In situ oxidation cell for the high-voltage electron microscope
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An environmental cell has been designed for in situ oxidation experiments in the high-voltage
electron microscope. The gas around the specimen is separated from the microscope vacuum by two
apertures on both sides and a differential pumping system operating between the inner and outer
apertures. The cell allows gas pressures between 107> and about 150 Pa and specimen temperatures
above 1000 °C. To adjust appropriate imaging conditions, the specimen can be tilted around two
axes. First experiments were carried out on Fe—22Cr—5Al and Ni-Al polycrystals. © 71995

American Institute of Physics.

. INTRODUCTION

High-temperature oxidation is a complex process which
is influenced by the microstructure of both the substrate and
the growing oxide film. /n sifu experiments in a transmission
electron microscope should be an efficient way to study the
effect of the microstructure on the dynamical oxidation pro-
cess and following thermal treatments. Although transmis-
sion electron microscopy is limited to thin foils, the micro-
structures of the substrate and the oxide layer can be imaged
at the same time. In order to investigate relatively thick
specimens, a high-voltage electron microscope (HVEM) can
be used which allows thicknesses of the specimen larger than
1 pm. That means that ir sifu experiments in the HVEM are
preferentially suited for a thickness up to about 100 nm on
both surfaces of the oxide films, i.e., for studying the influ-
ence of the microstructure at the early stages of oxidation. It
is rarely used because of the complexity of the special ex-
perimental setup, which is usually not available.

An in situ oxidation cell has to provide the sample with
an oxidizing gas and enable a controlled sample heating
without deteriorating the microscope vacuum as well as the
imaging properties. Defined sample shift and tilt should be
possible to exchange and align the regions of interest during
the experiment. In the past, a number of oxidation cells have
been designed. An early review is given in Ref. 1. Different
ways were used to separate the gas pressure inside the cell
from the microscope vacuum. This can be realized either by
a pair of electron transparent windows or by two sequences
of small apertures above and below the specimen and a dif-
ferential pumping system. Comparing the two cell types
shows that containment by windows reduces the resolution
and contrast of the microscope images and implies a risk of
window damage and vacuum breakdown. Windowless cells
produce a small gas leakage into the column vacuum. The
gas flow has to be controlled by a space consuming expen-
sive differential pumping system. The usual pressure range is
limited to two to three ordess of magnitude. Wider ranges
require at least a change of apertures. In both cell types the
mass thickness of the environment should be kept at a mini-
mum. That means the path length of the beam should be as
short as possible. It is limited by electron scattering.” A com-
promise is necessary to include mechanics and heating. Re-
cently, a windowless environmental cell allowing high-
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resolution imaging has been realized by changing the whole
vacuum design of the objective lens of a medium-voltage
electron microscope.® In order to adjust proper imaging con-
ditions, the specimen should be tiltable around two axes.
Most of the cells described in the literature use a side entry
specimen stage and simple specimen holders, allowing only
single tilt of the specimen.>* The present paper describes the
design and first applications of a new ir situ oxidation cell
for the 1 MeV HVEM in Halle. This microscope has a top
entry specimen stage providing relatively large space, thus
enabling double tilting of the specimen holder. The maxi-
mum temperature is higher than 1000 °C. The design of the
cell was facilitated by the experience gained from construct-
ing other in situ stages.5'7

ll. DESIGN OF THE ENVIRONMENTAL. CELL

The HVEM in Halle has a top entry specimen sfage.
That means that the large specimen chamber above the ob-
jective pole piece provides space for a large-diameter pump-
ing tube of a differentially pumped cell, thus allowing rela-
tively large apertures. The cell is therefore designed
accordingly. The drawback of the top entry arrangement is
that the whole environmental cell has to be mounted on the
shifted specimen stage so that the specimen area accessible
for investigation is limited by the apertures of the cell. As a
consequence, the sample has to be well prepositioned. Be-
sides, it is very difficult to design the cell with the specimen
heater in such a way that the specimens can be changed via
the air-lock system of the top eniry specimen chamber of the
microscope. Thus the design of the cell has not been focused
on a specimen change without breaking the vacuum in the
column but on a specimen environment as good.-as possible.
The specimen has to be positioned in the cell by means of an
optical microscope before the whole cell is mounted into the
HVEM. The adjustment of the microscope is not deteriorated
by introducing the cell. The strategy of designing high qual-
ity specimen surroundings at the expense of an easy speci-
men change has proved successful in other types of in situ
experiments.5’

A. Gas inlet and vacuum system

The following discussion of the vacuum design of the
cell is based on using the cell for oxidation experiments.
Other gases can be applied, too. In its standard configuration
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FIG. 1. Schematic drawing of the vacuum system.

the cell enables an oxygen pressure rangmg from 0.5 to 140
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inner apertures. The atmospheric path length is 7 mm.

The cell is equipped with a gas-providing line and a
differential pumping system. The gas-providing line contains
a needle valve and a capacity pressure gauge, which in the
upper range almost directly displays the pressure inside the
cell.

The gas in the specimen chamber is separated from the
microscope vacuum by a sequence of two apertures on both
the top and bottom of the cell. The pumping system acts
between the inner and outer apertures. The whole system was
dimensioned by the help of estimations, which will be de-
scribed in some detail. In order to design the windowless
cell, the mass flow rates Q have to be managed in an appro-
priate way. The principle of the setup is shown in Fig. 1. p,
is the pressure in the specimen chamber, p, the pressure in
the differentially pumped outer cell, and p; the pressure in
the microscope column. The size and arrangement of the
apertures and the differential pumping line have to limit the
maximum rate Q23 of leak into the microscope column. The
double indices characterize the flow between the volumes
with their pressures marked by single indices. The mass flow
rate O, out of the specimen cell through the inner apertures
is the sum of the leak rate Q,; into the microscope and the
mass flow rate Qp of the pumping line:

Q12=02+07p. (1)

In the following, the maximum pressure p, within the
cell is calculated, considering the minimum diameters of the
apertures, the pumping speed Spp of the turbomolecular
pump, and the maximum leak rate Q.3 into the microscope
which does not deteriorate the vacuum too much.

The minimum diameters of the apertures were fixed to
d,=0.5 mm for the inner apertures, and to d,3=1.0 mm for
the outer ones in order not to severely reduce the viewing
field and the diffraction patterns. The drilling lengths [, and
l,; were chosen to be 0.5 mm. The microscope vacuum ps
has to be kept below 107> Pa. The maximum additional
pumping speed of the microscope vacuum system was esti-
mated to be about S;=100 # s~ *. Thus the maximum leak
rate into the column is given by

Q23=p3S3, (2)
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which yields Q,;=0.1 Pa Zs™!
According to

O235=Ly3(p2—p3), (3)

this leak rate defines a maximum pressure p, between the
apertures with L,; being the conductance of the apertures.

Unfortunately, the conductances L generally depend on the
/I4 the hicher thev
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are, the higher the pressure is. The ﬂow range is character-
ized by the Knudsen number

anon/dZ?n (4)
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with the mean-free-path length A ==6.4/p; (units: A in mil-
limeters, p; in pascals) for oxygen. A molecular flow (K, >1;
Padys (Pa mm)<6) may be assumed for the outer apertures.
This has to be verified after calculating p,.

The apertures may be considered as short tubes. Follow-
ing Ref. 8, L,; of both outer apertures is given by

&,
aT
Ly3=2|7% 12 ¢(123/d23) 5)

where ¥(l/d) is a correction factor for short tubes [¥(0.5)
=().25], and ¥ is the average velocity of the gas molecules:

7=1.46X10°JT/M,, (in mms™). (6)

# amounts to 4.26X10° mm s~ ! for the temperature T=293
K and a molecular mass M ,, =32, yielding a conductance of
L,;=0.11 #s™!. The maximum intermediate pressure p,
given by Eq. (3) amounts to p,=0.89 Pa. This value was
lowered to p,=0.5 Pa, also taking into consideration higher
gas temperatures, which may occur due to only weak inter-
actions of the molecules with the cold apertures. Thus the
assumption of molecular flow was confirmed.

Estimating the maximum pressure p, in the inner cell
requires the knowledge of the conductance L, of the inner
apertures and the effective pumping speed of the pumping
system. This implies also the conductance of the tubes con-
necting the pump with the intermediate cell. It contains a
bend and three tubes (I, . = 120, d,=31, 1,=300, d,=50,
1.=150, and d,=100 mm). A turbomolecular pump with a
pumping speed S;p=240 # s~ was chosen.

The flow rate Qpp is connected with the intermediate
pressure p, by an effective pumping speed S i at the aper-
tures by analogy with Eq. (2) by

Orp=psSess- » @)

S 1S given by S,p reduced by the resistance of the connect-
ing tubes according to

1 1 N 1 + 1 4 1 ®

Set Stp L, Lp L
Assuming molecular flow again, the conductances
L,=28.6, L,=48, and L_=400 /s~ were determined with
the help of nomograms given in Ref. 8. The effective pump-
ing speed is then So=16 £ s\, Therefore the effective flow
rate of the pumping line becomes Q7p=8 Pa # s .. Conse-
quently, the maximum flow rate through the inner apertures

Oxidation cell
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FIG. 2. Overview of the microscope column containing the oxidation cell
and the pumping system outside the microscope.

given by Eq. (1) amounts to Q1,=8.1Pa s, ie., most of

the gas leaving the inner cell is pumped away by the turbo-
molecular pump.

For calculating the maximum pressure p; in the inner
cell by an equation analogous to Eq. (3), the conductance L,
has to be known. In this case, the flow is sliding, and the
high temperature of the gas has to be considered, too. This
can be done by

L1p=Lyywetp(1/d)NT1/293 K, 9)

with the above-mentioned correction factor ¥(//d)=0.38 for
short tubes, the gas temperature T'; of approximately 1300 K,
and the conductance Ly, of a long tube. In this second
intermediate flow range (0.01<K,<1; 600>pd (Pa mm)>>6)
the conductance includes both a laminar and a molecular
term:

4
3 Mox diy _

Tair D12

) d3'7
+12.1X 107 VM /M o 7
12

1+0.19VM o /M i 1055/ o) P12
1+0.25 \/Mox/Ma.ir( 77air/770x)1-7d12 ’

L’Ihbe= 1.36X10°

(10)

with 7,,=2.03X107> gmm™ s~ the viscosity of oxygen,
Tair=1.8X 10~° g mm ™! s7! the viscosity of air, M =32 the
molecular mass of oxygen, M ;=29 the molecular mass of
air, and p=(p{—p,)/2 the average pressure. With these
data, Eq. (10) reduces to

Loe(P)=1.917X107p

1+O.008849I3}

1+0.1164p (11)

+0.028 79[

The maximum cell pressure p; was calculated by an it-
eration to fit the predetermined flow rate Q,=81Pass .
It amounts to p;=140 Pa, which is acceptable for the cur-
rently investigated materials. For the low-pressure range,
close to the vacuum in the microscope column, the inner
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FIG. 3. Cross section through the central part of the environmental cell.

apertures can be removed. The maximum pressure in this
mode is equal to the maximum value of p,=0.5 Pa calcu-
lated above.

The real setup, excluding the gas-providing line, is
shown in Fig. 2. The pumping line consists of a connection
tube CT and the pumping system. The pumping system is
equipped with the turbomolecular pump TP, two vacuum
valves V1 and V2, a vacuum gauge, and a quadrupole mass
spectrometer QMS to monitor the oxidizing atmosphere. The
pressure at the mass spectrometer has to be lower than 107>
Pa. This condition is not fulfilled in the upper pressure range
of the cell. In the operation range of the mass spectrometer
there holds a scaling relation between the partial pressures in
the cell and those measured by the mass spectrometer. The
scaling constant only slightly depends on the pressure.

B. Mechanical setup and sample heating

Figure 3 shows a cross section through the oxidation cell
and Fig. 4 gives a perspective view of the cardanic suspen-
sion carrying the furnace for the specimen. The cell consists
of an inner (1) and an outer part (2) with the pressure con-
ditions described. The inner apertures (3) are situated on top
of tubes directed to the specimen to minimize the path length
in the gas. The outer apertures (4) are in the bottom plate and

FIG. 4. Perspective view of the tilting stage inside the inner cell.
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FIG. 5. Cross section and perspective view of the oxidation cell.

in a tube reaching down from the top of the stage in order to
obtain a symmetrical arrangement. The top and bottom plates
of the inner cell are water-cooled. The inner cell contains a
rectangular copper ring (5), which carries the furnace. It is
also water-cooled. The water is led through the copper pipes
{6). The ring (5) is suspended on the cardanic ring (7). Both
rings form the cardanic suspension necessary for the double-
tilting facility with the two rotation axes Al and A2. The
pipes (6) serve as axes for A2. During tilting motions of the
inner ring the inner cell is sealed by two sliding PTFE blocks
(8), which are slightly under load. The ring (5) carrying the
furnace (9) is electrically sectioned so that the furnace can be
supplied with electricity via the pipes (6).

The mechanism driving the tilting motions is located in
the outer cell, which is shown in Fig. 5 in perspective view.
Via rods and flexes, two rotating shafts, feeding through the
outer wall of the cell, are connected to hand driven knobs on
the user panel. Bevel gears lead the rotation to spindles,
which shift two orthogonal sliders. These sliders are flexibly
joined to a spatial couple drive outlined in Fig. 6. It acts on
one of the two water pipes. Its movement finally tilts the
sample. The tilting range is £9° and *15°, respectively, in
orthogonal directions.

The furnace (Fig. 7) is made of an alumina body,
equipped with two coils of PtRh wire. The current in these
two windings is of opposite sign in order to avoid image

principle: real design:
X X

C - couple \} >
F - flex v _/

v = {xy) y=glny) S - sample v
FIG. 6. Specimen tilting by a spatial couple drive.
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FIG. 7. Furnace for sample heating.

distortions. The furnace is wrapped in a radiation shield of
Pt. The design is based on estimations considering the heat
flow by radiation and conduction. The temperature may be
estimated by a Pt/PtRh thermocouple, or read from a
currenf—temperature curve.

ill. PERFORMANCE OF THE CELL

The environmental cell described enables oxidation ex-
periments inside the HVEM. The following parameters have
been reached. In the version including the inner apertures,
the gas pressures between 0.5 and 150 Pa can be controlled.
This range may be extended down to 10> Pa by removing
the inner apertures. The sample can be tilted by =9° and
+15°, respectively. Considering the friction in the tilting
mechanism necessary to seal the inner cell, the tilting mo-
tions are relatively smooth and reproducible.

The temperature of the furnace was measured by a py-
rometer in a vacuum equipment outside the microscope col-
umn. This situation should not differ from that in the micro-
scope. The temperatures of the alumina body of the furnace,
of an alumina specimen, and of the PtRh heating wires are
plotted in Fig. 8. It demonstrates that temperatures of about
1550 K can be reached but that the specimen temperature is
about 100 K lower than that of the furnace. Measurements of
the temperature of specimens of different materials versus
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FIG. 8. Dependence of specimen and furnace temperatures on the heating
power. + alumina specimen, X body of the furnace, O PtRh heating wire.
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FIG. 9. In situ oxidation of Fe—22Cr—5Al: (a) initial stage, (b) after anneal-
ing in 107! Pa oxygen at 1000 °C, and (c) after further oxidation in 50 Pa

oxygen.

the voltage of the thermocouple attached to the alumina body
of the furnace have shown that the real specimen temperature

ample material an
depends O_B th(? S, ,p . _a d also Weakly on the gas FIG. 10. Movement of the border between partially and totally oxidized
pressure, i.e., individual calibrations are necessdry for exact material during in situ oxidation of polycrystalline NiAl (sections of a video

measurements. A calibration by using standard eutectic met- record).
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als is only useful if metal particles are deposited on a speci-
men similar to the ones being investigated. This condition is,
however, more stringent for shorter furnaces, which are used
in all side entry stages. There is a considerable image drift
during temperature changes. Due to the water cooling of all
inner parts except the furnace, the thermal steady state is
reached very quickly. Then the image is sufficiently stable to
allow photographic records with exposure times of several
seconds. The water-cooled electrical connections for the
heating current of the furnace allow also other types of fur-
naces which require high heating currents (e.g., platinum
strip heaters). The alumina body of the present furnace and
the water cooling of most of the parts of the inner cell supply
relatively clean surroundings of the hot specimen.

First investigations have been performed on the oxida-
tion of high-temperature materials, which have widely been
studied, thus enabling comparisons with literature results.
Both materials used form protective oxides on the surface.

The first in situ experiments using this cell were per-
formed on Fe—22Cr—5Al. In the initial state, the polycrystal-
line sample shows the grain structure [Fig. 9(a)] and strong
bending contours. Annealing at 1000 °C in 107! Pa oxygen
produces a more uniform structure [Fig. 9(b)]. Bright spots
indicate oxidation on the top and bottom of the sample. Fi-
nally, totally oxidized regions occur in the thin specimen foil.
Further oxidation in 50 Pa oxygen [Fig. 9(c)] produces stron-
ger amorphous scales, indicated by the “pimple structure.”
The totally oxidized region overcomes the previous borders
and grows up. The detailed understanding of the observed
changes requires further investigations and discussions.

Additional experiments were made on polycrystalline
NiAl, which has widely been investigated, too (e.g., Ref. 9).
In situ experiments show the transition from well-bordered
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grains of starting material to totally oxidized, amorphous re-
gions of alumina. During the process, a variety of patterns
occurs, mainly depending on oxidizing temperature, grain
orientation, and specimen thickness. Figure 10 shows the
movement of the border of totally oxidized material taken
from a videotape recording. Details will be published else-
where.
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