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Abstract: Design rules are described here for high-temperature straining stages for transmission electron
microscopy. Temperatures above 1000°C can be attained by electron bombardment of the specimen grips.
Thermal equilibrium can be reached in a short time by carrying off the heat by water cooling. Some applications
of this stage are described. Ferroelastic deformation was observed at 1150°C in t' and partially stabilized
zirconia, which changes the microstructure for successive dislocation plasticity. In the oxide-dispersion-
strengthened alloy INCOLOY MA 956, dislocations are impeded by oxide particles and move smoothly between
the particles. At high temperatures, both the resting and traveling times control the average dislocation velocity.
In MoSi, single crystals of a soft orientation, dislocations with 1/2(111) Burgers vectors are created in localized
sources and move on {110} planes in a viscous manner. The dislocations in Al-Pd-Mn single quasicrystals are
oriented in preferred crystallographic directions and move in a viscous way as well. On the basis of in situ

observations, conclusions are drawn for interpreting macroscopic deformation behavior at high temperatures.
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INTRODUCTION plastic deformation that other methods cannot directly pro-

vide. For these experiments, a high-voltage electron micro-

o . . . o scope (HVEM) has two advantages compared to conven-
In situ straining experiments using a transmission electron

. , , ' _ tional microscopes: its large penetration power allows the
microscope (TEM) may reveal details of the mechanisms of . s . .
observation of relatively thick specimens, thus the behavior
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difficult to reach these temperatures by resistance heating of
the specimen grips. A way around this is the application of
electron bombardment, which was introduced in the design
of high-temperature electron microscopy stages by Fujita
and Komatsu (1983). We describe here the physical basis of
designing straining stages for high temperatures, and some
applications of a stage presently operating at up to 1150°C
are demonstrated on ceramic, metallic, and quasicrystalline

materials.

DesioN RuLes For HiGH-TEMPERATURE
STRAINING STAGES

High-temperature straining stages for a transmission elec-
tron microscope must fulfill the following requirements. To
reduce the image shift, the stage has to reach thermal equi-
librium quickly. The mechanical design should be stable
and the maximum force should exceed 10 N to deform
materials of high strength.

There are two philosophies for the thermal design. The
first one, described in detail by Valle et al. (1982), tries to
minimize heat losses so that a cooling system can be
avoided. This is difficult to achieve in the restricted space
that is usually available in the specimen chambers of elec-
tron microscopes. Therefore, another way is described here.
It consists of producing the heat necessary to reach high
temperatures and to carry off this heat through a water
cooling system. The first step in the thermal design is the
estimation of heat losses. Heat losses are due to heat con-
duction and radiation. Heat flow N by conduction is given

by
N = (T, = T,) N A/L, (1)

where T, and T, are the temperatures of the hot and cold
ends of the heat conducting parts, N is the thermal conduc-
tivity, and A and L are the cross section and length of the
parts, Heat conduction problems appear particularly in top-
entry straining stages where parts have to be loaded in

bending. The maximum load of a bending bar is
F, =0, WL, (2)

with o, being the maximum stress of the material, and W
the section modulus. As an example, W = 0.05 D and A =
0.23 D* for cylindrical tubes of diameter D and a wall thick-
ness of 0.08 D. A good lever has a large value of

3%
3]
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Figure 1. Schematic plot of the temperature dependence of heat
losses (curve 1) and of the power of resistance heaters from Su-

perkanthal (curve 2) and from metals and SiC (curve 3).

F

0

(T, = T,)IN =0, W(NA) =020, DI\, (3)

m
which can be reached by appropriately selecting the right
material and a large value of D. This leads to a large L if a
certain value of N is wanted.

Heat loss by radiation can be estimated by the Stefan-
Boltzmann law:

Ny,=0A, e (T~ T,", (4)
with 0 =5.7* 107 W m™ K™ and the average emissivity
g, =g, 8,/[1 —(1—g,)0(1—-(A/A,) &)

Subscripts 1 and 2 refer to the radiating and reflecting sur-
faces. In practice, correct values of the radiating losses are
obtained for & = 0.5, or larger, as the theoretical values of
the emissivity of clean polished surfaces are reduced by
contamination. Heat loss by radiation can be reduced by
using radiation shields. One shield may reduce the loss by
50%. Again, the theoretical values are not attained in prac-
tice. Usually, there is no space in the microscope for more
than one shield.

Owing to the 4th power of T, in Equation (4), the heat
losses increase strongly with increasing Ty, particularly at
high temperatures, as schematically shown by curve 1 in
Figure 1. On the other hand, the maximum power density
of resistance heating materials depends only slightly on
temperature. As also shown in Figure 1, it decreases with
increasing temperature for Superkanthal (curve 2), but in-
creases for metals and SiC (curve 3). Nevertheless, the maxi-




228 Ulrich Messerschmidt et al.

O T
/ T+

ASNNNNNNSNNNNNNNANN

Figure 2. Circuit diagram of electron bombardment heating,

mum power density at 1000°C is on the order of 10 W cm™
for the relevant materials. The surface of the heating wire is
usually not larger than the radiating surface of the hot parts
of the stage. This makes curve 1 cross one of curves 2 or 3
at about 1000°C, i.e., it is relatively easy to design heating
stages using resistance heating for temperatures below
1000°C, but it becomes increasingly difficult for higher tem-
peratures,

As shown by Fujita and Komatsu (1983), the problem
can be solved by heating the specimen grips by electron
bombardment. Figure 2 demonstrates the principle. The
specimen grips are electrically at ground. A filament is con-
nected to a negative voltage U,. The filament is heated by
the current g and emits an electron current . The elec-
trons hit the grips, heating them with the power N = U, I,
in addition to the heat radiating from the filament. The
saturation current density of filaments strongly increases
with the filament temperature. For tungsten filaments, a
current density of 0.7 A cm™ is obtained at a temperature
where the vapor pressure amounts to 5.4 * 1077 torr, and
the evaporation rate to 3.9 * 107 g cm™ 57", This may be
considered a maximum current density with the vacuum
only slightly deteriorating and the filaments having a long
life. In order not to limit the current density by space charge
effects, the distance between the filament and the anode
(ground) must be small. This, however, increases the pos-
sibility of uncontrolled discharges.

Since anode voltages U, on the order of 1 kV can be
used, much heat can be produced (~100 W) within a rela-
tively small volume yielding high temperatures. To avoid
damage to the microscope as well as to reach thermal equi-

librium in a short period of time, the heat should be carried
off by means of a water cooling system. The cooling system
may cause specimen vibrations if the water flow is not lami-
nar. The condition to be met is that Reynold’s number
(Re) is

Re = w /v < 2300, (5)

with w being the flow velocity, [ a characteristic length, e.g.,
the diameter of a tube, and v the kinematic viscosity (=0.7
mm® s~ for water). For example, the flow in a tube of 2 mm
in diameter will be laminar if the flow rate is <2 ¢cm® 57,
corresponding to 40 W for a temperature increase of 5K of
the cooling liquid. In addition to the character of flow, the
transfer of the heat from the wall of the heat exchanger to
the cooling liquid has to be considered. It is governed by

N=aA(T-T,). (6)
Here, o is the heat transfer number, A, the area of the inner

that of

the cooling liquid. « shows an intermediate dependence on

tube surface, T, the temperature of the wall, and T,
the thermal conductivity of the cooling liquid and a weak
dependence on the other parameters as the density and
specific heat of the cooling liquid, the diameter and length
of the tube, and the flow velocity. Thus, there is little free-
dom to manipulate «, but one has to choose a sufficiently
large contact area A. A number of experiments were per-
formed with small heat exchangers consisting of copper
lamellae with 0.3-mm-wide slits between them, and with
glass windows to observe the water flow, as well as with
electron microscope specimens attached to them to check
the specimen vibrations in the electron microscope. These
experiments showed that the contact area should be larger
than 10 mm* W™ to avoid specimen vibrations from water
boiling inside the heat exchangers.

An important parameter of the mechanical design of
the straining unit is its elastic stiffness. A hard stage pro-
motes stability of crack growth if the specimen has a crack.
However, the load decreases when the specimen deforms,
which is sometimes not wanted. Nevertheless, a hard stage
is usually better than a soft one, particularly if it implies the
facility of measuring the load. A severe problem is the drive
of the deformation. For a double-tilting straining stage, the
drive mechanism should be installed on the tilted part. This
is only possible if the drive mechanism is small enough. On
the other hand, the drive should exert a large force on the
specimen and yield a sufficient elongation, including com-




Table 1.
10 mm in length) for Straining Stages

Different Drives of Equal Size (6 mm in diameter and

Maximum Maximum Energy
force elongation density
(N) (jm) (Jm™)
Piezo-electric 315 5 5600
Thermal expansion 1800 48 340,000
Hydraulic 110 480 380,000

pensation for the thermal expansion of the specimen. A
smooth action of the drives can be achieved by using piezo-
electric actuators, thermal expansion of stainless steel rods,
and hydraulic drives with metal bellows. Table 1 compares
the maximum force and elongation and the energy density
of these drive principles for cylinders of equal size. It shows
that the piezo-electric drive has a low-energy density and is
therefore not suited for electron microscope straining
stages. Thermal and hydraulic drives have similar energy
densities. The hydraulic drive is sensitive to vacuum pump-
ing of the microscope column and does not have a well-
defined stiffness. Thus, thermal expansion of a stainless steel
rod is certainly best suited for driving straining stages.
The described estimations were used to design a top-
entry straining stage for an HVEM for temperatures above
1000°C. It is described in detail by Messerschmidt and
Bartsch (1994). Each specimen grip carries a separate fila-
ment for electron bombardment heating. The temperatures
are measured by W-Re 3/25 thermocouples. Grip tempera-
tures of 1250°C are obtained by applying an electron cur-
rent of about 65 mA at 700 V. Higher temperatures should
still be possible. The heat is carried away by a water cooling
system. The deformation is driven by the thermal expansion
of a stainless steel rod. A power of 6 W causes a displace-
ment of about 1 mm of the movable grip. The force is
measured by a full bridge of semiconducting strain gauges.
The whole stage is controlled by use of a personal computer.
In the following sections, recent applications of the stage are

described.

IN SiTu STRAINING EXPERIMENTS ON
TETRAGONAL ZIRCONIA SINGLE CRYSTALS

Because of its strong precipitation hardening (e.g., Heuer et
al., 1989), zirconia containing precipitates of the tetragonal
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Figure 3. Microstructure of yttria partially stabilized zirconia

partly transformed by ferroelastic deformation during in situ
straining in the HVEM at 1150°C. The micrographs in this report
were taken by the high-order bright-field technique. Two direc-

tions in the image plane are indicated.

phase (partially stabilized zirconia, PSZ) is a promising ma-
terial for structural applications at high temperatures. Meta-
stable tetragonal zirconia, so-called t'-zirconia, has a mi-
crostructure consisting of tetragonal domains alternately
stacked in colonies. Colonies of different orientations of the
domains fill the entire crystal volume. t’-zirconia exhibits
ferroelastic deformation under load (e.g., Chan et al., 1991).
In situ straining experiments were performed on this ma-
terial at a specimen temperature of 1150°C (Baufeld et al.,
1997). They proved the process of switching individual do-
mains to result in a tetragonal single crystal, with the c-axes
of the tetragonal domains situated at a unique orientation.

Similar experiments were performed on partially stabi-
lized zirconia single crystals (Baufeld et al., 1995). This ma-
terial contains tetragonal precipitates of a domain structure
similar to that in t'-zirconia. The size of the precipitates
shows a bimodal distribution as demonstrated in Figure 3.
A few large precipitates consist of one or a few colonies of
wide domains. Most precipitates are very small and form a
so-called tweed structure. The individual precipitates of the
tweed structure have a domain structure on a smaller scale.
During loading, the strong diffraction contrast of the do-
main structure disappears owing to ferroelastic domain

switching analogous to t'-zirconia. This is shown by the
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bright part in the large precipitate in the center of the figure
and by the border between the dark and less dark regions in
the tweed structure, During further deformation, large do-
mains switch instantaneously while the border between the
transformed and the untransformed regions of the tweed
structure moves smoothly. Ferroelastic domain switching
had not been previously observed in partially stabilized zir-
conia. Because of the small resulting strain, it is difficult to
detect in the deformation curve. The result was only re-
cently confirmed by an X-ray study by Kiguchi (1997). Do-
main switching is of great consequence to successive plastic
deformation as it changes the microstructure which the
gliding dislocations experience. In the untransformed struc-
ture, the dislocations have to penetrate colonies of domains
with alternating directions of their c-axes, which causes a
strong friction due to the stacking faults—these have to be
produced in at least one set of domains. After ferroelastic
transformation, however, most precipitates show a uniform
orientation of their c-axes, which reduces their friction
drastically. These processes are described in more detail by
Messerschmidt et al, {1997).

DisLOCATION DYNAMICS IN THE
OXIDE-DISPERSION STRENGTHENED ALLOY
MA 956

The creep resistance of high-temperature materials can be

dre

stically improved by the incorporation of a fine disper-
sion of oxide particles forming so-called oxide-dispersion
strengthened alloys (ODS alloys), The particles are not cut
by the dislocations. The flow stress at room temperature is
therefore determined by the Orowan process. At high tem-
peratures, the dislocations can pass the dispersoids by
climb. Nevertheless, the creep rate is reduced by several
orders of magnitude by incorporating the oxide particles.
According to Srolovitz et al. (1984) and Arzt and Wilkinson
(1986), this effect is due to an attractive interaction between
the dislocations and the particles, which pins the disloca-
tions at the exit side of the particles. The creep rate is
determined by the thermally activated detachment of the
dislocations from the pinned configurations.

In order to observe the dynamic behavior of disloca-
tions in an ODS alloy, in situ straining experiments were
performed for the first time on the ferritic ODS alloy
INCOLOY MA 956 at room temperature, and between
640°C and 970°C. The microstructure and the macro-
scopic deformation behavior of this material are described

Figure 4. Dislocations moving during in situ deformation of the
ODS alloy INCOLOY MA 956 at room temperature. The traces of
the {110} slip planes run horizontally. In this and the following
figures, BV indicates the projection of the Burgers vector.

by Schuster et al. (1995). Figure 4 shows dislocations on
{110} planes under load during deformation at room tem-
perature. Note that the slip plane is steeply inclined with
respect to the image plane. The dislocations are pinned by
the particles. As expected from the size and density of the
oxide particles, the obstacle spacing is approximately 100
nm. Many dislocation loops appear within the region of the

slip band. It cannot be decided whether they are Orowan
loops created by the dislocations when bypassing the par-
ticles, or debris produced by the double-cross slip process.
Video records show that the dislocations jump over longer
distances than those between the particles on the slip plane,
in accordance with the athermal character of the Orowan
process.

At high temperatures, the configurations of resting dis-
locations are still determined by pinning due to the oxide
particles, as demonstrated in Figure 5 for a temperature of
700°C. Some dislocations show strongly bowed-out seg-
ments, others are only weakly curved. The obstacle distance
is slightly larger than the distance calculated from the size
and concentration of the dispersoids. Qualitatively, at
higher temperatures the situation is similar, as shown in
Figure 6. Between their stable positions, the dislocations
move continuously at velocities of fractions of 1 pm/sec.

During their motion, the dislocations are only smoothly




Figure 5. Dislocations moving during in situ deformation of
INCOLOY MA 956 at about 700°C. The traces of the {123} slip
planes run horizontally.

gure 6. Dislocations moving during in situ deformation of
INCOLOY MA 956 at about 970°C. The traces of the {123} slip

planes run horizontally.

curved. They bow out again after being pinned by a strong
obstacle configuration. The waiting times in the pinned
state and the traveling times between these states are of the
same order of magnitude. Thus, two processes seem to con-
trol the dislocation motion, viz., the thermally activated
detachment from oxide particles, and a friction mechanism
during motion. The friction mechanism presumably is con-

nected with diffusion processes of trace elements that give
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rise to solution hardening at low temperatures. At high
temperatures, they may form atmospheres that are dragged
by the moving dislocations. The behavior of dislocations
does not fit that expected from the current theory. In par-
ticular, the friction process, which is clearly proven by the
dynamic behavior of dislocations, has not been considered
until now. Quantitative evaluation of the micrographs and

video recordings will reveal further details of the processes.

DistocatioNn MoTtioN IN MoSi,
SINGLE CRYSTALS

Candidates promising to fill the gap between conventional

high-temperature metals and structural ceramics are mate-

rials constructed on the basis of MoSi,. To understand the

mechanical properties of the composites under discussion,
knowledge of the processes of plastic deformation of the
MoSi, matrix is desirable. MoSi, has a tetragonal crystal
structure with a large c/a ratio. Consequently, MoSi, exhib-
its a number of different slip systems and shows a strong

plastic anisotropy (see, e.g

g., [to et al, 1995). Like many
intermetallic compounds, some of the slip systems show an
anomalous temperature dependence of the flow stress.

As the processes controlling dislocation mobility are
not well understood, in situ straining experiments were re-
cently performed on MoSi, single crystals between about
900°C and 990°C. Because of the brittleness of the material
at room temperature and at the deformation temperature,
these experiments put high demands on specimen prepara-
tion. In addition, the starting crystals were predeformed in
compression, introducing some dislocations to increase the
toughness. The [201] direction chosen for the loading axis
is a soft orientation, so dislocations of 1/2(111) Burgers
vectors are activated on {110} planes. During loading, sud-
den load drops were accompanied by the formation of
stacking faults of the Frank type. Later on, the dislocations
of 172(111) Burgers vectors started to move. These were
created by localized sources. An intermediate state is shown
in Figure 7. The resting dislocations are very straight and in
orientation parallel to (110} and (331], i.e, they are of 60°
or edge character. During their viscous motion, they may
assume a curved shape. Owing to the generation of dislo-
cations in localized sources, planar slip dominates. The col-
lective motion of many dislocations on the same slip plane
may cause serrated yielding observed in the respective tem-

perature range of the flow stress maximum. Frequently,
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Figure 7. Dislocations moving away from a localized dislocation

source during in situ deformation at about 990°C of an MoSi,
single crystal. 1/2(111) Burgers vectors. The traces of the {110) slip
planes run horizontally. Foil plane (010), g-vector [200].

Figure 8. Long, straight defects oriented along (100) formed dur-
ing in situ deformation of an MoSi, single crystal at about 990°C.
Foil plane (010}, g-vector [200].

dislocations moving on intersecting slip planes form a very

straight common segment in the [001] direction of the in-
tersecting planes, as shown in Figure 8. The character of
these reaction products has not yet been determined. The
shape of the dislocations of 1/2(111) Burgers vectors and
their mode of motion point to an intrinsic mechanism con-
trolling the dislocation mobility. They do not agree with a

locking-unlocking mechanism.

DistocatioN MOTION IN [COSAHEDRAL
AL-PD-MN SINGLE QUASICRYSTALS

Quasicrystals do not show translational symmetry, Never-
theless, their plastic deformation at high temperatures is
carried by dislocations. The first direct proof of the mobility
of dislocations in quasicrystals was given by Wollgarten et
al. (1995) by in situ straining experiments in the HVEM. In
recent experiments (Messerschmidt et al., 1998a) the acti-
vated slip planes were identified as perpendicular to five-
fold, threefold, and pseudo-twofold directions. Figure 9
shows an example of dislocations that moved on different
slip planes. The planes can be determined from the slip
traces the dislocations form during their motion. The dis-
locations are arranged in well-defined crystallographic di-
rections, which, however, had not been observed in post-
mortem investigations (Rosenfeld et al., 1995), The direc-
tions determined so far are the twofold direction on the
threefold plane, and a direction including an angle of about
60° with the twofold direction on the pseudo-twofold plane,
These preferred orientations point to an intrinsic mecha-
nism controlling the dislocation mobility. Feuerbacher et al.
(1997) proposed that the interaction between the disloca-
tions and the Mackay-type clusters is the rate-controlling
process. These clusters are aligned along defined crystallo-
graphic directions in accordance with the preferred orien-
tations of dislocations in the in situ experiments. Some of
the present authors (Messerschmidt et al., 1998b) showed
that a semiquantitative agreement between this model and
the macroscopic activation parameters can only be obtained
if the clusters are considered to be extended obstacles, in
line with the theory of solution hardening of Labusch and
Schwarz (1991).

An important problem in the deformation of quasi-
crystals is the origin of glissile dislocations. Figure 10 shows
grown-in dislocations that moved over short distances as
indicated by their slip traces. Usually, these dislocations do
not move over long distances, as those in Figure 9 do.
During the in situ experiments, many dislocations are gen-
erated in regions of stress concentrations, i.e., near cracks or
the edges of the perforation of the specimens. In a few cases,
dislocation generation was recorded on video tape. These
records demonstrate that new dislocations can be created by
gliding dislocations. Unfortunately, the details of this pro-
cess could not be resolved until now. Nevertheless, the re-

sults of the in situ experiments contribute considerably to




Figure 9. Dislocations in an Al-Pd-Mn single quasicrystal moving
on different slip planes, characterized by their slip traces, during in

situ deformation at about 750°C.

Figure 10. Grown-in dislocations in an Al-Pd-Mn single quasi-
crystal moving short distances during in situ deformation at about
700°C.

the understanding of the new phenomenon of plastic de-

formation of quasicrystals.

CONCLUSIONS

In situ straining experiments above 1000°C with a trans-

mission electron microscope are feasible by using electron
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bombardment to heat the specimen grips. High-
temperature straining experiments help to clarify a number

of deformation processes in different types of materials.

l. Evidence was given for the first time of ferroelastic do-
main switching in partially stabilized zirconia. Ferroelas-
tic deformation changes the microstructure for subse-
quent dislocation plasticity.

2. In the ODS alloy INCOLOY MA 956 at high tempera-
tures, the waiting times of dislocations in configurations
pinned by the oxide particles are of the same order of
magnitude as the traveling times between these configu-
rations. The respective friction mechanism has not been
considered before.

U3

In situ straining experiments on MoSi, single crystals
showed the generation of dislocations on the (111){110}
slip system in localized sources and their viscous motion.
4. In situ straining experiments on Al-Pd-Mn single qua-
sicrystals gave the first direct proof of dislocation motion
in quasicrystals. In contrast to postmortem studies, they

show dislocations under load aligned in crystallographic
directions. This observation together with the viscous
character of the dislocation motion help to understand
the processes controlling the dislocation mobility in qua-

sicrystals.
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