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High-temperature /n situ experiments have been performed in the high-voltage electron
microscope (HVEM) on NiO single crystals. These high-temperature experiments
necessitate special equipment such as a high-temperature (1200° C) double-tilting holder,
a high-temperature (1200° C) straining holder and a low light level and high resolution
visualization and recording system. Because of the reduction of the oxide at high
temperature, these experiments were not possible when the partial pressure of the
oxidizing agents was lower than 1072 Pa (10™* torr), which is in good agreement with

the Ni—NiO equilibrium diagram. The evolution of a dislocation dipole has been observed
and recorded during these experiments, thereby demonistrating the possibilities of high-
temperature /n situ experimentation on ceramic materials.

1. Introduction

Knowledge of the plastic deformation behaviour
of NiO [1, 2] is essential in understanding the role
played by the protective oxide scales formed
during the oxidation of nickel and its alloys.
Although several macroscopic constant strain rate
or creep tests have already been carried out on
NiO, transmission electron microscope (TEM)
observations are necessary to identify the rate-
controlling deformation processes. Some TEM
observations have already been performed on NiO
[3,4], and the dislocation configurations have
been found to be similar to those observed in
NaCl {5] and MgO [6]. At room temperature, a
high density of long edge-dislocation dipoles
b(110) is observed in the {110} glide planes.
The formation of these dipoles, which are directed
along the (100) directions, is due to the presence
of immobile jogs on mobile screw dislocations.
During deformation these dipoles act as barriers
against crossing dislocations. From these inter-
actions results the division of the dislocation
dipole into loops [3, 4]. Dislocation dipoles have
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also been observed at high temperatures, i.e.,
> 1000° C [3]. But, due to thermal diffusion the
dipole configuration is not stable at high tempera-
ture, i.e., the dipoles shrink into loops which in
turn disappear. Some preliminary in situ defor-
mation and annealing tests are reported in the
present paper, thereby confirming the above
mechanisms.

2. Experimental techniques

The in situ experiments were performed on NiO
single crystals obtained by the zone-melting tech-
nique in an arc image furnace. A spectroscopic
analysis of the crystals gave 10 ppm of Mg and
15ppm of Si as impurities. The specimens were
obtained through mechanical sawing and polishing.
Annealing tests were performed on small discs
3mm in diameter and 0.5mm in thickness,
whereas small slabs (3 mm x 8 mm x 0.5 mm) were
used for the in situ deformation tests. The shape
and crystallographic orientation of the tensile
specimens were identical to that used by Appel
et al. [5] (Fig. 1). These tensile specimens were
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Figure 1 Schematic diagram indicating the glide planes
in the tensile specimen used for the in situ tensile tests in
HVEM.

neither glued nor clamped on the jaws, but
mechanically fixed by means of two small screws.
The crystallographic orientation of the specimen
plane was the same in both cases, i.e., tensile speci-
mens and annealing specimens. Final thinning was
obtained through chemical polishing. The solution
used in this jet-polishing technique consisted of one
part of nitric acid and three parts of phosphoric
acid. Polishing was performed at a temperature of
140° C (Fig.2). As compared to the ion-beam
thinning technique, the polishing time is much
shorter (30 min instead of 1 or 2 days). Moreover,
this chemical process also has the advantage of
avoiding radiation damage.

The high-temperature in situ experiments were
all performed in a high-voltage electron microscope
(1.2MV). A high-temperature (1200° C) specimen
holder designed in Grenoble [8] was used for the
in situ tensile strain tests, whereas a double-tilting
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heating holder (1200° C) designed at ONERA [9]
was used for the annealing tests.

To avoid surface effects, the observations must
be performed on relatively thick specimens, i.e.,
thicknesses of 1 or 2um. Consequently, these in
situ experiments not only require a high-voltage
electron microscope but also a high-resolution
visualization and recording system in order to
observe thick specimens without any loss of
resolution. Such a high-resolution visualization sys-
tem has been designed by optimizing the transfer
function of each element of the system, i.e., the
low lightdevel TV camera tube, the objective lens
and the new transmission phosphor screen [10].
The TV images are recorded with a IVC video
recorder. The TV images are then transferred onto
a ciné film. However, the TV picture (625 lines at
25 framessec™!) consists of two scan fields of
20msec each, whereas the exposure time of a ciné
camera filming at 25 framessec™! is only 20 msec
with a 180° shutter. With the simpler method,
called suppressed field recording, each picture will
consist of only half the total number of lines. In
the present case, the partial suppressed field
method is used. The Cameflex Eclair ciné camera
runs at 163 framessec™! and uses a 240° shutter
opening so that each shutter opening records two
successive fields. Bach ciné picture thus has the
same resolution as the TV image, and may be
enlarged to give information on the evolution of a
given process (Fig. 3).

High-temperature in situ experiments often
has a duration, ¢, of several minutes or even
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Figure 2 The apparatus used for the chemical polishing of the ceramic specimens. Note that the jet polishing of the
specimen is performed above the liquid level. (a) Schematic diagram. (b) Specimen holder.
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Figure 3 A 15 min sequence showing the evolution of a
dislocation dipole in NiO observed directly in the micro-
scope at 1100° C.

several hours. In the case of metals, these exper-
iments necessitate a high vacuum to prevent the
formation of a metal oxygen solid solution. The
highest admissible pressure of oxidizing agents
(oxygen and water vapour) have been determined
through the investigation of the oxidation process
at low pressure and high temperature. The required
pressure (7 x 1076 Pa =35 x 107% torr) is attained
in the high-vacuum specimen chamber designed at
ONERA [11]. However, in the case of some
oxides, the reduction of the specimen may be
observed under such conditions. In the present

Figure 4 The NiO specimen after heating at 1100° C in
the microscope vacuum [107*Pa (107 torr}]. The form-
ation of Ni needles may be attributed to the reduction of
the oxide.

investigation, the formation of needles was
observed in the microscope at a temperature of
1100°C and a pressure of 107*Pa (107 torr)
(Fig. 4). The microanalysis in a JEOL 200 CX
TEM has demonstrated that these needles were in
fact nickel. Their formation may thus be attributed
to the reduction of the oxide. These observations
are in good agreement with the already published
Ni—NiO equilibrium diagram (Fig. 5) [1]. Accord-
ing to this diagram, the reduction of the oxide
would be observed at a temperature of 1100°C,
provided that the oxygen partial pressure was
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Figure 5 The Ni—-NiO equilibrinm diagram,
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lower than 1073Pa (107%torr). However, the
reduction of the oxide was not observed during
the high-temperature (1100° C) strain experiments
performed in Grenoble. This may be attributed to
the presence of a gold thermal shield which drasti-
cally limits the pumping speed at the specimen
level. Due to the outgassing of the ceramic jaws of
the straining device, the vacuum level may be
supposed to be approximately 10~2 Pa (10™* torr).
According to the equilibrium diagram, the oxide is
stable under such temperature and pressure
conditions.

3. Results and discussion

Room-temperature strain experiments have been
performed at ONERA [12] and dislocation move-
ments have been observed in NiO specimens. High-
temperature (1100° C) strain experiments were
performed in Grenoble, but in this latter case, the
applied strength was not high enough to deform
the NiO specimens. However, the evolution of a
dislocation dipole over a time, ¢, was observed and
recorded during these high-temperature in situ
experiments (Fig. 3). First, the formation of a dis-
location loop was observed in the left-hand part of
the dipole. Then, due to the shrinking of the dis-
location dipole at the other end, an elongated dis-
location loop was formed. After a certain time, the
elongated loop decreases in length and produces
several small loops which in turn disappear by dif-
fusion. However, this evolution of a dislocation
dipole into loops has not been observed at tem-
peratures lower than 1100° C. These observations
are in good agreement with the previously men-
tioned mechanisms explaining the formation of
dislocation loops from dislocation dipoles in
ceramics. At room temperature, the formation of
dislocation loops may be attributed to the inter-
action of the dipoles with mobile dislocations [4].
But at high temperature, the role of diffusion
becomes essential and may thus explain the form-
ation of loops from the dislocation dipoles.

4. Conclusions

In conclusion, the present investigation has shown
that it is possible to deform NiO single crystals in
the microscope at room temperature, since dis-
location movements have been observed and
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recorded. High-temperature in situ deformation
tests may also be performed on NiO provided that
the conditions of stability of the oxide are ful-
filled. The sequence showing the evolution of a dis-

location dipole at 1100° C (Fig. 3) clearly demon-
strates the possibilities of the high-temperature in
situ experimentation on ceramic materials.

Acknowledgements

It is a pleasure to thank our colleagues B. Genty,
A. Marraud, A.Jouniaux and T. Ochin for their
efficient co-operation in these in situ investigations
in the HVEM. The authors also wish to thank the
DGRST for financial support under grant 78-7-
2414.

References

1. A. DOMINGUEZ-RODRIGUEZ and J. CASTAING,
Rev, Phys. Appl. 11 (1976) 387.

2. A. DOMINGUEZ-RODRIGUEZ, J. CASTAING and
J. PHILIBERT, Mat. Sci. Eng. 27 (1977) 217.

3. M.G. FUERTES, MSc Dissertation, Case Western
Reserve University (1979).

4. S. MARUYAMA, unpublished work.

5. H.STRUNK, Phys. Stat. Sol. (a) 28 (1975) 119.

6. J.WASHBURN and T.CASS, J. Phys. C27 (1966)
168.

7. F. APPEL, H. BETHGE and U. MESSERSCHMIDT,
Phys. Stat. Sol. (a) 42 (1977) 61.

8. I.PELISSIER, J.J.LOPEZ and P.DEBRENNE,
Proceedings of the 6th International Conference on
High Voltage Electron Microscopy, Antwerp,
September 1980 (Electron Microscopy Foundation,
Leiden, 1980) p. 30.

9. B. GENTY and H. GERVALIS, Proceedings of the 7th
European Congress on Electron Microscopy, The
Hague, August 1980 (Electron Microscopy Foun-
dation, Leiden 1980) p. 528.

10. R.VALLE, B.GENTY, A.MARRAUD and B.
PARDO, Proceedings of the 5th International
Conference on High Voltage Flectron Microscopy,
Kyoto, August 1977 (Japanese Society of Electron
Microscopy, Kyoto, 1977) p. 163.

11. R.VALLE, B.GENTY, A.MARRAUD and P.
REGNIER, Proceedings of the 5th International
Conference on High Voltage Electron Microscopy,
Kyoto, August 1977 (Japanese Society of Electron
Microscopy, Kyoto, 1977) p. 137.

12. J. CADOZ and R. VALLE, unpublished work.

Received 11 May
and accepted 18 June 1981



