 15 months can be seen in Figure 5C. Recent imaging shows that the twins, 

dislocations and stacking-fault tetrahedra are still present after 22 months.  
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DISCUSSION 

Uniformly thick nanograined Ni films produced by pulsed-laser deposition that were annealed in 

the transmission electron microscope exhibited abnormal grain growth.  The resulting large 

grains contained a population of twins, dislocations, small dislocation loops and stacking-fault 

tetrahedra at the annealing temperature. This result is in contrast to findings in nanograined Ni 

produced by electrodeposition in which abnormal grain growth occurred in the temperature range

from 349 to 562K, but no defect structure was reported in the abnormally large grains, although 

twins can be seen in the published images.[3, 4] It is also at variance with the microstructure of 

other annealed nanograined FCC thin films, which is generally dominated by twins.[7-9, 11]  

These findings suggest the formation of this defect population was not determined by the metal 

itself but was likely a consequence of the deposition process and initial nanostructure.

A key question to be addressed is the origin of the defects.  The presence of dislocation half-

loops emerging from grain boundaries indicates that the line dislocations are likely generated 

from the grain boundaries; see Figures 2B.  The dislocation source was not identified but the 

emission may be a consequence of the atomic rearrangements occurring in the migrating grain 

boundary, which may have been assisted by local strain incompatibilities between the growing 

grain and the surrounding nanograined structure.  

Annealing twins were produced in some of the large grains, as in Figure 3, and although they 

generally extended across the grain there were some exceptions where twins ended in the grain.  

The appearance of twins in Ni is not restricted to electron transparent pulsed-laser deposited 

material as annealing twins have been observed in large grains produced by abnormal grain 

growth in commercially pure Ni with a starting grain size less than 10-4 m.[12] Thus, starting 

with nanograins is not a necessary condition for the formation of annealing twins although it may 

influence the twin density. Twin generation is not related only to growth defects as deformation 

twins have been reported in coarse-grained Ni during deformation in-situ in the transmission 

electron microscope[21] and in post-deformation TEM examination of nano-grained Ni.[22]
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The nature of the stacking-fault tetrahedra is assumed to be vacancy,[23] which raises the issue 

about the origin of the vacancies needed to create the observed density of tetrahedra. High 

concentrations of vacancies can be obtained by rapid quenching from temperatures near Tm,[24, 

25] by irradiation with energetic particles,[20, 26] and possibly by high strain-rate (108 s-1) 

deformation.[27, 28] The maximum annealing temperature in this study was 673K (=0.39Tm) 

which would generate only 0.1 ppm thermal vacancies,[29] much less than the vacancy content 

determined above. This low concentration of thermal vacancies and the fact that the tetrahedra 

were observed while at the annealing temperature eliminates this mechanism. Stacking-fault 

tetrahedra have been reported to form in Ni following 840 keV Ni ion irradiation at room 

temperature[26] whereas vacancy loops are produced on irradiation with lower energy ions.[20]

Molecular dynamics computer simulations suggest that tetrahedra are formed near grain 

boundaries in nanograined nickel for implantations with 10 keV ions,[30] but this has not been 

verified experimentally. As the Ni plasma impacting the growing film has an energy in the range 

of 1-5 eV per atom, which can cause surface effects only, an irradiation mechanism can be 

eliminated.  The strain-based mechanism can be eliminated readily as the sample did not 

experience any high strain-rate deformation.  Therefore, it can be concluded that none of these 

mechanisms is appropriate to produce vacancies in the current investigations.  

The stacking-fault tetrahedra are observed only in abnormally grown grains, suggesting that 

either the faults themselves or the vacancies that form them are generated and released from the 

migrating grain boundary.  The former is unlikely as the complete three-dimensional defect 

would have to form in the grain boundary and be left behind as it moves, although such a 

mechanism has been reported previously to account for the generation of large defects in a Cu-Si 

alloy.[31]  Such a mechanism would imply that a correlation between the spatial distribution of 

the tetrahedra and the grain boundary migration rate should exist, but no obvious correlation was 

found in the present experiments. Vacancies and even vacancy clusters could be created as 

debris by the advancing grain boundary much in the same way they are created during 

dislocation motion.  This mechanism for generating vacancies is similar to that proposed by Jahn 

and King [32] to account for the observation of stacking-fault tetrahedra in the wake of a 

migrating grain boundary in a copper-zinc alloy in the limited regime of temperature between 

0.3Tm and 0.5Tm, and grain boundary migration rates between 3x 106 nm s-1 ≤ V ≤ 1x 10-1 nm s-1. 



8

The temperature range for the current experiments was 0.29Tm to 0.39 Tm and the boundary 

migration rate is between 6 nm s-2 and 5.5 x 10-3 nm s-1, putting the current observations at the 

lower limits reported by Jahn and King [32]. However, in our case it is postulated that the 

vacancies are generated directly from the imperfect nature of the grain boundaries produced by 

pulsed-laser deposition.  The high-angle grain boundaries have a lower atomic density than the 

fcc Ni lattice and are thus a potential source of vacancies when they are incorporated into the 

growing grains. The fact that this defect structure was observed only for pulsed-laser deposited

Ni and not for electrodeposited Ni is an indicator that the defects are generated as a consequence 

of the initial structure produced by the processing.

The mechanism of formation of a tetrahedron from a vacancy population was not observed in 

this study.  It is possible that vacancies first agglomerated into a Frank loop which then 

dissociated according to the Silcox-Hirsch mechanism[33] to a stacking-fault tetrahedron or that 

the tetrahedron formed by a clustering mechanism in which a stable nucleus grows to become 

visible by the accumulation of vacancies.[13, 34] The latter mechanism would be aided by the 

presence of other defects and the nuclei could be stabilized by oxygen, which is present in the 

deposited films.[17] The formation of a stacking-fault tetrahedron, according to the energy 

calculations of Zinkle et al.[35] for nickel with a stacking-fault energy of 150 mJ m-2, is favored 

at small sizes.  The calculations predict a stacking-fault tetrahedron would be the stable defect 

for about 300 vacancies, which corresponds to a line length of 5.7 nm.  Between 300 and 1000 

vacancies, the energetically favored defect will be a Frank loop with a radius of 2.9 nm to 5.9 

nm, respectively.  At larger loop sizes, the Frank loop will unfault to a perfect loop. It is 

therefore not surprising that stacking-fault tetrahedra are produced but the predicted maximum 

size suggests the larger tetrahedra observed in this study (up to 11.9 nm) may need to be 

stabilized, perhaps by the oxygen impurities.[17]

The defect structure remains stable on aging at 673K for 20 minutes.  Singh et al.[28] have 

compared the annealing behavior of stacking–fault tetrahedra in Au and Cu that were produced 

by annealing of a quenched structure and by ion implantation, respectively.  Annealing of the 

stacking-fault tetrahedra in gold occurred at temperatures above 758K and in copper at 

temperatures above 573K.  The trend was for smaller tetrahedra to be annihilated first, as 
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evidenced by a shift in the peak of the size distribution to higher sizes with annealing.  The 

maximum size of the stacking-fault tetrahedra appeared to remain fairly constant with annealing, 

with the maximum size being between 12 and 14 nm, and 6 and 8 nm in gold and copper, 

respectively.  According to the energetics calculations by Zinkle et al.[35] the transition between 

a stacking-fault tetrahedron and a Frank loop should occur for approximately 700 and 1000 

vacancies in Au and Cu, respectively, which corresponds to sizes of 10 nm and 10.6 nm.  Thus 

the discrepancy between observed and calculated maximum sizes for tetrahedra in Ni is similar 

to those found for Au and Cu.

CONCLUSIONS

On annealing pulsed-laser deposited nickel in situ in an electron microscope abnormal grain 

growth was observed.  These abnormally large grains contained a significant density of defects, 

twins, line dislocations, and stacking-fault tetrahedra.  The origin of the dislocations is from 

grain boundary sources as evidenced by the emerging half-loops.  It is also proposed that the 

vacancies for the tetrahedra are generated from the excess free volume in the grain boundaries of 

the deposited material.  The defect structure was stable against annealing at temperatures up to 

673 K and persists for at least 22 months at room temperature, which are consistent with 

observations of the thermal stability of defects in other systems.
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Figure captions

Figure 1 Initial nanostructure of fcc grains in an 80 nm-thick PLD Ni film, with inserted selected 

area diffraction pattern.

Figure 2 A) A large abnormal grain in a matrix of nanograins in 150 nm-thick PLD Ni film

resulting from annealing at 498 K for 14 hrs. B) A variety of defects in the enlarged region of the 

image.  Examples of stacking-fault tetrahedra are circled and dislocations are arrowed.

Figure 3 A) A large twinned grain in a 150 nm-thick film after annealing at 548 K for 20 min. 

Inset:  Electron diffraction pattern demonstrating the twinned orientation of the two halves of the 

grain. B) Defect structure:  stacking-fault tetrahedra are circled, an ellipse is drawn around a 

planar defect, and dislocations are arrowed.

Figure 4 Stacking-fault tetrahedra size distribution.

Figure 5 A) Defects located in the same grain after 6 months, B) Defects in the same grain 15 

months after aging at room temperature. C) High magnification micrograph of the same grain 

after 15 months.
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Figure 2 Initial nanostructure of fcc grains in an 80 nm-thick PLD Ni film, with inserted selected 
area diffraction pattern.
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Figure 2 A) A large abnormal grain in a matrix of nanograins in 150 nm-thick PLD Ni film 
resulting from annealing at 498 K for 14 hrs. B) A variety of defects in the enlarged region of the 
image.  Examples of stacking-fault tetrahedra are circled and dislocations are arrowed.
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Figure 3 A) A large twinned grain in a 150 nm-thick film after annealing at 548 K for 20 min.  
Inset:  Electron diffraction pattern demonstrating the twinned orientation of the two halves of the 
grain.  B) Defect structure:  stacking-fault tetrahedra are circled, an ellipse is drawn around a 
planar defect, and dislocations are arrowed.
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Figure 4 Stacking-fault tetrahedra size distribution.
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Figure 5 A) Defects located in the same grain after 6 months, B) Defects in the same grain 15 
months after aging at room temperature. C) High magnification micrograph of the same grain 
after 15 months.


