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ABSTRACT

An investigation into the effect of oxygen on the three ultraviolet
optical absorption bands in megnesium oxide was carried out. These peaks were

located at 5.75, 5.0 and 4440 eV within the range 212 to 350 mpu.

The single erystal platelets were heated in air or oxygen for
increasing times at various temperatures. It was found that the increase

in peak height with time followed a diffusijon relation.

A mechanism of formation of the centers causing the 5.75 and 4. Lo eV
peaks was proposed. The mechanism was based on the oxidation of iron and
menganese impurities and the diffusion of magnesium to the ecrystal surface.

The absorbing center was defined as (Fet°>. VMg+2)' From this it was shown
that the diffusion process governing both the 5.75 and the Lk.L0O eV peaks

followed the samerArrheniué,relation:

~{7,000

AT cm 2/ sec.

over the temperature range of 800 to 1100° C.

D= 1.7 X 10°e

No similar conclusions could be drawn concerning the 5.0 eV'peak.
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1
THE EFFECT OF OXYGEN ON THE ULTRAVIOLET OPTICAT

ABSORPTION BANDS COF MAGNESIUM OXIDE

I. INTRODUCTION

A. General

Recent interest in ceramics as compeonents of engineering\materials
such as ceramic-coated parts and cermets has resulted in this deparﬂment
initiating a programme directed toward the accumulation of fundamental

25,26,27

knowledge of the bond and bonding mechanisms between metals and ceramics ,
One of the main factors in obtaining a good metal-ceramic bond is the magnitude
of the surface energies involved and the effect of surface active impurities
and alloying elements on these energies. ClarkégT, using the sessile-drop
method, investigated the effect of alloying elements in the liquild-metal
drop on the liquid—solid interfacial energy. He found that small ailoying
additions 'produced significant energy changes. Botﬁ Clarke and ﬁasselm’an26
found evidence of interdiffusion of the alloying and bulk elements across the
interface between the metal and the ceramic. Therefore, a knowledge of the
defect structure, impurity content and the behavibur of the ceramic comgonent
under various conditions would be a desirable addition to the knowledée 50

far acquired, An investigation into the coloring of maghesium oxide by X-rays

and by oxygen appeared to be a good basis for an investigation of this kind.

B. Summary of Previous Work

A well-known phenomenon associated with élkali halide crystals is
their ability to be "coloured" Ey high energy beams (X;Qays, ultra-violet
light, electrons; neutroné, etc.) or by introducing into the crystals
an excess of either cqmponéntl’g, In addition, recent investigations have

found coloération effects due to the introduction of impurities. This

coloring process may be detected by the presence of one or more peaks or

7



bands in the optical absorption spectrum of the crystals. FEach band is
characteristic of a color center which generally consists of positive or
negative vacancies, singly or in groups, upon which electrons or poles

may be trapped.

Similar investigations into the coloration of magnesium . oxide
produced similar results. A deep purple %oloration was produced by ultraviolet
irradiationj; further experimentationLF shéwed that this coloration could
a¥so be introduced by X-rays with accompanying optical absorption peaks
near 2.3, 4.4 and 5.6 eV. Weber? examined the effect of an excess of
either component as well as of X-rays on these bands with the following
results: -

1) Mg0 crystals could be additively colored by both oxygen and

magnesium vaponr. Oxygen addition produced peaks at 4.3 and

5.7 eV; Mg vapour produced peaks near 2.4, 3.6 and 5.0 eV,

2) The rate of increase in height of the ultravioclet absorption

‘bands when the crystal was heated in oxygen was governed by a

diffusion. mechanism.

3) .The amount of oxygen coloration reached a limiting or

saturation valuej the saturation level increased linearly with

the logarithm of the oxygen pressure, |

4) The X-ray induced spectrum could be depieted as a super -

pbgition of the oxygen and magnesium bands. ‘

5) The X-ray induced spectrum could be completely removed by

Jwarming and the oxygen induced spectrum by vacuum annealing.

6) ~One of the more important processes in the oxygen diffusion

was the gdsorption of oxygen on the inner surfaces of.the

crystal; however, not all the oxygen present was optically detected.
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Recently considerable interest has been displayed in MgQO especially
since large single crystals have become available, Experiments have been
conducted on tﬂe defectistructure and electronic p%operties of MgO using
the Hall effect6, photoconductivity7:8 post bombardment conductivity9’10,
X-ray and ultraviolet coloringll:12:15:lu, reflectivityl5, high temperature

6

condugtivity®, luminescence

16,17 17,18,19,20,21

and electron spin resonance
Perhaps the most extensive investigation§ of the optical and electrical

pfoperties of MgO was carried out by Shepherd and his associatesee.,

Most of the investigations have been concerned with the soc-called
"oxygen-bands" at 4.k and at 5.7 eV, and appear to be directed toward the
construction of a b;nd model for Mg0O as.well as defining the nature of.the
defects causing the localized transitions. The énergy gap between the
conduction and valencei bands has been estimated by Johnsonlu, using ultraviolet
excitation and optical methods; Xamashitall, using X-rays and the tignt bind-

"ing"approximation;,and.Reilling and Hensleyl5, using reﬂéctivity measurements.

Johnson estima£e§xa7;h eV for the energy gap, Xémashita 7.6 eV, and Reilling

and Hensley , 8.7 eV.

Attempts at.defining the nature of the,defects;causing transitions
to and from localized states have not been without controversy. Day7 found
phaotoconductivity peaks -at 1.2, 2.1, 5.7 and 4.8 eV; the latter three agreed
with optical absorption peaks for Mg—eécess crystals observed by Weber?.

-Day concluded that holes rather than electrons produced the photoconduction

since a narrow excited regidn of a crystal between two electrodes which

was_irradiatgd by 4.0 eV light and éubsequently scanned by longer wavelength
i

light always moved toward the negative electrode under application of an



6,23

electric field. Evidently the results of two .other investigéti@ns
substantiated Day’s postulate. However, Peria8’22=attributed the bands
at 3.6 and 4.8 eV to the strong optical absorption maximum near L.4 eV
and a minimum near.4.8 eV. A photoconductivity spectrum uncorrected for
this absorption effect would therefore lead to the two peaks observed
by Day. Moreover, through his method of analysis Peria obtained two
photoconductivity peaks of Gaussian shape located at 4.05 and 5.05 eV.
Peria attributed the low energy peak to hole transitions and the 5.05 eV

preak to electron transitions.

¢+ -Although the results obtained from the coloring stydies on MgO were
similar to those obtained for the alkal% halides, it was reeognized that
impuritiies (principally those of variabie valencej were probably Rhe
dominant factor in producing the optical bands. This inferred that there
were no optically détectable color centers. analogous to those in the alkali

18

halides. Indeed, Wertz,et. al defined the F-center from electron spin

5

resonance (E.S.R.) .studies as an oxygen vacancy between two Mg? ions;
no detectable amounts of this center could be produced by the same treatments

used to produce color-centers in the alkali halides.

Johnsonlu

extended optical absorption measufémen£vto the vachum
ultraviolet. He observed tWwo additional “oxygen excess" peaks a§-6,2 and

6.7 eV; only below 1700 B was the optical absorption impurity independent.
The work of Wertz, et al lg’lg.Haﬁbyge, Periag’ee, and Hansler and Segelken'!
verified the nature of the Impurity dependence of the observed optical
absorption, luminescence and photoconductivity phenomena. Clarkel5, however,

concluded that only the 6.7 QV'band could be ascribed to impurities. All

the other bands were attributed to magnesium pr oxygen vacancies in their



neutral states or with trapped electrons or holes (analpgons to alkali

halide centers).

Haxby22 has shown that both Mn and Fe impurities affect the excess
‘oxygen bands, iron having by far the dominant effect. He found that the.
saturation level of the 4.k eV band increased approximately linearly withA~
increasing iron and manganese contents. Moreover, extrapolation of the
iron line to zero concentration resulted in zero absorption at L.L eV;
that is, no bands at 4.4 or 5.7 eV would be observed at zero iron (and
manganese) content. Crystals heavily "doped" with cobalt and chromium,
however, exhibited entirely différent'béhaviour° These two imﬁlrities
appeared to mask the 5.7 eV peak but fhe 4.4 eV peak was unaffected by
the impurity additions. Furthermore, vacuum ahnealing was only partially
effective in femoving the ultravidlef absorption. (This agreed well
with the observations of Hansler and Segelkenl7 or chromium-doped crystals).
Under oxygen treatment the chromiumydOFed crystals have first a ‘decreasing
ultraviolet absorption with time and then an increasing absorption. The
spectrum of the increase showed little resemblsnce to the iron-in-Mg0 spectrum.
Haxby also foun@ that the saturation level for the iron (plus manganese)

spectrum decreased with increasing temperature.

8

Firther examination of the X=-ray induced coloring by Wertz, et al L
established that Fe*3 with an associated magnesium wvacancy and a trapped
hole was probably the center responsible for the oxygen bands. This
postulate fitted some of the results of Peria8 and %he X-réy work of
Soshea, et al 12, It was also observed by Wertz, etal that under X-

irradiation the intensity of the Cr+3,E.SaR. peak decreased while the

Fet3 peak increased. On decay the reverse was observed. This indicated



that reactions of the type:

Fet? —Fet3 +1 e

cr'®+ le —Cr=
might be taking place under X-irradiation. Haxby has interpreted these
reactions and others involving electrons, holes, and positive anq negative

ok

vacancies using the method of Kr8ger and Vink“ ',

Lowgo)gl found absorption peaks near 2.0, 2.8 and 3.65 eV for
crt3 doped MgO crystals (which agreed with Haxby’s observations) and no
appreciable absorption d&e to Mn*?, Low found no vacancies associated
with the Cr™® ion; in contrast, Wertz and Auzinsl9 assumed at least one

17

Mg+2 vacancy for every two cr™® ions. Hansler and Segelken ' used Crz0g-
doped crystals to produce cr*? and cr*® spectra., They found an additional
crt® peak at 5.9 eV and a crte peak a4t 5.0 eV, These and other data

obtained from luminescence studiesenabled them to formulate the wvalence

changes of iron and chromium into a band scheme.

Soshea, et al 12 used primarily X-ray induced spectra, to show
by means of a mathematical analysis that a third ultraviolet peak occurred
near 4.8 eV. This peak was found by Haxby to be evident also in oxygen-
treated crystals. ‘Weber? obtained some evidence of a peak near 5.0 eV
when the X-ray induced spectrum wés me;sured at low temperatures. The
peak was.evident without analysis. Soshea, et al toock issue with a Mg-
excess peak near 4.8 e¥ found by Weber, stating that the 4.8 eV band was
'spurious and that the true spectrum was the difference. between two Mg-

excess crystals rather than the difference before and after Mg coloration,

This brief summary indicates that the results of previous

workers on the coloring of magnesium oxide by various means tend to



favour the following conclusions:
1) The type and process of coloring appears to depend on the
amount and species of variable valence imputrities contained in
the crystals. Therefore there are probaﬁiy no qgptically detectable
color centers in MgOvanaiOgous to those found iA—the\alkali halides.
2) The same "oxygen excess” bands in the ultraviolet region can be
producpd by. high energy irradiation as Wéll as by heating the
crystals in the presence of oxygen. Possibly these bands.are
caused by the valence change of Fef2 to Fe™® (and Ma*® to Mn+3)‘
and occur near 4.4,,M°9 and 5.7 eV. The only difference between
the two .treatments was_.that the irradiation-induced spectrum was
unstable whereas the oxygen induced absorption was stable indefinitély.
3) The amount of ultraviolet optical absorption introduced with

time by the oxygen heat treatment is governed by adsorption and

diffusion mechanisms.

C. Scope of Present Investigatioqﬁ

This project was primarii& con;erned with the diffusion mechanism
ObserVed by Webe;c_‘5 and later by Shepherd25 when magnesium oxide was -heated
in oxygen. The data and results were obtained through optical absorption
measurements on the three ultraviolet peaks; the method used in interpretafion
of the results was similar to that of Moulson and Roberts28. No attempt
Wa;’made to correlate the changes in the magnesium oxide defect structure
or the amount and type of impurity.present to any surface energy changes

that may have resulted through the oxygen treatment.



1T, EXPERTIMENTAL

A, Material

The magnesium oxide was supplied by the Norton Company as Optical
Grade Magnorite. This consisted of random sized piedes, each composed of one
or more large single crystals. The color of the crystals ranged from colorless
and transparent through yellow to opaque orange. Apparently the color depended
on the impurity content (in this case ironj the color imparted by appreciable

20,21

amounts of chromium is green ). Sample analyses performed by J. H. Kelly

of  The Steel Company. of- Canada (see Appendix A), are shown in Table I,

TABLE I

-

Analyses of MgO Crystals

Composition (wt. %)
Crystal Color Al " Mn Fe "~ 8&i Cd Cr Ca
Tmpure 1. Opague orange 0.024 0.0007 0.042 0.015 0.0013 0.009 0.0Ll
2. 0.024 0.0027 0.0%36 0.030 0.0012 0.007 0.0L7
19 - 1. Yellow 0.007 0,001k 0.028 0.006 0.0005 0.005 0.005
transparent ’
2. 0.008 0.0016 0.028 0.010 0.0021 0.006 0.006
5 - 1. Colorless 0.034 0.0017 0.009 0.020 0.0013 0.006 0.006
transparent
2. 0.029 0.0014 0.013 0.018 0.0033 0.003 0.007
3, 0.022 0.0016 0.012 0.0L7 0.0020 0.005 0.005
L. .0,0%4 0.0016 0.008 0.018 0.0007 0.003 0.00k4
14 - 1. Colorless 0.022 0,001 0.011 0.0l1 0.0005 0.008 0.008
transparent
2. .0.023 0.00k1 0.005 0.007 0.0005 0.006 0.006
3, 0.010 0.0029 0.006 0,007 0,00L1 0.007 0.005
i, 0.010 0,0018 0.007 0.006 0.0006 0.008 0,005

Only crystals 5 and 14 were used in the diffusion measurements.



B. "Equipment

All the vacuum annealing of specimens was carried out in an induction
furnace described elsewhere26, Standard resistance wound tube furnaces were
used in fhe oxygen heat treating. fhése furnaces had a maximim operating
temperature of llOO° C. and were regulated by a'Wheelco temperature controller

and a chromel -alumel thermocouple.

The optical absorption measurements were obtained using a Beckman
Model DK Spectrophotometer. These measurements were mainly in the ultraviolet
region from 212 to 350 mp. OSome readings were taken in the visible and the

"infra-red range up to 2800 o,

- A special specimen holder (Figure 1.) was made to fit into the
existing holder in the sample compartment of the Spectrophotometer. Although
no X-ray Wgrk was performed during- this projéct,‘the specimen holder was soO
constructed that crystals could also be colored by X-irradiation in the
Norelco Flucrescence Analysis unit without remowing the specimen. A sleeve

could be slipped over the colored specimen to exclude visible light.

C..  Experimental Procedures

The larger pieces of magnesium.oxidé were cleaved by means of a
small hammer and chisel into smaller singie crystal blocks. These blocks
were further reduced by cleavage to platelets measuring approximately one-
quarter to one-half inch square by twenty fhousandths,of an iﬁch or léss
in thickness. <The platelets were then vaéuum annealed at 1200 to 1300° C,
and 1072 mm of Hg for l%@ hours or longer depending on thickness; this

annealing removed any optical structure inherent in the as-received material.
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Figure 1. Specimen Holder (center) with Specimen in
Place, Balance of Apparatus for X-irradiation
Work.
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The platelets were chemically polished in hot phosphoric acid for
30 to LO seconds. A mark was inscribed on one face of each specimen; this
face received the incident light from the spectrophotometer and was exposed
to the oxygen atmosphere to obtain unidirectional diffusion. The specimens
were cleaned with either ethanol or acetone after which they were glued to
the specimen holder'with rubber cement and the vacuum annealed spectra taken.
The specimens were cleaned before each subsequent optical:absorption measure-
ment .

Oxygen heat treatment of the magnesium oxide consisted of placing
a specimen flat on ancther, larger crystal, putting this unit into an
alumina boat and heating the specimen in a tube furnace for a,spécificitime
period, after which an optical absorption measurement waé taken, A rough
temperature setting on the contreller was supplemented by temperature
measurements before and after each run. Several readings were taken and
the average temperature and fluctuation recorded. One thermocouple was
used for all readings. After each optical measurement the boat and specimen
were replaced in the same furnace position; the furnace temperature was

taken at this point.

On removal the specimens were either allowed to cool in the
boat or were effectively air-quenched by placing them quickly on the top
of the furnace. The latter procedure when used for the higher temperature

runs generally resulted in cracking of the specimen,

Two sets of data were obtained: one for heating in air (crystal 5)
and one for heating in an essentially pure oxygen atmosphere (crystal lh).
The oxygen atmosphere was achieved by flushing the furnace at a controlled

rate. The effect of flow rate was checked (specimen 14 L).

N
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Both the reproducibility of, and the effect- of thickness on the
growth rate of the ultraviolet absorption bands was also checked. This
was .accomplished using two specimens of different thicknesses (5 C 2 and 5.D 2)

heated simultaneocusly at one temperature (lO94° C.).



ITI., EXPERIMENTAL RESULTS AND OBSERVATIONS

A, Theory and Method of Analysing Data

1. Calculation of the Optical Absorption of the Centers
Transmission of monochromatic lighF through a transparent solid

~medium is governed by the relation8:

I=To(1-R)Ze ™ 7 ceeen (1)
o ?
where: Io = incidenp‘gigﬁt %nteﬁsity
I = tra.nsmié;ted light intersity
R u_reflection coéfficien%
m = linear absorptioﬁ;coefficiept
1 = light path lengty in the medium
Most of the data were obtained in terms of the optical density (d) where:
d. = 10gi0 Io ceans (2)
oI
The combined optical density of a number of media is equivalent
to the suq'of the densities of the individual media®’. This statement can
also be aﬁplied to solutions: o
1) Since the spectra of the Mg0 specimens in the vacuum annealed
condition showed no structure {curve 1, Figure 2.) it was assumed
that noabsqrbingﬁpecies existed in the spectral region .inve_stigatedo
-Therefore, for a particular’wavé length, the optical density in the
vacuum annealed condition (dy) ; that is, the optical density of

the solvent, may be expressed by the equation:

dy =-logwo (L -RZ+m_ L, ... (3)
’ 2.3

where lM = the crystal thickness
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2) When the specimens were heated in the presence of oxygen the
spectra contained peaks or bands (curve 2, Figure 2.) caused by the
introduction of absorbing (defect) centers; that is, the solute.

The overall density (dy) may now be expressed as:

gy m gy + A e (1)

.Wwhere: d, = optical density due to the defect
centers. alone

Assuming Beer’s Law to hold for the centers then29:

d, = e€C 1, L. (5)
2.3
wheré: ¢ = molar absorption coefficient
C = concentration of absorbing species per unit volume
1, = light path length in the. absorbing centers

A further definition of C and 1,.in equation (5) was necessary for
the case of the absorbing species. in MgO. Weber? showed that the
concentration of centers versus distance from the crystal surface
followed a parabolic .diffusion profile. Therefore, the quantities

1. and C as measured optically were essentially average values and

the product could be defined as:

l=1atC-=0 R
€ le =/Cl”d1

71=0

where: 1 = distance from the crystal surface.
"Furthermore, near the beginning of the heat treatment, 1, s
when the specimen is completely saturated, ly = lc assuming a

homogeneous distribution of the absorbing SpEC16528
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Equation (3) may be subtracted from (L) if:

-i) the standard or reference (in this case air) is the same
for both measurements,

ii) the dispersing and réﬁiecting pr0pertie580f the specimens
do not change appreciably with treatment®™.

Therefore from (3) and (k4):
dy -4y =44 = a =¢€C1, ... (6)

The quantity Ad 1is then a measure of the concentration of absorbing
o 1
c
species; € is considered a constant, depending only on the nature of

i .

the ébsorbing species and the waveﬁiengthBO.
~

N
|

In determining z&dt at time t the following procedure was used:
1. Using as an example specimen 14 J (Figure 2) heated 30
minutes {n 1 atmosphere oxygen at 1084° C.:

a) d, at 282.5 (k.LO eV) = 0.469 (curve 2)
b) correction to 100% transmission (T) due to the
presence of the specimen holder (curve 3) = 0.937

c) from (2):

d = logio Io = 1logipo 1
I T
1 = antilog 0.469
T
or T = 0.33%9
d) corrected T = 0.937 (0.339) = 0.318
corrected dA = logio 1 = 0.498

0.%18
[}

e) .the same procedure was used to determine dM from

curve 1. This value deducted from dA gives

Ag, X 10° in Table II, Appendix B,
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2. It was assumed that no apprecisble amount of absorbing species
was

were formed at wave-lengths = 350 m and that any absorption in
this region was due to small changes in transmitting and reflecting
properties of the crystals caused by surface contamination. This
correction was termed the "visible correction" and was calculated

by the same procedure. Algebraic addition of this value to z&dt

served to match all spectra at 350 mu,

2, Anélysis of Individual Spectra.

Each peak followed a Gaussian relationlzz

[-k (E-EQ)?]
Ad (E) = Ado e '

where: E energy

Eo = energy {or wave-length).at which the peak
occurs »

Ado = Ad at E = Eo

k = constant

The ~total spectrum was analygzed as ibllowsl?:

1) Assuming all absorption between 5.30 eV (234 mu) and the peak
at 5.75 eV (216 ma) was due only to 5.75 eV centers, the graph of
log: AA(E) vs. (AE)® was drawn (Figure 3.). All lines were
essentially parallel except that for 150 minutes (dotted). For
this time only the peak was found to occur at 5.70 eV (218 mp).

The data of Table Ii,“Appendix D, replotted for the peak at 5.70 eV
produced a straight line parallel to the others.

2) Assuming all absorption below 4.40 eV (282 mp) was due only

to the 5.75 and 4.L0O eV centers (Table II, Appendix B.), similar

curves were obtained for the L.40 eV peaks. (Figure L.)
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3) A third peak was evident at 5.0 eV (248 mp) when the Ad’s
calculated from the L.,40O and 5.75 eV peaks were subtracted from

the observed density change (Table IT), This peak was approximately
Gaussian and the graphs for different times (Figure 5.) roughly

parallel.
An analyzed spectrum is shown in Figure 6.

3. Diffusion Measurements

In a unidirectional diffusion mechanism which is governed by the

conditions;:
1) Initial:
C = 0atX>0 andt = O
-2) Boundary:
C =:Cg at X =0 and t>0,
where: X = distance from the surface
s = surface
C.= volume céncentration of diffusing species

the total'amount. (M)  .of the 'diffusing substance (measured in terms

of unit surfdee. area) wcrogsing tbe:plgpeﬁvXngOqiﬁ‘time%;this given byélﬁ
- m () e
m
where: D = the diffusion coefficient
From equation (6), M, is also given by:
My = (Clc-)t or,
Z&dt = EEMt ceene (9)
2.3

Equation (9) circumvents the necessity of knowing the time-varying

quantity ;..



Calculated Values of Ady for the 5.0 eV Peak

TABLE TT

Specimen.lh J

60 minutes at 1082°C.

Ad obs’d Ad;_ X 10° calcrd Sum Adg X 103
7 X 167 _ kbo 5.75 5,0 eV
4 .50 Lok 372 2l 396 8
k.60 373 315 48 363 10
k.70 3Ll 2&0 76 316 28
4,80 33h 163 118 281 5%
k.90 55k ok 185 279 [P
5.00 397 53 260 313 8l
5.10 453 2% 360 383 70
5.20 528 9 476 485 43
5.30 631 0 600 600 31
5.40 727 0 720 720 7
5.50 821 0 825 8e5 -l

- 21



O

(30 and 60 mins.)

Ad X 10°

100

Ad X 10® (105 min.)

20

105 min.
0]
1 ~I i | I 1
0.02 o0 20006 0.08 0.10
(AE)
Figure 5. Log (Ad) Vs. ( AE)2 for 5.0 eV Peak



[«

Ad X 107

1000

900
800
700

600

T

500}

LOOR

500k

200

100

1

Specimen 14 J

60 min.

108k° C.

E (eV)

Figure 6. Analysed Spectrum Showing the Three Absorption Bands



- 24 .

From (8) and (9):

1
Ady = 2€ C, (D{:)z ceevs (10)
2. T

Therefore, for a given temperature a plot of Ady vs. t% should

yield a straight line with slope,
2¢c, (D
2.3 1)

Such a plot yielded good’straight, lines for both the 4.40 and 5.75 eV
peaks (Figure T7.). Although the points showed a great deal more scatter the
5.0 eV peak also followed this relationship (Figure 7J). Each h,ﬁo eV curve
was uncorrected for the effect of the 5.75 eV{peaka This correction shifted
the Ady vs. t%'curve downward; however, the slope within experimental error,
was unaffected. The slope of each Ady vs. t% line was calculated using the

method of least squares.

The stralght line correlation indicated that the growth of the cptical
absorption peaks was governed by a diffusion mechanism. The activation energy
of this process is defined by:

D = Do e RT enses (11)

where: B&

Activation energy

R = gas constant
T = temperature (°K)
"Do = a factor which is generally thought to contain a

frequency factoggand to be a slowly varying function
of temperature .

To determine E it was necessary to find the variation of Cg with
temperature. The measurement of Cs at the lower temperatures was inconvenient
owing to the length of time involved. A mechanism of formation and some aspects
of the nature of the defects causing the abso;ption bands had therefore to be
assumed so the measurements of Cs made at the higher temperatures could be

extended to the lower temperatures.
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4. Mechanism of Formation of the Absorbing Species

Any mechanism to explain the formation of the absorbing species
would be necessarily concerned either with the direct solution of oxygen in
the magnesium oxide lattice or with the change in' valence of iron from the
+2 to the +% state. Inevitably whichever reaction chosen would be the rate
controlling step in the formation of the centers. Three such reactions
appeared promising:

1. Direct solution (after Moulson and Robert528)

2. 2re*® + 1 0, == 2Fe™ + 07

+=2

3. Fe + Y Op === Fe"s + OF

Only reaction 3. appeared to fit existing experimental observations
(See Discussion). Using this reaction as the terminal step of the overall

mechanism.:

Yo 02 (gas) —e—== Y,[02] adsorbed

Y5 [02], =——= I[0la
[0], -+ Fe*® === 7™ + 0~

it may readily be shown by the addition of the individual free energy changes

that if local equilibrium exists then:

- AF = L4L.,575 T log,o K!

where: XK'= [Fe+3] [07]
[Fe+2 ]l'_-POQyZ

Marther assumptions were made to allow calculations to be carried
out using equation (12):
1) The concentration (C) of the absorbing species was defined by:
c=a[r*® 001 Ll ('13)
where: ‘A = a proportionality constant.
2) The same defect center was responsible for the L.L, 5.0 and

5.75 eV peaks.
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3) The concentration of centers was small compared to the con-

centration of the Fe®™ ion. This implies that since:

= [Feliotal

then: [Fe'®] 2 [Fely ..,

Using assumptions (1) and (3) and replacing C by Cg in (13) then:

K' = Cg
YA [Fe]t Poo J7/2

since Cg = 2,3 Ad, ... (1k)

€ 1y

(15)

“then X' A€ = K s(aBAdc’)( 1
' lM [FQJ\t Poz 1,
. 1S
Since all the quantities in (%) were known, a -AF° value could
be calculated for each Z5ds measurement , Haxby22 found that both Fe and Mn

1.5
M
caused the same ultraviolet peaks, The relative effect of Mn in terms of Fe

was calculated using Haxby’s results to be:

1 mole Mn & 0.063 moles Fe
Vie ‘

‘This fdct was included in (i) by replacing [Fel, by [Fei] + 0.063 [Mn].
When - ATF° was plotted against T°K a straight line was obtained

(Figures 8 and 9, Appendix E), Goad agreement with Haxby’s results for the

4.4 eV peak was also obtained; however, only those results from this invest-

igation were used to determine the equation of this line.

‘Extrapolation of the line for each peak to lower temperatures thus

_produced values of Adg. Substituting (lh) in to (10) and rearranging gave:
L

Ady = Ad5>(2 )D]//2 ceen. (16)
t';é ('j%g‘ _TFEQ

from which D could be readily calculated; a standard Arrhenius plot determined

1

the activation energy for the diffusion process.
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B. Observations

1. Ady Vs, t¥> Curves

Breaks were observed in the lower temperature ( ~800 and ~850° C.)
curves. ~These breaks exhibited an erratic nature; fop example, they occurred
at appréximately 120 hours .at 842° C. under one atmosphere oxygen and approx-
imately 196 hours at 795° C. in air for both thelhés and 5.75 eV peaks.
However, no breaks occurred at 850° C. in air (up té 1359 ﬁoufs) whereas
at 792°C. 1in oxygen produced one at 25 hours for the 4. 40O eV peak'only.
Furthermore, the readings at longer times showed an increasing rate of growth
of the peaks. These readings generally followed a linear relatién of Adt Vs.
t %&; however, the measurements beyond 196 hours at 795° C. in air evidentl&

did not. (See Figures 10 and 11).

One specimen exhibited similar behaviovr at a higher temperature
(5 C.1,996° C., air; Figure 12.). This break occurred at 100 hours (in
the near-saturation region); however, succeeding points followed a linear
relationship with a drastically decreased slope until readings were stopped

at 383 hours.

Both fhe erratic behaviour of the discontinuities and the fact that
the total times of some low temperature runs weré not.comparéble (e.g. 850° C.
Figure 10.) made an interpretation very difficult. Possible reasons for these
changes could be:

1) the errors inherent in measuring the small changes (at 800° C.)

2) the effect of surface contamination

3) a change in diffusion mechanism

L) the effect of further optical (defect) structure in the

visible range or in the region below 212 mu.
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2. Microscopic-Examination

Cursory microscopic examination was performed. The following
observations were made:

1) There appeared to be nc apprecisble or corasistent differences

between the vacuum annealed and. the oxygen-treated .pecimens when

éxamined under ordinary light up to'X“éOO magnification.

2) Under polarized light the.éxygenéfreated crystals exhibitéd stress
patterns like those shown in Figure 1§;ﬁ No stresses Were.evident

in either the vacuum annealed specimens (13b).or the as-cleaved

material (13a.)

35, Yellow Crystals
- A géﬁber of platerets cleaved from crysfal 19 were vacuum anneal-
ed under the same condi£ions>as those used for crystals 5 and 1k,
A visible and infra-red as-received spectrum of one such platelet
showed,opticai structure only near 395 mu (5.2.eV). This structure
.was removed by vacuum annealing; however, a much longer anneal
(>5 hours) than usual, was necessary to eliminate the ultraviolet

structure in platelets of approximately the same thickness as

those cleaved from crystals 5 and -14.

The as-recéivéd spectrum of a thick (0.30k X 0.356 inch)
yellow crystal was.also recorded. This spectrum showed definite
shoulders at 75 (2.7 eV) and 395 (3.2 eV) mp. Other specimens
from the "impure" crystal exhibited definite péaks near 2690 and
475 mp and a shoulder near LOO mp. These peaks and shoulders were

20,21,22

probably caused by impurities since colorless specimens

of comparable thickness showed no such structure.



Figure 13a. Typical As-cleaved Specimen under Polarized Light

(X100)

Figure 13b. Typical Vacuum Annealed Specimen under Polarized
Light
(X 100)



Figure 1ljc.

Two Stress Patterns found in a Heat-Treated Specimen
5D 1 - 22 hours at 1094° C. in Air
(X 100)



C. Summary of Results

.2, "Reproducibility

—57 =

A number of factors affected not only the reproducibility but also

the amount of error inherent in the diffusion measurements:

1) By reversing the specimen In the light beam of the spectrophoto-

meter an optical density difference of 0.05 could be obtained,

2) If the specimen face was not perpendicular to the light path

or at least the same position not reproduced then small variations

in optical density would result.

3) Any grease or the specimen faces could'also produce variations

in ultraviolet optical density.

AN

h) Changing furnace position could result in about + 20° C. difference

in temperature in the horigontal direction. The vertical direction

A ’
was not as critical and was within the recorded temperature fluctuations.

"By rendering all these factors essentially constant by a standardized

experimental procedure ydiélded good reproducibility. Table IIT shoﬁs two

examples of the reproducibility of the slope of the Adt Vs t 7; curves.

TABLE IIT

Reproducibility, of Slopes'of Z&dt Vs« t¥s. Curves

’ ‘ .Slope
Specimen  Atmos- Thickness Temperature X 10°
phere in inchs . . (°K) L.L eV peak
5C 2 air 0.0129 1367 48.3 min"Y%
5D 2 air . 0.0181. 1367 L7.b min~¥%
5 J air - 1182 46.9 hr. ¥o
5H1 air

- 1182 47.3 hr. Y,
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The cooling rate effect, although determined indirectly appeared
to be negligible. Moreover, changes in the flow rate of the oxygen uvarough the

furnace also had na noticable effect (Figure 1L.).

2. Diffusion Measurements

a) The 4.40 and 5.75 eV Peaks

A typical family of Adt‘Qsﬁ t72 curves for different temperatures

is shown in Figure 15. The slopes.of these lines tégether with théz&is values
I

calculated using the proposed mechanism produced the logarithm of the diffusion
coefficient (D) vs. _1 plot showh in Fiéure 16. The two important features
of this plot werei !

1) The mctivation energy was found to be (see also.Appendix )

77.0 = 1.4 kcald. -

which is in close agreement with the value determined by Lindner and

Parfitt35 fot the diffusion of Mg28 in magnesium oxide. -Their value

was:

| 79.0 + 3.0 .kecals

-The value determined by this investigatioh~is also in agreement

with that estimated by Weber? and Shepherde2 of

~3 4 eV = 78,5 keals
The Do value &as calculgted to'be 1.7 X 10° in contrast to the value
of 0.249 quoted by Lindner and Parfitt.
2) The values of DAcalculatea from measurements on the 4.40 and
5.75 eV peaks were both represented by the-éame straight line. This
was also the case for both sets of specimens; each set being heated
under a different pressure and each set having different amounts of

iron and manganese.
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b) .The 5.0 eV Peak

Similar calculations using measurements on the 5.0 eV peak were not
as successful. Table IV shows D determined from 5.0 eV peak data compared
.to the D’s obtained from the 4.4 and 5.75 eV peak data. The inconsistency
of the 5.0 eV peak results was probably caused by the errors inherent in determin-
ing small changes between two large numbers, This situation was most apparent
at the lower temperatures (<1232 °K}, The 5.0 eV results were omitted when

the activation energy was calculsated.,

It was also found that values of adg calculated using Figure 9.
| Tn
decreased rather than increased with decreasing temperature (see Table IV,
Appendix E.)
| TABLE IV

.Comparison of D-Values Calculated from the Three Peaks
/

Temperature D X 1081 (cnB/seq)

Specimen °K L.ho ev 5.75 eV 5.0 eV
4 J . 1355 545,0 392.0 913.0
14 M 1318 .198.0 167.0 2k2.,0
b qQ T 1269 52.6 58.2 65.9
1 N 1255 69.2 65.1 77.3
14 D 1232 uu.é' 36.5 178.0
5D2 1367 902.0 876.0 1747.0
5¢C 2 1367 9%6.0 832.0 590.0
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IV. DISCUSSION

A. General

The observations.and the results of this investigation as well as
those cited from other works appear‘to infer that most if not all, of the optical
absorption structure in magnesium oxide between 212 and 2800 mu 1s caused by
impurities. 1In particular, the two ultraviolet bands at 4,40 and 5.75 eV
about which this project was primarily concerned. may be attriﬁutable to an
oxidation reaction involving a transition of Mn én@ Fe from the +2 to the

8,12,22

+3 state Moreover, the results indicate that a diffusion process

accompanies the reactiun. This diffusion process has been oebserved by othersd,22,

Both the 5.75 and the 4 .40 eV peaks spparently have the same activation
energy for diffusion (Figure 16.);.it may then be concluded that the same defect
-and the same diffusion process causes both these bands. In addition, since
the cailculation of the activation energy was based on the assumption that
the above oxidation reaction was involved indicates that these two peaks are

in fact, both due to Fet® (and Mn+§).

-Although the 5.0 eV peak is evident under the same conditions as
the other two, the inconsistency of and the error in calculations for this peak
do not lend themselves to the drawing of similar concluéions. Certainly
this band could well be due to the same impurity reaction; however, the
existence of a Cr+2fpeak at 5.0 6&17 and "the possibility of another reagtion

of the type22:

+2 +2 3
i Fe —»— Cr + Fe+

Cr
occurring during the oxygen treatment would make it diffdcult to draw such

a d&finite conclusion.

B. Mechanism of Formation of the Absorbing Species

The diffusion results indicate that the postulated mechanism of

formation of the absorbing species .although over-simplified, had some-basis
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in.fact; all the measurements of the diffusion coefficient (D) made under

different conditions could be represented by one straight line., Apart from

this, the mechanism also ihcorporates some desirable gqualities.

The importance of the adsorption of oxygen in the formation of the
centers5)22 is included. The adsorption process is implied from the dependence
off the saturation density of centers on th§ logarithm of the oxygen pressure
(the Temken isothermi%). Moreover, the observation that the saturation level
decreases as the temperature increases 1s predicted by the mechanismg for
the 4,40 and 5.75 eV peaks but evidently not for the 5.0 eV peak (See Figures

8 and 9; Appendix E).

Results of wstudies. of the exchange reaction of Oig.on the surface
of sintered magnesium oxide55 indicated that the amount of coverage by adsorption
was .small (ca. 0.1%). Also, the adsorption process consisted of the dissociat-
ion of the oxygen molecule and the migration of a portion of the ad-atoms
over the surface to suitable exchange sites; the exchange involved a transfer
of electrons between the ad-atoms and either a surface oxygen ion or an
appropriate defect. Both these results imply,that‘ghé b%obability of the
formation of an absorbing center through the reactibn of Fe'® and the adsorbed

.oxygen is small and hence provides a partial justification for the approximation:

[Fe™] =~ [Feliotal

The reaction assumed to form the centers involved the formation
of the 0™ ion. Intuitively, oxygen in this state would be unstable. However,

the total reaction could be

oFe™® + 10p m—= oFe™ + o~
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This could occur 'in two stages56:

1) Fe™ + ¥,0, ky_ Fe™ + 07 (slow)
2 =

2) Fe™ + 07 P re™ 4 07 (fast)
3

with 1) being the rate-contréiiing step. The first-order nature of the reaction

with respect to the iron content can then be illustrated as follows:

1) 407 = -k, [Fe ] [07] + k, [Fe¥®] poy T2
dt . ’

2) ao® = -xg [FeT] [§7]
dt '

where k;, gg and kg are rate constants. Assuminguthe steady-

state approximation:

afo-] ~ O
at

then
(071 = ky [Fe'™] [Pogl2]
ko [Fe'~] + kg . [Fe °]

Substituting this expression into the overall rate equation for the formation

of the stable O ion:

rate = ﬁé'[Fe+2] [dg]
gives:
rate = ks ky [Fe*?12 Bo, e
ko [FeT] + kg [Fe™]
if kp [Fe™] << kg [Fe+2_]

. +2
then rate =~ k,; [Fe "] Pos ¥z

The observation that the activation energy for the diffusion process
is the same as that for Mg in magnesium oxide suggests that the oxidation of
two Fe™ ions may be accompanied by the migration of one magnesium ion to the
surface thus leaving behind a positive jion vacancy. From the work of Wertz
et all8 on X-irradiated crystals, the vakgncy should be located adﬁ?eént to

a tri-valent impurity ion-assumed in this case to be Fe+3. Further credence
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is thus given the proposed mechanism when it is realized that the concentration
of Mg*®(excess) vapancies should be equivalent to the number of O~ ions formed.
Therefore the defect center may be defined as

(Fe?® - v Mg™)

rather than (Fe+8 0 )
The proportionality constant, A, ié,then unnecessary since the Fe*® concentration
measured is now only that concerned with the defect center itself. It is interest-
7ing to speculate that the generation of new lattice sites by the diffusion of
Mg to the surface would result in an expansion of the crystal (The expansion
of thin crystals of NaCl and KC1 due to the formation of F-centerg by Xiirmad-
iation has been measured;?.) The expansion could then conceivably produce the

stress patterns shown in Figure 13. However, the patterns may be due to another

méchanism such as thermal cycling.

-The proposed mechanism accounts for,some experimental observations
but is found lacking in other respects. For instance,.the possibility of
Y . +3 . . +2 22 |
the dimultaneocus depletion of the Fe =~ .due to reaction with Cr is ignored.
Similarly no account is taken of the possible agglomeration of centers or the
migration of positive ion vacancies present in the crystal before heat
treatment, to Fe*® sites to form centers. Moreover, it does not explain the

discontinuities observed in the Ady vs. t ¥, curves.

The possibility of the diffusion of oxygen into the crystals with
subsequent adsorption on the inner surfaces5 and reaction with Fe'® is also
not evident in the mechanism. This feature is a possible alternative to the
migration of magnesium to the surface since the same equations used to explain
the diffusiéh proceggtm could also be applied to diffusion of oxygen with

similtaneous reaction and immobilization?l. This would imply an instantanecus

reaction and the modification of D toyD where-R is defined by: S = RC
R+1
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where: S = the concentration of immobilized substance
This would affect the activation energy only if R varied with temperature;
the Do value,:however, would be different from that calculated using the
proposed mechanism.

Perhaps the greatest weaknesses arise from the small variation
in conditions under which the measurements of D,were taken and the assumption
inherent in the extrapolation of the lines in Figure 8 to.lower temperatures
that the same proposed reaction occurs below ca.l000° C, Furthermore the
formilation of the mechanism is based.on three groups of readings over a
range of only 100° C.; however, . the agreementAobtained with Haxby’s results
-at a higher temperature (1523° K.), a lower pressure (15 mm Hg) and a wider

composition variation does add some credibility to the interpretation.
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V. CONCIUSIONS

1. A technique has been developed (used previously by Moulson and
Robertsga)‘to study a diffusion process occurring in magnesium oxide single
crystals. This was done utilizing optical absorption measurements only.
The usefulness of. the technique was found to be dependent on the ability to

measure the optical density of the saturated state.

2. “A mechanism of formation of the absorbing species was postulated.,
With this mechanism the saturation states at lower temperatures could be
calculated. The times needed to reach saturation at these temperatures was

found to be prohibitive,.

3. The activation energy of the diffusion process was found to be
77 + 1.4 kcals per mole. -This value was the same as that found for Mg28
ih MngB; it was therefore probable that the diffusing substance detected
optically was also Mg. The form of the absorbing defect was then postulated

to be an Fe+8,ion coupled with a Mg+2 vacancy.

b, Substantial evidence was found that the visible region of the
spectrum aiso contained optical structure probably due to impurities. This
observation together with the fact that the interpretation of the behaviour of
the ultravioclet bands was based on impurity reactions strongly suggest that
most if not all the optical structure in the wavelength range investigated
was due to impurities rath?f than collar centers analogous to those in tﬁe

alkali halides.

5. The introduction of the defect centers into the Mgl crystals

appearpdiforresult in the development of a lattice stress.



6. Calculations of the diffusion ccefficient based on the proposed
mechanism indicated that both the 5.75 and the 4.4L0 eV peak were caused
by the same defect and were involved in the same diffusion process. This

process could be represented by:

- 77,000
RT
D = 1.7 X105 e
over the temperature range 800 - 1100° C,
7. The 5.0 eV peak was also found to follow.a diffusion relation;

however, no conclusions were drawn concerning its form or its. associated

impurity.
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VI. RECOMMENDATIONS FOR FURTHER WORK

It is mow extremely doubtful from the results of this and other
investigations that any color centers of 'a type similar to those in-the
alkali halides are present in any quantity. in magnesium oxide. However,
some methods used in studying the alkali halide coloring phenomena could
‘be applied to magnesium oxide. For instance, it would be interesting to
see if the vacancies generated by plastic.deféormation could produce an .

enhancement of both oxygen and X-ray colorability.

The nature of the defects causing all the peaks hag. not been
determined., -Both the 5.0 eV peak and the 2.5 eV peak (the latter due to
X-irradiation only}] have not been studied adequately. Moreover, the
visible as-received optical structure observéd provides.another region
of investigation. It is also evident thaft.further wofk could be conducted
using the spectra of agqueous solutions of various elements and correlating
the results to the behaviour of impurities in solids such as MgO(similar to
* the work of Morin38 using pure transition metal oxides and Moulson and

28

Roberts®  for water in silica glass).

There are three ofher regions of investigation suggedted by this
project. Fdirst, an adequate explahation of the stress pattern in Figure 13.
has not been achieved. Secondly, the meéhanism proposed shduld be verified
using wider ranges of temperatﬁge, pressure and composition. The third
region is the probable application of fhe technique used to other diffusing
elements or substances; however, this technique appears to be useful only for
fast diffusion rates. -The quantitative analysis of those elements in MgO

possessing -visible peaks (for example, chromium) by optical density

measurements appears to also be a useful technique to develop.



_5]__

More closely related to metal-ceramic bonding could be a project
concerned with the bonding properties of low melting-point metals when the
optical absorption bands are present or absent and with variable amounts
_of impuritdes such as chromium, iron and ménganese in the magnesium oxide.
Low temperatures woulé be necessary, of &ourse, to counter the effect of
the vacuum annealing of the optical structure; these temperatures would

ppssibly be less than 600° C.-and certainly less than 800° C.
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Spec%rochemical Analysis of MgO (Condensed
from letters from John H. Kelly, The Steel
Company of Canada)
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An arc chamber was constructed using a .special glass envelope
material. The gas mixture used to obtain the desired arc characteristics
-was 50% argon and 50% oxygen. The transmittance of each of eleven spectral
lines and their background was measured in-duplicate on each of elewen
Sémp;esiand five standards; the standard was reagent-grade MgO, Ir addition,

‘emulsion calibration was performed for each wave-length region.

The most important limitation of the technique was that the electrodes
.were not water-cooled. This prevented the use of arc currents of greater than
about 5 amperes. and exposures longer than 30 seconds., The sample size was
therefore kept to 7 mgs; this size 'did not lend itself to good sampling
procedurep Moreover, the accuracy of the results were difficult to-determine

sincevthe‘addition standards were of a heterogeneous nature.



APPENDIX B
Results of Heating in Oxygen

(Crystal 1&,.4;@0 and 5.75 eV Peaks.)
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TABLE I
Specimen: 14 Po
Temperature 1102 5° C.
dp X 103 100% corr’tn Ad, X 103 Visible Adg X 103 Time ©°
: corr’tn (Time?i
Lo 5,75 k.40 5,75  L4.4o 5.75 4 4o 5.75 min.
564 1135 .0.9%2  1.0'  3kk 815 . 11 333 8ok 30 5,48
k2 . 1308 0,942 1.0 Lo 988 21 Lol 967 L5 6.71
695 1428 0.942 1.0 ks 1108 19 L56 1089 60 7.7k
799 1668 0.940 0.993 550 1351 38 512 1313 90  9.ht
828 1748 0.940 1.0 598 k28 22 576 1406 105 10.23
88k 1772 0.9%4k 1.0 663 h2. - 35 628 1417 137 11.70
907 1878 o.94k 1.0 686 1558 L1 645 1517 167 12.91
922 1993 0.940 1.0 793 1673 36 667 - 1637 207- 1L4.38
933 - 0.939 - 715 - 32 688 - 267 16.33
950 2089 0.933 1.0 735 1769 4o 693 1727 327-.18.08
gko 2000 0,948 1.005 717 1682 Yo 675 1640 387 19.67
gko 1913 0,940 1.0 720 1593 41 679 1552 Lh7 21.10
oL8 2045 0.948 1.0 725 1725 Lo 685 1685 Lg7 22.30
958 2091 0.941 1.0 739 1771 Ll 695 1727 578 24.00
971 1969 0,944 1,003 751 1649 L7 70k 1602 625 25.00
989 2043 0,942  0.997 T69 1723 6k 705 1659 656 25.60
dy X 10°
average
visible 261 Ad, X 10°at k.h0 eV= 687
282.5 oL6 Adg X 10%at 5.75 ev=165h
216 320
TABLE II -
Specimen: 1k J
Temperature 1082° C, * 6
469 987 0.937 1.0 286 673 5 281 668 30 5.48
608 1286 0.942 1,0 hos3 gr2 12 L1 960 60 7.75
676 1420 0.947 1.0 488 1106 2l heh 1082 75 8.66
719 1499 0.942 1.0 534 1185 .21 513 116k~ 90 9.48
765 1590 0.950 1.0 576 1276 22 554 1254 105  10.25
8e2 1678 0.942 1,0 637 1346 38 599 1308 120 10.94
886 1998 0,942 1.0 701 1484 51 650 1433 135 11.61
92k 1821 0.9%1 1.0 740 1507 52 688 1455 150 12.2h
966 1986 0.948 1.0 778 1672 58 720 1614 165 12.84
993 - 0.943 - 808 - 56 752 - 180 13.k42
1034- - 0.945 - 87 - 32 815 - 210 1k.50
1066 - 0,945 - 880 - 28 852 - 240 15.48
1133 - 0.941 - 949 - 35 91k - 271 16.43
1209 - 0.942 - 1025 - 78 oly7 - 301  17.34
1243 - 0.94k - 1057 - 73 98k - 3L0 18.43
1307 - 0.944 - 1121 - e 1047 - 410 20.25

dy X 102 ~ 350 m = 225; 282.5 = 211; 216 = 31bL.




TABLE ITI

Specimen: 14 M

+
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Temperature 1045°C. I5
iy X 10° 100% corr’tn Ady X 103 Visible Ad, X 10° Time
corr’tn : (Time)yé
4,40 5.75 4.40 5.75 4. 40 5.75 L.ho 5.75 min.
366 712 <937 1.0 208 493 11 197 482 30 5.48
432 871 Gh2 1.0 272 - 65k -1 273 653 60 T.75
L71 950 L9hT 1.0 309 731 7 302 7oL 75~ 8.6p
506 1018 .Oh2 1.0 346 799 5 341 794 90 9.48
532 1081 .948 1.0 369 862 13 356  8k9 105  10.2%
558 1137 .93%9 1.0 400 918 15 B5 903 120 10.94
585 1194 .939 1.0 426 o5 15 411 960 135 11.61
635 1282 .9kl 1.0 b5 1063 33 Lho 1030 150. 12,2k
650 1336 .9L6 1.0 489 T1117 26 h63 1091 165 12.84
673 1367 Okl 1.0 514 .1148 31 483 1117 180 13.42
633 - .42 - L7k - -11 485 48 hrs. at RT
692 1433 943 1.0 531 121k 6 525 1208 210 14.50
707 1493 .9k2 1.0 537 1274 -2 539 1276 2k0  15.48
T17 1502 .ok2 1.0 558 1283 3 555 ‘1280 16 hrs. at RT
748 1563 .940 1.0 589 134k 16 573 1328 271  16.43
80k 1671 Nelih ] 1.0 645 1452 50 595 1402 301 17.3h4
829 1725 .92 1.0 670 1506 59 611 1hkbh7 340  18.43
829 - .9h1 - 670 - 58 612 65 hrs. at RT
863 1882 Ol 1.0 700 1663 61 6kl 1602 L10o 20.25
855 1814 Tohh 1.0 695 1595 55 6k0 1540 470  21.70
863 1765 -OU3 1.0 703 1546 65 638 4Bl 525 22,90
87k 1812 .943 1.0 714 1593 67 647 1526 555  23.50
897 1876 .938 99k 739 1660 72 667 1588 500 24,30
897 - .937 = 739 * 3 666 - - " !
dy X 102 Adg X 10% at 4,40 eV = . 638 avg.
Adg X 10% at 5.75 eV = 1600 avg.
350 mu =208
282.5 186 Note: RT = Room temperature.
216 219
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TABLE IV
Specimen: 1k Q
. Temperature 994 * L° C
dy X 108 100% corr?tn Ady X 108 Visible Ad, X 10° Time
corr’tn hrs (Time) Y2

L) 5,75 4.40 5.75 L,ho 5.75 L.4LO 5.75 min.

326 584 .9hk2 1.0 11k 260 5 109 255 0.5 <707
397 772 Okl 1.0 184 448 -2 186 k50 1.5 1.224
580 1202 9h2 1.0 367 878 5 362 873 5.5 2.345
666 1418 940 1.0 sl 1095 11 43 108: 8.0 2.83
764 1663 .935 0.996 5504 1341 11 543 1330 11.5  3.39
T4 1682 .950 1.0 558 1356 7 55L 1349 12.5 3.53
843 1850 .950 1.0 626 1526 15 611 -1511 15.0 3.87
906 2000 Obb 1.0 694 1676 11 685 1665 20.0 L. b7
955 2065 948 1.0 “T37 1731 15 722 1716 37.1  6.09
957 200% 946 0.984 Th2 1679 15 727 1664 39.5 6.28
978 = 2003 .9k 0.984 765 1679 32 733 1647 41,5 6.4b
988 2125 .9k2 1.0 776 1801 26 750 1775 58.5 7.65
1008 . 2068 .938 0.984 797 174k Lo 757 1704 61.0 7.81
999 224k .43 1.0 785 1929 32 753 1888 63.0 7.93
1016 2143 - 943 1.0 802 1819 3L 768 1785 67.0 8.18

dy X 10° . average

: Adg X 108 at L., Lkoev
350 mu 248 Z;ds X 10% at 5.75eV ~178g
282.5 239

216 32k
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TABIE V
_Speciment: 14 N
Temperature 982 £ 6
dy X 10° 100% corr’tn Ady X 108 Visible Ad, X 103 Time
corr’tn « hrs (Time) Y2
4, 4o 5.75  4.40 5.75  4.40 5.75 L., 4o  5.75 mins.
310 671 .950 1,014 1hs 368 9 136 359 1.0 1.00 -
366 787 .935 1,000 208 Lol 1k 194 L7 2.0 1.k2
L11 906. OL1 1.000 250 610 9 2h1 609 3.0 1,73,
héo 1000 .935 1.000 350 yon 19 286 685 4,0 2,00
50l 112k .937 1.000 366 828 30 334 796 5.0 @ 2.24
516 1109 .9h2 1.000 355 813 25 330 788 24 hrs. RT
564 1190 Ob2 1.000 403 894 Lo 361 852 6.0 2.45
601 1253 .40 1.000  hh1 957 L7 39k 910 7.0 2.65
648 1356 940 1,000 489 1060 5l 435" 1006 8.0 2,83
667 1402 .9Lko:. 1,000 507 1106 L9 458 1057 9.0 3.00
710 1523 .90 1.000 550 1227 61 . 48 1166 10.0 3.16.
127 1507 .937 1.000 569 1211 65 50k 1146 11,0 3.32
762 1582 940 1.0 602 1386 71 5%1 1215 12.0 3,46
759 - 9Lk - 598 - 60 538 - 72 hrs. RT
878 1952 .9ko 1.0 719 1656 120 599 1536 13.5 3.67
872 1873 943 1,0 711 1577 96 615 1481 14.5 3.81
dy X 103- 350 mu = 203; 282 = 187; 216 = 296.
TABLE VI
Specimen; 14D
Temperature 959 & L4°C.
373 8o .927 .990 145 37h 5 140 369 2.0 1.k2
Lz2 983 .950 1.01k 192 524 -4 196 528 L.o 2,00
473 103k .935 1.0 240 681 16 22h 565 5.0 2,24
iele 1098 941 1.0 264 645 15 2kg 630 6.0 2.45
537 1133 935 1.0 305 an 29 276 685 7.0 2.65
553 1178 937  1.0. 319 759 19 300 Th40 8.0 2.8%
553 1169 9h2 1.0 317 750 1k 3035 736 24 hrs, RT
573 1213 Q2 1.0 337 79k 15 322 779 9.0 3,00
623 1285 940 1.0 388 866 40 348 826 10.0 3.16
643 1325 Sh0 1.0 Log 906 34 375 872  11.0 3.32
678 1374 9ko 1.0 439 955 37 Loz 918 12.0 3.46
710 1468 .939 1.0 475 1049 L7 428 1002 13.0. 3.61
753 1524 939 1.0 520 1105 70 450 1035 14,0 3.7k
767 1524 9k0 1.0 . 532 1105 63 L9 1042  15.0 3.87
763 - <Okl - 527 - 68 Lsg - 22 hrs. RT
812 1702 940 1.0 577 1283 60 517 1223 16.5 4,06
832 172% 943 1.0 596 1304 Th 522 1230 17.5 4,19
L dy X 108
350 mu 275 21k k53
282.5 262 216 419
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TABIE VIT :
Specimen: 14 L
Temperature 946 t Lo C,
dy X 10°  100% Corr’tn Ad, X 10° Visible Ad_X 10° Time »
X , \ corr’tn (Time)}g
L.36 5.81 3,56 5.81 L.36 '5.81 B 4,536 5.81 . hr,
299  60h  .Qk2 1.01 101 oLl 5 96 259 1.0 1.00
343 g1l .935 1.0 1y 35k 18 129 336 2.0 1.k2
372 792 .930 1.0 178 b35 12 166 23 3.0 1.73
392 850 .93h4 1.0 196 493 11 185 482 4.0 2.00
429 930  .933- 1.0 234 573 22 212 551 5.0 2.24
b31 956  .937 1.0 235 599 3 232 596 6.0 2.45
4ok 1011 .939 1.0 267 654 17 250 637 7.0 2.65
511 1100  .943 1.0 311 743 Lo 269 701 8.0 2.83
509 1120 .94ko 1.01 311 760 2L 287 736 9.0 3.00
528 1154 942 1.0 330 797 28 302 760 10.0 3,16
50 1197  .936 1.0 3hi 840 27 317 813 11.0 3.32
dy X 10°
350 mu 236
285 225
21k 357
TABLE VIII
Specimen: 14 C
Temperature 906 + 3° C.
{
Lo 5.75 L.ho 5.75 M) 5.75 L. Lo 5.81
236 500 @ .925 0.992 93 202 5 88 217 2.0 1.hk2
267 58%  ,937 1.0 118 302 1 117 30L Lk,0 2.00
293 606 .9%0 1.0 147 305 2 145 323 6.0 2.45
kg6 1085  .935 1.0 349 804 30 319 T+ 24.0 4,90
500 1126  .937 0.990 352 849 13 339 836 28.5 5.34
598 1319  .940 1.0 L8 - 1038 14 L3l 1024 Lh.5 6,67
627 137+  .9k0 1.0 L6 109% - 20 456 1073 6.5 6.82
620 1368 .9hk2 0.99% 469 1089 18 L51 1071 48.5 6.97
722 1624  .931 0.994% 578 1346 29 549 1317 67.5 8.21
729 1629 .930 0.990 584 1352 2L 560 1328 T71.0 8.42
825 1720 ,934 0.990 678 1443 L3 635 1400 89.0 9.43
896 2065 .930 0.990 751 1788 L6 705 1742 117.5 10.84
962 2252  .9ho 1.0 812 1971 Lg 763 1922 134.5 11.60
967 2310 .940 1.0 812 2029 b7 770 1972 137.5 11.72
dy X 10°
350 mp 197
282.5 177
216 281
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TABLE IX
Specimen: 14 E
Temperature 842 T 7° C.
dy X 10° 100% Corr’tn Ad, X 103 Vistble Ad. X 10° Time y
corr’tn (Time) /2
h,h3 5,75 L.43 5.75 4,43 5.75 L.43 5,75 hr,
392 681 .98 .986 L1 93 L 37 89 2.0 1.,k2
435 787 .938 1.0 79 192 6 73 186 9.0 3,00
503 926 942 1.0 145 331 35 110 296 . 22,2 k4,71
507 - .942 - 150 - 38 112 28 hrs. at RT
556 1069 .933 1.0 203 Lk 38 165 436 Lh.2  6.65
531 971 .943 1.0 173 376 46 127 330. 28.2 5,31
641 1256 .9h2 1.0 284 661 L9 235 612 '91.2 9,55
665 1321 .9k2 1.0 307 726 L2 265 684 11k.7 10.70
152 1524 941 .990 375 934 63 312 871 137.7 11.7%
733 1hsh  ,938 .990 377 863 62 315 801 149.0 12.20
756 1500 .9ko .990 399 909 58 341 841 159.0 12.60
800 1637 .945 1.0 4ho 1042 72 368 970 183.0 13.52
798 1583 .94k2 1.0 Lko 988 1 369 917 187.0 13.67
850 1763 .945 1.0 hol 1168 96 395 1072 206,0 14,30
930 1960 .941 1.0 574 1365 123 451 12ke 251.5 15.85
dy X 10°
350 389
280 ia 384
216 595
TABLE X
Specimen: 14 B
Temperature 792 = 4° C.
Lho 5,80 Lo 5,80 .L.h9 5.8 h.hg 5.80
289 591 933 1.0 14 54 0 i s4h 2,0 1.k2
295 +643  ,933 1,0 21 106 0 21 106 6.5 2.55
329 713 942 1.0 50 176 15 35 161 24k.5 4,95
339 732 940 1.0 - 60 195 22 38 173 "29.0 5.39
365 781 L9435 1.0 86 ol 26 60. 218 ‘5.0 6.70
380 .808 .943 1.0 105 271 35 70 236 .50.5 T.15
k30 882 .935 1.0 153 345 53 100 292 69.0 8.30
423 886 .932 1.0 150 349 49 101 300 72.5 8.52
h19 879 941 1.0 137 342 33 104 309 90.5 9.52
L7 927 940 1.0 170 390 43 127 347 119.0 10.90
450 gk2 941 1.0 173 Los L1 132 364 136,0 11.66
Y 976 942 1.0 185 430 50 135 380 139.0 11.80
dy X 103
350 mp 298
277 305

214 537
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Results of Heatingin Air

(Crystal 5; L.40 and 5.75 eV,Peaks)
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TABLE T

Specimen:5 D 2
Temperature 1094 £ 5°C.

- 6L -

dgy X 107 100% corr'tn Ady X 16  VisibleAd, X 10° Time 1
corr'tn . min. (Time)2
4,36 5.75 4.36 5.75 L4.36  5.75 ho36 5.75% . .
353 684 .oLs5 1.0 196 Lo 16 180 k56 15 3.87
452 899 943 1.0 297 687 29 268 658 30 5048
508 1017 .9h2 1.0 353 805 30 323 775 b6 6.78
569 1649 .940 1,0 L1p 937 38 377 899 61 7.81
619 1264 . .9hk3 1.0 463 1052 - 45 418 1007 - 77 8.7T7
675 1375 ey} 140 520 1163 53 467 1110 92 9.58
740 1542 a9L3 1.0 58l 1330 48 536 1282 12k 11.13
858 1805 0952 1.0 702 1593 75 627 1578 166 12.88
893 1918 w40 1,0 737 1706 69 668 1637 2oL 14,18
9Lkg 1984 «9h1 1.0 793 1772 86 707 1686 224 14.98
999 = | G943 1.0 8L 1888 92 752 1796 264 16.25
1041 - wOU3 0.98 88L 1984 98 - 786 1886 311 17.62
1072 & a9U3 0.974 916 2007 101 815~ 1906 371 19.25
1096 - ok2 0.978 940 2065 111 829 1954 431 20,75
1105 - 0946 0.98 . 9Lt 2107 106 84h1 2001 L9l 22,15
1126 - 2941 0,968 971 2016 119 852 1997 537 23,15
1169 - o943 1,007 1013 2763 136 877 2627 597 2h 40
1167 - O3 0,992 1011 ¢ 2212 128 ‘883 2084 657 25.60
1191 - Neh 04992 1035 2394 143 892 2251 745 27.30
1196 - 2950 04980 1037 2218 137 900 2081 865 29.40
1208 - #OL5 0,990 1051 2315 . 143 908 2172 1090 %3500
1210 - +937 - 1056 - 148 908 - Repeat
d‘M X 16 average
Ad, X 10 at 5.75 eV =2130
350 mp 20k Adg X 10 at Lho eV = 908
285 182 N :

216

212




TABLE II

Specimen: 5 C 2
Temperature 1094 % & C.

- 65 -

dy X 10° 100% Corr'tn Ad, X 107 Visible &Ad, X 10° Time 1

‘ corr'tn min, (Time)2

4.36 5.75 4.36 5.75 4.36 5.75 4.36 5.75
397 718 +9h5 1.0 223 505 27 196 L8 15 3.78
Y57 863 .943 1.0 275 650 25 250 625 30 5.48
532 1018 .Ook2 1.0 360 805 35 325 770 46 6.78
597 1153 2940 1.0 ko6 9ko L9 377 891 61 7.81
650 1270 .9h2 1.0 478 1057 58 420 999 77 8.77
696 1363941 1.0 525 1150 63 k62 1087 92 9.58
828 1611 940 1.0 658 1398 114  shh 1284k 124 11.13
873 7 1722 .9Lk2 1.0 702 1509. 113 589 1396 166 12.88
899 1777 2942 1.0 727 1564 11k 613 1450 201 14.16
930 1809 -9kl 1.0 797 1596 137 622 1459 224 14.98
939 1803 .93 1.0 766 1590 134 632 1456 264 16.25
943 1848 9h2 1.0 772 1635 145 627 1490 311 17.62
996 1918 943 1.0 823 1705 156 657 1549 371 19.25
1023 1949 .942 1.0 851 1736 179 672 1557 L4311 20.75
1039 - .96 0.980 865 1791 179 686 1612 Lol 22.15
1065 | -~ -9l 0.970 893 1791 190 703 1601 537 23.15
1093 - Ok 1,013 921 1791 190 712 1808 597 24.40
1051 - .943 0.997 879 1819 194 685 1625 657 25.60
1060 - .94 0.980 889 1796 192 693 1600 745 27.30
dy X lO3 average
350 mu 220 Ad, X 10 at 5.75 eV = 160C
285.0 198 Ad_ X 10 at 4.bhOo eV = 690

216 213
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TABLE III
Specimen: 5 A 3 +
Temperature 1060° C. - 10
dy 100% Corr’tn Ad X 10° Viéiplezﬁdt X 10°  Time .
corr tn min, (Tlme)]/g
L 4o 5.69 L. ko 5.69 L.ho 5.69 Lup 5,69 4Hrs '
0.657 1.25 .940 1.0 he2 937 kg 413 92k 2.0 1.42
0.764 1.65 .93%3 1.0 572 1298 64 508 1234 3.0 1.73
0.854  1.697 .939 1.004 660 1329 76 584 1269 4,0 2.00
0.963 2.143 942 1.006 767 1788 8l 683 1704 5.0 2.24
0.967 2.017 .938 1.0 775 1665 86 687 1579 18 hrs at RT
1.119 - .938 - 925 -~ 140 785 - 6.0 2.5
'1.135 - .94l - ko - 107 833 - 7.0 2.64
1.173 - .9h1 - 978 - 105 873 - 8.0 2.83
.1.263 - .94%0 - 1069 - 135 933 - 9.0 3.00
1.407 - .918 - 1226 - 156 1070 - 11.0 3.32
1.50k4 - .939 - 1309 - 159 1150 - 12.5 3.5%
dy X 103
350 mu 213
281 222
218 352
TABLE IV
' Specimen:5 E
a/p Vo3 | Temperature 1004 ¥ l.O° C.
L4.37 5.69 L.37 5.69 L.37 5.69 L.,37 5.69 - Hrs.
374 738 .930 1.0 248 542 43 205 Lgg é.o 1.k2
418 87 .9kO 1.0 277 651 36 241 615 3.0 1.73
L67 950 .928 0.995 3hL2 757 L7 295 710 4.0 2,00
522 1054 .9%35 1.0 393 858 39 354 819 5.5 2.34
541 1115 .940 1.011 L4o9 915 Lo 360 866 18 hrs at RT
622 1230 .929 0.993 k96 1038 60 436 978 7.0 2.64
646 1317 .930 0.995 520 1124 I 458 1060 8.0 2.83
713 1425 ,9%0 0.995 586 12%2 67 519 1165 10.0 3.16
760 1602 .934 1.0 632  1L406 59 573 12kt 12.0 3.46
95l 2000 .927 0.995 810 1986 103 707 1687 16.0 4,00
dy X 10°
350 mp 170
284 158

218 196




-67 -

218

218

TABLE V ‘
Specimen: 5 C 1
Temperature 996° s
dg X 10° 100% Corr’tn d, X 10°  Visible dg X 108 Time (Time)1,
Lhbo 5.75  L4.ho 5.75 440 5.75 corr’tn 4,40 5.75 hrs
358 659 .gh2 1.0 183 430 15 168 415 2.0 1l.h2
470 890 .943 1.0 204k 661 35 259 626 4.0 2.00
598 1069 .943 1.0 hop 851 41 381 810 6.0 2.45
645 1203 .9k3 1.0 h70 o7k 51 419 923 8.0 2.83
862 1691 .946 1.0 686 1k62 56 630 1406 26.0 5.10
928 1804 .9kl 1.0 54 1575 83 671  1ko2 58.0 T.61
960 1841 .945 1.0 784 1622 99 685 1523 72.0 8.48
982 1876 .946 1.0 806 1647 108 698 1539 78.0 8.83
1023 1907 .945 1.0 847 1678 122 725 1556 9k .0 9.69
1018 1940 .942 1.0 - 843 1711 122 721 1589 100.0 10.00
1063 - OG0 1.0 887 1896 122 765 1769 117.0 10.80
1115 .952 0.986 936 1854 152 784 1702 123.0 11.10
1088 - .950 1.01 910 1910 102 808 1808 139.0 1.79
1142 - .950 - 963 1960 13k 829 1826 140.0 11.82
1136 - 937 0.986 963 1957 132 831 1819 repeat
1177 - .948 1.01 999 2085 148 841 1937 157.0 12.51
1218 - .950 1.0 1039 2038 150 889 1888 179.0 13.38
1270 - .95 1.012 1094 2302 168 926 2134 201.0 1k, 1k
1270 - .950 0.975 1091 937 143 9Lk8 1794 220.0 14.83
1270 - .953 1.0 1090 2202 151 929 2050 Repeat
1396 - .950 - 1217 - 197 1020 - 249.0 15.80
1387 - .948 - 1209 - 187 1022 - 270.0 16.43
1470 - LObT - 1292 - 192 1100 - 313.0 17.70
1453 - L941 - 1279 - 197 1082 - M "
1431 - 941 - 1257 - 166 1091 - o "
1497 - 945 - 1321 - 184 11bo - 336.0 18.30
1hok - .9k5 - 1318 - 187 1131 - 383.0 16.58
dy X 10° average
350 mu 219 Adg X 10° at 5.75 eV= 1600
282.5 201 zxd X 10® at 4.4o ev= 720
216 229
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TABLE VI
Specimen: 5 A 2
Temperature 996 & 10° C.
X 10° 100% Corr’tn Ady X 10° Visible Ad, X 10° Time (Time) 1,
4,36 5.75 L4.36  5.7% 4.36 5,75 corr’tn M.,LLB 5.75 hrs,

- 293 558  .935 1.0 166 336 50 110 286 2,0 1l.ke
333 647 934 1.0 208  Lho Lo 162 396 4,0 2.00
603 1333  .940 1.0 bk 111l L6 L28 1065 22.0 L.69
629 1377 .93%6 1.0 502 1155 60 hhp 1095 23.0 L.79
880 2229 ,937 1.0 753 2007 83 670 1924 68,0 8.25
883 - 935 - 755 - ™ 580 - 3.5 8.57
998 - .9%0 - 874 - 107 767 - 89.0 9.43

dy X 10°
350 mn 167
285 155
216 222
TABLE VII
Specimen: 5 A 1 .
Temperature 940° C. - 7
4,42 5,75 L, L2 5.75 L ho 5,75 L. ho 5,75
270 ho2  .938 1.0 ‘48 200 0 48 200 2,0 1.h2
329 630  .939 1.0 133 320 3 130 317 4.0 2.00
37k 712 .939 1.0 181 420 3 198 L7 7.5 2.74
Lo8 797 .940 1.0 213 485 0 213 485 9.0 3,00
539 1033  .937 1.0 345 Th1 5 350 76 20.5 h.53
712 1382 .935 1.006 519 1090 11 508 1079 43,5 6.59
719 1420  .943 1.0 517 1128 3 514 1125 Ly .5 6.67
996 2229  .940 1.0 808 1937 2k 784 1913 89.5 9.46
1104 2620 .939 0.995 909 2329 29 880 2300 95.0 9.75
1219 - .936 - 1025 - 33 992 - 110.5 10.50
397 871 -3 400 874 26.5 5.15
dy X 10°
350 mp 237
281 222
216 292

214 310




TABLE VITI
_Specimen: 5 H 1
Temperature 909 £ 9° C,
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d, X 10°

100% corr’tn Ady X 10° VisibleAcLC X 103 Time (Time)¥,
ulls s W3 5.7 W3 5.7 corr’tn 403 5.7 nvs.
329 4h3 940 1.0 109 181 6 103 175 2.5 1.58
383 568 .9k0 1.0 164 306 7 157 299 7.5 2.7
577 908 .907 0.945 374 671 85 280 586  3k4.5 5.87
565 921 .935 0.970 348 676 18 333 661 38.0 6.17
Specimen Broke
dy X 103

350 230

280 ks 246

218 262

TABLE IX
Specimen: 5 J
Temperature 909 ¥ 7.C.

465 798  .930 0.990 294 562 82 212 480 2.0 1.2
465 812  .943 1.0 297 571 72 225 499 o} 2.00
L62 788  .9hp 1.0 286 547 . 50 236 497 6.0 2.45
592 1040  .940 1.0 417 799 67 350 732 25.0 5.00
611 - 1088  .940 0.990 435 852 69 366 783 29.5 943
666 1168  .9L2 1.0 489 927 73 416 854k L45.5 Se Tl
671 1168  .94k2 1.0 Lok 927 76 418 851 47.5 .88
689 1203 .93k 0.994 576 965 87 kg 878 49,5 T.03
750 1340  .935 0.995 576 1096 79 Lo 1017 68.5 8.27
764 1363  .932 0.990 592 1128 84 508 104k  72.0 8.49
843 1kl  .943 0.990 665 1285 95 570 1190 90.0 9.49
929 1751 .940 0.980 752 1514 107 645 1407 118.5 10,88
964 1802  .950 1.0 787 1561 98 689 1463 135.5 11.63
983 1915 .9k2 1.0 806 1674 96 710 1518 138.5 11.78

3
dy X 10

350 mp 215

280 203

218 2h1
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TABLE X
Specimen: 5 B
Temperature 850 L 10 °C.
3. X 10°  100% Corr'tn Ady X 102 Visible Ad, X 10° Time  (Time)z

4.38 5.69 L4.36  5.69

5.69 corr'tn u.3é 5.69

4.36 hrs.
269 380 .937 1.0 71 106 56 15 50 2.0 1.h2
289 L426 .939 1.006 90 150 57 33 93 6.5 2.55
334 sh2 .937 1.0 137 258 61 76 197 23.5 4.85
334 537 .939 1.006 136 276 52 8L o3k 29.0 5.38
341 570 .935 1.0 14 296 53 91 243 33.0 5.74
363 606 .940 1.0 164 332 57 107 275 hh.o 6.63
379 639 -935 1.0 183 365 58 125 307 50.0 .07
Log 701 .937 0.993 211 430 64  1h7 366 68.0 8.25
Lok 713 .932 0.995 209 Lkl 58 151 383 73.0 8.55
478 863 .940 1.05 279 587 58 221 529 137-0  11.70
dy X 103
350 mp 238
285 226
218 27h
{
TABLE XI
Specimen: 5 J
Temperature 795 g T °eC.
4,52 .52 4,52 L.50
248 7337 L,94B 1.0 62 96 56 6 ko 5.5 2.35
283 417 940 1.0 108 176 68 4o 108 21.0 4.58
336 510  .905 0.945 187 294 91 96 203 95.0  9.75
312 507 .938 1.0 137 266 52 87 214 117.0 10.80
325 519 941 1.010 148 273 58 90 215 121.5 11.02
bk 563 .9k 1.0 167 322 51 116 271 162.5 12.74
353 587  .9hko 1.0 177 346 sh 123 292 186.5 13.65
353 593  .940 1.0 177 352 51 126 301 191.5 13.83
37k 610 .925 0.996 203 371 70 133 301 207.5 1k.4o
374 629 .40 1.0 198 388 59 139 329 2ak,5 14.65
413 680 933 1.0 240 439 84+ 156 355 230.5 15.20
418 698  .933 0.992 245 L6l 81 164 380 254.0 15.93
L2 730 .938 0.997 268 . 489 8 182 L4o03 277.5 16.65
48 763  .950 1.010 268 518 77 191 W41 325.5 18.05
dy X 10°
350 mp 215
280 203

218 241
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TABLE I
> Specimen: 14 P 2
Data: Log Ady Vs. (AE) 5.75

eV Peak Temperature 1102° C.
’ E ( AE)™ AdL X 103
eV 30 45 327
5.3 0,203 520 619' 1127
5.4 0.123 603 718 1309
5.5 0.063 679 818 1514
5.6 0.023 791 954 1711
5.75 0 80k 977 172k
_ Data: Log zsdt Vs. (ZBE)2 44O eV Peak
Time Adt X 103, Ad, X 108 .
mins. k.40 5.75 b L L, h,2 h,1.. k.0
30 333 11 322 31k 278 P11 140
45 Lol 14 387 372 326 L3 154
327 693 2L 669 660 589 Ls56 302
Data: Ad, Vs. t%' 5.0 &V Peak
Time Ad, X 10° A4, X 1P Sum Ad, X 107
mins. obs'd 4.4~ 5.75 calc'd 5.0
30 330 51 216 267 63
45 389 61 259 320 69
60 Ll T0 292 362 82
327 70k 105 k463 568 137
Lg7 677 10k  Ls2 556 121
578 697 105 440 545 152
387 666 103  L52 555 111
L7 667 103 k416 519 148
656 694 107 Lbs 552 1h2
Adg X 102 5.0 eV Peak- = 135
avg.




TABLE IT
Specimen: 14 J

Data: Log Ady Vs. (z:EfZ 5.75 eV Peak Temperature 1082 C.

E (aE)= Ad, X 107

eV 30 . 6§ 70 105

5.3 2025 438 631 729 843

5.4 1225 504 727 838 975

565 L0625 567 821 9k3 1099

5.6 L0225 622 900 1027 1215

5.7 .0025 658 948 1076 1255

5,75 0 668 960 1082 1255

Peak occurs at 5.70 eV (150 min. only):

E (AE)*ad, X 10~
5.3 0,16 1045
5.k 0,09 1191
5.5  0.0h4 1330
5.6 0,01 1425
5.7 0.00 1458
5.75 0.0025 1455

Data: Log Ad‘t Vse ( AE)2 L.40 eV Peak

Time Ady X 107 © Ady X 107
mins. L4.40 5.75 L4 L.3 L.2 4,1 k.0
30 281 10 271 261 221 - 103
75 L6k 16 4h8 433 3B4 - 168
105 554 18 536 513 430 - 193
150 688 29 695 634 538 Lo8 256
Data: Ady Vs 2 5.0 eV Peak
Time Ad, X103 Ady X 10° Sum  Ad X 10
mins. obsfd L.4O 5.75 cale'd 5.0
30 276 36 181 217 59
60 397 53 260 313 Bl
15 459 59 293 352 107
90 Lol 66 317 383 111
105 534 71 342 413 121
120 576 7 356 433 143
135 634 8L 389 LT3 161
150 668 88 468 556 112
165 699 93 438 531 168




Data:

Data.:

Data:

TABLE III
5 Specimen: 14 M
Log &dy Vs, (AE)” 5,75 eV Peak Temperature 1045° C.
E  ( AE)=2 Ad, X 108
60 90 120
5:3 0.203 Lo 531 603
5.4 0.123 493 613 697
55 0,063 .555 688 782
5.6 0,023 609 760 8T
57 0.0025 64k 786 895
575 0 654 Tk 903
Log Ad, Vs. (AE)® Lh.hO eV Peak
Time Ad, X 10° Ad, (E) X 108
mins,  4.40 5,75 Ll 4,3 L2 L.l 4.0
60 273 12 261 255 221 171 107
90 341 15 326 322 280 220 143
120 385 7 368 359 309 238 152
30 197 9 188 corrected. :
75 302 14 288
105 356 16 340
135 411 18 393
301 595 27 568
340 611 28 583
240 555 2k 531
271 573 25 548
Ad_t Va t% 5;0 eV Peak
Time Ady X 10° Ad, X 10° Sum Adg X 10
mins, obs'd hoh 5.75 caletd 5.0
60 268 48 194 242 26
90" 339 60 236 296 43
120 382 67 268 335 L7
150 Lk 7 306 383 69
165 465 81 32Lh  L4o5 60
180 k79 84 331 415 64
210 513 192 358 450 63
4io 639 111 b7k 585 5l
470 629 112 455 567 62
525 639 111 438 549 90
555 642 113 k51 564 78
30 188 3k 14 178 10
75 297 53 21k 267 30
105 356 62 251 313 43
135 Lol 72 284 356 L8
301 595 104 h1h 518 7
340 600 106 ko7 535 65
2ho 536 99 376 475 61
271 565 100 394 Lok 71
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TABLE IV
. Specimen: 1k Q .
Data: LogAdt Vs. (AE)” 5.75 eV Peak Temperature 996 C.

E (AE)2 Ady X 103
eV 0.5 5.5 8.0

5.3 0,203 165 580 705
5.4 0.123 194 667 816
5.5 0,063 rere 754 921
5.6 0,023 240 821 1013
5.7 0.0025 245 858 105k
5.75 O 255 872 1083

Data: Logdd, Vs. (AE)2 4.40 eV Peak

Time Adt X 103 Adt X 10°

hrs. LK 5,75 4. 4.3 L.2 4,1 4,0

0.5 109 5 1ok 101 86 66 L1
5.5 362 16 346 343 294 226 143
8.0 443 20 423 419 360 273 173

. 1
Data: Aqt Vs. t2 5.0 eV Peak
. Time Ady X 10° A4, X 10° Sum  Ad, X 10°
. hrs. obs'd k4.4~ 5.75 calec'd 5.0
0.5 108 17 75 92 16
1.5 187 29 133 162 25
55 367 56 258 314 53
8.0 Ll 69 320 389 58
11.5 553 85 392 k17 76
12.5 - 551 86 399 485 66
15.0 621 95 Lhs 541 80
20.0 688 107 491 498 90
37.1 727 113 506 619 108 -
39,5 732 114 486 600 132
hi.5 739 115 485 600 139
58.5 745 117 523 640 105
61.0 762 118 504 622 140
6340 752 115 568 685 67
67.0 768 120 526 646 122
Adg X 108 5.0 eV avg.=12k




TABLE V.

Data: Log Ady Vss (AE)® 5:75'eV Peak

Data: Log Adt Vs

tData:

Specimen:

Temperature 982° C.

E (AE)  Ad, X 10°
ev. i 2 “ i 6
5¢3 0,203 314 U480 597
5.4 0.123 377 546 675
545 0.063 415 608 758
5.6 0.023 457 665 806
5.7 0,003 477 683 851
5.75 0 L7 685 . 852
(AE)® 4.40 eV Peak
Time Ad, X 10° Ad, (8) X 165
nrs. b 5075 b .2 ka2 Bl 40
2.0 194 16 178 17s 156 118 72
k.o 28 22 26k 262 224 168 111
| 6.0 361 28 333 333 273 209 131
zSdt Vs. +2 5.0 eV Peak

Time Ad, X 103 Ad_ X 10° &mAd, X .16
hrs. obs'd I, 5.75 cakcld 5.0
1.0 162 17 125 1k 20
2.0 213 2 166 150 23
3.0 266 30 209 239 27
b0 306 36 238 o7k 32
5.0 353 L2 276 318 35
6.0 384 45 296 341 43
7.0 416 50 317 367 kg
8.0 461 55 350 ko5 56
9.0 485 - 58 367 h2s 60
10.0 519 61 ko5 Lés 53
11.0 523 63 399 Lé2 61
12.0 556 68 ko3 ko1 65

i N
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Datsa:

Data:

TABLE VI ,
o Specimen: 14 D
Log Ad, Vs. (AE) 5.75 eV Peak Tempersture 959 ° C.
E (AE)= Ad, X 107
eV 3 10 12
5.3 0.203 520 587 669
5.4 0.123 593 665 752
5.5 0.063 662 739 836
. 5.6 0,023 706 796 891
5.7 0,003 735 825 919
5.75 0 THO 826 919
Data;: Log Adt Vs. (AE)Z 4,40 eV Peak
Time Ad, X 103 Adg (E) X 10 3
hrs. W 5.75 4.4 4.3 L.2 4.1 4.0
8.0 300 30 270 269 236 171 120
10.0 348 34 314 310 267 209 141
12.0 Loz 38 362 359 311 235 154
LogAd_b Vs, t% 5.0 eV Peak
Time Ad, X 105 Ad, X 109 Sm  Ad, X 107
hrs. gbs'd LY 5.75 cale'd 5.0
2.0 163 20 138 158 5
4.0 230 27 197 22k 6
5.0 252 32 211 2h3 9
6.0 285 35 235 270 15
T+0 310 39 256 295 15
8.0 341 L3 276 319 22
9.0 366 k6 291 337 29
10.0 388 50 309 359 29
11.0 k20 53 326 379 ky
12.0 kho 57 3k3 koo hy
13.0 k73 61 375 k36 37
14,0 501 6k 387 k53 50
15.0 515 67 389 k56 59
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TABLE VIZX
Specimen: 5 D 2

Data: Log Ad-t Vs (AE)2 5.75 eV Peak Temperature 1094 °C.
E (AE)Z Ad, X 10°
eV , __ 61 92 . 166

5.3 04203 602 751 993
5.4 0,123 694 862 1156
551, 0.063 785 969 1312
546 0.023 857 1064 1446
S5a7. 0.003 880 1205 1520
575 0 899 1210 1518

Data: LogAd, (AE)? 440 eV Peak

Time Adt X 103 T Al (E) X 108
mins. W4 5,75 kA WE3 k.o 4,1 L0

61 377 9 368 351 290 208 122
92 ko7 11 456 L32 351 257 159
166 627 15 612 587 W69 339 197
. 1
Data: Ad,  Vs. t2 5.0 eV Peak
Tifne Ad, X 103 Ad, X 105 Sum Ad, X 103
: ml%gso, d,gbs‘d ht'l} 5275 cale'd t5.0
is 184 i2 120 132 52
30 272 18 173 191 81
L6 321 22 204 226 95
61 382 26 236 262 120
7 ko1 29 26k 293 128
92 470 32 291 323 17
12k 535 37 337 37k 161
166 628 L3 398 hhy 187
201 664 L6 430 k76 188
224 71k L8 L3 ko1 223
264 751 51 k71 5o 229
311 T84 5k L95 549 235
371 817 56 500 556 261
k31 820 57 513 570 250
o1 830 57 525 582 248
537 85k 58 52k 582 272
657 868 60 s5h8 608 260
Th5 886 61 591 652 23k
865 1001 62 57 609 392
Ad X 102 5,0 eV=251
s avge




TABLE VILL
- ' Specimen: 5 C 2
Data: LogAdt Vse ( AE) 5.75 eV Peak Temperature 1094°C.
E (AE)2 Ad, X 10°
eV L6~ 77 124
5.3 0,203 518 670 859
5.4 0.123 598 769 989
5.5 0.063 672 869 1121
5.6 0.023 727 953 1222
5.7 0.003 769 996 1271
5.75 O 769 1000 1275
Data: LogAd, Vs. (AEP 4.40 eV Peak
Time Adt X 103 AL, (EY X 10
mins. 4.4 5,75 »h,h 4,3 Lh.,2 L,1 4.0
L6 325 17 312 304 247 185 106
T7 420 15 ho3 387 318 234 133
124 skl 17 522 k99 108 303 175

L
2

Data: Adg Ve. t

5.0 eV Peak

Time Ad, X 10 3Ad; X 103 Sum  Adg X 100
mins. ©obs'd hh 5.75 eale’d 5.0
15 201 |16 17 163 . 38
30 261 20 193 213 48
L6 326 27 237 264 62
61 375 31 27k 305 70
7 koo 3k 308 342 80
92 460 38 335 373 87
12k 5hly 45 395 4ho 104
166 585 48 k2g 7 108
201 609 50 Lh6 g6 113
224 626 51 Ihg 500 126
26l 643 52 448 500 143
311 6ho 53 li5g 512 130
371 664 5k Ly 531 133
431 676 .53 480 533 143
491 695 56 496 .552 143
537 710 58 493 551 159
657 687 56 500 556 131
Th5 69§ o517 493 550 1
Adg X 10° 5.0 eV=140
aves




TABLE IX

Data: Log Ady Vs. (AE)2 5.75 eV Peak

Data:

Data:

Specimen: 5 C 1
Temperature 996 °C.

E (AE)2 Ad, X 103

eV y 6 8
5.3 0.203  k15. 573 649
5.4 0.123 481 657 743
5.5  0.063 528 731 820
5.6  0.023 591 790 891
5.7 0.003 621 810 919
5.75 0O 626 809 922
Vs. (AEP L.4O eV Peak

Time Ad (E) X 103

Ad, X 10°
t

 mins™ 40 5,75 b hbs ko k.1 k0
k.0 259 19 2 40 237 206 155 102
6.0 381 25 356 338 282 208 132
8.0 h19 .29 390 375 318 237 150
Adt Vse t‘% 5.0 eV Peak
Time Adg X 103 Ady X 163 Sum  Adg X 10°
hrs. obs'd L o 5.75 cale'd 5.0
2,0 164 21  1ke 163 1
4,0 263 32 214 2h6 17
6.0 363 48 278 326 37
8.0 405 53 317 370 35
26.0 613 79 483 562 51
58,0 648 84 511 595 53
72.0 662 86 522 608 5k
78.0 67h 88 528 616 58
94,0 690 89 534 623 67
100.0 698 88 545 633 65
dy X 10 5.0 eV = 70
avge
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TABIE T

Data for

-AF° Vs, T°K
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‘Temper - 2.30d,/ 1y (cm™1) -AF° X 1073
Specimen  ature (arbitrary units) ‘
°K L.ho 5.0 5.75 b Lo 5.0 5.75
L M 1318 64.0 7.03 161.1  36.5 30.8 39.0
g 1355 70.1 - - 37.9 - -
Py 1375 58.0 11.5 1.1 37.9 33.5 L0.3
1 qQ 1269 64.9 10.7 15h.2 35.3 30.8 37.5
5C.1 1269 53.0 5.15 18.6 35.8 30.0 37.9
5C2 1367 48.5 9.83 115.5 38.k4 34,1 40.7
5D 2 1367 45.0 12.6 106.8 38.1 34,8 40.5
i Haxby -

0.01 Fe 1523 3L - - hhoy - -
0.04 Fe 1525 135 - S AN - .
.08 Fe 1523 280 - - ks - -
0.4k0 Fe 1523 800 - - Lo.9 - -

Oxygen pressures (atmospheres):

Crystal 14
Crystal 5
Haxby

-1
- 0.21
- 0.02 (15 mm. Hg)



TABLE IT

Results of the Calculation of D for Crystal 1k
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Temper- -AF® X 10> Adg N Slope X 103 D X 1010
Specimen  ature (Calc’d) —.- (em™) (sec) -Yo cn/ sec.
°K FLo - 5.75 LY 5.75 L0 5.75 .50 5.75
4P, 1375 38.3 Lo.6 28.8 67.0 T.27 20.0 500.0 700,0
g 1355 37.8 4o.1  29.4 69.2  T.75 15.4 545.,0 392.0
4y 1318 36.8 39.1 29.8 71.9  L4.73 10.4 . 198.0 167.0
g 1269 35.6 37.7 31.8 73.0  2.60 6.28 52.6 58.2
N 1255 35.1  37.3 30.k 73.6  2.85 6.70 69.2 65.1
14 D 1232 34,6 36.7 32.4 76.4 2,43 5.20 4L 2 36.5
14 L 1219 3h.2 36.3  31.9 76.0 1.63 4.18 0.6 23.8
14 C 1179 33.2 35.2 33%.6 78.7 1.12 2.76 28Tk 9.70
1k E 1115 31.6 33.5 36.8 86.8 0.4k46 1.1k 1.16 1.36
14 B 1065 30.3 32.1 38.9 91.2 0.20% 0.52 0.215 0.258
TABLE 111
Reésults of the Calculation of D for Crystal 5

5D 2 1367 38.1 4o.,5 [18i1 Lz, 7. 6.12 1k .6 902.0 876.0
5C 2 1367 38.1 Lo,5 :18.1° 7 hb3.7- 6.24 186" 936.0 836.0
543 1333 37.2 39.5 . 19.2 h7.8 5.8 13.2 729.0 595.0
5 E 1277 35.7T 38.0 19.8 48.9 3.20 6.13 207.0 119.0
5C 1 1269 35.5 37.7 19.9 - 47.8 3.21 6.27 205.0 135.2
5A2 1239 34.8 36.9 21.1 49.5 1.6k 4 o7 hr.h 535.1
5A1 1213 34,1 3.2 21.b 51,0 1.k 2.90 33.6 25.5
5H1 1182 33,3 3.4 22,1 - 54,0 0.788 1.69 10.0 7.70
5J 1182 33%.3 33,4 22,1 s5k,0  0.912 2.13 13.h 12.2
5 B 1123 31.8 33.7 25.7 55.4  0.335 0.787 1.57 1.59
5J . 1068 30,4 32.2 25.6 60.0 0.165 0.353 0.325 0.270




TABIE IV

\

Results of the Calculation of D from 5.0 eV Peak

Temper- -AF° X 1072 ~ Adg SToe D X 1010
Specimen ature  (cale’d) T () (sec—¥2) (cm? /sec)
T 1355 33k 5.73 1{295 915,6
14 M 1318 32.0 H 76 0.84 22,0
14 Q@ 1269 30.1 3.59 0.33 65.'9
14 N 1255 29.6 3.36 0.33 T7.3
ik D 1232 28.8 3.02 0.k6 178.8
5D 2 1367 33.8 3.90 1.8k 17:J+7,o

5G 3% 1367 3%.8 5.90 1.07 590.0




APPENDIX F

Estimation of Error in the Activation Energy
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A. "By Standard Deviation

The plot of Figure 16. is a straight line represented by:

y = a + by ceees (1)
if y = log (DX 1d}¥)
a = log (Do X 10™%)
b= -E
2.3 R
x 21 X 10 ‘See Equation (11)
T

The constants a.and b in equation (1) may be calculated by the

method of least squares(Table I); the relationship so.obtained is known

the regression line of y upon x459° The standard déviation Or of the

scatter about this line is given by

Cr = 2 [S -5D°
n-2

where: 1r = correlation coefficient defined by:

Sx %y -7)
Lx - 025y - )

2

ara y i=Z2y

n

o= Zx
n
n = number of palrs of observations.

Further, the standard -deviations of a and bt'are defined byho:

2 2

Ca.. = Or ~and
n ’
Z(x - x)

The correlation coefficient r was found to be -0.995. This quantity

i% a test of. the significance of the linear relation obtained. The
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TABIE I
Data for Method of ILeast Squares Calculation
Log (D X 10711) 12 s 1 'y 10 (Log DX 1071)(1 X 10%)
Specimen 4. 4o 5.75 T X 10 T 10 L.ho - T 5.75
14 Ps 3,6990 3.8L51 52.85 7.27 26.892 27.95k4
b J 3.7364 3.593% 5k 46 7.38 27.575 26.519
b M 3.2967 3,2227 Lr.76 7.60 25.055 ok Lo3
1k Q 2.7210 2.7649 62.09 7.88 21.4h1 21.787
14 N 2.7401 2.8136 63.52 7.97 22,636 22, L2k
14 D 2.6454 2.5623 65.93% 8.12 21.481 20.806
1 L 3.3139 2.3766 67 .24 8.20 18.96k4 19.488
14 C 1.9415 1.9868 71.91 8.48 16.464 16.848
b E 1.0645 1.1335 80.46 8.97 9.549 10.167
14 B 0.3%24 0.4116 88.17 9.39 3,121 3,865
n =20 24,5909 2L, 710k 664 .39 81.26 19%.188 194,351
5D 2 33,9552 3.,9425 53,58 7.32 ; 28,952 28.859
5C 2 3.9713 3,9222 53.58 7.32 29,070 28.711
5 A 2 %.,8627 3.7745 56.25 7.50 28.970 28.309
- 5.E 3.3160 3.0755 61.31 7.83 25,96k 24,081
5C 1 3.3118 3,1310 62.09 7.88 26.097 2h 672
5 A2 2.6758 2.7251 65.12 8.07 21.594 21.992
5A 1 2.526% 2.4065 67.90 8.24 20.817 19.830
5 H 1 2,0000 1.8865. T1.57 8.46 16.920 15.960
5 J 2.1271 2.0875 71.57 8.46 17.995 17.660
5 B 1.1959 1.2041 79.2L 8.90 10.644 10.716
5 J 0.5119 0.4314 87.80 9.37 4,797 L, o2
n = 22 29.4540 28.5868 729.98 89.35 231.820 22k 832
Totals  54.0449Q 53,2972 1394 .37 170.61 25,008 419.183
Grand Total 107.3421 84k 191
5 (y°) = 321.885




values of r are O for no relation at all and + 1 for an exact linear

representation; the sign of r is also the sign of slope, b.

VThus
' Oy = % o.1225
and

Ob = f30.1 x10°

Oa = *18.9 x 107
Since

b = -1.683 % 30,1 X 107°

then

E = +h.575 (10%)  [1.683 ¥ 30.1 (10%)]
Therefore the two errors may be stated as:
a) E = T7.0 <+ 1.4 keals/mole

b) Log (Do X 10" = 16.229 £ 0.0189

B. By Errors in Data

The basic equation used in determining E was:

1

Adt = Ads 2 (P;t_ 2
T

1M
By taking the logarithm of both sides we have:
Log Ady = log 2 + logad, - log lM
+ 2 log D+ 3 logt - logTl
Differentiating this expression gives:

Ap = Q[A(Adt‘) ~AQpL) + Al - —;—A%]

D

The maximum estimated error in the variable D is shown in

the following table.
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TABLE II

Maximum.Egtimated Errors

Specimen  Quantity Measured Value % Deviation
L. 4o 5.75 4. 4o 5.75

UM Ad, 0.547 1,242 2.9 5.5

14 Ps Adg 0,1687 1.642 1.7 5.6

14 Ps 1y 0.106 in 0.106.in 2.8 2.8

14 Ps t 60 min, 60 min. 0.9 0.9
Sum = AD (%) 2(%8.3) 2(f12,8)

’ = 16.6 = 25.6

In most cases,- -however, the errors in both t and Ady would be

much less than those quoted.

The maximum measured variation in the temperature was t10° C.
which corresponds to a mpximum deviation of ¥ 1.2% at 850° C. (Specimen 5B);
.this value does not include possible errors in the actupl measurement of

the temperature.



