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ABSTRACT

The total hemispherical emittance of nickel was determined as a
function of oxide thickness in the temperature range of 300-900°C.
Both polycrystalline nickel and the three principal crystal faces--
(100), (110) and (111)--were investigated. Some of the nickel single
crystals specimens were prepared with the dimensions of 3" long x 1/6"
wide x 5-10 mils thick.

The temperature range for the bare metal emittance of polycrys-
talline nickel was also extended to 1250°C. A number of observations
were also made in the vicinity of the Curie temperature of nickel.

Kinetic data for the oxidation of nickel as a function of tem-
perature was also obtained during the emittance studies. The oxide
thickness varied from 3.2?/4g/an2 to 120.%/4g/cm2. Activation energies
were calculated for the three principal faces of nickel.

Colored microphotographs were taken during the various stages

of oxidation of the nickel single crystals. The magnification was

50x and 1000x.

xvii



SUMMARY OF RESULTS

1. Emittance

No significant difference was noted in the "emittance vs. T
curve" for oxidized polycrystalline nickel vs. the (110) and (100)
crystal faces of nickel. The (111) crystal face had a slightly higher
(ca. 10%) emittance for the same weight of oxide. Microphotographs
showed that the (111) oxidized single crystal had a more uniform dis-
tribution of oxide nuclei, which would tend to a higher emittance.

A slight minimum was noted in all "emittance vs. T curves" for
nickel in the vicinity of the Curie temperature (359°C). This was
observed for both the bare metal and oxidized samples and for poly-
crystalline and single crystals.

The "oxide weight vs. emittance curves" showed an increase in
emittance with oxide thickness for all samples. .The emittance in-
creased more rapidly at first when the surface was first being covered.

As the surface became completely covered with green NiO, the increase

in emittance lessened.

2. Nickel Single Crystal Preparation

Nickel single crystals were prepared in the shape of a thin slab
6" x 1/6" x 10 mils thick. These were prepared from a single crystal
rod 4" diameter by 6" long. The preparation consisted of spark cutting,
mechanical thinning, mechanical grinding and polishing, and chemical

polishing. Good back reflection Laue x-ray pictures were obtained for

the samples.



3. Oxidation Rate Studies

A difference in oxidation rates was noted for the three crystal
faces. The oxidation rate data was split into three regions which gave
straight lines when plotting the log of the reaction rate constant vs.
1/T. The three regions were designated "the nuclei-formation region,"
"the intermediate oxide region," and "the thick oxide region." The
(110) face oxidized at the fastest rate and the (100) face at the low-
est rate for all three regions.

The activation energy (based on very little data) was initially
high, then decreased, and finally increased as'the surface became fully

covered with a thick oxide.

4. Microphotographs

Colored microphotographs showed the presence of a thin uniform
oxide film, nuclei of oxide, and groups of nuclei (polyhedra) all on
the same sample. The nuclei distribution was more even on the (7111)

face.



I. INTRODUCTION

The work described in this thesis follows up earlier work con-
ducted by J. Shelton (30). Previous studies included the investigation
of thermal emittances of polycrystalline nickel as affected by oxide
thickness. Since polycrystalline nickel contains a random crientation
of crystal faces along with grain boundaries, an analysis of oxidation
based on polycrystalline material is difficult. Because the different
crystal faces oxidize at a different rate, the crystal sample contains
an array of different thicknesses of oxide upon oxidation, as shown in
the photograph 24-P in Appendix G.

Because of these difficulties with the polycrystalline material,
the emittance and oxidation studies were extended to include the three
principal single crystal faces of nickel--(100), (110) and (111)--shown
in Figure I-1. It was necessary to prepare most of our own samples,
since it was very difficult to find the thin polished single crystals
needed. During the emittance studies, an attempt was also made to
correlate kinetic data obtained during oxidation of the singie crystals.

Emittance studies were initiated because of the increasing need
for thermal emission data for application to high temperature heat
transfer problems in industrial processes and in space science. The
experimental approach was decided upon, because of the inadequacy of
the theory for predicting thermal properties. Many of the previous
experimental studies have also proved useless because of the uncertain-

ty of the surface preparation or condition.

-3-



NICKEL

(Face
Centered
Cubic )
(100) Face
A
-—
jB )8 s\ /¢
—
(111) Face
(110) Face () C)
D D
C, ) =
| | /c \B

FIGURE I-I SCHEMATIC DIAGRAM OF PRINCIPAL
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Most of the previous oxidation studies of nickel have been con-
cerned with either the rapid initial chemisorption with one to several
monolayers or with the thick film oxidation. The range between these
two extremes is extremely interesting, since the emittance change 1is
the greatest in this "in between region." Many recent studies of
nickel have been made in the "monolayer region" using a2 Low Energy
Electron Diffraction (LEED) unit.

Nickel was selected for the oxidation studies because of the
following advantages:

(1) A coherent non-volatile film containing only NiO is formed in
the region studied, as shown in Figure I-2;

(2) there is little stress set up between the metal and the oxide
and flaking doesn't occur;

(3) the thermal expansion coefficients for Ni and NiO are so close
that Ni and NiO exhibit only a very small change upon cooling.

The filament-in-vacuum technique was used to obtain the total

hemispherical thermal emittances of the bare and oxidized single crys-

tals.

o
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II. THEORY AND LITERATURE

A. Radiative Heat Transfer

The radiative heat transfer for an ideal thermal emitter or black

body was described by Planck and given by the Stefan-Boltzmann equation:

w = o1 (2-1)
W = radiant energy emission
= Stefan-Boltzmann constant

T = absolute temperature of radiating body

The equation is adjusted for non-black bodies by inserting the empiri-

cal factor 6:, the emittance, so that
_ 4
W =€aqrT (2-2)

The emittance is known to be a function of temperature, of the wave
length of the emitted energy, and of the physical and chemical char-
acteristics of the material.
There is no satisfactory theory to predict the emissive power
of solids throughout the wave length interval commonly encountered.
Drude (1900) derived a theoretical expression between the opti-
cal and electrical properties of metals. The Hagen and Rubens (1903)

form of the relation is generally given as shown below:

€ \V/G (2-3)

where = emissivity

= frequency

A m
|

electrical conductivity

-7-



The equation has been found to hold for wave lengths greater than 10

microns.

B. Filament-in-vacuum Method

The filament-in-vacuum method for experimentally determining
total hemispherical thermal emittances is a power input method in
which the sample is heated electrically by the conduction of the sampie
itself. The steady state power input and sample temperature are meas-
ured. The power consumption due to radiation loss from the sample is
compared with the radiation of a black body at the same temperature to
determine the emittance of the sample.

The method was most successfully utilized to determine the total

hemispherical emittances of platinum-rhodium wires. If a wire is mount-

ed between larger diameter main leads and enclosed in a black body con-

tainer at a uniform temperature Tb’ the energy equation is:

. + . + . L. + ener input = 3 1lati
qCOﬂdUCtlon qCOnvectlon qradlatlon gy 1np heat accumulation

(2-4)
or for steady state conditions after evacuating the black body:
Jd , JT, . 4I°R 40 . 4 4
Igx kg% *3mp2 - p (€T -XT) =0 (2-3)

where T = sample temperature (°k)
x = distance from the end of the wire
k = thermal conductivity of the wire
I = current in the wire

R = electrical resistance of the wire



J = mechanical equivalent of heat

D = wire diameter

0 = stefan-Boltzmann constant

€ = wire emittance

X = wire absorptivity at T to black body radiation from the

walls of the container

Boundary conditions are T = TL at x =0

where TL = main lead temperature

and éj%; (k i;%) = 0 near the middle of the wire.

If only the middle portion of the sample is considered, a uni-
form temperature Tc exists. The first term in Equation (2-5) is then

zero and the equation simplifies to

2
41°R
2 - ﬁg—- (€ rm“ - o(Tb4) =0 (2-6)
JAD
2 4
I°R T
or € = __m_4 +O((T—b> (2-7)
JIFDCTTE m

The method can be adapted to measuring emittances of thin, rec-
tangular foils. This adaption with necessary assumptions is given in

the Sample Calculation Section.

C. Emittance

The total hemispherical emittance of nickel has been investigat-
ed by Burgess and Foote (4), Barnes (1), Richmond (27), and Russell (28).

Shelton studied the emittance of nickel as a function of oxide thickness
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in the temperature range 400-900°C. No emittance data on any type of
single crystals were found. Also no emittance data, other than that
of Shelton's, were found for nickel oxide.

Shelton has presented a survey of the literature for an overall
description of the field of thermal radiation. Shelton also discussed
spectral and directional radiations as contrasted to the total hemi-
spherical emittance actually measured. He also discussed radiation
from a semi-transparent surface. From a microscopic standpeint, start-
ing with Maxwell's equations for the behavior of electromagnetic radia-

tion in both vacuum and matter, Shelton showed how Hagen and Rubens

arrived at their equation

e =
2
e = = 2( (2-8
Ny (O"C)% Ci\) )
where

e = gpectral normal emissivity

ny,2

g = specific electrical conductivity

T = the period of the electromagnetic radiation in vacuum

Q = resistivity
7 = free space wave length
The above equation is accurate for metals below 400°C at all wave lengths.
Other equations for insulators and for the emittance of semi-

transparent media were discussed by Shelton.

D. Phenomena at the Curie Temperature

Uhlig (33), Pickett and MacNairn conducted studies to investigate

the initial oxidation rate of nickel and the effect of the Curie tempera-
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ture. They observed a discontinuity in oxide growth at the Curie tem-
perature. Based on control of the initial oxidation rate by electron
transfer from metal to oxide, the discontinuity of oxide thickness at
the Curie temperature was explained by an observed work function of
nickel slightly higher above the Curie temperature than below.

F. Cennamo (6) found a discontinuity or dip in the "emittance
vs. temperature" curve for nickel. He, however, measured the total

normal radiation.

E. Kinetics of Nickel Oxidation

Nickel oxide is a p-type or metal deficit semi-conductor as
shown by both the oxidation dependence on its semi-conductivity and

by the Hall effect. It is shown schematically below:

0 N T 0 Ni ST o
N1++ O= Ni++ O= N1++
o i 3" o O o
Ni T o Ni T o Ni T

Thus, as seen, there is a stoichiometric excess of O: in the lattice,
resulting in defects, namely cation vacancies NQ;+ . Electrical neu-
trality is established by the formation of cations of higher vacancy,
N13+ . Transport through the lattice occurs by diffusion of these

species, both of which are formed by the surface reaction at the oxy-

gen gas:oxide interface and are destroyed at the other side of the

interface.



Even at temperatures far below ambient, a chemisorbed layer of
oxygen rapidly forms on a base nickel.surface. The éhemisorbed oxygen
and Ni++ ions then react to form NiO. It is generally agreed that this
is accomplished by outward movement of the cations. More oxygen is
then chemisorbed on the newly formed NiO and the reaction occurs as
before. Initially the electrons for ionization come directly from the
metal. As the oxide layer is formed, the electrons may be provided by
the oxide, leaving positive holes. —These holes, N13+ serve as conduc-
tors to carry positive current across the oxide to the metal surface.
Further oxidation is dependent upon the flux of both the cation vacan-
cies and positive holes from the gas interface to thelgétal.

Besides the chemical potential gradients (due to the concentra-
tion gradients), there is an electrical field set up between the nega-
tive surface charge and the resultant positive charge in the metal.
The region known as the "very thin film" region is distinguished by
such fields which may be as high as 10’ V/cm. These fields can be im-
portant in the diffusion process.

When the oxide film becomes thick enough so that the space
charge boundary layers no longer have an appreciable effect, the con-
ditions are fulfilled which lead to the familiar parabolic rate equa-

tion.

W = kpt + C (2-9)

Gulbransen and Andrew (14) in their nickel oxidation studies
at 400-750°C found large deviations from the parabolic law during the

initial stages of reaction. Sartell and Li (29) studied the oxidation



of high-purity nickel in the range 950-1200°C and found a parabolic
relationship. Their work, however, was with thick films of oxide.
Fueki and Ishibashi (13) also found a parabolic relationship in their
nickel alloy oxidation studies at 700-900°C. Baur, Bartlett, Ong and
Fussell (2) found a parabolic relation was followed except for a brief
initial period during their nickel oxidation studies at 1000-1200°C.
Phillips (25) found two consecutive parabolic relationships during
nickel oxidation studies below 1000°C and a single parabolic relation-
ship above 1000°C. Hansen (15) found a "near parabolic" relation at
9O/Jg/cm2 and an absolute parabolic at about BOQ/(g/cmz.

Investigators have differed in their findings for the rate ex-
pression for nickel oxidation in the region between nucleation and
the "thick" oxide region defined by the parabolic equation. Campbell
(5) found a logarithmic relation for the oxide thickness region 15-
2§/lg/cm2, and a quartic relation for the region 25-4Q/Ig/cm2. Hansen
found a logarithmic relation to hold up to 90-103//g/cm2 after which
it changed to a quartic law. Hansen operated with O2 pressures of
.13 mm Hg to 10.6 cm Hg pressure. The logarithmic and quartic rela-
tionships were obtained at the higher O2 pressures. The forms of rate

equations described are

cubic _gltV_ =k w2 (2-10)
or W3 = kct + C (2-11)
quartic —% =k w3 (2-12)

or W = kqt +C (2-13)
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logarithmic W k e_w/k2 (2-14)
dt 1
k1
= — - + —
or W= k,ln k2 (t to) k3 (2-15)

Most of the other investigators did not divide their findings according
to oxide thickness. The variable described was usually oxidation tem-
perature. The temperature which corresponded to this intermediate
oxide thickness region usually was 600°C and below. Uhlig, Pickett and
MacNairn found a two stage logarithmic curve at 307-442°C. Their stud-
ies included oxide films up to 3400 X (ca. 6Q/Vg/bm2). Hauffe and
Engle (17) and Gulbransen and Andrew found a cubic relation. At tem-
peratures near 200°C,Scheuble and Campbell and Thomas found a logarith-
mic rate to hold.

The nuclei-formation region is discussed in the next section in
conjunction with the discussion of the texture and orientation of oxide

layers.

F. Texture and Orientation of Surface Lavers

1. Metal Oxidation (19)

The very first stages of metal oxidation under reduced oxygen
and sulfur potentials has been extensively studied by Benard and his
school. Generally, they found that at the beginning of the oxidation,
the metal is covered by a film the thickness of which increases up to
a critical value of several tens of Angstroms. The oxide which con-

tinues to form tends to accumulate at certain crystallization centers.
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The average number of these centers corresponds, for a given crystallo-
graphic orientation, temperature and pressure, to an equilibrium deter-
mined by the rate of surface diffusion of the metal and oxygen. The
nuclei thus grows laterally until the whole surface is covered. Thus
the three stages of oxidation included the formation of

(1) the invisible film

(2) the nuclei

(3) the continuous layer.

The picture of nucleation obtained by Harris, Ball and Gwathmey
was similar to that of Bénard except they found nuclei of less than
80 X diameter and polyhedra of 80-3000 X diameter.

In most of these cases, it was observed that the number of nu-
clei was independent of time, but increased with the partial pressure
of the reacting non-metal.

The morphology and number of nuclei were found to be particu-
larly strongly affected by the crystallographic orientation of the
metal substrate, while their orientation on the same crystal plane was
identical.

Some have suggested that the formation of oxide nuclei during
the first stages of oxidation was due to dislocations in the metal
substrate. Bénard, however, did not think that such an interpretation
was compatible with the observations made by his school.

Other investigators have observed nuclei formation in the early
stages of nickel oxidation. Campbell considered the region of < 1%flg/bm2

as nucleation during initial rate oxidation studies with polycrystalline
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nickel. Martius (23) obtained microphotographs (1000x and then enlarged
2.5x) of "crystallites™ of oxide formed at very low partial pressures

of O2 at 1100°C on nickel.

Much of the nuclei formation region has been studied with the
use of low energy electron diffraction (LEED) while studying the oxida-

tion of single crystals of copper and nickel.

2. Single Crystal Oxidation

Low energy electron diffraction (LEED) was described by MacRae
(22) to study adsorption of O2 and the surface structures formed on
single crystals of nickel. The use of LEED allows the study of dis-
placements of surface atoms due to asymmetric forces. With conven-
tional x-ray or electron diffraction, energies on the order of 50 kev
are used compared to 50-150 volts for the low energy diffraction.

With the high energy source, the measurements are made not only on the
surface but also on the bulk material. With the low energy source,
the surface itself can be studied.

Studies with LEED of (100) nickel single crystals indicated
that the nickel atoms in the topmost layer of the surface had exactly
the same arrangement as the atoms in similar planes in the bulk of the
crystal. The same was found for nickel atoms on both the (111) and
(110) planes.

The three closest packed surfaces of nickel, the (111), the
(100), and the (110), have respectively 9, 8 and 7 nearest neighbors

rather than the usual 12 in the bulk of the crystal. Because of this,
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different chemibal effects were observed on these surfaces. Oxidation
studies in a vacuum of 5 x 10-9 Torr, for instance, illustrated that
the troughs formed by the surface atoms on the'(110) surface were im-
portant in the adsorption process. The structures formed during the
adsorption of oxygen on the (110) surface were found to be a reconstruc-
tion of the surface and involved the migration of nickel ateoms along

the troughs.

In other oxidation studies at 500°C and 10-6 Torr O2 pressure,
however, the (100) face of NiO was observed to form on the (770) sur-
face of nickel. The oxide during the initial stage of growth, was ob-
served to form small nucleate patches at what appeared to be random
positions, but which could have been surface imperfections. The dif-
fraQtion spots were initially weak and diffuse, but gradually became
more intense and definitive as the individual patches grew larger in
size. Gradually the patches covered the entire surface and it was no
longer possible to see the diffraction spots characteristic of the
nickel substrate.

The oriented growth of NiO was observed to occur also on both
the (100) and (111) surfaces. Unlike the (100) surface, however, the
most stable oxide on these surfaces was observed to have the same
orientation as the substrate nickel crystal. Thus NiO with (100)
orientation formed on both the (110) and (100) nickel surfaces, where-
as the orientation of the oxide was (111) on the (111) nickel surface.

Other differences were noted with the NiO on the (111) surface.

Although the oxide at the surface was constrained to grow with the
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same orientation as the nickel, once it started to grow, the most stable
plane of oxide was observed to grow in the form of three-sided pyramids
with (100) planes on the face of the pyramids.

Rhodin (26) used thin single crystal slices of copper and deter-
mined adsorption isotherms and heat of adsorption curves with nitrogen
at liquid air temperatures. He studied the (100), (110} and (111)
faces of copper by means of a strong but sensitive microbalance. Rhodin
observed slightly different characteristics for the different crystal
faces, showing specificity for physical adsorption with respect to
crystal structure.

Harris, Bail and Gwathmey (16) studied the oxide films formed
ea the (311), (111) and (100) faces of a single crystal of copper.

They found that, not only were there large differences in the rate of
oxidation between the faces, but within one face there are large dif-
ferences in rate of oxidation. They found differences in oxide growth
for the nuclei, polyhedra and base films. They believed that the poly-
hedra were directly associated with the copper and found the number of
polyhedra to be independent of time. The number and size of nuciei,

on the other hand, were affected mostly by oxidation time and tempera-
ture.

Kruger (18) studied the oxide films formed on single crystals
of copper immersed in water, containing various amounts of oxygen.

Some of his observations were
1. the rate of oxidation varied with the crystallographic plane,

2. the oxide films were not continuous, and
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3. the degree of orientation and epitaxy of the oxide films

depended on the crystal faces upon which they were grown.

G. Thickness Measurement by Interference Colors (11 and 12)

When white light falls on a film-covered metal, interference
of certain wave lengths can occur, depending on the film thickness.

The light reaching the eye is colored if the wave lengths subject to
interference are within the visible region of the spectrum. The inter-
ference occurs between the light reflected from the inner and outer
surfaces of the oxide film. It is possible, however, to have a film
too thin to cause any visible interference.

As the oxide film thickens, color effects due to interference
cease and the appearance becomes that of the specific color of the
oxide.

The fact that the color sequence is the same for all metals
shows that the color depends on the film thickness and is not a spe-
cific property of the oxide. Pioneer work of measuring film thick-
nesses based on interference colors was conducted by Tammann and his
collaborators and is often called Tammann's method. He obtained rough
measurements of the thickness by matching the color produced by a film
on the metal (viewed by reflected light) with the color produced by
an air-film between glass (viewed by transmitted light). The thickness
of the air film is divided by the refractive index of the oxide film
to obtain the oxide film thickness.

If, for instance, the film is of such a thickness that the green

light reflected from one surface is exactly out of phase with that
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reflected from the other, the light will have a reddish color, since
red is complementary to green. In the case of air films this was found

to occur when the thickness became

.Zg 3}6 S}G 7%5

4 4 ' 4 * 4

7@ = wave-length of green light in air

The wave-length in the film substance will be 1/n that in air, so that
1st, 2nd, 3rd, and 4th order reds at thickness

2 3AG 526 726
4

1
4 n 4 n * 4 n ? n

Some inaccuracies occur in this method, however, because of the follow-
iné:
1. a specific phase-change is known to occur at the metallic
surface,
2. the refractive index, n, varies with wave-length, and
3. the color is not determined solely by the position of the
wave-length where there is maximal interference, but is

influenced by the intensity of wave-lengths on either side

of the maximum.

Figure II-2 shows why the "character" of the colors occurring
at different "orders" is not quite the same. It also shows why the
sequence Qf colors does not exactly repeat itself. Interference occurs
whenever the effective paths travelled by light reflected at the two

surfaces differ by an odd number of half wave-lengths. Neglecting the
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specific phase-charge, it would occur when the film thickness differed

by an odd number of quarter wave lengths.

Table (2-1)
Colors of Films on Metals
(20)

Colors Produced
by Oxide on Nickel

Color of Metal
Unchanged

- Order

"Invisible Range"

First Order Yellow-Brown
Rose-Mauve
Blue
Silvery or Greenish

Second Order Yellow=-Brown
Red
Blue
Green

Third Order Yellow
Red
Trace of Lavender Blue
Creen

Fourth Order -——
Red

Green

Fifth Order Faint Red
Passing into
Specific Color of
Film Substance

Figure II-2 refers to a film thickening progressively on a metal-
lic surface, viewed by white light. 1Initially, when the film is very
thin, the interference band will be in the ultra-violet and will have
no color (Stage A). When a certain thickness is reached, the blue light

reflected from one surface will be out of phase with that reflected from
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the other surface, thus giving the complementary color of yellow (Stage
B). When a greater thickness is reached, the longer green waves suffer
interference, producing a reddish mauve (Stage C). This continues un-
til the first interference band passes out of the visible part of the
spectrum before the second has entered it, giving a silvery hiatus
(Stage E). The second band then enters the visible region, giving
second-order colors, as shown in Stages F, G and H. Since, however,
the third band follows the second mére closely than the second followed
the first, the third band will enter the blue-violet region while the
second is still in the red, yielding a green at the end of the second-
order colors. As noted earlier, there was no green in the first-order
colors.

The unequal spacing of bands is the result of interference

occurring when the thickness

-V S S/ S (2-16)

Y= 4n * 4n ° 4n °’ 4n

Thus a given thickness will produce interference of light having wave-

lengths

4 4 4
» = 4ny , 30,30y, 370y, etc (2-17)

so that the values of A converge.

The various orders of color for an oxide film on nickel are shown
in Table (2-1).

When the NiO film is removed from the metal, the color at any

point is found to have become roughly complementary to that observed
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at the same point when the film was still on the metal. Thus, the
place which was originally yellow becomes blue and that which was
originally green becomes red and vice versa. The colors of NiO before
and after stripping from the metal are shown in Table (4-5).

Constable (8 and 9) made accurate spectroscopial determinations
of the wave length corresponding to the middle of an interference band
in oxide films of copper, nickel and iron. His initial studies on
nickel weré with a crushed nickel oxide imbedded in clay which he re-
duced and then oxidized. The results of these tests are shown in
Table (4-7). Other studies were conducted using a nickel cylinder.

A spectrophotometric study was made of the light reflected from thin
films of oxide of successively increasing thickness formed upon the
cylinder. The thicknesses of the films, corresponding to the various
colors of the first and second order for nickel oxide, were obtained
by using the values of Kundt for the refractive index for various wave

lengths. These results are shown in Table (4-6).



III. EXPERIMENTAL APPARATUS AND PROCEDURE

A. The Experimental Apparatus

The experimental apparatus is shown schematically in Figures
I11I-% and III-3. A more detailed sketch of the emittance chamber is
shown in Figure III-2. A sketch of the microbalance system is shown
in Figure III-4. A more detailed description is included in Appendix
B. The equipment consisted primarily of the emittance chamber, vacuum
pumps, current supplies, gas manifold, and oxide measurement apparatus.
Other supporting instruments consisted of the Mettler balance, Micro-
Projector for measuring sample width, Microscope for measuring distance
between potential leads, spark cutter, mechanical polishing wheels,
x-ray instrument for obtaining back reflection Laue diagrams of the
nickel single crystals and Metallograph for studying oxide textures.

The emittance chamber was a 6" I.D. steel cylinder, 13" tall
and fitted with removable flanges, as shown in Figure III-2. Copper
electrodes were mounted on the top flange. Clamps on the electrodes
were used to hold the sample under light tension. The electrodes were
connected by feed-through terminals to the power supply units. Nickel
feed-through terminals on the top flange were used to connect the 1 mil
diameter nickel potential leads welded to the sample to the L and N
Potentiometer. A chromel-alumel thermocouple was attached to the top
specimen clamp. The thermocouple leads exited through the top flange
via a vacuum seal. The vacuum system, gas manifold and ionization

vacuum gauge were connected to the bottom flange.

-25-
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The emittance chamber was also used for annealing and oxidizing
the metal samples.

The current supply for room temperature resistance measurements
consisted of lead storage batteries with a transistor control circuit,
shown schematically in Figure B-I in Appendix B. Over 10 amps was
available over a continuous current range with a resclution of better
than 1/4000. The current supply used for heating the thick polycrys-
talline samples was a MSdel No. KS8-50M Kepco with a 0.01¥ regulation.
The output range was 0-8 volts and 0-30 amps.

The current supplies were in series with a four terminal stand-
ard resistor. The voltage drop across the resistor was read on a Brown
self-balancing potentiometer to obtain the current in the specimen.

A polarity reversing switch was between the current supply and the cur-
rent electrodes on the emittance chamber.

The thermocouple voltage and the voltage drop across the poten-
tial leads on the sample were measured on a Type K3 L & N Potentiometer.
Since nickel has a high thermal emf against copper, all nickel-copper
junctions were kept in an ice bath. The ice bath was also used for
the thermocouple reference junction.

A Vac-Ion pump was used to obtain vacuums in the range of 10-7
to 10-8 Torrs in the emittance chamber. Prior to starting the Vac-Ion
pump, it was necessary to obtain a rough vacuum of about 10-4 Torr with
a Welch type pump. The pressure in the emittance chamber was measured
with an ionization gauge. Thermocouple gauges and a mercury manometer

were used for other pressure measurements.



The gas manifold system allowed the introduction of H,, N2 and
air into fhe emittance chamber. Air for oxidation was allowed to flow
through a dry ice-acetone bath to remove any traces of moisture.

The oxide measuring system consisted of a quartz spring for the
thin polycrystalline samples and a quartz microbalance for the thicker
single crystal samples. The oxidized samples were reduced in a tem-
peggture-controlled furnace. The loss in weight was measured with a
cathetometer in the case of the quartz spring and a microscope with
micrometer when employing the microbalance. Type J (21) microgram
standard weights were used to calibrate the microbalance. A type MS
Mettler Microbalance was used as a check for the microbalance.

The thin polycrystalline samples were cut on a milling machine.
The single crystal specimens were cut with a Servomet Type SMB spark
cutter, shown schematically in Figure F-II in Appendix F. The single
crystals were thinned and polished using Buehler-type polishers and
grinders.

A Wilder Micro-Projector was used to measure sample widths and
sample lengths after cutting for oxide determination. The distance
between potential leads was measured with the microscope and measuring
apparatus of a Tukon Tester.

Crystal orientation was determined by means of a General Elec-
tric X-Ray Corporation diffraction unit. Microphotographs were ob-

tained with an American Optical Company Metallograph.



B, Sample Calculations

1. Emittance

The ability to obtain the emittance using the filament-in-vacuum-
method is possible because most of the heat loss terms are negligible.

The heat flow equation for a thin foil is shown below:

pol- L/z ,.'
Figure
III-5 7o %o
x> '

Heat Flow for Thin Foil

Heat flow in other directions for a thin foil can be neglected.
Therefore only the x-direction is considered. Heat losses due to con-
vection are negligible because of the high vacuum to which the sample

is exposed. Thus Equation (3-71) shown below describes the remaining

heat flow.

2% 1k dT1 . 12€ Lo 4 al  wIT
dx2+f ox dx+ka2 -;L? €T -°<To Tk 9t (3-1)

The heat accumulation term can be eliminated by waiting for
steady state conditions. This required a much longer time for the
thick single crystal specimens. Up to five minutes was required in
some instances to obtain a steady state voltage drop.

By making the sample long and thin, the ratio of surface area

per unit length to cross sectional area, p/a, can be increased. This
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allows cancellation of the conduction terms in Equation (2-16), result-
ing in the following equation:
2p

a

pO (€T -xTf) = (3-2)

The assumption is made that the radiation from the emittance
chamber to the specimen is black. This was accomplished by making the
emittance chamber very large in comparison to the specimen.

Since the re-radiation is small in comparison to the specimen
radiation, the absorptance © is assumed to have the value of € at
the specimen temperature. Therefore the equation is reduced to

2
2551 El/area
= (3-3)

i O‘(T4-T°4)= G- 1%

(]

Shelton (30) has solved Equation (3-1) numerically to check the
validity of Eguation (3-3). He has shown that for the temperature
range studied, the error due to the temperature difference between
potential leads is negligible for the thin polycrystalline specimens.

It was necessary to add heat sinks to each end of the single
crystal specimens, as shown in Figure III-6 to eliminate conduction
losses from the sample to the electrodes. The sample to heat sink
ratio was adjusted to give a curve similar to that obtained when using
thin samples with no conduction losses.

The conduction loss was calculated by J. Shelton and shown to
be negligible. Also the heat losses due to the potential leads were

calculated to be negligible.
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To determine emittance, as shown in Equation (3-3), it was nec-
essary to obtain the power per unit area required to give a specified
surface temperature, T. The voltage, E, was obtained by determining
the voltage drop across the potential leads with the L & N Potenti-
ometer. The current I, was obtained by measuring the voltage drop

across the standard resistance and calculating the current. The sam-

ple area was obtained from the sample measurements as shown below:
Area = 2 [ (distance between potential leads)(width + thicknessﬂ (3-4)

The thickness of the thin polycrystalline samples was assumed ngglible,
For the thick single crystals, however, the thickness was considered.
The temperature of the sample was determined by resistance ther-
mometry. The ratio of the resistance R at temperature T to the resis-
tance RBO at 30°C was determined by J. Shelton and shown in Figure B-IV
in Appendix B. Therefore by obtaining R/R3o, it was then possible to
obtain the sample temperature from the calibration curve. The resis-

tance at 30°C was calculated as follows:

R
RT
R,. = ~ (3-5)
30 1+(Troom 30)e¢

The room temperature resistance, RRT’ was obtained by measuring
the voltage drop across a standard resistance, calculating the current,

and in turn calculating the resistance at Troom as follows:

(AE across sample at T )
R = room (3-6)
RT (1_, . )
standard resistance




36
The value of &X was determined by J. Shelton to be 0.00542. A plot of
R3O/RT vs. T is shown in Figure B-V in Appendix B.
The denominator of Eguation (3-3) is the black body radiation,
dpps and was obtained from a tabulation by M. W. Russell (28).
The emittances of the oxidized sample was calculated in a sim-

ilar manner.

2. Oxide Determination

After completing the emittance determinations, the sample was
cut and reduced in hydrogen so as to determine the amount of oxide.
The sample consisted of the center 1" of the specimen. The loss of
oxygen due to the reduction was calculated as/&lg/bmz. The area of

the sample was calculated as follows:
Area = 21[;ample length (width + thicknes%i] (3-7)

The quantity of oxygen lost was determined by the calibrated guartz
spring in the case of the thin samples and by the quartz microbalance
in the case of the thicker single crystals. The guartz spring was
calibrated by J. Shelton and shown in Figure B-III in Appendix B.

The quartz microbalance was calibrated prior to each run with the

50%/(9 J weight. Thus the amount of oxide was calculated as follows:

quartz spring: AH
Weight of oxide (Mg) = 3575 JM9/mm (3-8)

A H = length difference measured by a cathetometer
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quartz microbalance:
500/19

N(divisions)

Weight of oxide (/ug) = x A N(divisions) (3-9)

change in reading due to reduction

AN
N = microbalance reading with 509/49 "J weight"

C. Experimental Procedure

1. Sample Preparation, Measurement, and Installation--thin foils

The thin polycrystalline specimens were cut from a thin foil
sheet of Chromium Corporation nickel foil. The thick polycrystalline
samples were cut from Wilkinson nickel foil. Polycrystalline foils
were cut either 3" or 6" long as shown in the sample listing in Table O.
Most -of the foils were cut with a width of about .17". The foils were
cut with a milling operation as described in Appendix A.

The cut specimens were degreased in a three step ultrasonic
cleaning process. Washing in benzene was followed by cleaning in ace-
tone and finally by rinsing in warm distilled water.

A capacitive discharge spot welder with hand attachment was
used to weld the .001" diameter nickel potential leads to the sample.
These were centered about the midpoint of the foil .53" apart, as shown
in Figure III-6. The potential leads were wound into helicies from
about 5 cm lengths of wire. The spring effect of the helix facilitated
handling. The samples were taped to a 5 x 7 card during attachment of
potential leads to facilitate the welding operation.

The sample, still attached to the card, was measured with instru-

ments described in Appendix A to determine the width and the distance
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between potential leads.

The sample was then removed from the card and installed between
the electrode clamps, as shown in Figure III-2. The potential leads
were then soldered to the nickel terminals with nickel solder.

The top flange with sample was then replaced into the emittance

chamber. A new copper gasket was used every other time.

2. Sample Preparation--single crystals

A detailed description is included in Appendix F.

3. Determination of Room Temperature Resistance

After bolting the top flange in place, the initial room tempera-
ture resistance of the sample was determined with one a*mosphere of air
in the emittance chamber. This was accomplished by allowing a current
of 10 mv to flow through the .1{2 standard resistor and sample. The
voltage drop across the standard resistor and across the potential
leads of the specimen were then determined. Finally, the temperature
within the chamber was determined. From these measuremants, the room
temperature resistance and the resistance at 30°C were calculated as

shown in the Sample Calculation Section.

4. Establishing a Hioh Vacuum

The procedure for establishing a high vacuum in the emittance
chamber with air in the chamber was to first pump out tnhe system with
the fore pump. Since the system design did not allow for prevent%pg
air to enter the chamber when down for a sample change, it was some-

times difficult to start the Vac Ion pump because of the moisture
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from the air. When this occurred, the pump was baked out with a Glas-
Col heating jacket purchased from Varian. This hastened the start up
by vaporizing the water and allowing the fore pump to pump out the
vapors. Purging the system several times with dry nitrogen also aided

start up.

5. Annealing

The polycrystalline samples were annealed in 1000/” of H2 for
four hours at about 800°C. Annealing was carried out to remove inter-
stitial oxygen and also to obtain some crystal growth. The annealing
step also provided a surface which could be more closely reproduced.
No annealing was required for the single crystal specimens, since there
was no interstitial gases and also since the surface contained a single
crystal structure.

Anrealing was accomplished by heating the sample to the desired
temperature in H2. After the annealing operation, the system was filled
to 1 atmosphere with N2. After allowing the temperature to equilibrate

for several hours, the "room temperature resistance after annealing"
g

was determined.

6. Bare Metal Emittance Measurement

After measuring the room temperature resistance after annealing,
the system was evacuated to about ‘IO-7 Torr for the emittance run. The
current supply was then adjusted to provide a current sufficient to -

bring the sample to about 600-700°C. After the current supply was

switched on, the voltage drop across the standard resistor was measured
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along with the voltage drop across the potential leads on the specimen.
Only a very short time was required to obtain a steady state tempera-
ture with the thin polycrystalline samples. Several minutes were re-
quired in the case of the thick single crystals.

The current across the standard resistor was then calculated
along with the resistance, temperature and finally the emittance of
the sample. These calculations were described in the Sample Calcula-
tion Section.

Data were taken at every 50°C in the temperature range of about
275-850°C, starting with the highest temperatures first. The current
was turned off immediately after a reading was taken. The current was
then adjusted to the approximate position to give the next desired tem-

perature before turning on the current again.

7. Room Temperature Resistance after Annealing

After the last bare metal emittance run, 1 atmosphere of nitro-
gen was admitted into the emittance chamber. After several hours to
reach equilibrium, a room temperature resistance determination was
repeated. Normally, the room temperature resistance increased during
the emittance determination step. This increase, however, was found
to occur during the first "heat up period" and was mostly due to re-
piacing interstitial H2 with interstitial N2. Therefore, the first
emittance point was calculated with the "room temperature resistance
after annealing" whereas subsequent determinations used the "room tem-

perature resistance after bare metal emittance" in the calculation of

surface temperature.
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8. Oxidation

After determining the room temperature resistance after the
bare metal emittance step, the emittance chamber was again evacuated
to 10-7 Torr. The sample was then oxidized in dry air at a pressure
of 1000 microns. The oxidation was accomplished by geating the sample
with the amount of current required to give the desired temperature.

The oxidation step was allowed to continue until the calculated desired
oxide was attained.

During the single crystal studies in which it was desired to
obtain the same emittance curve with different oxidized single crystals,
it was necessary to oxidize several times. After each oxidation step,
the emittance was checked until the desired curve was obtained. The
temperature and oxidation times depended upon the extent of oxidation

that was desired. The oxidation conditions for the various runs are

shown in Tables (D-1) and (D-2) in Appendix D.

9. Room Temperature Resistance after Oxidation

After the oxidation step, the room temperature resistance was
again determined. The resistance was observed to increase during the
oxidation step as shown in the tables of data in Appendix C. The per-
centage change in resistance due to oxidation was much greater for the

thin samples than for the thick single crystal samples.

10. Oxidized Emittance Determination

After determining the room temperature resistance after oxida-

tion, the emittance chamber was again evacuated to ‘IO-7 Torr and the
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emittance of the oxidized sample determined. The procedure and calcula-

tions for the oxidized emittance was similar to that described for the

bare metal emittances.

11. Room Temperature Resistance after Oxidized Emittance

The "room temperature resistance after oxidized emittance deter-
minations" was then measured. Normally there was little change in re-

sistance during this step.

12. Oxide Determination

(a) Quartz spring

At the end of the run, the oxidized sample was removed from the
emittance chamber and the center 1" section cut for the oxide determina-
tion. The length of the cut sample was determined with the Micro-
Projector and microphotographs were taken.

For the thin polycrystalline samples, a quartz spring was used
to determine the amount of oxide. The cut sample was hung on the cali-
brated quariz spring and suspended in the furnace. The sample was
degassed at 10-7 Torr for one hour at about 200°C. One atmosphere of
hydrogen was admitted and a zero reading taken with the cathetometer
on the quartz spring. The sample was then reduced for two hours at
about 800°C. After the furnace had cooled, the change in spring set-
ting was determined and the amount of oxygen removed was calculated
as shown in the Sample Calculation Section.

(b) Quartz microbalance

To obtain the desired accuracy it was necessary to use a quartz
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microbalance to determine the amount of oxide on the thick single crys-
tal samples. At the end of the run, the mid section of the single
crystal was cut and microphotographed. The oxidized sample was then
weighed on the Mettler Microbalance and then hung in the furnace.

Prior to the run, it was necessary to balance the sample on the
microbalance. The balance was then calibrated in 1 atmosphere of air
with the 50?/49 J weight. The sensitivity was adjusted so as to attain
a full scale reading éf about 509/19. The system was then sealed and
evacuated to 10-7 Torr.

After filling the system with N2, the microbalance was allowed
to settle overnight. On the following morning, a zero reading was
taken and the system was filled with 1 atmosphere of H2.

The sample was then reduced by heating the furnace to about
800°C. The heat up period usually required about 4 hour. It was
found that as long as a critical temperature of about 250-275°C was
attained, the reduction of the oxide occurred almost instantaneously.

After the furnace cooled, the chamber was evacuated and filled
with 1 atmosphere of N2. After allowing the system to settle over-
night, a final microbalance reading was taken and the amount of oxygen
in the oxide calculated as shown in the Sample Calculations Section.
The sample was then removed and weighed on the Mettler to obtain a

check on the amount of oxide.



IVv. DISCUSSION OF RESULTS

A. General Observations

1. Sample Preparation Difficulties--thin foils

As described in the Sample Preparation Section in Appendix B,
celluloid was used to prevent the thin nickel specimens from sticking
to each other during the milling operation. Prior to this, onion skin
paper had been used to prevent sticking. In the milling operation the
samples were clamped together between brass bars. Wherever the clamps
were attached, it was observed that the surface configuration of the
onion skin paper was impressed onto the surface of the nickel resulting
in numerous tiny pits.

When these samples were annealed, the room temperature resis-
tance was observed to increase sharply instead of decreasing as was
expected. Apparently the roughened surface resulted in hot spots on
the surface.

Large differences in bare metal emittances previously attributed
to measurement errors could have instead been due to the difference in
surface roughness when using the onion skin paper.

No such difficulties were encountered when using celluloid to

prevent sticking. Other types of paper were also tried, but most re-

sulted in roughened foil edges.

2. Effect of Interstitial Gases on Room Temperature Resistance

A study was carried out to study the emittance of a 6" long sam-
ple versus a 3" long sample. During these studies, the effect of

-44-
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different interstitial gases on the room temperature resistance was
observed.

The room temperature resistance of the 6" long sample was deter-
mined and the emittance chamber was opened to the atmosphere to cut the
sample to 3". Measurements of room temperature resistance made with
N2 in the chamber showed that the resistance of the same sample in-
creased when the chamber was opened to the atmosphere. This was be-
lieved to be due to diffusion of oxygen into the pores.

When the same sample was evacuated and flashed in hydrogen, the
room temperature resistance decreased to its lowest value. Thus the

room temperature resistance was highest with air in the pores and low-

est with H2 in the pores.

3. Time Reguired to Reach Steady State During Heating

As anticipated, the thicker single crystal samples required a
longer time to reach a steady state temperature during heating than
the thin polycrystalline samples.

Steady state conditions were usually reached in less than a
minute for all thin specimens studied in the temperature range studied.

An example of the times required to reach steady state condi-

T tions for various temperatures for a 10 mil thick sample is shown in

the following table:
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Table (4-1)
Time Required to Reach Steady State

(Bare Metal Emittance Step)

Run O#15-10W1x5 p=1.4x 10” "Torr
o} Time required o Time required
T (o) for steady state T (70) for steady state
1011 30 sec. 697 2 1/2 min.
983 40 sec. 630 3 min.
930 1 min. 554 3 1/2 min.
891 1 1/4 min. 464 4 min.
859 1 1/2 min. 421 8 min.
803 1 3/4 min. 319 12 min.
753 2 min.

4. Annealing of Single Crystals

No change in emittance was observed for the single crystals when
comparing the bare metal emittance before and after annealing. Also,
there was very little change in the room temperature resistance of the
single crystal sample during annealing. This was anticipated since
there are essentially no interstitial gases in the single crystals be-
cause of the absence of grain boundaries.

The annealing operation was subsequently eliminated from the
procedure after demonstrating that it had little or no effect on the

emittance results.
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5. Emittances with "Thick" Samples

Initial studies with the 10 mil thick polycrystalline samples
indicated a broad minimum in the bare metal emittance curve. Shapes
of bare metal emittance curves for various sample thicknesses are shown

below:

Figure IV-1
Effect of Emittance Vs. Sample Thickness

(3" long samples)

850 950 1050

T,°C

550 950 750

It appeared that the unexpected broad minimum in the thick sam-
ples was due to conduction losses from the sample to the copper elec-
trodes. More power was required to attain the same temperature as
for the thin foils because of the conduction losses. This resulted in
a higher emittance as shown below:

_ Power/A
o*-1%

(4-1)



As the temperature decreased, the ratio of conductién losses to total
power increased resulting in the minimum noted in the curve.

This difficulty was overcome by spot welding heat sinks on each
end of the nickel sé;cimen, as shown in Figure III-6. By varying the
ratio of sample thickness to heat sink thickness, the shape of the
emittance curve, especially in the lower temperature region, could be
altered. A series of studies were made to determine the ratio which
would give the same shape of curve obtained with thin foils. If the
ratio were too high (for instance 10 to 1), heat would be conducted
from the heat sinks into the sample. This condition resulted in ab-
normally low emittances. The other extreme (no heat sink) resulted in
abnormally high emittances as described earlier. The correct ratio
which gave no heat flow in or out was approximately 2.0 to 4.0 . Thus
all samples were prepared to fall within this range, as shown in Table
0. Exceptions were samples OSC#1 and OSCH2, in which heat sinks were
added after the samples were oxidized.

Since the power required to heat oxidized samples was much
greater than for bare samples, the conduction losses when using thick
samples was a much smaller percentage of the total power. Thus, the
oxidized emittances were less affected by sample thickness or sample
to heat sink ratio.

Other investigators indicated a broad minimum in their "emit-
tance vs. T curve™ for nickel. They probably encountered the same

difficulty with thick samples.
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6. Problems with Quartz Microbalance

It was found necessary to calibrate the microbalance prior to
each run. The calibrations were accomplished by using a 5OQ/49 J
weight as descrited in Table B-2 in Appendix B. On several occasions,
the microbalance was calibrated with the 5%/(9 J weight to check lin-
earity in the low range. The calibrations were conducted with the— -
sample in place and with the system opened to the atmosphere.

Occasionally, it was necessary to adjust the sensitivity of the
balance to have the full range equal the 509/19 calibration weight.
The sensitivity was increased by removing weights from the sensitivity
hook and vice versa.

Some problems were encountered initially with electrostatic
charge build-up on the quartz tube surrounding the sample. Glass wool
used to insulate the top of the furnace was the cause of the static
problem. The static charges resulted in a gradual fluctuation of the
zero point. After eliminating the glass wool and washing the system
with ethyl alcohol, the electrostatic problem was eliminated.

It was also found that best results could be obtained by allow-
ing the system to settle overnight before taking a reading. This was
especially important after the system had been heated.

Another problem encountered occurred when new quartz weights
were added to the quartz hook holding the nickel sample. These quartz
weights were used for balancing the sample prior to each run. Apparent-
ly, there was enough oxide on the quartz weights to give an erroneously
high reading. Consequently, all weights were added to the quartz hook

outside of the furnace.
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Since an independent check was made with the Mettler Microbal-
ance during each run, these values were used in early runs in which

problems were encountered with the microbalance.

7. Reduction of oxide

During the reduction of the nickel oxide, it was found that
essentially all of the oxide was reduced in approximately 1 minute
when a temperature of about 250°C was attained. The reduction step
for two of the runs is shown in Figures IV-2 and IV-3. The data for

these studies are shown in Table (E-1) in Appendix E.

B. Emittance

1. Bare Metal Emittance--Polycrystalline Nickel

The emittance of the unoxidized polycrystalline nickel speci-
mens are shown in Figures C-I and C-II. The values of the emittances
for each of the runs are very close. Previous larger differences de-
scribed by Shelton could have been due to surface irregularities
caused by using onion skin paper during the milling operation. Also,
the distance between potential leads was measured very accurately by
a microscope.

High temperature emittances of the bare metal specimens up to
1230°C were also obtained, as shown in Figure IV-4. The larger dif-
ferences between the runs weredue to having used different batches of
nickel for the runs.

In all of the bare metal runs, a small minimum was noted in the

vicinity of the Curie temperature (359°C) of nickel. Initially it was
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thought that the dip was due to conduction losses in the low temperature
region with the 3" long samples; however, additional runs with 6" long
samples indicated the same shgpe of curve. Also, other tests were made
with the potential lead distance decreased to give a ratio of sample
distance to potential lead distance of about 30-40 to 1. In all runs

made, the "dip" in the curve appeared.

2. Bare Metal Emittance--Nickel Sinagle Crystals

The shape of the bare metal emittance curves (€ vs. T) for the
(100), (110) and (111) single crystals did not appear to be signifi-
cantly different. The bare metal emittance curve for sample SE#3 was
used as a baseline for comparing oxidized metal emittances. This
curve was the closest to the average for all of the Semi-element sam-
ples.

A comparison of the polycrystalline bare metal emittances with
the nickel single crystal curve SE#3 is shown in Figure C-I. The sin-
gle crystal curve falls below the polycrystalline curves, since the
single crystals had a highly polished surface on each side. The poly-
crystalline material from Chromium Corporation was manufactured by
depositing nickel on a smooth substrate. Because of this, one side
was smooth and polished whereas the other side was rough and dull.

The average emittance for the nickel with one rough surface would be
expected to be higher than if the nickel had both sides polished, as
with the single crystals.

The differences between the bare metal emittance curves for the

Semi-element (SE) samples as shown in Figures C-III, C-IV and C-V, are
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greater than for the polycrystalline samples. Since each of the single
crystal specimens were individually prepared, it was more difficult to
obtain an identical surface for each sample.

The differences between the bare metal emittance curves for the
samples prepared from the Research Crystal Inc. nickel crystal (Fig-
ures C-VI and C-VII) were greater since there were more differences in
width and thickness for these samples. The two curves (0OSC#4 and #7)
which wer; much higher than the others, had spots from the chemical
polishing.

The differences between the bare metal curves for the single
crystals were greater in the lower temperature range because of varia-
tions in the sample to heat sink ratio. In comparing the oxidized
emittances, a separate correction was made for the region below 600°C.

A minimum was also noted in the vicinity of the Curie tempera-

ture for all the single crystal runs.

3. Initial Emittance--Single Crystal vs. Polycrystalline

For polycrystalline nickel, an initial small amount of oxygen
is merely adsorbed'by the crystal internally. This is indicated in
Figure C-I in which the curve with 3.2?/Jg/bm2 oxide is barely higher
than the bare metal curve. With polycrystalline nickel, intergranular
oxidation also depletes the oxygen internally.

With the nickel single crystals, there are no grains and there-
fore much less interstitial oxygen. This was indicated experimentally
also, by showing there was no effect on bare metal emittances with

annealing. Curves IV-9 to IV-12 and Figure C-III in Appendix C show
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that a large difference was noted in the oxide emittance even with very

low amounts of oxide.

The O/lg/cm2 values shown in Figures IV-9 through 12 are those

of the bare metal baseline curve (SE#3).

4, Correction for Comparing Oxides

To compare oxidized emittances, it was necessary to make two
corrections as shown below:
(1) a correction for the differences in bare metal emittances
and
(2) a correction for the differences in conduction losses due
to differences in sample to heat sink ratio.
For the first correction, the ratio of é;/{;B was obtained for each
40°C increment from 880°C to 600°C, where
€

o]

€

B

bare metal emittance for baseline curve (SE#3)

bare metal emittance measured

The ratios of é?,/é?B were then averaged and this average correction

€
ratio(};‘% was assumed for all temperatures. The range of 600-
av.

880°C was selected, since the bare metal curves were parallel within
this range. Below 600°C, the curves began to differ in shape because
of differences in conduction losses. Above about 600°C, the differ-
ences in bare metal emittances between runs was assumed to be due to
measurement errors or surface differences.

Thus the corrected oxidized emittance data (ésox.) for the range

above 600°C was obtained as follows:
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T2 600°C:

(€ ) ) €o>

OX. ={ —
corrected E R -

€ OXe (4-2)
The values of this correction or area factor are shown in Tables (C-3)
to (C-33) in Appendix C.

For the oxidized emittance values below 600°C, the second car-
rection was also applied. Since this difference was assumed to be due

to conduction loss differences, the correction was assumed to be addi-

tive. This second correction is shown below:

T < 600°C:

_ €
(eox’)corrected B on' = l-:(g—;)avé B~ €° (4-3)

(Sample SEH#3 was selected as the baseline bare metal emittance, since

it was closest to the average for all the bare metal runs.)

5. Polycrystalline Oxidized Emittances

The effect of "oxide thickness" on emittance was initially in-
vestigated for thin polycrystalline nickel foils. The amount of oxide
was varied from 3.2?/Ig/bm2 to 120.3/lg/cm2. The "as measured" values
are shown in Figure C-I in Appendix C and the values adjusted with
SE#3 as a baseline are shown in Figure IV-5. Two runs were made with
a sample length of 6" instead of 3" as was used in the initial runs.
These results are shown in Figure C-II in Appendix C.

The emittances of the polycrystalline foils generally agreed
with that obtained by Shelton. The curves in this thesis, however,

covered a lower temperature range.
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6. Oxidized Emittances of Nickel Single Crystals

The uncorrected oxidized emittances for the Research Crystal
Inc. single crystals are plotted in Figures C-VI and C-VII in Appendix
C. Oxide thicknesses fromA18.9€/4g/cm2 to 82.%/lg/bm2 were studied
with the (110) oriented crystal face, whereas a thickness range of
13.5—77.%/Ug/bm2 was investigated with the (100) crystals. The cor-
rected curves for these same runs are shown in Figures IV-6 and IV-7.
The correction, as previously mentioned, consisted of obtaining an
adjustment ratio based on the differences in bare metal emittances.

The unadjusted curves for the (100), (110), and (111) faces of
the Semi-element single crystals are shown individually in Figures
C-1II, C-IV and C-V in Appendix C. The corrected emittance curves for
all three crystal planes are plotted in Figure IV-8. While obtaining
these data, an effort was made to compare the three faces at several
different thicknesses of oxide. For a given amount of oxide, the (111)
crystal face appeared to have a higher emittance. The microphotographs
taken of the various crystals showed that the oxide on the (111) face
was more uniform than the other two faces. Thus for the same amount
of oxide, more of the surface of the (111) face appeared to be covered
with oxide. The low energy electron diffraction studies with very thin
oxide films on nickel single crystals also indicated that the oxide
formed differently on the (111) face. Also, it was shown that the same
orientation of oxide formed on the (110) and the (100) faces whereas

the (111) oxide formed on the (111) face.
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Figure IV-12 is a plot of emittance vs. oxygen weight for all
the single crystals and also the thick polycrystalline samples. All
emittance values were at 800°C. The "zero oxide weight value" was that
for the bare metal baseline sample SE#3.

The plot indicates that there wasno significant difference be-
tween the (100) and (110) faces and the polycrystalline material. The
(111) face appearedto be about 10¥ higher than the rest for a given
oxide weight. Sample SE#7, which is a (100) crystal with 46.§/ug/cm2
of oxide appearedto be anomalous.

Figures IV-9 to IV-11 are plots of the individual nickel single
crystal "emittance vs. oxygen weight." Figures IV-9 and IV-10 include
both Semi-element and Research Crystal Inc. crystals. Figure IV-11
includes only Semi-element crystals, since it was impossible to prepare
long (111) crystals from the large single crystal purchased from Re-
search Crystals Inc. These correlations shown in Figures IV-9 to IV-11
also show the effect of temperature, since the emittances were at 800°c
and 600°C.

The curves show a gradual increase in emittance with oxide
weight. It appears that there was a gradual leveling off at about
6?/Ag/bm2. Microphotographs taken in this region indicated that most
of the metal had been covered with oxide. The further thickening of
the oxide did not greatly change the texture or roughness of the

surface.
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C. Oxidation Rates and Activation Energy

1. Oxidation Rate

Although the primary purﬁose of this study was to obtain emit-
tance data, an attempt was made to collect kinetic data during the
process. Because the equipment and experiment were not designed to
obtain rate data, it was impossible to obtain isothermal kinetic data.
The sample was oxidized in 1000 microns of air in the emittance cham-
ber. As the sample oxidized, the resistance and emittance changed.
Because of the resistance increase with oxidation, the sample tempera-
ture tended to increase when operating with a constant current. How-
ever, because the emittance increased with temperature, the sample tem-
perature tended to decrease during oxidation. The emittance change
was much greater than the resistance change and therefore the overall
result was a decrease in sample temperature during oxidation.

The oxidation data are summarized in Appendix D. As shown in
Table (D-1), the difference between the maximum temperature and the
average temperature during oxidation varied from about 5°C for the
very thin oxide run to about 75°C for one of the thick oxide runs. A
weighted average temperature was used in plots to obtain the activa-
tion energy.

The oxidation time for the single crystals varied from 2.5 to
96.5 minutes. Generally, it was observed that temperature was the most
important factor in obtaining a specified oxide thickness. It appeared
that most of the oxide formed in the first few minutes. This would
suggest that the oxidation followed a log law. Thus in order to obtain

a thicker oxide film, it was necessary to increase the temperature.
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An error occurred in the rate calculations because of the time
required to heat the sample to a steady state temperature. In most
cases, this heat-up period was excluded from the oxidation time, since
the temperatures during this period were outside the range of oxidation
temperature. In some instances, however, a correction was added for
this period. A steady state temperature was assumed to be reached when
the voltage drop across the potential leads increased to a maximum and
then slowly decreased.

Some oxidation rate data were taken during certain runs, as
shown in Table (D-2). In comparing the emittances of the three nickel
single crystal faces, it was necessary to obtain the same emittance
curve for each of the faces. This necessitated a trial and error tech-
nique in which the sample was oxidized and the emittance checked. If
the emittance were too low, additional oxidation was incurred and an-
other emittance check made. This was continued until the desired emit-
tance value was attained. It was possible to use some of this inter-
mediate data to calculate initial oxidation rates. To do this, it was
necessary to plot a curve of emittance vs. oxide weight at the temper-
ature at which the emittance check was made. This was done by using
other data for the plot. Thus intermediate values for oxide weight was
obtained by interpolating from this curve.

Upon observation of Figures IV-13 through IV-15, it appeared
that the (110) face oxidized the fastest in all three regions and the
(100) face the slowest, although there was some discrepancy in the

"nuclei formation region."”



70

( ®pIXQ ,wd/b6d ¢'02 - g2'¢)
«NOI93Y NOILVYWYO4 -1310NN,,
1l 'SA NOILVAIXO 40 31v¥ ¢€I-AT 34N9Id

(Ho/)) L7y
ce’l og’l G2l lor A cl’l orl GOl (o)
I L T 0]
o'l
X
0?2
ov
09
Aiod 0’8
(00l) o ol
() v
(Oll)

0¢

wo/6r ) 834Dy uol}DPIXO

2

( wiw



71

(®pIX0 ,wo/br peec - m.:
« NOI93Y¥ 30IXO0 3IJLVIA3IWNILNI,
L 'SA NOILVAIXO 40 3LVv¥ +&I-AT 34N9I4

scl oe'l Gl ol'l GO'l 00| S6
e
o
1 4 ~ X
Q.
9 &8
<) S o
o 37
(U9SUDH) 3 a
‘Kiod 02 S a

(001) o€

(1)
( o) ot




72

| (‘uw-wo/bd g'28-62p) NOIO3Y
»30IX0O AAV3H,-L 'SA NOILVAIXO 40 3ILVH GI-AI JHUN9I4

(Hoz1) 1/
oz Gl orl SOl 001 g6’ 06 g8

(uw-wy 6rf) 90y uolIDPIXO



73

The oxidation rate data for the thin polycrystalline foils, as
shown in Table (D-6) in Appendix D, were poor because of the large re-
sistance change in the sample during oxidation. Since the surface
temperature determination required a knowledge of the room temperature
resistance of the sample, it was difficult to obtain a true average
oxidation temperature. The polycrystalline rate data used in the plots
of log k vs. 1/T were those from Hansen (15) and also included the two
thick polycrystalline sample runs, shown in Tables (D-7) and 0-8) in

Appendix D.

2. Activation Eneray

As can be seen in Figures IV-13 to IV-15, it was necessary to
separate the data for plotting log of the rate vs. 1/T into three dif-
ferent regions. These were designated, as shown in Tables (D-3) to
(D-5) in Appendix D, as

(1) "the nuclei formation region,"

(2) "the intermediate oxide region," and

(3) "the heavy oxide region."
When the data were separated in this manner, straight lines were ob-
tained.

In the "nuclei formation region," very little data were avail-
able, as shown in Figure IV-13. Also, as can be seen in this plot,
there were breaks in the curves of the (100) and (111) faces. The
"nuclei formation region" included weights of oxygen ranging from 3.25

to 20.4/;g/bm2. The "intermediate region" included oxygen weights from
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19 - 38.4)ug/cm2. The "heavy oxide" covered the range of 42.9 - 82.8

/wg/bm2. Although this was designated "heavy oxide region,” it con-
sisted of essentially complete coverage of the metal with oxide but was
still only about 3000 - 5000 X thick.

The activation energies for the different nickel single crystal

faces were calculated by means of Arrhenius's equation

k=h- YR (4-4)
where k = rate constant
A = constant with same dimensions as k
Q = activation energy
T = absolute temperature
R = gas constant

By plotting the log of the rate constant vs. 1/T, Q could be calculated

by measuring the slope.

The activation energies calculated from the slopes are shown in

Table (4-2).

Table (4-2)

Calculated Activation Energies (kcal/mole)
Ni—eNiO

Oxide Thickness

"Nucleation” "Intermediate" "Heavy"
3.25 - 20.4mg/cm? 19 - 38.44q/cm? 42.9 - 82.8ag/cm?
(110) 59 11.5 13
25
(111) 17
15 10 21
(100) 18.5

Polycrystalline 15 15.5
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As seen in the plots of log k vs. 1/T, there was very little data avail-
able. In some instances, a straight line was drawn through two points,
which left much to be desired.

As shown in Table (4-2), the activation energies generally fell
in the range of 10 - 25 kcal/mole for both polycrystalline nickel and
single crystals. The high value of 59 kcal/mole for the (110) face in
the "nuclei formation region" and the low value of 6 kcal/mole for the
(111) face in the intermediate region were both based on plots with
only two points.

Although most of the previous activation energy data for nickel
had been calculated from thick oxide film formation following the para-
bolic rate equation, some data were found for thin films, as shown in
Table (4-3).

Table (4-3)

Activation Energies by Other Investigators

Investigator Conditions Activation Energy
kcal/mole
2.5 - 15}¢g/cm§ 25
Campbell (5) 15 - 25);g/bm2 25 - 45
25 - 40 ug/cm 45
Gulbransen and Andrew (14) Parabolic oxidation 41.2
Moore (24) " " 38.4
Fueki and Ishibashi (13) " " 28.4
Sartell and Li (29) Inner oxide layer 20
Uhlig, Pickett and Macnairn Thin > Curie T 21
(33) Oxide < Curie T 19.9
Phillips (25) Thick oxide 38
Benard et al. (3) Film formed (100) 23
on Cu (110) 10
(111) 8

(311) 15
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The calculated values were generally of the same order of magni-

tude as the thin-film oxides shown in Table (4-3).

D. Examination of Oxidized Samples

Colored microphotographs were taken of the various oxidized sin-
gle crystals. These are shown in Figures 1-P to 46-P in Appendix G.
Pictures 1-P to 24-P were taken with a magnification of 50 power; the
remaining pictures were at 1000x.

Fiéure 24-P is that of a polycrystalline nickel foil with 43.1
/ug/bmz of oxygen. As can be seen in this microphotograph, all the
various interference colors were present. Since each exposed crystal
orientation oxidized at a different rate, the various faces each ex-
hibited a different thickness of oxide.

Table (4-4) contains a listing of the samples with a description
of the colors seen on the microphotographs. As can be seen in the pic-
tures, relatively few contained a single color. Only the samples con-
taining a very thin film of oxide appeared to be uniform enough to
exhibit a single characteristic color. All other samples, as expected,
had different thicknesses of oxide on the crystal surface.

Thus it appeared that a very thin homogeneous oxide film formed
initially, followed by nuclei formation and conglomerations of nuclei
or polyhedra. Each of the various forms of oxide were of a different
thickness and oxidized at a different rate and therefore exhibited dif-
ferent colors due to interference.

The microphotographs at 1000 power showed the formation of nuclei

on the surface. The distribution of oxide nuclei was more uniform for
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Table (4-4)

Colors of Oxidized Samples Seen in Microphotographs

Figure Sample Crystal Oxide Color
4-P SE#1 (110) 4.9 pinkish-red
8-P SE#3 (110) 29.1 red-yellow-green
9-P SEH#2 (110) 37.2 orange-green
16-P SE#4 (110) 77.3 dark brown
2-P SE#5 {100) 2.7 yellow-gold
7-P SE#6 (100) 21.8 greenish-orange
12-P SE#8 (100) 37.0 greenish-orange-brown
14-P SE#7 (100) 46.6 greenish-dark brown
3-P SE#9 (111) 9.0 yellowish brown
5-P SE#12 (111) 20.3 bluish-green
11-P SE#10 (111) 33.3 orange-brown
15-P SE#11 (111) 57.6 dark brown
17-P OSCH6 (100) 13.5 green
18-P OSCH3 (100) 29.4 red-green
19-pP OSC#1 (100) 38.1 greenish-dark brown
20-P OSCH4 (100) 77.2 greenish-brown
21-P 0SCH8 (110) 48.1 light brown
22-P OSCH#S (110) 68.8 greenish-brown
23-P 0sC#2 (110) 82.8 greenish-brown

24-P O-#15~-10W1x5 Polycrystalline 43.1 green-blue-pink-brown
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the (111) face. Both the (100) and (110) crystal faces seemed to con-
tain groupings of the nuclei. Thus for a given amount of oxide, the
(111) surface would have had more of the metal covered by the oxide.
As mentioned earlier, the emittance of the oxidized (111) surface was
higher than for the other two crystal faces for a given amount of oxide.
Since the emittance of oxide is much greater than that of the bare
metal, the microphotographs would tend to predict the higher emittance
of the (111) face.

Table (G-1) in Appendix G shows a listing of the microphotographs
with the exposure and development time required for each photograph.

Earlier studies to determine the thickness of the oxide film on
nickel based on interference colors are shown in Tables (4-5) to (4-7).
These studies, however, were made on polycrystalline nickel and as can
be seen in photograph 24-P in Appendix G, practically all colors are
represented. The same colors and repetition of colors, however, were
noted in the microphotographs.

Several back reflection Laue x-ray pictures were made of the
single crystals after oxidation and reduction to determine if the sin-
gle crystal structure still existed. These pictures are shown in

Figures G-I to G-III in Appendix G and are described below.

Figure G-I - OSCH#! - (100) - 38.4 ug/cm?
Figure G-II - OSC#6 - (100) - 13.5};g/cm2

Figure G-III- OSCH2 - (110) - 82.8 ug/cm?

The above listing of oxide was before reduction in H2. The samples

represented a thin, intermediate and thick oxide level.
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Table (4-5)

Colors Produced by Oxide Films (Reflected)
before and after Stripping from Metal (20)

Colors of Metal Colors after Transfer
Yellow I Bluish White
Mauve I Whitish

Blue I Yellow
"Silvery Hiatus" Red
Yellow II Mauve to Blue
Red 1II Green
Blue 1II Yellow
Green 1II Red
Red 1III Green
Table (4-6)

Thickness of Oxide Films on Nickel (20)

o

Order Color of Nickel Oxide _A
Dark Brown 380

Red Brown 420

: Very Dark Purple 450
First Very Dark Violet 480
Dark Blue 500

Pale Blue Green 830

Pale Silvery Green 880

Yellowish Green 970

Full Yellow 980

Second Old Gold 1110
Orange 1200

Red 1260
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Table (4-7)

Colors Produced by Activated Reduced Nickel (9)

A - Grey nickel

B - Faint brown

C - Light brown

D - Very dark brown
E - Violet

F - Very dark blue
H - Green grey

I- Yellow

J - Full brown

K - Violet

L - Blue

M - Greenish: final
color of NiO

As can be seen in the x-ray in Figure G-II which represented the
sample that had had the least amount of oxide, an excellent Laue picture
still existed. A visual observation of the sample after reduction indi-
cated a very highly polished surface with little or no after effects
from oxidation.

A good Laue pattern also existed on the sample in Figure G-I
which had had 38.{}‘g/cm2 of oxide. It appeared that the crystal orien-
tation was a few degrees off; however, it was not known if this existed

in the original sample. A visual observation of the surface after



oxidation and reduction showed several white spots on the otherwise
polished surface.

The Laue x-ray in Figure G-III represented the single crystal
with the heaviest oxide history. Also it was a (110) crystal whereas
the other two were (100) crystals. This x-ray indicated considerable
damage to the crystal during oxidation and reduction. The spots on
the x-ray that were visible were strained and there appeared to be
quite a bit of scattering. A visual observation of this crystal after
oxidation and reduction indicated that the surface was no longer pol-
ished, but contained a whitish-metal appearance.

It must be remembered, however, that the Laue x-ray represented

not only the surface, but also some of the bulk metal.
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APPENDIX A

DESCRIPTION OF MATERIALS

Appendix A contains a description of the materials used in the
studies. Included is an analysis of the polycrystalline nickel used
aiong with a brief description of the purity of the single crystals.

The purity of the cases used during the experiments is also discussed.



A. Thin Polycrystalline Foil

The thin polycrystalline nickel foil was electrolytic Grade A

Foil manufactured by the Chromium Corporation of America.

is given below.

Analysis of Chromium Corporation Nickel Foil

Ni
Co
Zn
S

Cu
Fe
Si

Table (A-1)

99.40%
0.53%
< 0.001%
0.015%
0.009%
0.013%
< 0.001%

Pb
Sb
Cd
o

Mg
Mn

< 0.001%
< 0.001%
< 0.001%
< 0.001%
< 0.001%
<0.001%

The analysis

Since this foil is electrodeposited, there is one smooth, shiny

side and one matte "etched" side.

B. Thick Polycrystalline Foil

The thick polycrystalline nickel was manufactured by the Wilkin-

son Company. It is an as rolled nickel alloy 270 which is 99.97% pure.

The analysis of Nickel 270 is shown below.

Ni

Mn
Fe

Table (A-2)

Analysis of Nickel 270

99.97%
0.02%
Trace

Trace

S

Si
Cu
Cr

Trace
Trace
Trace

Trace



C. Nickel Single Crystals

(1) SE Samples

Twelve of the nickel single crystal samples described as "SE
Samples" were purchased from Semi-Elements, Inc. These included four
(100) oriented samples, four (110) oriented samples and four (111)
oriented samples. The samples were received with an as etched satin
finish surface. The samples contained 99.99% nickel.

(2) CSC Samples

These single crystal samples were prepared from a large single
crystal of nickel purchased from Research Crystals Inc. The single
crystal was 1/2"-5/8" diameter by 6" long with a [10Q] orientation

along the axis. The purity listed was Nivac.

D. Gases
Hydrogen used in annealing of the polycrystalline samples and

reduction of oxide in the weight determination step was Matheson Ultra

Pure Grade hydrogen. The total impurities are reported at less than

10 ppm. The gaseous nitrogen used was Big-3 Pre-Purified grade.



APPENDIX B

DETAILS OF THE EXPERIMENTAL APPARATUS

Appendix B contains details of the experimental apparatus and
the methods used to obtain the various measurements. Also included is
a schematic of the current supply system assembled by J. Shelton. A
detailed drawing of the quartz microbalance manufactured by Worden's
is also shown.

Calibration curves including those of

1. the quartz spring microbalance,
2. ‘temperature vs. R/R3O, and
3. RSO/RT vs. temperature

are also included. These curves were taken from the thesis of Shelton.



A. Emittance Chamber

The emittance chamber as shown in Figure.III-2 consists-of a
one foot length of Type 304 welded tubing (6" 0.D. x 0.7120" wall) with
Varian Con-Flat flanges heli-arc welded to each end. One end consisted
of a blend flange machined to receive the feed through insulators.
The other flange was machined to receive tubulation to the vacuum sys-

tem. All connections were heli-arc welded in place. The flanges were

sealed with 8" copper gaskets.

B. Vacuum Eguipment
A Welch Duo-Seal Model 1402B mechanical pump with a capacity

of about 100 liters/min. was used for rough vacuum. Higher vacuums
were achieved with a Model #911-0002 Vac Ion pump manufactured by
Varian Associates. The pump had a 75 liter/second capacity and was
controlled with a Model #921-0007 control unit. Vacuum was measured
with a Veeco Type RG3-A control panel. Both the thermocouple gauges
and the ionization tube gauge were connected to this control unit.
A Varian high vacuum valve was used to separate the high vacuum
emittance chamber from the fore pump. Ordinary teflon bulb brass

valves were used in the low vacuum portion of the system.

C. Current Supply

Two separate current supply systems were used. The power for
heating the thin polycrystalline samples was obtained from three 6-volt
Reliable Batteries rated at 336 amp-hours. A transistor regulating

circuit was built by J. Shelton to give a continuously variable current



over the range of 0 to 10 amps. The circuit is shown schematically
in Figure B-I.

The same current supply unit was used in determining room temper-
ature resistances for the thicker single crystal samples and also for
the thick polycrystalline samples. A Model #KS8-50M Kepco Power Supply
was used to heat the thicker samples. The D.C. output range was 0-8
volts and 0-50 amps. The unit had a 0.01% regulation and stability and
was transistorized.

Beckman Duodial series RB turns-counting dials were used to re-

place the regular dials on the Kepco unit.

D. Electrical Measurements

Voltages were measured with a Leeds and Northrup 7553-5 Type K-3
Potentiometer and a Minneapolis-Honeywell Self Balancing Microvolt Po-
tentiometer. Leeds and Northrup pinch and rotary switches were used
for signal switching and polarity reversing.

The various types of standard resistors used were as shown below:

Table (B-1)
List of Standard Resistors
E.E. Dept.
Resistance Type of Resistor Designation

.1005 L1 Constructed

.01000142 Leeds and Northrup #4222B Reichsanatalt Type D.C.
.005001£2 General Electric Shunt Type (100 amps) 07C
.00166862 Weston Shunt Type (50 MV; 30 amps) B3C

.0005009 £ Weston Shunt Type (50 MV; 100 amps) B7E



E. Oxide Weight Measurements

A quartz spring manufactured by Worden Laboratories was used to
obtain the weight difference between the oxidized and reduced sample
for the thin polycrystalline samples. The’calibration curve is shown
in Figure B-III.

For the single crystal samples and.the thick polycrystalline
samples a quartz microbalance was used. The microbalance system, shown
in Figures III-4 and B-II, was manufactured and assembled by Worden
Laboratories. As shown, the system consisted of the microbalance, the
vacuum chamber and the microscope eyepiece. The microscope was a
Nikken Ramsden-Okular 10x #3668 type with a micrometer adjustment con-
sisting of 8 turns with 100 divisions turn.

Class J weights manufactured and certified by Voland Corporation
were used to calibrate the microbalance before each run. The weights

were calibrated against standards calibrated by the National Bureau of

Standards under test number 175314 as shown below:

Table (B-2)
Designation Apparent Mass Vs. Brass
(0.05 mg.) 0.05 mg. 0.000 mg.
(0.5 mg.) 0.5 mg. 0.000 mg.

A Mettler Micro Balance Model M5 with a Z 0.002 mg. accuracy was

used as an independent check for the oxide weight.



F. Sample Preparation

(1) Spark Cutter

A Metals Research Ltd. Servomet Type SMB spark cutter was used
to obtain strain-free cutting of the large nickel single crystal. A
schematic drawing of this instrument is shown in Figure F-II.

(2) Grinding and Polishing

A Buehler Ltd. belt grinder was used for thinning single crys-
tals. For fine-polishing, a Buehler low speed grinder wes used. Fine
polishing was accomplished with a Buehler table polishing unit. The
sample was held in a hard tool steel holder, shown in Figure F-III-A,

to control thickness.

(3) Spot Welder
A Weldmatic Model 1015-C spot welder with hand unit was used to

attach the 1 mil diameter nickel potential leads to the nickel samples.

(4) Foil Machining Apparatus

The nickel foil specimens were prepared from large sheets of
foil. Milling jigs were made from stress relieved brass bar stock.
Both faces of two pieces of annealed bar stock were surface ground and
sheets of foil clamped between them. Six sheets of foil were alternated
with seven sheets of thin celluloid to prevent sticking. The assembly
was then clamped in a milling machine. A sharp milling saw was advanced
slowly through the brass and foils. The width of each slice was easily

adjusted to produce the desired foil width.



G. Sample Measurements

(1) Width Measurement

A Wilder Micro-Projector with a micrometer adjustment was used
to measure the width of the samples.

(2) Potential Lead Distance

The distance between the potential leads was obtained by using
the optical and measuring components of a Wilson Tukon Tester. The
optical component consisted primarily of a Bausch and Lomb Microscope
and the micrometer measuring component was a Wilson Microton.

(3) Sample Lenath after Cutting for Oxide Determination

The Wilder Micro-Projector was also used to obtain this length

measurement.

H. Sample Inspection

(1) Single Crystal Determination

A General Electric X-Ray Corporation diffraction unit was used
to observe the crystal structure of the single crystal samples after
final preparation. A copper target was used in obtaining the back re-
flection Laue diagrams.

(2) Microphotographs

An American Optical Company Metallograph was used to take pic-
tures of the bare metal samples and also the oxidized samples. Most
of the bare metal pictures were taken with 3000 speed/type 47 black
and white Polaroid film. The oxidized samples were taken with Type 48

Polaroid colored film.
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APPENDIX C

EMITTANCE DATA AND RESULTS

This appendix contains data and summarized results of the emit-
tance work. Included is a summarized table of adjusted emittance
values for the oxidized single crystals.

Following this is a group of curves of emittance vs. tempera-
ture for the oxidized single crystals. These include the unadjusted

Emittance vs. temperature for 3" polycrystalline samples
" " " for 6" " "
" " " for (100) Semi-element crystals
" " " for (100) " " "
" " " for (111) " " "
" " " for (100) Research Crystal Inc.
" " " for (110) " " "

Finally this appendix includes all of the emittance data taken.
The value for length listed in the sample data is the potential lead
distance. The sample to heat sink ratio is the thickness of the sample
divided by the thickness of the heat sink. The area factor is the
average of the ratio of the baseline bare metal emittance (SE#3) to the
bare metal emittance actually measured. This factor was used to com-

pare oxidized emittances.

The resistances at 30°C (R3o) listed are the resistances after

emittance measurements.
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Table (C-2)

Oxide Weight Vs. Emittance Data

Oxide Weight *Oxide Emittance

Sample Crystal (/Jg/bm2) 800°C  600°C
SE#1 (110) Semi-Elem. 4.8 1659 L1266 -
SE#2 " 37.0 ,2743 .2018
SE#3 " 29,1 22315 .1665
SE#4 " 78.6 . 3450 ., 2780

OSC#2 (110) Res. Cry. Inc. 82.8 .345 .2891

OSCH5 " 68.8 . 3486 .2887

0OscC#H8 " 48.1 .3177 .2446

OSCH9 " 18.96 .1886 .1380
SEH5 (100) Semi-Elem. 12.7 .1639 .1278
SE#6 Y 21.8 .2180 .1626
SEH#7 " 46.6 .3552 -2690
SE#8 " 37.0 . 2751 .2070

0SC#1 (100) Res. Cry. Inc. 38.4 .2628 .1943

OSCH3 " 29.4 .2414 .1765

0SCH4 " 77.2 .3533 .2998

0SCH6 " 13.5 .1921 .1454

OSCH7 " 62.4 .3069  .2586
SE#9 (111) Semi-Elem. 9.0 . 1756 .1322
SE#10 " 33.3 .2787 .2007
SE#11 " 57.6 3513 2791
SE#12 " 20.4 .2320 .1696

O#1 Thin Polycrystalline 81 .3525  .3077
O#2 " 120.8 -4001 -3532
O#3 " 25.8 .2293 .1850
O#4 " 3.25 .1300 .1064
O#16 " 27.6 2567  .2097
0#23 " 65.2 .3608 .3078
. Thick Poly. with .
O-#15-10W1x5 Heat Sinks 43.1 . 2662 .2133
O-#16~-10W2x1 " 55.6 .2976 2356

*Oxide values are adjusted using following bare metal emittances of SE#3
as a baseline.

800°C 600°C
€ bare .1277 .0995
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APPENDIX D

OXIDATION RATE DATA AND RESULTS

This appendix contains a summary of the oxidation rate results.
It also includes oxidation rate data taken during certain runs, while
attempting to obtain a specific emittance value.
The oxidation data was subdivided into three classes:
1. '"nuclei formation region"
2. "intermediate oxide region," and
3. '"heavy oxide region."
The rate data for these three regions are tabulated in this appendix.

Finally, Appendix D contains a summary of the oxidation rate

data.
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Table (D-3)

"Nuclei Formation Region" Data

/ Oxidation Oxide Oxidation
1/T Time Thickness Rate
Sample Crystal av 8 (min.) (/yg/%mz) (/yg/%mz-min.)
0SCH9 (110) 1.201x10"% 2.5' 18.96 7.6
SE#1 (110) 1.258x10"4 3 4.8 1.6
SE#5 (1st.) (100) 1.272x10-4 3.5' 5.5 1.57
" (100) 1.272x10°%  11.0" 12.7 1.15
SE#6 (1st.) (100) 1.167x10"% 4.5' 8 1.78
" (1st.
and 2nd.) (100) 1.15. x10~% 10.5" 14 1.33
0SCH6 (100) 1.046x10"4 3 13.5 4.5
SEH9 (1st.) (111) 1.277x10~4 4.5" 3.8 .844
" (111) 1.237x10™4 7.5' 9.0 1.20
SE&12 (111) 1.130x10"4 4,5' 20.4 4,53
o4 Poly 4 s1gx10-4 3 3.25 1.083
thin ¢ ‘
J435 " 1.29 x10™% 10 ' 6.6 .66
JH36 " 1.217x10"4 1 15.9 1.59
Hansen " 1.008x10"4 1 11.9 11.9



Table (D-4)

"Intermediate Oxide Region" Data

Oxidation Oxide Oxidation

1/T Time Thickness Rate

Sample Crystal adVe e (min.) (/[ g/cm2) (/( g/cm2-min. )

oscég(1st.) (110) 1.019x10°% 1.5 34.5 23
0SCH9 (110)  1.201x10"% 2.5 18.96 7.6
SE# (110)  1.002x107%  2.5' 37 14.8
-4

SE#3 (110)  1.156x10°% 3 29.1 9.7
SE#8(1st.) (100) 1.107x10°% 3.5 22 6.3
0SCH#3 (100)  1.067x10"%  13.5° 29.4 2.18
0SCH#1 (100)  .984x10"% 3 38.4 12.8
SE#S (100) 1.174x10"% 25 37 1.48
SE&10 (111)  1.098x10"% 3.5 33.3 9.5
SE#11(1st.) (111) 1.057x10°%  3.5° 36.8 10.5
Hansen Poly  1.008x10™" ' 20.5 10.25
" " 1" 1] 26.1 8.70
" " " ' 32.3 8.08



Table (D-5)

"Heavy Oxide Region" Data

/ Oxidation Oxide Oxidation
Sample Crystal ave. Time Thickness Rate
8 (min.) g/lg/%mz) ggzg/hmz-min.)

0SCH2 (110)  .894x10" % 4.5 82.8 18.4
0SG#5 (110)  1.076x10° % 12 68.8 5.73
0SC4#8 (110) 1.083x10”% 9.5" 48.1 5.06
0SCH7 (100) 1.178x10"%  76.5° 62.4 .816
0SC44 (100) 1.032x10"% 20 77.2 3.86

SEH7 (100) 1.110x10"% 22 46.6 2.12

SE#11 (111)  1.091x10"% 14 57.6 4.11

0-#15-10W1x5(6") Poly-HS .954x10°% 4 43.1 10.8
0-#16-10W2x1(6") " 1.126x10°% 1905 55.6 2.85
Hansen Poly  1.008x10°% 6 42.9 7.15

" 1" " 9 t 54.3 6.03



Cxidation
Time
6 (min.)

After

"

Total

After

Total

After

Total

After

Total

After

Total

After

"

Total

After

"

Total

0
83’
83’

Voltage
Vv
(volts)

.6613
.6720

72075
. 75396

. 46267
.44820

.26480
.26630

.45223
.43167

Oxidation Data

Table (D-6)

Thin Polycrystalline Samples

Oxidation Pressure
17000 Microns of Air

Current Resistance R Ratio Temperature Emittance

I
(amps)

5.737
5.736

6.064
6.064

4.701
4.101

2.644
2. 64‘4

4.046

R
(ohms)

Sample O#1
.11527
.11715

Sample O#2
.11886
.12433

Sample O#3
.11282
.10929

Sample O#4
.10015
.10072

Sample O#6
211177
.10553

Sample 016

Sample O#23

R/R3q

(ohms/ohm)

4.556
4.568

T Check
(oc) €

839
783

830
793

699
649

484
487

731
645

780
648

833
694



Table (D-7)
Oxidation Data

Sample O-#15-10W1x5(6")

Polycrystalline Oxidation Pressure
1000 Microns of Air

Oxidation Voltage Current Resistance R Ratio Temperature Emittance

Time v I R R/R3 T Check
o (min.) (volts) (amps)  (ohms) (ohmsjohm)  (°C) c
After 1°' L11696  22.817 .0051260 5.805 807
" 2" .11942 23.710 .0050367 5.704 780
b 3! .11692 23.692 .0049350 5.489 749
" 4 .11596 22.368 .0048965 5.545 739
" 4.,5' .11518 22.368 .0048636 5.508 728
Total 4'
Table (D-8)
Oxidation Data
Sample O-#16-10W2x1(6")
Polycrystalline Oxidation Pressure

1000 Microns of Air

Oxidation Voltage Current Resistance R Ratio Temperature Emittance

Time v I R R/R z Check
o (min.) (volts) (amps)  (ohms) (ohms/orm)  (°C) e
After 2'  .085483 18.517  .0046165  5.269 664

w490 081250 18.517 .0043879  5.008 504

W o' .081003 18.531 .0043712  4.989 588

Total 19.5"'



Cxidation
Time
8 (min.)

After 2'
11 31
" 4'
1" 5'

Total 3'

Oxidation
Time
8 (min.)

After 2'
" 2.5
" 3'
" 3.5'
1] 4'

Total 2.5

Voltage
v
(volts)

.054631
.054490
.054109
.053885

Voltage
v
(volts)

.093852
.093296
.092754
.092210
.091875

Table (D-9)
Oxidation Data
Sample SE#1

(110) Semi-Elements Oxidation Pressure
1000 Microns of Air

Current Resistance R Ratio Temperature Emittance
I R R/Ry I Check
(amps) (ohms) (dm@@hﬁ (o) €
11.477 .0047600 4,746 527
11.456 .0047564 4,743 527
11.447 .0047269 4.713 519
11.443 .0047090 4.695 515
Table (D-10)
Oxidation Data
Sample SE#2

(110) Semi-Elements Oxidation Pressure

1000 Microns of Air

Current Resistance R Ratio Temperature Emittance

I R R/ R3O g Check
(amps) (ohms)  (ohms/ohm) (*c) '3

14.591 .0064322 5.254 659
14.597 .0063915 5.216 649
14.582 .0063609 5.191 642
14.555 .0063353 5.170 637
14.539 0063192 5.157 633



D-11
Table (D-11)
Oxidation Data
Sample SE#3
(110) Semi-Elements Oxidation Pressure

1000 Microns of Air

Oxidation Voltage Current Resistance R Ratio Temperature Emittance

Time v I R R/R3g oI Check
8 (min.) (volts) (amps) (ohms)  (ohms/ohm) (“c) c
After 1.5' .074721 13.297 5.089 615

" 2 074226 13.285 .0055872 5.053 606

" 2.5 .074325 13.273 .0055319 5.003 594

" 3 .072864 13.264 .0054934 4.969 584

' 3.5 .072520 13.258 .0054699 4,947 578

" 4 .072230 13.254 .0054497 4.929 573
Total 3



Oxidat
Time
e (mi

After
"

After

"
"
"
1w -

"

ion

n.)

.
w

(A)UI.AASA)(A)NM
()] w

.
(84

7.5

10
11
12

Voltage
v
(volts)

.072364
.071398
.070768
-070405
.070056
.069795
.06912

.049969

.069491
.069318
.069168
.069067
.069000

.051084

.085324
.085100
.085335

-049110

.080839
.079783
.079674
.079589
.079474
.079354
.079284
.079185

Oxidation Data

Table (D-12)

Sample SEf#4

(110) Semi-Elements

Current Resistance

I R R/Ry
(amps) (ohms) (ohms/ghm)
First Oxidation
15.605 .0046372 5.238
15.588 .0045803 5.174
15,576 .0045340 5.121
15.565 .0045233 5.109
15.569  .0045403 5.088
15.546 .0044896 5.071
15.540 .0044795 5.060
117.431 4.926
Second Oxidation
15.555 .0044657 5.044
15.546 .0044589 5.036
15.537 .004518 5.028
15.537 .0044453 5.021
15.537 .0044410 5.016
11.64 .0043887 4,945
Third Oxidation
18.229 .0046807 5.274
18.260 .0046733 5.266
11.379 .0043158 4.863
Fourth Oxidatien
17.504  .0046183 5.204
17.480 .0045642 5.143
17.472 .0045601 5.138
17.46 .0045584 5.136
17.45 .0045544 5.132
17.44 0045501 5.127
17.44 .0045461 5.122
17.44 .0045404 5.116

R Ratio Temperature

D-i2

Oxidation Pressure
1000 Microns of Air

of
("c)

655
638
624
621
615
610
608

373

604
602
600
598
596

577

664
663
662

556

646
630
629
628
627
626
625
623

Emittance
Check

€

1699

1736

.18C6



Table (D-12)
(Continued)

Oxidation Voltage Current Resistance R Ratio Temperature Emittance

Time v I R R/R3g T Check
8 (min.) (volts) (amps) (ohms)  (ohms/ohm) (°c) €
Fourth Oxidation (Cont'd)
After 13' .079108 17.44 .0045360 5.111 621
" 14 .079051 17.431 .0045351 5.110 £21
' 15 .078990 17.4317 .0045316 5.106 620
Total 10°
.048158 11.359 4.777 534 .1972
Fifth Oxidation
After 3.5' .084409 .0046077 5.192 642
" 4 .084038 18.261 .0046020 5.185 641
" 5 .083625 18.203 .0045940 5.176 638
' 6 .083379 18.170 .0045888 5.171 637
" 7 .083178 18.146 .0045838 5.165 636
" 8 .083015 18.125 .0045801 5.161 635
" 9 .082886 18.109 .0045771 5.157 633
" 10 .082796 18.099 .0045746 5.155 633
" 11 .082681 18.085 .0045718 5.151 632
" 12 .082623 18.080 .0045699 5.149 631
Total 9
.048183 11.423 .048183 4,753 529 .2035
Sixth Oxidation
After 4
1" 4. 5
" S .085192 18.3504 5.188 642
" 6 .084915 18.466 .0045985 5.181 640
" 8 .084691 18.435 .0045940 5.177 €39
" 15 .089031 19.135 .0046525 5.242 656
" 15.5 .088953 19.124 .0046514 5.241 656
" 16 .088890 19.115 .0046503 5.240 656
" 16.5 .088860 19.114 .0046489 5.238 655
. 31.5 .088180 19.068 .0046245 5.211 648
" 36.5 .088056 19.063 .0046192 5.205 647
" 100.5 .087000 19.035 .0045705 5.150 631

Total 96.5'



D-14
Table (D-13)
Oxidation Data

Sample SE#5

(100) Semi-Elements Oxidation Pressure
1000 Microns of Ailr

Oxidation Voltage Current Resistance R Ratio Temperature Emittance

Time v I R R/R3p T Check
8 (min.) (volts) (amps) (onms)  (ohms/ohm) (°c) c
First Oxidation
After 2.5' .054090 10.685 .0050622 4.589 591
" 3 .055323 10.660 .0051898 4.704 517
" 3.5 .055420 10.643 .0052072 4,720 521
" 4 055260 10.631 .0051980 4,712 519
" 4.5 .055128 10.622 .0051900 4,704 517
" 5 .054992 10.614  .0051811 4.696 515
" 5.5 .054870 10.608 .0051725 4,689 514
' 6 054795 10.603 .0051679 4,684 513
Total 3.5
Second Oxidation
After 2.5' .054966 10.850 .0050660 4,582 490
" 3 .055996 10.827 .0051719 4.677 310
" 3.5 .05%6140 10.812 .0051924 4,696 — - 515
" 4 .056096 10.804  .0051922 4.696 515
" 4.5 .056062 10.796 .0051928 4.696 515
" ) .055995 10.790 .0051895 4.693 514
" 5.5
" 6 .055937 10.787 .0051856 4.690 514
" 6.5
" 7 .055908 10.786 .0051834 4.688 513
" 7.5
" 8 .055900 10.788 .0051837 4,686 513
" 9 .055891 10.789 .0051804 4,685 513
" 10 .055880 10.793 .0051774 4,682 513
Total 7.5°
Third Oxidation
After O .062391 11.637 .0053614 4.849 552
" .5 .062390 11.629 .0053650 4.852 552

1 062325 11.623  .0053622 4.850 552
1.5 .062280 11.615  .0053620 4.849 552
" 2 .062151 11.610  .0053532 4.841 530
2.5 .062076 11.606  .0053486 4.837 549
3.0 .062016 11.603 .0053448 4.834 548



Oxidation
Time
8 (min.)
After o'
" 5.5
" 6
" 6.5
1" 7
1" 7 . 5
1" 8
" 8.5
Total 4.5°'
After 3
" 3.5
1 4
" 4.5
1" 5
" 5.5
1"t 6
" 6.5
1" 7
" 7.5
1" 8
" 8.5
" 9
Total 6"
After 1.5°
11" 2
" 2.5
" 3
" 3.5
" 4
Total 3.5'

Voltage
v
(volts)

072664
.072193
.072004
.071310
.071166
071277
.071604
.071889

.075210

077935
.080057
.080016
.079751
.079498
.079310
079126
.078933
.078816
.078685
.078558
.078400
.078303

.070815

.081296
.081119
.080923
.080792
.080664
-080555

.079211

Oxidation Data

Table (D-14)

Sample SE#6

(100) Semi-Elements

Current Resistance R Ratio
I R R/R3q
(amps) (ohms)  (ohms/ohm)
11.698 .0062117 5.007
11.658 .0061926 4.992
11.650 .0061806 4.982
11.578 .0061591 4,965
11.578 .0061467 4.955
11.606 .0061414 4.951
. 11.654  .0061442 4.953
11.692  .0061486 4.956
11.139 .0067520 5.443
Second Oxidation
12.656 .0061580 4,964
12.631 .0063381 5.109
12.610 .0063454 5.115
12.595 .0063320 5.104
12.585 .0063169 5.092
12.578 .0063055 5.083
12.573 .0062933 5.073
12.568 .0062805 5.063
12.565 .0062727 5.056
12.561 .0062642 5.050
12.558 .0062556 5.043
12.553 .0062455 5.035
12.551 .0062388 5.029
10.839 .0065334 5.267
Third Oxidation
5.074
12.903 .0062868 5.068
12.892  .0062770 5.060
12.887 .0062693 5.054
12.883 .0062613 5.047
12.879 0062548 5.042
11.927 .0066413 5.354

D-15

Oxidation Pressure
1000 Microns of Air

Temperature
OT
(c)

594
589
587
383
580
579
379
581

706

383
621
622
620
616
614
611
609
607
606
604
601
600

663

612
610
608
606
605
604

686

Emittance
Check

€

1377



Oxidation
Time
8 (min.)

After 2.5'

w

"

.
(62}

"

.
(6]

qq?owmbbww
(8]

wm

Total 9S'

Voltage
v
(volts)

.079214
.080890
.080775
.080670
.080534
.080400
.080290
.080205
.080126
.080053
.079900

.069221

Current Resistance

I R R/Rag

(amps) (ohms)  (ohms/ohm)
Fourth Oxidation

12.983 .0061014 4.918
12.957 .0062430 2.032
12.941 .0062418 5.032
12.929  .0062395 5.030
12.921 .0062328 5.024
12.914  .0062258 5.019
12.909  .0062197 5.014
12.905 .0062150 5.010
12.902 .0062104 5.006
12.901 .0062052 5.002
12.899  .0061943 4.993
10.828 .0063928 5.153

Table (D-14)
(Continued)

R Ratio Temperature

o]
("0

570
600
600
600
599
597
596
595
594
593
589

632

D-16

Emittance
Check

€

.1693



D-17
Table (D-15)
Oxidation Data

Sample SE#7

(100) Semi-Elements Oxidation Pressure
1000 Microns of Air

Oxidation Voltage Current Resistance R Ratio Temperature Emittance

Time v I R R/R3g T Check

6 (min.) (volts) (amps) (ohms)  (ohms/ohm) (°c) €

First Oxidation

After 2' .094642 16.474  .005744% 5.582 747
" 2.5 .092219 16.435 .0056111 5.452 712
" 3 .090732 16.415 .0055274 5.370 690
" 3.5 .089600 16.402  .0054627 5.308 674
" 4 .086086 16.402 .0054314 5.277 665
" 4.5 .088516 16.385 .0054023 5.249 658
" 5 .088126 16.385 .0053785 5.226 652
" 5.5 .087747 16.373  .0053592 5.207 648
" 6 .087466 16.373  .0053421 5.190 642
" 6.5 .087253 16.373 .0053291 5.178 639
" 7 .087051 16.365  .0053193 5.168 637
" 7.5 .086832 " .0053060 5.155 633
" 8 .086688 " .0052972 5.147 631
" 9 .086438 " .0052819 5.132 627
* 10 .086236 " .0052724 5.123 625
A .086061 " .0052617 5.112 621
"roo12 .085898 " .0052518 5.103 620
"13 .085744 " .0052424 5.093 616
" 14 .085626 " .0052351 5.086 615
"15 .085505 " .0052277 5.079 613

Total 13.5'

065121 12.787 .0050928 4,948 578 .2368
Second Oxidation

After 1.5' .082974 16.541 .0050166 4,874 559
" 2 .086088 16.481 .0052235 5.075 612
" 2.5 .08%955 16.481 .0052154 5.067 611
" 3 .085769 16.429 .0052206 5.072 611
" 3.5 .085%69 16.406  .0052157 5.068 610
" 4 .085445 16.395 .0052116 5.064 609
" 4,5 .085341 16.385  .0052085 5.061 608
" 5 .085281 16.385 .0052048 5.057 607
" 5.5 .085170 16.371 .0052025 5.055 606
" 6.5 .085100 16.371 .0051982 5.051 605
" 7 .085009 16.362  .0051955 5.048 605



Table (D-15)
(Continued)

Oxidation Voltage Current Resistance R Ratio Temperature Emittance

Time v I R R/Rzg T Check

6 (min.) (volts) (amps) (ohms)  (ohms/ohm) (°c) c
Second Oxidation (Cont'd)

After 7.5 .084952 16.362 .0051920 5.045 604

" 8 .084863 16.350 .00351904 5.043 604

" 8.5 .084807 16.344 .0051889 5.042 604

" 9 084777 16.344 .0051870 5.040 603

" 9.5 .084720 16.339 .0051851 5.038 602

" 10 .084676 16.339 .0051824 5.035 601
Total 8.3°



D-19
Table (D-16)
Oxidation Data

Sample SE#8

(100) Semi-Elements Oxidation Pressure
1000 Microns of Air

Oxidation Voltage Current Resistance R Ratio Temperature Emittance

Time v I R R/R3g T Check
e (min.) (volts) (amps) (ohms)  (ohms/ohm) (°c) €
First Oxidation
After 2 .083256 13.228 .0062939 5.234 £54
" 2.5 .082756 13.206 .0062665 5.211 648
" 3 .081845 13.188 .0062060 5.161 635
" 3.5 .081230 13.180 .0061631 5.125 626
" 4 .080796 13.173  .0061335 5.101 618
" 4,5 .080475 13.167 .0061119 5.083 614
" 5 .080155 13.162 .0060899 5.064 610
Total 3.5'
.072609 11.483 .0063232 5.258 660 L1727
Second Oxidation
After 2 077146 12.871 .0059938 4,984 588
" 2.5 .077050 12.841 .0060003 4.990 589
" 3 .076832 12.825 .0059908 4,982 587
" 3.5 .076648 12.816 .0059806 4.974 585
" 4 .076520 12.812 .0059725 4,967 584
" 4,5 .076393 12.806 .0059654 4.961 582
" 5 076295 12.804  .0059587 4.955 580
" 5.5 .076191 12.804  .0059%06 4,948 579
" é 076112 .0059463 4,945 578
" 6.5 .076040 .0059406 4,940 576
" 7 .075970 12.798 .0059361 4,936 575
Total 5.5'
.073005 11.668 0062569 5.203 646 .1876
Third Oxidation
After 1.5' .074422 12.763 .0058311 4.849 561
" 2 075305 12.749  .0059067 4.912 576
" 2.5 .075292 12.737 .0059113 4,916 576
" 3 075195 12.729 .0059074 4,913 575
" 3.5 075116 12.725 .0059030 4.909 574
" 4 075039 12.721 .0058988 4,905 573
" 4.5 .074972 12.718 .0058590 4.902 573
" 5 074919  12.717 .0058912 4.899 572



Oxidation
Time
e (min.)
After 5.5°'
" 6
1" 6- 5
" 7
1" 7‘ 5
11 8
" 8.5
1" 9
" 9.5
Total 8'
After 1.5
1" 2
" 2.5
1"t 3
" 3.5
1" 4
" 4.5
" 5
" 5. 5
" 6
1"t 6‘ 5
1" 7
" 7.5
11t 8
" 8.5
1" 9
" 9.5

Total 8'

Voltage
Vv
(volts)

.074870
.074825
074795
.074738
.074720
.074690
.074632
.074616
.074590

.071361

.077382
.078361
.078281
.078166
.078083
.077992
.077938
.077882
.077823
077777
077743
.077702
.077670
.077631
077606
.077570
.077540

077992

Current Resistance

Table (D-16)
(Continued)

R Ratio Temperature

T
(°c)

I R R/R3
(amps) (ohms)  (ohms/
Third Oxidation (Cont'd)
12.716 .0058888 4,897
12.71%  .0058852 4,894
12.714  .0058829 4.892

" .0058800 4,892
Y .0058770 4.887
" .0058746 4,885
" .0058716 4,883
" .0058688 4,880
e .0058668 4.879
11.553 .0061768 5.137
Fourth Oxidation
13.209 .0058734 4.884
13.192 .0059400 4.940
13.179  .0059398 4.940
13.169 .0059356 4,936
13.164  .0059316 4.933
13.159 .0059269 4.929
13.156 .0059241 4,927
13.154  .0059208 4,924
13.151 .0059176 4,921
12.191 .0059142 4,918
13.150 .0059120 4,916
13.149 .0059093 4,914
" .0059074 4,913
Y .0059044 4.910
" .C059025 4.909
" .0058998 4.906
13.148 .0058975 4,904
12.475  .0062519 5.199

0
ohm)

571
370
569
569
569
568
568
567
567

628

561
576
576
575
574
573
573
572
571
370
569
569
569
568
568
567
567

645

D-20

Emittance
Check

€

.1967

.2152



D-21
Table (D-17)
Oxidation Data
Sample SE#9

— (111) Semi-Elements Oxidation Pressure
1000 Microns of Air

Oxidation Voltage Current Resistance R Ratio Temperature Emittance

Time v I R R/R30 T Check
8 (min.) (volts) (amps) (ohms)  (ohms/ohm) (°c) €
First Oxidation
After 2.3' .034966 10.754 .00371112 4,679 511
" 3.5 .054980 10.661 .0051571 4,721 521
" 4 .054571 10.620 .0051385 4.704 516
" 5 .053900 10.553 .0051076 4,676 511
Y 6 .053433 10.505 .0050864 4,657 507
" 7 .052854 10.438 .0050636 4,636 500
Total 4.5°
.054553 9.6267 .0056668 5.188 642 .1225
Second Oxidation
After 2' .066470 12.326 .0053927 4,937 575
" 2.5 .066720 12.2535 .0054450 4,985 588
" 3 .066200 12.204 .0054245 4,966 583
" 3.5 .065620 12.154 .0053990 4,943 577
" 4 .065246 12.131 .0053785 4,924 572
" 4.5 .064691 12.068 .0053605 4,908 568
" 5 .064279 12.0316 .0053425 4,891 563
Total 3'

.055894 9.9800 .0056006 5.127 626



. D-22
Table (D-18)
Oxidation Data

Sample SE#10

(111) Semi-Elements Oxidation Pressure
1000 Microns of Air

Oxidation Voltage Current Resistance R Ratio Temperature Emittance

Time v I R R/R3g T Check
8 (min.) (volts) (amps) (onms)  (ohms/ohm (°c) &
After 2' -102370 13.898 .0073658 5.303 673

" 2.5 .100380 13.868 .0072382 5.211 648

" 3 .099553 13.850 .007187¢9 5.175 638

" 3.5 .098850 13.835 .007144¢9 5.144 631

" 4 .098381 13.828 .0071146 5.122 625

" 4.5 .098100 13.825 .0070956 5.109 621

! 5 .097812 13.823 .007076 5.094 - 617

Total 3.5



Oxidation

Time
6 (mi

After

1"
1"
1"
"
1"

Total

n.)

goxsbgnwrom—\
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(6] (823 {9 [(8)] w u

w

w

(G NS N &
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Voltage
\'s
(volts)

' .120306

.115645
.113386
.112409
.111506
.110878
.110577

.059192

.10435
.10455
-104359
.103656
.103690
.703590

.121622
.120345
.119587
.119040
.118696
.118475
.118270
.118269
.118300

.058998

Table (D-19)
Oxidation Data
Sample SE#11

(111) Semi-Elements

Oxidation Pressure

1000 Microns of Air

Current Resistance R Ratio Temperature
I R R/Rap oI
(amps) (ohms)  (ohms/ohm) ("c)

First Oxidation

13.892 .0086745 5.573 744

" .0083246 5.348 684
13.816 .0082069 5.273 664
13.804 .0081432 5.232 653
13.781 .0080913 5.199 645
13.771 .0080516 5.173 638
13.774 .0080280 5.758 633
13.548 .0072902 4,684 512

Second Oxidation
13.242 .0078802 5.063 610
13.287 .0078686 5.056 607
13.266 .0078667 5.054 606
13.212 .0078456 5.041 603
13.228 .0078387 5.036 602
13.224 .0078335 5.033 600
14.903 .0081609 5.243 657
14.809 .0081265 5.221 651
14.764 .008099 5.204 646
14.732 .0080804 5.192 642
14.713 .0080674 5.183 641
14.705 .0080568 5.176 638
14.696 .0080478 5.171 637
14.716 .0080368 5.164 636
14.716 .0080389 5.165 636
13.843 .0071114 4,569 487

Emittance
Check
€

.2003



Table (D-19)
(Continued)

Oxidation Voltage Current Resistance R Ratio Temperature Emittance
Time v I R R/R3g T Check
8 (min.) (volts) (amps) (ohms)  (ohms/ohm) (°c) S

Third Oxidation
.5' .128588 15.684  .0081987 5.267 663
2127590  15.570 .0081946 5.265 662
.126693  15.492 .0081780 5.254 659

After 1
2
2
" 3 125940 15.438 .0081578 5.241 656
3
4
3

.
wm

.5 .125478 15.402  .0081469 5.234 654
.325150 15.380 .0081372 5.228 653



Cxidation
Time
6 (min.)

After 2'
" 2.5

1"

w

5

w

w

3.
4
4.
5
1" 5.
6
6.
4.

S
5'

Oxidation
Time
8 (min.)

After 1.5

After 1°
11 2

Total 3

Voltage
v
(volts)

-.070123
.070820
.070038
.069420
.069000
.068656
.068350
.068101
.067900
067767

Voltage
\
(volts)

117736

-130504
.125700

Table (D-20)
Oxidation Data
Sample SE#12

(111) Semi-Elements

D-25

Oxidation Pressure
1000 Microns of Air

Current Resistance R Ratio Temperature Emittance
I R R/R3o T Check
(amps) (ohms)  (ohms/ohm) (°c) E
14.733  .0047596 5.140 629
14.7105 .0048142 5.199 545
14.695  .0047675 5.149 631
14.685  .0047273 5.105 620
14.676 .0047016 5.078 613
" .0046781 5.052 606
" .0046573 5.030 600
" .0046403 5.012 596
" .0046266 4.997 560
14.659  .0046229 4,993 589

Table (D-21)
Oxidation Data
Sample OSCH1

(100) Research Crystal Inc.

Oxidation Pressure
1000 Microns of Air

Current Resistance R Ratio Temperature Emittance

I R R/Ra
(amps) (ohms) (ohms/gmﬂ
20.2805 .00580537  5.575
22.1863 .00588219  5.648
22.1586 .0056727  5.447

OT Check
(“C) €
745

764

717
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Table (D-22)
Oxidation Data
Sample OSCH2

(110) Research Crystal Inc. Oxidation Pressure
1000 Microns of Air

Oxidation Voltage Current Resistance R Ratio Temperature Emittance

Time v I R R/Rag of €
® (min.) (volts) (amps) (ohms)  (ohms/ohm) (®c)
After 1' .32574  22.0904 .014746 6.149 898
After 1° .29012 20.2805 .014305 5.965 849
" 1.5 .28981 20.262 .014303 5.964 849
" 2.5 .28936 20.243 .014294 5.961 848
" 3.5 .28863 20.231 .014267 5.949 845
" 4.5 .28792 20.2265 .014235 5.873 824
Total 4.5
Table (D-23)
Oxidation Data
Sample OSC#3
(100) Research Crystal Inc. Oxidation Pressure

1000 Microns of Air

Oxidation Voltage Current Resistance R Ratio Temperature Emittance

Time ' I R R/R30 ol Check
® (min.) (volts) (amps) (ohms)  (ohms/ohm) (Yo €

After 1! .082816 20.769 .0039875 5.408 700

" 2 .081797 20.768 .0039386 5.343 683

" 3 .081491 20.750 .0039273 5.327 679

" 4 .081082 20.742 .0039091 5.303 673

" 5

" 6

" 7 .080235 20.740 .0038686 5.248 658

11" 8

17" 9

" 10 .079692 20.748 .0038409 5.210 648

" 11

" 12

" 13

" 14 .079343 20.755 .0038228 5.186 642

Total 13.5°
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Table (D-24)
Oxidation Data
Sample OSCH4

(100) Research Crystal Inc. Oxidation Pressure
1000 Microns of Air

Oxidation Voltage Current Resistance R Ratio Temperature Emittance

Time v I R R/R30 o] Check
e (min.) (volts) (amps) (ohms)  (ohms/ohm) (*c) c
After 2' .20136 14,577 .013814 5.535 735
" 6 .19614 14.510 .013527 5.386 696
" 7 .19574 " .013490 5.371 690
" 8 .19553 " .013460 5.366 689
" 9 .19538 " .013465 5.362 688
" 10 .19531 " .013460 5.360 687
" 11 .19527 " .013458 5.359 687
" 15 .19530 " .013460 5.359 687
' 16 .19543 " .013469 5.363 689
! 21 .19551 14.509 .013475 5.364 689
Total 20°
Table (D-25)
Oxidation Data
Sample OSC#5
(110) Research Crystal Inc. Oxidation Pressure

1000 Microns of Air

Oxidation Voltage Current Resistance R Ratio Temperature Emittance

Time v I R R/R3q oI €
e (min.) (volts) (amps) (ohms)  (ohms/ohm) (*c)
After 2' .088565 15.7317 .0056275 5.104 620

" 3 .096894 16.9439 .0057186 5.187 641

" 3 o 5

" 4 .114424  19.380 .0059042 5.355 686

" 5 .112901 19.344  .0058365 5.294 670

" 6 .112180 " .0057992 5.260 661

" 7 111651 " .0057719 5.235 654

" 14 .111441 19.306 .0057724 5.236 654

Total 12'
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Table (D-26)
Oxidation Data
Sample OSC#6
(100) Research Crystal Inc. Oxidation Pressure
1000 Microns of Air

Oxidation Voltage Current Resistance R Ratio Temperature Emittance

Time v I R R/R oI Check
© (min.) (volts) (amps) (ohms)  (ohms/ohm) (“c) €
After 2' .0839350 705
After 2' .088223 16.966 .0044187 5.362 688

" 3 .087669 .0043909 5.328 679
Total 3'

Table (D-27)
Oxidation Data
Sample OSCH7
(100) Research Crystal Inc. Oxidation Pressure
1000 Microns of Air

Oxidation Voltage Current Resistance R Ratio Temperature Emittance

Time v I R R/Rag T Check
e (min.) (volts) (amps) (ohms)  (ohms/ohm) (°c) €
After 1°' .17304 5.225 652
" 2 .16940 9.582¢% 017677 5.129 626
" 3 .16765 9.5661 017525 5.085 614
" 4 .16661 9.5559 017438 5.060 608
" 5 . 16601 9.5661 .017525 5.041 603
" 6 .16550 9.5559 .017319 5.025 599
" 8 .16435 9.5505 .017209 4,993 589
" 10 .16451 9.5505 .017225 4,998 591 .
" 11 .16411 9.5505 .017184 4.986 588
" 13 .16375 9.5559 .017184 4,972 584
" 14 .16353 " .017136 4,965 583
" 15 .16339 " 017113 4,961 582
" 16 .16325 " .017098 4,957 580
" 17 .16314 " .017084 4,953 579
" 18 .16300 " 017072 4,949 579
" 19 .16289 " 017057 4.946 578
" 20 .16277 " .017046 4,942 516
" 22 .16258 " .017033 4.936 575
" 23 .16253 9.5559 .017014 4,935 574
" 30 .16209 9.5631 .016950 4,918 570
" 38 .16178 9.5697 .016905 4.905 567
" 53 .16174 9.5697 .016901 4.904 567
" 77 .16192 9.5709 .016918 4.909 568

Total 76.5'



Oxidation

Time

8 (min.)

After
17

Total

After

1"

Total

After

Total

After

.
(8]

.
wm

O BANDMONN-
w

Voltage
v
(volts)

-106509
101764

-075524

.103166
.102204

.074545

.100707
.100246

.072872

.097214
-097073
.096923
.096766

.100086
.099728

.106830
.106556

Oxidation Data

Table (D-28)

Sample OSCH8

(110) Research Crystal Inc.

Current Resistance R Ratio Temperature

I R R/R3p
(amps) (ohms)  (ohms/ohm)
First Oxidation
16.141 .0065987 5.543
16.085 .0063266 5.314
12.258 .0061612 5.175
Second Oxidation
16.369 .0063025 5.294
16.308 .0062671 5.264
12.253 5.110
Third Oxidation
16.181 .0062238 5.228
16.145 0062091 5.216
12.236 4,993
Fourth Oxidation
15.819 .0061454 5.162
" .0061400 5.158
" .0061305 5.150
15.802 .0061237 5.144
16.233 .0061656 5.179
16.224 .0061469 5.163
5.252
5.250

D-29

Oxidation Pressure
1000 Microns of Air

oI
("C)

737
675

638

670
662

621

653
648

589

635
634
%632
631
635
640
637.5
635

658
658

Emittance
Check

€

.2593

.2761

.3125
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Table (D-29)
Oxidation Data
Sample OSCH9

(110) Research Crystal Inc. Oxidation Pressure
1000 Microns of Air

Oxidation Voltage Current Resistance R Ratio Temperature Emittance

Time v I R R/R3g oI Check
8 (min.) (volts)  (amps) (ohms)  (ohms/ohm) (Yc) €
After 1.5' .061463 12.780 .0048093  4.851 553

"2 .062255 12.749  .0048831 4.926 573

" 2.5 .061903 12.729  .0048631 4.905 567

"3 .061453 12.711  .0048346  4.877 559

" 3.5 .061163 12.700 .0048160  4.858 554

"4 .060940 12.693  .0048011 4.843 557
Total 2.5'



APPENDIX E

OXIDE REDUCTION DATA

This appendix includes a summary of the oxide reduction date

taken during the oxide weight determination step.



Table (E-1)
Oxide Reduction Data

Run #-03 25.8}UQ/qn2 Run_#-0§2 120.%}1q/qn2

Time T gpr;?g ASpring Time T :pr;?g ASpring
6(min.) (°C) (;inf§g Reading 6(min.) (°C) (;in.)g Reading

0 41 0 45 40.031

4 41 36.270 1.5 75.5

7 71 " 0 5 116 40.032 +.001

8 100 " 0 10 214 39.986

9 119 " 0 i2 264 40.022
10 137 " 0 13 40.357 +.,335
11 156 " 0 14 300
12 174 " 0 14.5 43.907 +.550
13 191 36.293 +.023 15.5 332
14 201 " 0 17 350 43.910 +.003
15 220 36.330 +.037 20 404 " 0
16 250 36.414 +.084 22 448
17 271 36.405 -.009 25.5 43.948 +.038
18 295 36.885  +.480 27 521
19 308 37.136  +.251 29 548 43.985 +.037
20 325 " 0 30 :
21 338 " 0 35 685 43.982 -.003
22 354 " 0 40 775 44,013 +.031
23 " 0 48 811 44,083 +,070
24 368 " 0 59 810 44,114 +.031
27 456 37.176 +.045 76 816 44,158 +.044
36 565 37.221 +.045 86 " 44,173 +.015
42 686 " 0 101 " 44,164 -.009
52 822 37.339 +.118 111 " 44,135 -.009
57 811 119 " 44,127 -.008
67 812 37.387 +.048
100 818 37.444 +.057



APPENDIX F

NICKEL SINGLE CRYSTAL PREPARATION

This appendix contains a detailed report on the preparation of

the thin nickel single crystal specimens. It includes

1. ABSTRACT

2. INTRODUCTION

3. THEORY AND LITERATURE

4. EXPERIMENTAL APPARATUS AND PROCEDURE

5. DISCUSSION OF RESULTS



ABSTRACT

Thin polished nickel single crystal specimens were prepared from
a purchased single crystal rod. Other polished single crystals speci-
mens were prepared from purchased oriented crystals. Nickel crystals
with (100), (110) and (111) orientations were prepared.
The finished crystals were normally 3" long by .17" wide by 5-
10 mils thick. The samples were parallel and finely polished on both
sides.
The single crystal preparation consisted chiefly of the follow-
ing operations:
(1) spark cutting
(2) mechanical thinning
(3) fine grinding
(4) mechanical polishing
(5) chemical polishing

(6) x-ray inspection



INTRODUCTION

Nickel is a face-centered cubic structure as shown below:

The three closest packed surfaces of nickel are the (100), (110) and

(111) configurations as shown below:

@ S

—® ¢—0

C ) G- ©
(100) (110) (111)

Atoms on the surface of the (111) orientation have 9 nearest neighbors,
making it the most closely packed. The (100) crystal has 8 nearest
neighbors whereas the (110) orientation has 7, making it the least
closely packed of the three. Because of this difference, one would
expect to observe separate and different chemical effects on these sur-
faces. This is what occurs.

Solids with small ordered regions arranged in different orien-
tations and separated by boundaries are considered to be polycrystal-
line. If a body contains no grain boundaries and the atoms, ions, or
groups of atoms or ions in an ordered network repeats through the body,

it is said to be a single crystal.



Single crystals are grown in three principal ways with many
modifications of each of these techniques (35):
(1) solidification of a pure melt of the composition to be grown,

(2) crystallization from a solution containing the crystal com-
ponents,

(3) condensation of vapors having the desired composition.
All of these techniques provide means for transporting atoms, ions,
molecules, or groups of atoms to a growth surface under such condi-
tions that they find their most stable positions prior to becoming a
fixed part of the solid lattice.

Most materials which melt without decomposing or without chang-
ing their crystal structure below the melting point, are grown from
the melt. This method offers the greatest potential for producing
large, pure, single crystals at reasonable growth rates.

There are three major types of melt-growth processes as shown

below:

(1) the crucible, or temperature-gradient techniques
(Bridgman-Stockbarger);

(2) vertical-pull (Czochralski) methods;
(3) floating-zone process.

In the Bridgman method, the material to be crystallized is norm-
ally melted in a cone-tipped cylindrical crucible as shown in Figure
F-I. The temperature is maintained high enough to insure that all par-
ticles have been fused. The crucible is then passed through a sharp
temperature-gradient region such that solidification starts at the bot-

tom tip, A, of the crucible. Thus the restricted volume limits the
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number of nucleating points to one or at least to a very few. As the
solidification front moves through the crucible, one crystal predomi-
nates and fills the entire container.

In the vertical-pull (Czochralski) method, a relatively cool
rod or single crystal "seed" A is lowered into a melt of the material
to be grown, which is held exactly at the melting temperature. The
"seed" is then withdrawn slowly so that the melt at the interface is
frozen and withdrawn from the melt. By proper control of the tempera-
ture and withdrawal rate, the growing mass can be constricted to insure
the single crystal growth and can be widened during the withdrawal to
produce single crystal cylinders several inches in diameter. This
method has the advantage of resulting in less-strained crystals than
those obtained by cooling in a container.

Floating zone crystal growth, as shown in Figure F-I, is another
modification of these procedures. In this case only a very thin molten
zone, A, is passed through a solid polycrystalline rod of the material
starting from a single crystal "seed" from one end. This technique
does not require a crucible so that high purities can be achieved.
Comparatively high thermal gradients, however, are imposed on the crys-
tal during this process and the crystal may contain numerous imperfec-
tions and strains.

A spark cutting technique is often used to cut large single
crystal rods into smaller rectangular sections. Other methods of cut-
ting single crystals consist of diamond saws, jeweler's saws, wire

cutters, and acid saws, or a combination of these. The spark cutter
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has the advantage of cutting relatively quick and also giving a nearly
parallel cut. The mechanical cutters are slower for.nickel and give
a much deeper damage of the surface. The wire cutter is extremely slow
and is not very feasible for the relatively "soft" nickel. Acid cut-
ters give a rougher cut than the spark cutter.

In all of the cutting or cleaving operations, there is a resid-
ual surface damage, the depth of which varies with the method used.

Use of an etchant is common to remove the damage. The etched surface,
however, although strain-free, usually has a dull or satin finish.

To obtain a highly smooth shiny surface as was desired, a polishing
operation was necessary. This polishing can be accomplished either
by hand, which is very tedious, or by a mechanical polisher, which re-
sults in more surface strains.

To remove surface strains or damage, it is necessary for the
final step to be either chemical polishing or electrochemical polish-
ing. With electrochemical polishing, it is very difficult to obtain
uniform polishing of a large specimen. It is very easy to develop
ridges, grooves, or pits in the surface of the nickel. Chemical polish-
ing of nickel is feasible; however, the best polishing is usually ac-
complished with either a boiling acid solution or a potentially explo-
sive solution.

To determine crystal orientation both before spark cutting and
after the final polishing step, back reflection Laue x-ray pictures
are feasible. By observing the shape of the spots, it is possible to

obtain a qualitative estimate as to whether the crystal is strained
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or not. Since in the normal high energy x-rays the rays also penetrate
into the bulk metal, the picture obtained is not that of just the sur-
face. A better "look™ at the surface can be obtained with a Low Energy
Election Diffraction (LEED) unit, in which most of the rays do not

penetrate much deeper than the surface.



THEORY AND LITERATURE

A. Spark Cutting

There are many instances mentioned in the literature in which
spark cutting or electro-erosion devices are used to cut metals. Wilms
and Wade (34) describe the use of a2 spark cutter for cutting chromium,
aluminum, iron and antimony. Chandrasekhar (7) describes the use of
a spark cutter to cut single crystals of indium, tin, bismuth, aluminum
and copper. Tibbetts and Propst (32) describe the use of an electro-
erosion machine during the preparation of thin single crystal tungsten
ribbons.

The spark cutter, shown in Figure F-II, produces a rapid series
of spark discharges of controlled energy between the tool and the work.
The sparks erode the work at a rate dependent on the energy and fre-
quency of the discharges--high energies for fast roughing work and low
energies for fine finishes. The 200-250 volt 50-60 c/s mains is rec-
tified by a full wave bridge of silicon rectifiers and the resulting
D.C. applied to the simple relaxation circuit illustrated in Figure
F-II.

The condenser C charges at a rate determined by the resistor R
until the dielectric breakdown voltage V is reached when a spark dis-
charge takes place across the work gap d. C is then recharged through
R and the cycle repeated. The breakdown voltage V is proportional to
the work gap d which must be controlled within close limits for effi-
cient operation. V is therefore used to control a servo system which

maintains d at its optimum value.
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Some chemical contamination of the surface layer after spark
cutting generally occurs and consists of tool material and carbon from
decomposition of the dielectric. Contamination is confined to a very
thin surface layer and can generally be removed by a light etch. Dam-
age to the surface usually consists of a very thin melted layer (2-3
microns deep for lowest energy setiing) which has frozen epitaxially.
Below this is a layer subjected to thermal shock and possibly & further
layer disturbed by shock waves due to cavitation. The extent and depth

of surface damage depend on the work material and spark energy.

B. Polishing--Chemical (31)

Polishing of metal surfaces by immersion in a suitable solution
without the application of an external potential is called "chemical"
polishing as distinct from "electrolytic" polishing. The results can
vary from etching, where the surface may be smoothed but not brightened
to "bright dipping" where the surface is brightened but not smoothed.
The results depend on the solution and operating conditions.

The functions of an ideal polishing process can be distinguished
as

(a) "smoothing" by elimination of the large-scale irregularities
( > a micron in size) and

(b) "brightening" by removal of the smaller irregularities (down
to about a hundredth of a micron in size) without the appear-
ance of etch pits.

As in electropolishing, it is theorized that two distinct processes

occur:
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(1) the formation of a viscous layer on the metal surface and
(2) the formation of a thin surface film, which provides an explan-
ation for the absence of etched pits on polished surfaces.
Several methods have been described in the literature for chemi-

cally polishing nickel. Three of the methods are shown below:

Table (F-1)

Chemical Polishing Solutions for Nickel

Solution Time' T (°C) Reference
30% HNO, 10% Orthophosphoric
a. s - T
10% H,80, S0% Glacial Acetic 21 min.  85-95  Dedong(10)
20% HNO3 55% Phosphoric up to 5 min. 88 o
25% Acetic 0.5% HC1
40% HNO, 30% Acetic up to 4 min. 85.5°C

30% Phosphoric 1% Sodium Chloride

C. Other Single Crystal Preparations

Rhodin (26) prepared 10 mil thick copper single crystals plates
from a 6 in. x 14 in. cylindrical single crystal of copper grown by
the standard Bridgman method. After determining the crystal orienta-
tion by the back-reflection Laue x-ray method, he cut sections 3/4 in.
x 1/2 in. with an alundum cutting wheel. These were then reduced to
.040 in. thickness by mechanical polishing. The plate was then reduced
to a thickness of 10 mils by electropolishing.

Kruger (18) prepared single crystals of copper having (100),

(110), and (111) orientations by cutting a large copper single crystal.
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This was followed by mechanical polishing and electrolytic polishing.

Tibbetts and Propst (32) prepared 5 mil thick single crystal
tungsten ribbons from a cylindrical tungsten crystal 1 cm. in diameter
x 1 in. long. The crystal was cut initially with a spark-erosion ma-
chine. This was then followed by electropolishing to obtain an almost
mirror firish along with 2 good back reflection Laue x-ray picture.

Harris, Ball and Gwathmey (16) prepared flat faces on copper
single crystal spheres parallel to the (311), (111), and (100) planes.

These were prepared by machining followed by electropolishing.
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EXPERIMENTAL APPARATUS AND PROCEDURE

The apparatus used to prepare the thin polished single crystals
consisted essentially of the x-ray machine, a spark cutter, automatic
grinding devices, mechanical polishing wheels and chemical polishing
equipment.

A large single crystal 6" long by 1/2"-3/4" in diameter was the
starting material. The crystal was grown by Research Crystal Incorp-
orated in Richmond, Virginia. The orientation was {100) along the
axial direction as shown in Figure F-III-B. Since the desired crystals
were 3" long, it was possible to cut crystal specimens with a (100)
and (110) orientation. To obtain (111) crystals of 3" length, it was
necessary to have a single crystal with a (110) orientation along the

axise.

A. Cutting of Large Crystal

The large 6" long crystal was first cut with the spark cutter
to give a 3" long crystal. This crystal was then sliced into four
quadrants as shown in Figure F-III-C. The energy of the spark cutter
could be varied with a setting of T to 7. The lowest reading gave
the roughest but fastest cut. With a setting of 7, it was possible
to have a smoother cut, but the time required for cutting was very
long. Most of the cuts were made with a spark cutter setting of 5.

The crystals were glued to the sample holder with Duco cement.
An attempt was made to use sealing wax; however, it was soluble in the

kerosene. The glued sample was removed from the holder by acetone.
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A #26 gauge copper wire proved to be the most feasible size of
wire. Thinner wire resulted in breakage and larger wire gave too wide
a cut resulting in wastage.

After cutting the large sample into four parts, one of the sec-
tions was glued to the holder and smaller slices (ca. 1/%6 inch) cut
as shown in Figure F-III-D. Attempts made to cut thinner sections re-
sulted in bending of the crystal. A Laue back reflection x-ray picture
was taken prior to cutting the sample into 4 parts to assure clevage
along a (100) direction.

Crystals with (110) orientation were cut from the quadrants by
gluing the sample in a right angle holder and cutting the crystal as

shown in Figure F-III-E.

B. Thinning, Grinding and Mechanical Polishina of Single Crystal Slices

After slicing the crystals into about 1/16" thick slices with
the spark cutter, the slices were then thinned to about 12 mils thick
with a Buehler type belt grinder. The 1/16" thick sample was glued to
the sample holder, shown in Figure F-III-A. A thin film of Duco cement
was spread- over one side of the crystal plate which was then placed on
the holder. Pressure was_applied to the sample by placing lead weights
on the top of the sample. The drying period was approximately 24 hours.

After grinding the exposed surface on a 350 or 400 grit wet belt
for several minutes, a parallel surface was usually attained. Follow-
ing this paralleling operation, the sample was then ground on a wet 600

grit paper for about $-1 hour.
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The sample was then polished on a Buehler-type polishing wheel
using Selph cloth and .3 micron alumina. This was then followed by
polishing with .05 micron alumina until a mirror smooth finish was
obtained.

The sample and holder were then placed in a beaker of acetone
to remove the sample. The sample usually loosened after about 15 min-
utes and separated from the holder. Several attempts to remove the
sample by prying resulted in bent specimens.

The sample was then reglued to the holder again using lead
weights to assure good contact. After drying 24 hours, the expoged
side was ground on the wet 600 grit cloth until the sample was about
10 mils thick. The belt grinding step was not used at this stage,
since the thin sample was very susceptible to bending. Finally, the
sample was polished and removed from the holder as described previously.

Samples as thin as 4-5 mils were prepared by this technique;
however, much more care and careful handling were required to obtain

a polished sample.

C. Chemical Polishing of Thin Single Crystals

Prior to chemically polishing the thin sample, it was ultrason-
ically cleaned in benzene, then acetone, and finally in warm distilled
water. The chemical polishing solution used consisted of

30% HNO3

10% H2$O4

10% Orthophosphoric acid
50% Glacial acetic acid
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The polishing step was carried out at a temperature of 85-95°C in a
beaker agitated with a magnetic stirrer. The immersion time was approx-
imately 7-10 seconds. The sample was held with a clamp attached to a
long holder and helé-at the edge so that essentially all of the crystal
was uniformly exposed.

Immediately after removing the sample from the hot acid solution,
the sample was immersed in distilled water to remove all traces of acid.

Some unsuccessful attempts were made to electrochemically polish
the large thin nickel crystal specimens. In most cases, the polishing
was very poor and non-uniform.

Other types of chemical polishing solutions were also investi-

gated, but without success.

D. Observation of Finished Crystals

Following the chemical polishing step, the crystal was mounted
on a holder and a back reflection Laue x-ray picture taken on a G. E.
type x-ray instrument. The x-ray was taken with a copper target with
an exposure time of about 20 minutes.

The crystal orientation determination consisted of drawing hy-
perbolas through the spots and joining these hyperbolas on a larger
scale. This plot is then compared to a standard projection to deter-
mine the orientation.

Microphotographs were also taken of some of the finished speci-

mens to observe macroscopic surface conditions.
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DISCUSSION OF RESULTS

The finished samples were normally about 3" long by 1/6" wide
by about 10 mils thick with a bright polished surface on each side.
Good back reflection Laue x-ray pictures were obtained for the samples.

Approximately 10 of these crystals--both (100) and (110) orien-
tation--were prepared from the Research Crystal Inc. grown nickel single
crystal. Twelve other nickel single crystals--four (100), four (110)
and four (111)--were also purchased from Semi-Elements Inc. These
crystals, thinned to about 10 mils by etching, had a fairly rough etched
surface which had a satin appearance. These samples were also refin-
ished to give a bright smooth appearance on each side.

In the spark cutting operation, some difficulty was encountered
with the cut sample closing onto the copper wire causing breakage or
sticking. When the wire was repaired or removed, the planing action
of the spark cutter caused the wire to start from the beginning of the
cut sometimes causing grooves on the surface.

The spark cutting operation resulted in some surface damage as
mentioned earlier. A microphotograph of a spark cut surface is shown
in Figure F-IV. With a setting of 5 on the spark cutter, it took ap-
proximately 3/4-1 hour to cut through a 1/4-3/8" section of the single
crystal.

Extreme care was required for the thinning operation, since a
coarse grit at a high. rpm was used. With a 320 grit paper, approxi-
mately 2.8 mils/minute were removed. Approximately 1 hour on each

side was required for the fine grinding step using 600 grit wet paper.
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An additional $-1 hour was required on each side on the polishing wheel
with .3 and .05 alumina. Pictures of the single crystals during dif-
ferent stages of grinding and polishing are shown in Figures F-V and VI.

In the chemical polishing step, the time of immersion was ex-
tremely important. If Fhe polishing were continued for more than 10
seconds, extensive pitting and "blister" formation occurred. If the
chemical polishing time were less than 5 seconds, some of the mechanical
damage remained.

During chemical polishing of some very thin single crystals
(<€ 5 mils thick), a white substance appeared as spots on the surface.
In some instances it was possible to remove these spots by rubbing
vigorously with acetone on a polishing cloth.

Back reflection Laue x-ray pictures were taken at different
stages of the finishing brocess. Some of these are shown in Figures

F-VII to F-XVII.
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MICROPHOTOGRAPHS DURING PREPARATION OF NICKEL SINGLE CRYSTALS

Figure F-1V 500x
Spark Cut Surface

Figure F-V 1000x Figure F-VI 1000x
Single Crystal After Single Crystal After
Mechanical Polishing Chemical Polishing
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BACK REFLECTION LAUE X-RAYS OF SEMI-FINISHED SINGLE CRYSTALS
AND POLYCRYSTALLINE NICKEL

Figure Polycrystalline Nickel

Figure .
Damaged Single Crystal g y117 After Mechanical Polishing

F-VII

Figure Single Crystal Specimen Figure Single Crystal After
F-IX After Mechanical Polishing F-X Spark Cutting
Through 0.3 Micron Alumina
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BACK REFLECTION LAUE X-RAYS OF FINISHED NICKEL SINGLE CRYSTALS

0SCH5 Figure F-XI (110) 0SCH6 Figure F-XII (110)

SE#1 Figure F-XIII (110) SE#10 Figure F-XIV (117)



APPENDIX G

MICROPHOTOGRAPHS

This appendix contains 46 color microphotographs taken during
the various stages of oxidation of the nickel single crystals. The
pictures were taken at a magnification of 50x to observe the macro-
scopic oxide formation and 1000x to observe microscopic oxide forma-

tion.

This appendix also includes a summarized table of the micro-
photographs listing exposure and development time.
Finally, this appendix contains back reflection Laue x-ray

pictures of three nickel single crystals after reducing the oxide from

the surface.

G-1



Table (G-1)

Description of Microphotographs

Page Figure Sample Crystal Oxide Magnifi- Time(sec.)
(/ug/cm2) cation Exp. Dev.

1-P SE#5 (100) 12.7 50x 3 75

G-a 2-P SE#5 (100) . 12,7 " 3 "
3-P SE#9 (111) 9.0 " "

4-P SE#1 (110) 4.9 " "

5-P SE#12 (111) 20.3 50x 75

-5 6-P SE#12 (111) 20.3 ) "
7-P SEHE (100) 21.8 " 12 "

8-P SE#3 (110) 29.1 " n

9-P SEH2 (110) 37.2 50x 75

o6 10-P SE#2 (110) 37.2 " "
11-P SE#10 (111) 33.3 " "
12-P SE#8 (100) 37.0 " 15 "
13-P SE#7 (100) 46.6 50x 25- 75

G-7  14-P SEH7 (100) 46.6 " 25 "
15-P SE#11 (111) 57.6 " 35 "

16-P SE#4 (110) 77.3 " "
17-P 0SCi#6 (100) 13.5 50x 1 75

Gg 18P 0SC#3 (100) 29.4 " "
19-P 0OSC#1 (100) 38.1 " "
20-P 0SCH#4 (100) 77.2 " "
21-P 0SCH#8 (110) 48.1 50x 10 75

o9 22-p 0SCH#5 (110) 68.8 " 10 "
23-P 0sC#2 (110) 82.8 " 20 "

24-P  O-#15-10Wix5 Poly- 43.1 " "

crystalline

25-P SE#1 (110) 4.9 1000x 4 75

G-10 26°P SE#1 (110) 4.9 " 4 "
27-P SEH5 (100) 12.7 " 7 "
28-P SEH5 (100) 12.7 " 15 "
29-P SE#3 (110) 29.1 1000x 6 75

G-1q 30-P SE#3 (110) 29.1 " 6 "
31-P SE#3 (110) 29.1 " 7 "
32-P SE&3 (110) 29.1 " 6 "



Table (G-1)
(Continued)
Page Figure Sample Crystal Oxide Magnifi- Time(sec.)
( g/cm?) cation Exp. Dev.
33-P SE#2 (110) 37.2 1000x 15 90
G=12 34-P SE#2 (110) 37.2 " 14 70
35-P SE#8 (100) 37.0 " 7 75
36-P SE#8 (100) 37.0 " 20 "
37-P SE#6 (100) 21.8 1000x 20 75
G-13 38-P SE#6 (100) 21.8 " 15 "
39-P SE#7 (100) 46.6 " 20 "
40-P SEXT {100) 46.6 " 25 "
41-P SE#9 (111) 9.0 1000x 5 "
G-14 42-P SE#12 (111) 20.4 " 5 "
43-P SE#10 (111) 33.3 " 5 "
44-p SE#11 (111) 57.6 " 12 "
G-15 45-P SE#4 (110) 77.3 1000x— 8 75
46-P SE#4 (110) 77.3 " 9 70



MICROPHOTOGRAPHS OF OXIDIZED NICKEL SINGLE CRYSTALS

SE#5 Figure 1-P 50x SE#5 Figure 2-P 50x
(100) 12.7 phg/cm2 (100) 12.7 yg/cm?

SE#9 Figure 3-P 50x SE#1 Figure 4-P 50x
(111) 9.0 p g/cm2 (110) 4.9p g/cm2



SE#12
(111)

SEH6
(100)

MICROPHOTOGRAPHS OF OXIDIZED NICKEL SINGLE CRYSTALS

Figure 5-P 50x SE#12 Figure 6-P
20.3/lg/cm2 (111) 20.3/19/@12

Figure 7-P 50x SE#3 Figure 8-P
21 .8/ag/cm2 (110) 2914 g/cm?

50x

50x



MICROPHOTOGRAPHS OF OXIDIZED NICKEL SINGLE CRYSTALS

SE#2 Figure 9-P 50x SE#2 Figure 10-P 50x
(110) 37.2/lg/cm2 (110) 37.2/ug/cm2

SE#10 Figure 11-P 50x SE#8 Figure 12-P 50x
(111) 33.3/lg/cm2 (100) 37.0/49/cm2



MICROPHOTOGRAPHS OF OXIDIZED NICKEL SINGLE CRYSTALS

SE#7 Figure 13-P 50x SE#7 Figure 14-P 50x
(100) 46.6 /Ug/cm2 (100) 46.6 4 g/cm?

SE#11 Figure 15-P 50x SE#4 Figure 16-P 50x
(111) 57.6/ug/cm2 (110) 77.3/lg/cm2
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MICROPHOTOGRAPHS OF OXIDIZED NICKEL SINGLE CRYSTALS

OSCH6 Figure 17-P 50x OSC#3 Figure 18-P

50
(100) 13.5/Jg/cm2 (100) 29.4 /Jg/cmz g

oscin Figure 19-P 50x
(100) 38.1/Jg/cm2 (100) 77.2/ug/em2

0sC#4 Figure 20-P 50%



MICROPHOTOGRAPHS OF OXIDIZED SINGLE AND POLYCRYSTALLINE NICKEL

0SC#8 Figure 21-P 50x OSCH5 Figure 22-P 50x
(110) 48.1/ag/cm2 (110) 68.8/49/cm2

’

OSsCH2 Figure 23-P 50x O-#15-10Wix5 Figure 24-P 50x
(110)  82.8 /lg/cm2 Polycrystalline 43.1 /Ig/cmz



G-10
MICROPHOTOGRAPHS OF OXIDIZED NICKEL SINGLE CRYSTALS

SE#1 F igure/255p SE#1 Figure/265P 1000x
(110) 4.9/49 cm (110) 4.9//9 cm

SE#5 Figure 28-P 1000x

SE#5 Figure 27-P 1000x
(100) 12.7/ug/cm2 (100) 12.7/Jg/cm2
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MICROPHOTAGRAPHS OF OXIDIZED NICKEL SINGLE CRYSTALS

SE#3 Figure 29-P  1000x SE#3 Figure 30-P  1000x
(110) 29.1/Ug/cm2 (110) 29.1/¢g/cm2

SE#3 Figure 31-P 1000x SE#3 Figure 32-P 1000x
(110) 29.1/lg/cm2 (110) 29.1/Ig/cm2
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MICROPHOTOGRAPHS OF OXIDIZED NICKEL SINGLE CRYSTALS

SE#2 Figure 3;—8 1000x : SE#2 Figure jﬁ-g 1000x
(110) 37.2/,9 cm (110) 37.2/19 cm

SEH8 Figure 36-P 1000x

SE#8 Figure 35-P 1000x
(100) 37.O/lg/cm2 (100) 37.0//g/cm2



G-13
MICROPHOTOGRAPHS OF OXIDIZED NICKEL SINGLE CRYSTALS

SE#6 Figure 37-P  1000x SE#6 Figure 38-P  1000x
(100)  21.8 /lg/cmz (100)  21.8 /lg/cm2

SE#7 Figure 39-P  1000x SE#7 Figure 40-P 1000x
(100) 46.6/ug/cm2 (100) 46.6/4g/cm2



G-14
MICROPHOTOGRAPHS OF OXIDIZED NICKEL SINGLE CRYSTALS

SE#9 Figure 41-P  1000x SE#12  Figure 42-P  1000x
(111) 9.0 Yg/cm2 (111) 2o.f/lg/cm2

SE#10  Figure 43-P  1000x SE#11  Figure 44-P  1000x
(1) 33.3 yg/cm2 (111) 57-67u9/bm2



G-15
MICROPHOTOGRAPHS OF OXIDIZED NICKEL SINGLE CRYSTALS

SE#4 Figure 45-P 1000x SE#4 Figure 46-P 1000x
(110) 77.3/1g/cm2 (110) 77.3/ug/cm2



BACK REFLECTION LAUE X-RAYS OF NICKEL SINGLE CRYSTALS G-16
AFTER OXIDATION AND REDUCTION

0SC#1 Figure G-I (100) OSCH6 Figure G-II (100)
38.-4/(g/cm2 Before Reduction 13.5/,49/cm2 Before Reduction

0SCH2 Figure G-III (110)
82.8/0-!g/cm2 Before Reduction
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