
J O U R N A L  O F  M A T E R I A L S  S C I E N C E  13 ( 1 9 7 8 )  2 4 5 5 - 2 4 6 1  

Transmission electron microscopy of 
dislocations in nickel oxide single crystals 

J. S. SEARS 
Materials Development Division, AEA, Harwell, UK 

The dislocation structure of NiO single crystals used in diffusion studies has been 
examined by transmission electron microscopy. The crystals contain dislocations (the 
dislocation density being 4 x 1012 m -2) that are probably a result of the growth process. 
The dislocations have a Burgers vector of a/2 <1 1 0>. On annealing at temperatures above 
1400 ~ C the density is reduced to ~7 x 1011 m -2 , most of the dislocations forming low 
angle boundary arrays. The dislocation density was found to be much greater in the 
vicinity (within 1/am) of a mechanically polished surface. 

1. Introduction 
There is a large volume of experimental work 
documenting diffusion along grain boundaries and 
dislocations in metals. This short-circuit diffusion 
becomes much more rapid than lattice diffusion at 
temperatures below about half the melting tem- 
perature of the metal. It is widely believed that the 
situation is similar in oxides, but as yet there have 
been only a few investigations of the phenomenon. 
Diffusion in oxides is particularly relevant to the 
oxidation of metals and alloys and therefore 
knowledge of short-circuit diffusion is important 
in considering oxidation at temperatures below 
half the melting temperature of the oxides formed 
in the protective scale. In service use, most 
"corrosion-resistant" alloys would be oxidizing in 
this temperature range. 

We are carrying out research to assess the im- 
portance of various diffusion mechanisms con- 
tributing to the oxidation of Ni and part of this 
research has been a study of 63Ni tracer diffusion 
in NiO single crystals. Analysis of the diffusion 
profiles has shown [1] a contribution from dif- 
fusion along dislocations in the temperature range 
500 to 900 ~ C and therefore the dislocation struc- 
tures of similar NiO crystals have been studied by 
transmission electron microscopy in order to pro- 
vide the following information: 

(i) The Burgers vector of the dislocation. 
(ii) The dislocation density in a typical dif- 

fusion specimen. 
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(iii) Whether the dislocations are in random 
orientations, or in ordered arrays. 

�9 (iv) Whether the dislocation density and ar- 
rangement is significantly different close to the 
crystal surface (where the tracer profiling was 
performed). 

(v) Whether the dislocations are a result of the 
crystal growth process, or arise from mechanical 
damage during sample preparation. 

(vi) The efficacy of various annealing treat- 
ments in reducing the dislocation density. 

2. Experimental 
Nickel oxide single crystals grown by flame fusion 
were supplied by Cristal Tec (Grenoble) in the 
form of discs, about 10ram in diameter and 3 mm 
thick, with flat faces in the (1 1 1) plane. 

Slices of NiO ~0.5 mm thick were cut parallel 
to the (1 11) plane with a diamond saw and 
ground to less than half that thickness using 14/ira 
diamond paste on a glass plate. These slices were 
cut into roughly square pieces with a minimum 
dimension of 3mm and each piece was then 
ground to give a 2.9mm diameter disc approxi- 
mately 200tim thick. The discs were thinned 
mechanically to ~25/lm as described by Fynn e t  

al. [2] using a precision polishing jig (Metals 
Research Ltd, Royston, UK) with 6/.tm diamond 
paste on cast iron and tin/lead laps for grinding 
and polishing respectively. 
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To determine the effect of annealing on the dis- 
location density, some specimen discs were an- 
nealed for 24h in air, at temperatures ranging 
from 1000 to 1600 ~ C before thinning to electron- 
transparency. 

Electron-transparent foils were produced in an 
ion beam thinning unit (Ion Tech Ltd, Teddington, 
UK) using two beams of 5 to 6 keV argon ions, 
impinging, one on each side of the sample, at an 
angle of "~20 ~ to the surfaces of the disc. The 
specimens were rotated during the thinning pro- 
cess which progressed at an approximate rate of 
0.5/~m h -1 per side. Ion beam thinning was chosen 
as the final thinning technique after unsuccessful 
attempts to discover a suitable chemical jetting 
process using orthophosphoric acid at tempera- 
tures up to 300 ~ C [3]. 

The two ion sources of the ion beam thinning 
unit can be operated independently. It was there- 
fore possible to remove different amounts of ma- 
terial from each side of a specimen, thus allowing 
observation of the dislocation structure at any 
depth below the surface of the mechanically pol- 
ished disc. Most of the specimens produced for 
this work were ion beam thinned by the same 
amount from each side of the 25 gm thick disc, 
and hence the electron micrographs show the dis- 
location structure that was ~ 1 2 ~ m  below the 
mechanically polished surfaces. Electron micro- 
graphs appropriate to other depths are marked as 
such in the figure captions. Ion beam thinning was 
stopped when a hole formed in the disc and the 
thin foils were examined in a Siemens Elmiskop I 
100kV electron microscope. Ample electron- 
transparent material was found around the edge of 
the hole in specimens with a hole of ~ 100/~m in 
diameter. 

To observe the dislocation structure of a NiO 
sample that had not been mechanically polished it 
was necessary to cleave a crystal, hoping that some 
fragments that were produced had edges thin 
enough for electron transmission. However, 
samples produced in this way had too little thin 
area. Therefore, two of the most promising cleaved 
fragments were selected for further thinning. The 
fragments were fixed with colloidal silver to a 
copper grid with a 1 mm diameter hole, in such a 
way that their thinnest regions protruded across 
the hole. Mounted in this way the NiO fragments 
were ion beam thinned for ~ 4 h  to obtain a 
reasonable area of electron-transparent material. 

Dislocation densities were measured by two 
methods: 

(i) By counting the number of dislocations in- 
tersecting unit area of specimen surface (number 
per m2). This method of counting was possible 
since all single dislocation lines intersected both 
surfaces of the foil. (Dislocations can never end 
inside a crystal but must end either at the surface 
of the crystal or at a grain boundary, form closed 
loops or branch into other dislocationsl) Specimens 
showing extensive dislocation networks (e.g. Fig. 
5) could not be characterized by this method since 
the number of dislocations intersecting a plane is a 
function of the relative orientation of the network 
and the plane. 

(ii) By measuring the total length of the dislo- 
cations projected onto a plane perpendicular to 
the beam direction, observed in a given volume of 
specimen (m of dislocation per m 3 of material). 
For this second method, thickness fringes were 
used in the way described by Edington [4] to 
determine the thickness of the foil (~0.4/~m)in 
the region of interest. 

3. Results 
3.1. Determination of the Burgers vector 
Figs. la to c are typical micrographs of a NiO 
single crystal specimen that has had no annealing 
treatment following crystal growth, grinding, pol- 
ishing and thinning. The Burgers vector, b, of some 
of the dislocations was determined by the normal 
g.b analysis [4], where g is the operative Bragg re- 
flection. 

For example, the dislocations labelled A and B 
in Fig. la (g = (220))  are both invisible 
(i .e.g.b = 0) in Fig. lb (g = (022))  and Fig. lc 
(g = (1 1 1)). Hence the Burgers vectors for both 
dislocations are a/2 [0 1 1 ] or a/2 [0 TT] where a 
is the lattice parameter. Similar analysis of other 
dislocations showed them all to be of this type, as 
expected in a f c c  lattice and confirming the 
earlier determination on corrosion films by Hales 
[51. 

3.2. Cleaved NiO single crystals 
Figs. 2a and b illustrate the dislocation structure 
of a cleaved piece of NiO single crystal. 

The average dislocation density was measured 
to be ~4.3 x 1012 m of dislocation per m 3, but 
there were distinct bands of dislocation tangles 
~0.5/.tm in width, running through the sample, 
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Figure l Burgers vector analysis of dislocations in NiO single crystal. 

where the dislocation density was considerably 
higher; at times as high as 1.2 x 1013 m per m 3. 
The bands of dislocation tangles were aligned 
along <100> directions and were often ac- 
companied by a sudden change in the thickness of  
the foil (illustrated clearly in Fig. 2a). Besides 
these dense bands there were some small areas 
( ~ 2 / J m  x 2/am) where the dislocation density was 
as high as 3.6 x 1013 m per m 3 (see Fig. 2b). 

These dislocation aggregations are the result of  
plastic deformation during cleavage and are similar 
to those observed in lightly deformed f c c  metals 
[61. 

3.3. The effect of  a n n e a l i n g  
Fig. 3b shows the change in dislocation density of  
a NiO single crystal sample as a function of an- 
nealing temperature.  

At 1400 ~ C some of  the dislocations began to 
form networks (Fig. 4) and at 1600~ the net- 
works had become much more extensive (Fig. 5), 
giving local dislocation densities as high as 
~1 .3  x 1013m per m 3, compared with a back- 
ground dislocation density more than an order of 
magnitude lower. Because of  these wide variations, 
the average density in this sample (Fig. 3b) is an 
estimate based on the average size and distance 
apart of  the dislocation networks and the back-  
ground dislocation density. 

At 1600 ~ C the dislocation networks frequently 
assumed a hexagonal configuration (Fig. 5). Frank 
[7] has shown that dislocation nets are equivalent 
to low angle grain boundaries. A regular, hexagonal 
pattern represents a twist boundary on the (1 1 1) 
plane with an angle of  rotation of ~ IN/h, where 
h is the distance between centres of adjacent hexa- 

Figure 2 Dislocations in cleaved NiO. 
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Figure 3 Dislocation densities in NiO. 
(a) The comparison o f  various samples. 
(b) The effect o f  annealing tempera-  
ture. o average dislocation density,  by 
measuring me thod  (m per m 3 ); �9 dense 
regions, by measur ing me thod  (m per 
m 3); • average dislocation density,  by  
count ing me thod  (per m 2 ). 

Figure 4 Dislocation structure of  NiO, annealed in air at 
1400 ~ C for 24 h. 

2 4 5 8  

Figure 5 Hexagonal dislocation network formed in NiO, 
annealed at 1600 ~ C for 24 h. 



gons in the net and Ibl is the elementary Burgers 
vector length. In Fig. 5, the twist boundary has an 
angle of rotation of ~8.5 x 10 -2 degrees. Frank 
[7] has shown that the Burgers vectors of the 
dislocations are parallel to the dislocation lines and 
therefore all the dislocations in the net are pure 
screws. If  such a dislocation net lies in any plane 
other than the (1 1 1) plane, the regular hexagon 
structure must be modified to minimize long range 
stresses in the regions of crystal either side of the 
net. 

3.4. Pre-annealed NiO 
The isochronal anneals of  Section 3.3 were per- 
formed on samples that had previously been cut, 
ground and polished to discs of 25 pm thickness. 
The observed dislocations could therefore have 
been introduced either during the growth process 
of the crystal or during the disc preparation. 

To clarify this situation a slice of single crystal, 
almost 0 .5mm thick, was annealed in air at 
1400~ C for 24h before the preparation of thin 
discs. The aim of the annealing treatment was to 
reduce the dislocation content of the bulk sample 
to as low a value as possible before grinding and 
polishing to produce the thin discs required. 
Annealing at 1600~ was avoided as the forma- 
tion of twist boundaries in the sample was con- 
sidered to be an unnecessary complication. No 
further annealing treatment was given after the 
disc preparation and the sample was ion beam 
thinned in the normal way. 

Fig. 6 is a typical micrograph of the dislocations 
seen in this sample, ~ 12/lm from the original pol- 
ished surface. It is surprising that the average dislo- 
cation density (~1.3 x 1013 m -2) is higher than 
that of a sample that had no annealing treatment 
either before or after the preparation of the thin 
disc (4 x 1012 m-2). 

If it is assumed that annealing at 1400~ re- 
duces the density to ~8  x 1011 m -2 (see Fig. 3b) 
it can be concluded that it is easier to introduce 
dislocations into a crystal by mechanical grinding 
and polishing if the initial dislocation density is 
lower. This may indeed be possible since the 
geometry of the dislocations is different in the two 
specimens. Polishing after 1400 ~ C annealing 
(Fig. 6) results in long straight dislocation lines 
with preferred directions whereas the un-annealed 
specimen (Fig. la) exhibits shorter, randomly 
arranged dislocations, many of which are curved. 
Because of this different geometry, it is probable 

Figure 6 Dislocation structure of pre-annealed NiO. 

that the dislocations observed ~ 1 2 g m  below the 
polished surface of an unannealed crystal result 
from the crystal growth process rather than from 
mechanical damage. It is difficult to be confident 
of this conclusion, however, since the different 
dislocation geometry might arise from a re- 
distribution of impurity pinning centres during the 
annealing process. 

3.5. The near-surface region 
Since this work was carried out in support of a 
programme of work on diffusion in NiO, an at- 
tempt was made to ion beam thin a disc from one 
side only and thus observe the damage in the first 
0.5 ~tm below a mechanically polished surface. 
This proved impossible as before the disc was 
sufficiently thin it cracked at the thinnest part and 
curled up, indicating that the mechanically pol- 
ished surface was more highly strained than the 
bulk of the sample. 

Similarly, Hockey [8] found that it was im- 
possible to produce a thin foil of A1203 that in- 
cluded a mechanically polished surface. However, 
he did succeed in producing a thin foil close to the 
surface by removing only 2000A of A1203 from 
the surface of interest using one ion source. The 
specimen was thinned to perforation using the 
second ion source operating on the other side of 
the sample. 
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Figure 7 Dislocation structure in 
the near-surface region of a mech- 
anically polished specimen. The 
foils were formed (a) - 1 . 5  to 
1.9urn and (b) - 0 . 3  to 0.7#m 
below the polished surface. 

Hockey's technique was applied here to NiO, 
using single crystals which had been pre-annealed 
at 1400~ as described in the previous section. 
Some difficulty was experienced in knowing how 
much material had been removed from the pol- 
ished surface because the rate of removal of ma- 
terial by the ion beams varied from specimen to 
specimen, sometimes by as much as a factor of 
two. Despite these variations in rate of removal of 
material it was assumed that for any one specimen 
the rate of removal remained constant. It was also 
assumed that both ion beams removed material at 
the same rate. 

Two specimens were produced; one in which 
the foil (~0.4 ~m thick) was formed with its " top" 
and "bot tom" surfaces at depths below the orig- 
inal surfaces of ~ 1.5 and 1.9 ~tm respectively (Fig. 
7a) and the other with foil surfaces ~0.3 and 
0.7 ~um below the original surfaces (Fig. 7b). 

The micrographs may be compared with that of 
the pre-annealed sample in Section 3.4 (Fig. 6) 
where the specimen had exactly the same an- 
nealing and polishing treatments, but the thin foil 
was ~12 to 15#m below the polished surface. 
Note how the dislocation density becomes greater 
as the surface is approached and, in fact, is too 
high for an accurate determination, though in Fig. 
7b the density has been estimated as 7 • 1013 m-2. 
These dense dislocation tangles are similar to those 
reported by Hockey [8] in the near-surface regions 
of polished A12 03. 

Neither specimen that had some material re- 
moved from its mechanically polished surface 
showed any tendency to crack or buckle and it is 
therefore concluded that the dislocation density 
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at the very surface must be even greater than that 
seen 0.3 to 0.7gin below the surface. 

4. Conclusions 
(1) The Burgers vector of all dislocations analysed 
wasa/2 (1 1 0). 

(2) In a typical diffusion specimen the dislo- 
cation density, measured at a depth of about 
12#m below the mechanically polished surface 
w a s ~ 4  x 1012 m -2 . 

(3) The dislocations in samples annealed below 
1400 ~ C were in random orientations. At 1400 ~ C 
some dislocations had begun to form hexagonal 
networks (twist boundaries) on the (I 1 1) plane 
and at 1600 ~ C the networks were much more ex- 
tensive. 

(4) The dislocation density of a sample (pre- 
annealed at 1400~ ~1.3 • 1013 m -2 when 
measured at a depth of ~ 1 2 ~ m  below a mechan- 
ically polished surface (with no subsequent an- 
nealing). Close to the polished surface (~0.5 ~m 
below) the dislocation density had risen by at least 
an order of magnitude. Bands of densely tangled 
dislocations, often difficult to resolve (~ 1015 m -2) 
were observed in specimens formed as close as 
possible to the polished surface. 

(5) Dislocations in the near-surface regions of 
polished crystals were a result of mechanical dam- 
age during grinding and polishing. At greater 
depths below the polished surface (e.g. 12 ~m) the 
dislocations observed were probably a result of the 
crystal growth process, since their geometry is dif- 
ferent from dislocations produced by polishing 
damage. 

(6) To reduce the dislocation density of NiO by 



a significant amount it was necessary to anneal a 

sample at a temperature higher than I000 ~ C. For 

maximum reduction in dislocation density an an- 

nealing temperature of  at least 1400~ was re- 

quired. 
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