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ABSTRACT 

An i n v e s t i g a t i o n i n t o the e f f e c t of oxygen on the three u l t r a v i o l e t 

o p t i c a l absorption bands i n magnesium oxide was c a r r i e d out. These peaks were 

located at 5.75., 5.0 and k,k0 eV within the range 212 to 350 mn. 

The s i n g l e c r y s t a l p l a t e l e t s were heated i n a i r or oxygen f o r 

i n c r e a s i n g times at various temperatures. I t was found that the increase 

In peak height with time followed a d i f f u s i o n r e l a t i o n . 

A mechanism of formation of the centers causing the 5»75 and k.k-0 eV, 

peaks was proposed. The mechanism was based on the oxidation of i r o n and 

manganese impurities and the d i f f u s i o n of magnesium to the c r y s t a l surface. 

The absorbing center was defined as (Fe + 3» v M g + 2 ) » From t h i s i t was shown 

that the d i f f u s i o n process governing both the 5-75 and the k.h-0 eV peaks 

followed the same Arrhenius r e l a t i o n : 

\ 5 -77,000 . 2 / D = 1.7 X 10'. e RT cm /sec,. 

over the temperature range of 800 to 1100° C. 

No s i m i l a r conclusions could be drawn concerning the 5»0 eV peak. 
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THE EFFECT OF OXYGEN ON THE ULTRAVIOLET OPTICAL 
ABSORPTION BANDS OF MAGNESIUM OXIDE 

I. , INTRODUCTION 

A. General 

Recent Interest i n ceramics as components of engineering materials 

such as ceramic-coated parts and cermets has r e s u l t e d i n t h i s department 

i n i t i a t i n g a programme d i r e c t e d toward the accumulation of fundamental 
25,26,27-

knowledge of the bond and bonding mechanisms between metals and ceramics , 

One of the main f a c t o r s i n obtaining a good metal-ceramic bond i s the magnitude 

of the surface energies involved and the e f f e c t of surface a c t i v e impurities 
,27 

and a l l o y i n g elements on these energies* Clarke 1, using the sessile-drop 
method, inve s t i g a t e d the e f f e c t of a l l o y i n g elements In the l i q u i d - m e t a l 

drop on the l i q u i d - s o l i d i n t e r f a c i a l energy. He found that small a l l o y i n g 
' 26 

additions'produced s i g n i f i c a n t energy changes. Both Clarke and Hasselman 

found evidence of i n t e r d i f f u s i o n of the a l l o y i n g and bulk elements across the 

i n t e r f a c e between the metal and the ceramici. Therefore, a knowledge of the 

defect structure, impurity content and the behaviour of the ceramic, component 

under various conditions would be a desirable addition to the knowledge so 

f a r acquired. An i n v e s t i g a t i o n i n t o the c o l o r i n g of magnesium oxide by X-rays 

and by oxygen appeared to be a good basis f o r an i n v e s t i g a t i o n of t h i s kind. 

B. Summary of Previous Work 

A well-known phenomenon associated with a l k a l i halide c r y s t a l s i s 

t h e i r a b i l i t y to be "coloured" by high energy beams (X-rays, u l t r a - v i o l e t 

l i g h t , electrons, neutrons, etc.) or by introducing i n t o the c r y s t a l s 
1 2 

an excess of e i t h e r component ' . In addition, recent i n v e s t i g a t i o n s have 

found c o l o r a t i o n e f f e c t s due to the introduction of impurities. This 

c o l o r i n g process may be detected by the presence of one or m6re peaks or 
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bands i n the o p t i c a l absorption spectrum of the c r y s t a l s . Each band i s 

c h a r a c t e r i s t i c of a c o l o r center which generally consists of p o s i t i v e or 

negative vacancies, s i n g l y or i n groups, upon which electrons or holes 

may be trapped. 

S i m i l a r i n v e s t i g a t i o n s i n t o the c o l o r a t i o n of magnesium .oxide 

produced s i m i l a r r e s u l t s . A deep purple 'coloration was produced by u l t r a v i o l e t 

^ 4 i r r a d i a t i o n - 7 ; f u r t h e r experimentation showed that t h i s c o l o r a t i o n could 

a l s o be introduced by X-rays with accompanying o p t i c a l absorption peaks 

near 2.3> k.k and 5.6 eV. Weber^ examined the e f f e c t of an excess of 

e i t h e r component as w e l l as of X-rays on these bands with the following 

r e s u l t s : " 

1) MgO c r y s t a l s could be a d d i t i v e l y colored by both oxygen and 

magnesium vapour. Oxygen a d d i t i o n produced peaks at 4.3 and 

5.7 -Mg vapour produced peaks near 2.4, 3-6 and 5.0 eV. 

2) The rate of increase i n height of the u l t r a v i o l e t absorption 

bands when the c r y s t a l was heated in.oxygen was governed by a 

diffusion.mechanism. 

5) .The amount of oxygen c o l o r a t i o n reached a l i m i t i n g or 

s a t u r a t i o n value; the saturation l e v e l increased l i n e a r l y with 

the logarithm of.the oxygen pressure. 

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

pfosition of the oxygen and magnesium bands. 

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

.warming and the oxygen induced.spectrum by vacuum annealing. 

6) One of the more important processes i n the oxygen d i f f u s i o n 

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

c r y s t a l ; however, not a l l the oxygen present was o p t i c a l l y detected. 
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Recently considerable i n t e r e s t has been displayed i n MgO e s p e c i a l l y 

since large, si n g l e c r y s t a l s have become, available.. Experiments have been 

conducted on the defect:., structure and e l e c t r o n i c properties of MgO using 

the- H a l l e f f e c t ^ , photoconductivity?.)8 post bombardment c o n d u c t i v i t y ^ - ^ , 

X-ray and u l t r a v i o l e t coloring-1-1-> 
12,13,14 

r e f l e c t i v i t y " ^ , high temperature 

conduptivaty^, l u m i n e s c e n c e " ^ ' e l e c t r o n spin resonance-'-?, 18,19,20,21 _ 
Perhaps the most extensive investigation: of the o p t i c a l and e l e c t r i c a l 

oo 
properties of MgO was c a r r i e d out by Shepherd and h i s associates .. 

Most of the i n v e s t i g a t i o n s have been concerned with the s o - c a l l e d 

"oxygen-bands" at 4.4 and at 5-7 e V , and appear to be d i r e c t e d toward the 

construction of a band model f o r MgO as.well as .defining the nature of - the 

defects causing the l o c a l i z e d t r a n s i t i o n s . The energy gap between the 

conduction and valence;.bands has been estimated by Johnson-*-*4", using u l t r a v i o l e t 

e x c i t a t i o n and o p t i c a l methods; Yamashita^, using X-rays and the t i g h t bind

i n g - approximation! and -Reilli'ng a^cL Hensleyl5j using r e f e c t i v i t y measurements„ 

Johnson estimated ^ 7 e v " f o r the energy gap, Yamashita 7.6 eV, and R e i l l i n g 

and Hensley , 8.7 eV. 

Attempts a t . d e f i n i n g the nature of the. defects causing t r a n s i t i o n s 

to and .from .localized states have not been without controversy. Day? found 

photoconductivity peaks at 1.2, 2.1, 3-7 a n ( i 4.8 eV; the l a t t e r three agreed 

with o p t i c a l absorption peaks for Mg-excess c r y s t a l s observed by Weber5„ 

Day concluded that holes rather than electrons produced the photoconduction 

since a narrow excited region of a c r y s t a l between two electrodes which 

was-irradiated by- 4.0 eV l i g h t and subsequently scanned by longer wavelength 
i 

l i g h t always' moved toward the negative electrode under a p p l i c a t i o n of an 
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e l e c t r i c f i e l d . E v i d e n t l y the r e s u l t s of two.other i n v e s t i g a t i o n s ^ ' ^ 

8 PP 

substantiated Day's postulate. However, P e r i a 'attributed the bands 

at 3-6 and 4.8 eV to the strong o p t i c a l absorption maximum near 4.4 eV 

and a minimum near 4.8 eV. A photoconductivity spectrum uncorrected f o r 

t h i s absorption e f f e c t would therefore lead to the two peaks observed 

by Day. Moreover, through h i s method of analysis f e r i a obtained two 

photoconductivity peaks of Gaussian shape located at. 4.05 a^Ld. 5-05 eV. 

P e r i a a t t r i b u t e d the low energy peak to hole t r a n s i t i o n s and the 5.05 eV 

peak to e l e c t r o n t r a n s i t i o n s . 

i Although the r e s u l t s obtained from the c o l o r i n g studies on MgO were 

similar" to those obtained f o r the a l k a l i h a l i d e s , i t was recognized that 

impurities ( p r i n c i p a l l y those of v a r i a b l e valenfcej were probably the 

dominant f a c t o r i n producing the o p t i c a l bands. T h i s . i n f e r r e d that there 

were no o p t i c a l l y detectable color centers, analogous t o those i n the a l k a l i 
- i Q 

h a l i d e s . Indeed, Wertz., et. a l ,defined the F-center from e l e c t r o n spin 
25 

resonance (E.S„R„) studies as an oxygen vacancy between two Mg. ions; 

no detectable amounts of t h i s center could be produced by the same treatments 

used to produce color-centers i n the a l k a l i h a l i d e s . 

Johnson^ extended o p t i c a l absorption measurement to the vacuum 

u l t r a v i o l e t . He observed two additional"oxygen excess" peaks at 6.2 and 

6.7 eV| only below 1700 A was the o p t i c a l absorption impurity independent. 

The work of Wertz , et a l 1 8,19. Haxby^ 2, P e r i a ^ 2 2 , and Hansler and SegelkEn 1? 

v e r i f i e d the nature of the impurity dependence of the observed o p t i c a l 

absorption, luminescence and photoconductivity phenomena. C l a r k e ^ , however, 

concluded that only the 6.7 eV band could be ascribed to impurities. A l l 

the other bands were a t t r i b u t e d to magnesium or oxygen vacancies i n t h e i r 
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n e u t r a l states or with trapped electrons or holes (analpgons to a l k a l i 

h alide centers). 

Haxby^2 has shown that both Mn and Fe impurities a f f e c t the excess 

'oxygen bands, i r o n having by f a r the dominant e f f e c t . He found that the 

saturation l e v e l of the k.k eV" band increased approximately l i n e a r l y with 

increasing i r o n and manganese contents. Moreover, extrapolation of the 

i r o n l i n e to zero concentration r e s u l t e d i n zero absorption at k.k eV; 

that i s , no bands at k.k or 5.7 eV would' be observed at zero i r o n (and 

manganese) content. C r y s t a l s h e a v i l y "doped" with cobalt and chromium, 

however, exhibited e n t i r e l y different"behaviour. These two impurities 

appeared to ^rnask the 5-7 e^ peak but the k.k eV peak was unaffected by 

the impurity additions. Furthermore, vacuum annealing was only p a r t i a l l y -

e f f e c t i v e i n removing the u l t r a v i o l e t absorption. (This agreed w e l l 

with the observations of Hansler and Segelken"*"? on-chromium-doped c r y s t a l s ) . 

Under oxygen treatment the chromium-doped c r y s t a l s have f i r s t a decreasing 

u l t r a v i o l e t absorption with -time and then an increasing absorption. The 

spectrum of the increase showed l i t t l e resemblance to the iron-in-MgO spectrum. 

Haxby also found that the saturation l e v e l f o r the i r o n (plus manganese) 

spectrum decreased with increasing temperature. 

1 Q 
Further examination of the X=ray induced c o l o r i n g by Wertz, et a l 

e s t a b l i s h e d that F e + 3 with an associated magnesium yaclancy and a trapped 

hole was probably the center responsible f o r the oxygen bands. This 

postulate f i t t e d some of the r e s u l t s of P e r i a ^ and the X-ray work of 
12 

Soshea, et a l . I t was also observed by Wertz, et a l that under X-
+3 

i r r a d i a t i o n the i n t e n s i t y of the Cr .E.S.-R. peak decreased while the 

F e + 3 peak increased. On decay the reverse was observed. This indicated 



that reactions of the type: 

Fe* 2 Fe"*3 + 1 e 

C r 4 3 + 1 e ' ^ .Cr* 2 

might be taking place under X - i r r a d i a t i o n . Haxby has interpreted these 

reactions and others i n v o l v i n g electrons, holes, and p o s i t i v e and negative 
2k 

vacancies using the method of Kr8ger and Vink 

Low^'^" found absorption peaks near 2 .0, 2.8 and 3.65 eV f o r 

C r * 3 doped MgO c r y s t a l s (which agreed with. Haxby's observations) and no 

appreciable absorption due to Mn „ Low found no vacancies associated 

with the C r + S i o n | i n contrast, Wertz and A u z i n s ^ assumed at l e a s t one 

Mg*2 vacancy f o r every two C r + 3 ions. Hansler and Segelken used C r 2 O s -
4-2 "H3 

doped c r y s t a l s to produce Cr and Cr spectra. They found an a d d i t i o n a l 

C r * 3 peak at 5.9 eV and a C r * 2 peak at 5.0 eV. These and other data 

obtained from luminescence studies enabled them to formulate the valence 

changes of i r o n and chromium into a band scheme. 
12 

Soshea^ et a l used p r i m a r i l y X-ray induced spectra,to show 

by means of a mathematical analysis that a t h i r d u l t r a v i o l e t peak occurred 

near k.Q eV. This peak was found by Haxby to be evident also i n oxygen-

treated c r y s t a l s . • Weber^ obtained some evidence of a peak near cy„ 0 eV 

when the X-ray induced spectrum was measured at low temperatures. The 

peak was.evident without a n a l y s i s . Soshea^ et a l took issue with a Mg-

excess peak near k.8 eV found by Weber, s t a t i n g that'the k.8 eV band was 

spurious and that the true spectrum'was the difference-between two Mg-

excess c r y s t a l s rather than' the d i f f e r e n c e before and a f t e r Mg c o l o r a t i o n . 

This b r i e f summary indicates that the r e s u l t s of previous 

workers on the c o l o r i n g of magnesium oxide by various means tend to 
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favour the following conclusions: 

Ii) • The type, and process of c o l o r i n g appears to depend on the 

amount and species, of v a r i a b l e valence impurities contained i n 

the crystals„ Therefore there are probably no q p t i c a l l y detectable 

c o l o r centers i n MgO'analogous t o those found in-the. a l k a l i h a l i d e s . 

2) The same "oxygen.excess" bands i n the u l t r a v i o l e t region can be 

produced by. high energy i r r a d i a t i o n as w e l l as by heating the 

c r y s t a l s i n the presence of oxygen. P o s s i b l y these bands..are 

caused by the valence change of F e 4 2 t o F e 4 3 (and Mn 4 2 to Mn ) 

and occur near 4.4,-4„9 and 5.7 eV. The only d i f f e r e n c e between 

the two .treatments was.,that the ir r a d i a t i o n - i n d u c e d spectrum was 

unstable whereas the oxygen induced absorption was stable i n d e f i n i t e 

3) .The amount of u l t r a v i o l e t o p t i c a l absorption introduced with 

time by the oxygen heat treatment i s governed by adsorption and 

d i f f u s i o n mechanisms. 

C. Scope of Present Investigation ' 

This project was p r i m a r i l y concerned with the d i f f u s i o n mechanism 
2 

observed by, Weber^ and l a t e r by Shepherd 2^ when magnesium, oxide was-heated 

i n oxygen. The data and r e s u l t s were obtained through o p t i c a l absorption 

measurements on the three u l t r a v i o l e t peaks; the method used i n i n t e r p r e t a t i o n 
28 

of the r e s u l t s was s i m i l a r . t o that of Moulson and Roberts . Wo attempt 

was made to c o r r e l a t e the changes i n the magnesium oxide defect structure 

or the amount and type of impurity.present to any. surface energy changes 

that may have r e s u l t e d through the oxygen treatment. 
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I I . EXPERIMENTAL 

A. M a t e r i a l 

The magnesium oxide was supplied by the Norton Company as Optical 

Grade Magnorite. This consisted of random size d pieties, each composed of one 

or more large single crystals„ The color of the c r y s t a l s ranged from c o l o r l e s s 

and transparent through yellow to opaque orange. Apparently the color depended 

on the impurity content ( i n t h i s case iron'} the c o l o r imparted by appreciable 
20 21 

amounts of chromium i s green ' ). Sample analyses performed by J . H. K e l l y 

of• The S t e e l Company, of- Canada (see Appendix A), are shown i n Table I. 

TABLE I 
r 

Analyses of MgO C r y s t a l s 
Composition (wt. fo) 

C r y s t a l Color A l Mn Fe " S i Cu Cr Ca 

Impure 1. Opaque orange 0.024 0.0007 0.042 0.015 0.0013 0.009 0.011 

2. 0.024 0.0027 O.O36 0.030 0.0012 0.007 0.017 

19 - 1. Yellow 0.007 0.0014 0.028 0.006 0.000'5 0.005 0.005 
transparent 

2. ' 0.008 0.0016 0.028 0.010 0.0021 0.006 0.006 

5 - 1 . C o l o r l e s s 0.034 O.OOTf 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 0.017 0.0020 0.005 0.005 

4. 0.0340.O016 0.008 0.018 0.0007 0.003 0.004 
14 - 1. C o l o r l e s s 0.022 0.0041 0.011 0.011 0.0005 0.008 0.008 

transparent 
2. 0.023 0.0041 0.005 0.007 0.0005 0.006 0.006 

3. 0.010 0.0029 0.006 0.007 0.0011 0.007 0.005 

4. 0.010 O.OO18 0.007 0.006 0.0006 0.008 0.0Q5" 

Only c r y s t a l s 5 and 14 were used i n the d i f f u s i o n measurements. 
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B. Equipment 

A l l the vacuum annealing of specimens was c a r r i e d out i n an induction 

furnace described elsewhere26. Standard resistance wound tube furnaces were 

used i n the oxygen heat t r e a t i n g . These furnaces had a.maximum operating 

temperature of 1100° C. and were regulated by a'Wheelco temperature c o n t r o l l e r 

and a chromel-alumel thermocouple. 

The o p t i c a l absorption measurements were.obtained using a Beckman 

Model DK Spectrophotometer. These measurements were mainly i n the u l t r a v i o l e t 

region from 212 to 350 mu. Some readings were taken i n the v i s i b l e and the 

i n f r a - r e d range up to 2800 mu. 

A s p e c i a l specimen holder (Figure 1.) was made to f i t i n t o the 

e x i s t i n g holder i n the sample compartment of the Spectrophotometer. Although 

no X-ray work was performed during•this project,.the specimen holder was so 

constructed that c r y s t a l s could also be colored by X - i r r a d i a t i o n i n the 

Norelco Fluorescence Analysis u n i t without removing the specimen. A sleeve 

could be slipped over the colored specimen to exclude v i s i b l e l i g h t . 

C. . , Experimental Procedures 

The l a r g e r pieces of magnesium oxide were cleaved by means of a 

small hammer and c h i s e l i n t o smaller single c r y s t a l blocks. These blocks 

were further reduced by cleavage to p l a t e l e t s measuring approximately one-

quarter to one-half inch square by twenty thousandths of an inch or l e s s 

i n thickness. The p l a t e l e t s were then vacuum annealed at 1200 to 1J00° C„ 

and 10~5 mm of Hg f o r ~LX/Z hours or longer depending on thickness; t h i s 

annealing removed any o p t i c a l structure inherent i n the as-received material. 
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Figure 1. Specimen Holder (center) with Specimen i n 
Place, Balance of Apparatus f o r X - i r r a d i a t i o n 
Work. 
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The p l a t e l e t s were chemically polished i n hot phosphoric a c i d f o r 

30 to 40 seconds. A mark was i n s c r i b e d on one face of each specimen} t h i s 

face received the incident l i g h t from the spectrophotometer and was exposed 

to the oxygen atmosphere to obtain u n i d i r e c t i o n a l d i f f u s i o n . The specimens 

were cleaned with e i t h e r ethanol or acetone a f t e r 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 pla c i n g 

a specimen f l a t on another, l a r g e r c r y s t a l , putting t h i s u n i t i n t o an 

alumina boat and heating the specimen i n a tube furnace f o r a,'specific ; time 

period, a f t e r which an o p t i c a l absorption measurement was taken. A rough 

temperature s e t t i n g on the c o n t r o l l e r was supplemented by temperature 

measurements before and a f t e r each run„ Several readings were taken and 

the average temperature and f l u c t u a t i o n recorded. One thermocouple was 

used f o r a l l readings. A f t e r each o p t i c a l measurement the boat and specimen 

were replaced i n the same furnace p o s i t i o n ; the furnace temperature was 

taken at t h i s point. 

On removal the specimens were e i t h e r allowed to cool i n the 

boat or were e f f e c t i v e l y air-quenched by p l a c i n g them quickly on the top 

of the furnace. The l a t t e r procedure when used for the higher temperature 

runs generally r e s u l t e d i n cracking of the specimen. 

Two sets of data were obtained: one f o r heating i n a i r ( c r y s t a l 5) 

and one f o r heating i n an e s s e n t i a l l y pure oxygen atmosphere ( c r y s t a l lh). 

The oxygen atmosphere•was achieved by f l u s h i n g the furnace at a c o n t r o l l e d 

rate. The e f f e c t of flow rate was checked (specimen lk L ) . 
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Both the r e p r o d u c i b i l i t y of, and the e f f e c t - o f thickness.on the 

growth rate of the u l t r a v i o l e t absorption bands was a l s o checked. This 

was.accomplished using two specimens of d i f f e r e n t thicknesses (5 C 2 and 5.D 2) 

heated simultaneously at one temperature (109^° C ) . 



I I I . EXPERIMENTAL RESULTS AHD OBSERVATIONS  

A. Theory and Method of Analysing Data 

1. C a l c u l a t i o n of the O p t i c a l Absorption of tjp.e Centers 

Transmission of monochromatic l i g h t through a transparent s o l i d 
Q 

.medium i s governed'by the r e l a t i o n ; 

2 - * l l 
I = l o (1 -'R) e ^ ..... (1) 

j 

where; l o - incident 'light i n t e n s i t y 
^ ' \ 

I = transmitted l i g h t i n t e n s i t y 

R =. r e f l e c t i o n c o e f f i c i e n t 

JCL - l i n e a r absorption 'coefficient 

1 = l i g h t path length i n the medium 

Most of the data were obtained i n terms of the o p t i c a l density (d) where % 

d- = 1 6 g l o l o ..... (2) 

" I 

The combined o p t i c a l density of a number of media i s equivalent 

to the suirf' of the d e n s i t i e s ,of the i n d i v i d u a l m e d i a l . This statement can 

also be applied to solutions: 

1) Since the spectra of the MgO specimens i n the vacuum annealed 

condition showed no structure (curve 1, Figure 2.) i t was assumed 

that no absorbingvspecies existed i n the s p e c t r a l region investigated. 

•Therefore, f o r a p a r t i c u l a r wave length, the o p t i c a l density i n the 

vacuum annealed condition (d M) ; that i s , the o p t i c a l density of 

the solvent, may be expressed by the equations 

% = - l o g i c (1 - R ) 2 + J L . \ . . . . . (3) 

..2.3 
where; 1^ = the c r y s t a l thickness 
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2) When the specimens were heated i n the presence of oxygen the 

spectra contained peaks or bands (curve 2, Figure 2.) caused by the 

in t r o d u c t i o n of absorbing (defect) centers; that i s , the solute. 

The o v e r a l l density ,(cl^) may now be expressed as: 

•: •• ^ dM + d c ••••• (M 

.where; d Q = o p t i c a l density due to the defect 
centers- alone -

29 
Assuming Beer's .Law to hold f o r the centers then y°. 

2.3 

where; £ = molar absorption c o e f f i c i e n t 

C = concentration of absorbing species per u n i t volume 

l c = l i g h t path length i n the.absorbing centers 

A f u r t h e r d e f i n i t i o n of C and 1 Q .in equation (5) was necessary f o r 

the case of the absorbing species.in MgO. Weber5 showed that the 

concentration of centers versus distance from the c r y s t a l surface 

followed a parabolic .di f f u s i o n p r o f i l e . Therefore, the quantities 

l c and C as measured o p t i c a l l y were e s s e n t i a l l y average values and 

the product could be defined.as: 

r-1. = 1 at C-= 0 J 
C X c = / c± d l 

= Q 

where: 1 = distance"from the c r y s t a l surface. 

"Furthermore, near the beginning of the heat treatment, l c { 1-̂; 

when the specimen i s completely saturated, 1 M = 1 assuming a 
28 

homogeneous d i s t r i b u t i o n of the absorbing species 
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Equation (3) may be subtracted from (4) i f : 

. i ) the standard or reference ( i n t h i s case a i r ) i s the same 
for both measurements, 

i i ) the dispersing and r e f l e c t i n g properties of the specimens 
do not change.appreciably with treatment . 

Therefore from (3) and (4): 

d A - d = A d = d = £_C 1 ..... (6) 
2.3 

The quantity A d i s then a measure of the concentration of absorbing 
x c 

species; £ i s considered a constant, depending only on the nature of 
i - t 

the absorbing species and the wave-length^. 

In determining -Ad^ at time t the following procedure was used: 

• 1. Using as an example specimen 14 J (Figure 2) heated 30 

minutes jLn 1 atmosphere oxygen at 1084° C . : 

a) d A at 282.5 (4.40 eV) = 0.469 (curve .2) 

b) c o r r e c t i o n t o 100$ transmission (T) due to the 

presence of the specimen holder (curve 3) = 0.937 

c) from (2): 

d = l o g i o l o = l o g i c 1 
.1 T 

1 = a n t i l o g 0.469 
T 

or T = 0.339 

d) corrected T = O.937 (O.339) = O.318 

corrected d = l o g 1 0 1 = O.498 
A 0.318 

0 

e) the same procedure was used to determine d^ from 

curve 1. This value deducted from d gives 

A.d t 'X 10 3 i n Table I I , Appendix B. 



E (eV) 

Figure 2. Absorption Spectra of MgO 
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2. I t was assumed that no appreciable amount of absorbing species 
coos 

were formed at wave-lengths > 350 up and that any absorption i n 

t h i s region was due to small changes i n transmitting and r e f l e c t i n g 

properties of the c r y s t a l s caused by surface contamination,, This 

c o r r e c t i o n was termed the " v i s i b l e c o r r e c t i o n " and was c a l c u l a t e d 

by the same procedure. Algebraic addition of t h i s value to A.d 

served to match a l l spectra at 350 n^u 

2, Analysis of Individual Spectra*. 
12 

Each peak followed a Gaussian r e l a t i o n % 

t-k (E-Ea) 2] 
A d (E) = A d o e ' . .... (7) 

where: E = energy 

Eo = energy (or wave-length).at which the peak 
occurs, 

Ado = A d at E = Eo 

k = constant 
12 

The 'total • spectrum was analyzed as .follows -. : 

1) Assuming a l l absorption between 5°30 eV (23^ nju) and the peak 

at 5.75 eV (216 mn) was due only to 5-75 eV centers, the. graph of 

l o g ; Ad(E) vs. ( A E ) 2 was drawn (Figure 3 0 ° .̂11 l i n e s were 

e s s e n t i a l l y p a r a l l e l except that f o r 150 minutes (dotted). For 

t h i s time only the peak was found to occur at 5°70 eV (218 mji) . 

The data of Table II,'Appendix D, r e p l o t t e d for the peak at 5°70 eV 

produced a s t r a i g h t l i n e p a r a l l e l to the others. 

2) Assuming a l l absorption below k,k0 eV (282 mn) was due only 

to the 5„75 and kak0 eV centers (Table I I , Appendix T3. ), s i m i l a r 

curves were obtained f o r the k-.k-O eV peaks. (Figure k.) 
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3 ) A t h i r d peak was evident-at 5 . 0 eV (-248 mu) when the Ad's 

c a l c u l a t e d from the 4 . 4 0 and 5° 7 5 eV peaks were subtracted from 

the observed density change (Table IT). This peak was approximately 

Gaussian and the graphs f o r d i f f e r e n t times (Figure 5-') roughly 

p a r a l l e l . 

An analyzed spectrum i s shown i n Figure 6. 

3. D i f f u s i o n Measurements 

In a u n i d i r e c t i o n a l d i f f u s i o n mechanism which i s governed by the 

conditions: 

.1) I n i t i a l : 

C . = 0 - at X> 0 and t = 0 

- 2) Boundary: 

C = -G s at X = 0 and t >0, 

where: X = distance from the surface 

s = surface 

C- volume concentration of d i f f u s i n g species 

the total'iamount- (M£);..of the ^diffusing substance (measured i n terms 

of u n i t surface.'area) .->.: cr o s s i n g the; plane/••X_.^d>c iff t i n i e s t •. .is given b y ^ l ; 

Mt •= 2 C S • • • • • ( 8 ) 

where: D = the d i f f u s i o n c o e f f i c i e n t 

From equation (6) , M^ i s a l s o given by: 

Mt = ( C l c . ) t or, 

AcL^ = £ M ..... (9) 
2.3* 

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

quantity l y >. .; , 
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•TABLE I I 

Calculated Values of A d t for the 5.0 eV Peak 

Specimen 14 J 
60 minutes at 1082°C. 

• E 

Ad^obs'd 

.X 10 3 

Ad+ x id5 

4.40 
calc>d 

5-75 

Sum Aif. X I 0 3 

5„0 eV 
4„50 404 372 24 396 8 

4.60 373 48 363 10 

4.70 '344 240 76 316 28 

4.80 334 163 118 281 _53 

4.90 354 94 I85 279 75 

5.00 397 •55 260 313 84 

5.10 453 23 360 383 70 

5.20 528 9 476 485 43 

5.30 631 0 600 600 "31 

5.40 727 0 720 72-0 7 

5.50 821 0 825 825 -4 
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From (8) and (9): 

1 
A d t = 2 € Cs / D £ \ 2 (10) 

2.3 [T) 

Therefore, f o r a given temperature a p l o t of Ad^. vs. tz should 

y i e l d a s t r a i g h t l i n e with slope, 
1 

Such a p l o t y i e l d e d good straight, .lines f o r both the k.kO and 5-75 eV 

peaks (Figure 7»)« Although the points showed a great deal more scatter the 

5.0 eV peak also followed t h i s r e l a t i o n s h i p (Figure 7»)» Each k,k0 eV curve 

was uncorrected f o r the e f f e c t of the 5*75 eV; peak. This c o r r e c t i o n s h i f t e d 
JL 

the Ad-j. vs. t 2 curve downward; however, the slope within experimental e r r o r , 
JL 

was unaffected. The slope of each A d t vs. t2 l i n e was c a l c u l a t e d using the 

method of l e a s t squares. 

The s t r a i g h t l i n e c o r r e l a t i o n i n d i c a t e d that the growth of the o p t i c a l 

absorption peaks was governed by a d i f f u s i o n mechanism. The a c t i v a t i o n energy 

of t h i s process i s defined by: 
- E 

D = Do e ET ( l l ) 

where: E = A c t i v a t i o n energy 

R = gas constant 

T = temperature (°K) 

" Do = a f a c t o r which i s generally thought to contain a 
frequency factorgand to be a slowly varying function 
of temperature . 

To determine E i t was necessary to f i n d the v a r i a t i o n of C g with 

temperature. The measurement of C g 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 absorption bands had therefore to be 

assumed so the measurements of C s made at the higher temperatures could be 

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

Any mechanism to explain the formation of the absorbing species 

would be n e c e s s a r i l y concerned e i t h e r with the d i r e c t s o l u t i o n of oxygen i n 

the magnesium oxide l a t t i c e or with the change i n valence of i r o n from the 

+2 to the +3 state. Inevitably whichever reaction chosen would be the rate 

c o n t r o l l i n g step i n the formation of the centers. Three such reactions 

appeared promising: 

1. D i r e c t s o l u t i o n ( a f t e r Moulson and Roberts ) 

2. 2Fe+2 + y2 0 2 ^ f * = 2 F e + 3 + 0 = 

3. F e 4 2 + y2 0 2 =^s= F e 4 3 + 0 r 

Only r e a c t i o n 3. appeared to f i t e x i s t i n g experimental observations 

(See Discussion). Using t h i s r eaction as the terminal step of the o v e r a l l 

mechanism.: 

y2 0 2 (gas) j, "» y 2 [ 0 2 ] adsorbed 

y2 [o 2] a . ' [0] 
a 

[0] Q-+ F e 4 2 « - Fe + 0~ 

i t may r e a d i l y be shown by the addition of the i n d i v i d u a l free energy changes 

that i f l o c a l e q u i l i b r i u m e x i s t s then: 

- A F ° = 4.575 T l o g l o K' 

where: K' = [ F e 4 3 ] [0~] . (12) 

[Fe^]"_Po 2 y 2 

Further assumptions were made to allow c a l c u l a t i o n s to be c a r r i e d 

out using equation (12): 

1) The concentration (C) of the absorbing species was defined by: 

C.= A [ F e 4 3 ] [0-] . . . . . (13) 

where: -A = a p r o p o r t i o n a l i t y constant. 

2) The same defect center was responsible f o r the k.k, 5.0 and 

5.75 eV peaks. 



3) The concentration of centers was.small compared to the con

centration of the Fe* 2 ion. This implies that since: 

[ F e + 2 ] + [ F e 4 3 ] = [ F e ] t o t a l 

then: [ F e + 2 ] ^ [ F e ] t o t a l 

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

K' = C g 

VA [ F e ] t Po 2 y 2 

since C s = 2.3 A d , ..... (14) 

• then K' k€ = K = / 2.5AdJ\ / 1 (15) 

' \ % / I ^ Po 2 y2 / 
Since a l l the quantities i n (44-) were known, a -AF° value could 

op 
be calculated for each A& s measurement. Haxby found that both Fe and Mn 

% 
caused the same u l t r a v i o l e t peaks. The r e l a t i v e effect of Mn i n terms of Fe 

was calculated using Haxby's results to be: 

1 mole Mn = 0.063 moles Fe 

-This fact was included i n (i4-) by replacing [FeJ t by [Fe t] + 0.063 [Mn]. 

When - A F° was plotted against T°K a straight l i n e was obtained 

(Figures 8 and 9, Appendix E). Good agreement with Haxby's results for the 

4.4 eV peak was also obtained; however, only those results from t h i s invest

igation were used to determine the equation of t h i s l i n e . 

Extrapolation of the l i n e for each peak to lower temperatures thus 

produced values o f A d g . Substituting (14) i n to (10) and rearranging gave: 
XM 

A d , = 2 \ D72 . . . . . (16) 

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

the ac t i v a t i o n energy for the d i f f u s i o n process, 
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Figure 8. -AF° Vs. T°K f o r the 5.75 and 4.40 eV Peaks 
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B. Observations 

1. A d t Vs. t^z Curves 

Breaks were observed i n the lower temperature (~800 and ~850° C.) 

curves. These breaks exhibited an e r r a t i c nature; fo;r example, they occurred 

at approximately 120 hours at 842° C. under one atmosphere oxygen and approx

imately I96 hours at 795° C. i n a i r f o r both the hMO and 5.75 eV peaks. 

However, no breaks occurred at 85O0 C. i n a i r (up to 139 hours) whereas 

at 792°C . i n oxygen produced one at 25 hours f o r the k .h-0 eV peak only. 

Furthermore, the readings at longer times showed an increasing rate of growth 

of the peaks. These readings generally followed a l i n e a r r e l a t i o n of Ad^ vs. 

t Vs; however, the measurements beyond 196 hours at 795° C. i n a i r evidently 

d i d not. (See Figures 10 and 11). 

One specimen exhibited s i m i l a r behaviour at a higher temperature 

(5 C;.l,996° C., a i r ; Figure 12.). This break occurred at 100 hours ( i n 

the near-saturation region); however, succeeding points followed a l i n e a r 

r e l a t i o n s h i p with a d r a s t i c a l l y decreased slope u n t i l readings -were stopped 

at 383 hours. 

Both the e r r a t i c behaviour of the d i s c o n t i n u i t i e s and the f a c t that 

the t o t a l times of some low temperature runs were not comparable (e.g. 8 5 O 0 C. 

Figure 10.) made an i n t e r p r e t a t i o n very d i f f i c u l t . Possible reasons f o r these 

changes could be: 

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

2) the e f f e c t of surface contamination 

3) a change i n d i f f u s i o n mechanism 

k) the e f f e c t of further o p t i c a l (defect) structure i n the 

v i s i b l e range or i n the region below 212 mu. 
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I 

Figure 10. Plots of'Ad^. Vs. t Ys. Showing Two of the D i s c o n t i n u i t i e s Observed V J J 
f o r the k.kO eV Peakj 1 - 1 

i 
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2. Microscopic - Examination 

Cursory microscopic examination was performed. The following 

observations were made: 

1) There appeared to be no appreciable or consistent differences 

between the vacuum annealed and, the oxygen-treated opecimens when 

- examined under ordinary, l i g h t up to 'X 200 magnification. 

2) Under p o l a r i z e d l i g h t the qxygen-]breated c r y s t a l s exhibited stres 

patterns like- those shown i n Figure 13c, No stresses were evident 

i n e i t h e r the vacuum annealed specimens (13b.). or the as-cleaved 

material (13a.) 

3. Yellow C r y s t a l s 

. A number of platel'ets cleaved from c r y s t a l 19 were vacuum anneal 

ed under the same conditions as those used f o r c r y s t a l s 5 and 14. 

A v i s i b l e and i n f r a - r e d as-received spectrum of one such p l a t e l e t 

showed,optical structure only hear 395• np- ( 3.2eV). This structure 

.was removed by vacuum annealing; however, a much longer anneal 

(>5 hours) than usual, was necessary to eliminate the u l t r a v i o l e t 

structure i n p l a t e l e t s of approximately the same thickness as 

those cleaved from c r y s t a l s 5 a n ( i 'lk. 

The as-receive"d spectrum of a t h i c k (0.304 X O.356 inch) 

yellow c r y s t a l was.also recorded. This spectrum showed d e f i n i t e 

shoulders at 475 (2.7 eV) and 395 (3-2 eV) mu. Other specimens 

from the "impure" c r y s t a l exhibited d e f i n i t e peaks near 269O and 

475 mu and a shoulder near 400 mu. These peaks and shoulders were 
or) pi pp 

probably caused by impurities •»> since c o l o r l e s s specimens 

of comparable thickness showed no such structure. 
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Figure l ^ b . T y p i c a l Vacuum Annealed Specimen under Po l a r i z e d 
Light 

(X 100) 
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Figure 1 3 c Two Stress Patterns found i n a Heat-Treated Specimen 
5 D 1 - 22 hours at 1094° C. i n A i r 

(X 100) 
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C. Summary of Results 
1 

.1+ R e p r o d u c i b i l i t y 

A number of factors a f f e c t e d not only the r e p r o d u c i b i l i t y but also 

the amount of e r r o r inherent i n the d i f f u s i o n measurements: 

1) By reversing the specimen i n the l i g h t beam of the spectrophoto

meter an o p t i c a l density difference of 0.05 could be obtained. 

2) I f the specimen face was not perpendicular to the l i g h t path 

or at l e a s t the same p o s i t i o n not reproduced then small v a r i a t i o n s 

i n o p t i c a l density would r e s u l t . 

3) Any grease on the specimen faces could''also produce v a r i a t i o n s 

i n u l t r a v i o l e t o p t i c a l density. -

4) Changing furnace p o s i t i o n could r e s u l t i n about ± 20° C. difference 

i n temperature i n the h o r i z o n t a l d i r e c t i o n . The v e r t i c a l d i r e c t i o n 
.5 

was not as c r i t i c a l and was within the recorded temperature f l u c t u a t i o n s , 

• By rendering a l l these f a c t o r s essentially- constant by a standardized 

experimental procedure y i e l d e d good r e p r o d u c i b i l i t y . Table I I I shows two 

examples of the r e p r o d u c i b i l i t y of the slope of the Ad^ Vs t Y2 curves. 

TABLE III 

Reproducibility, of Slopes'; of A d t Vs.* t%. Curves 

Slope 
Specimen Atmos

phere 
Thickness 
i n inchs , 

Temperature 
. (°K) 

X 10 3 

4.4 eV peak 

'5 C 2 a i r 0.0129 1367 48.3 min"72 

3 D ,2 a i r . 0.0181.. .. 1367 47.4 min _ y 2 

5 J a i r - 1182 46.9 h r . " ) ^ 

5 H 1 •air _ 1182 47.3 k r . - y 2 



The cooling rate e f f e c t , although determined i n d i r e c t l y appeared 

t o be n e g l i g i b l e . Moreover, changes i n the flow rate of the oxygen ^nrough the 

furnace a l s o had no noticable e f f e c t (Figure 14 . ) . 

2. D i f f u s i o n Measurements 

a) The k.hQ and 3.75 eV Peaks 

.A t y p i c a l family of Ad^-'vs. t^/z curves for d i f f e r e n t temperatures 

i s shown i n Figure 15. The slopes.of these l i n e s together ^with the A d s values 
~~TM 

c a l c u l a t e d using the proposed mechanism produced the logarithm of the d i f f u s i o n 

c o e f f i c i e n t (D) vs. 1 p l o t shown"in Figure 16. The two important features 
T 

of t h i s p l o t weret 

.1) The ^activation energy was found to be (see also Appendix F) 

77.0 ± l.k k c a l s j " 

which i s i n close agreement with the value determined by Lindner and 
33 28 P a r f i t t fdt the d i f f u s i o n of Mg i n magnesium oxide. Their value 

was: 

79.0 + 3 . 0-kcals 

•The value determined by t h i s investigation- i s also i n agreement 
cr 22 

with that estimated by Weber? and Shepherd of 

^ 3 . 4 eV . = 78.5 kcals 

The Do value was c a l c u l a t e d to"be 1.7 X 10 5 i n contrast to the value 

of 0.2^9 quoted by Lindner and P a r f i t t . 

2) The values of D .calculated from measurements on the k .k-0 and 

5.75 eV peaks were both represented by the same st r a i g h t l i n e . This 

was a l s o the case f o r both sets of specimens; each set being heated 

under a d i f f e r e n t pressure and each set having d i f f e r e n t amounts of 

i r o n and manganese. 
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Figure 1^. Plots of Ad Vs. t / 2 f o r Different Temperatures. 
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b) The 5,0 eV Peak 

Si m i l a r c a l c u l a t i o n s using measurements on the 5=0 eV peak were not 

as succ e s s f u l . 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 r e s u l t s was probably caused by. the errors inherent i n determin

ing small changes between two large numbers. This s i t u a t i o n was most apparent 

at the lower temperatures ( <1232 °K) „ The 5=0 eV r e s u l t s were omitted when 

th e . a c t i v a t i o n energy, was c a l c u l a t e d . 

I t was also found that values of a d g c a l c u l a t e d using Figure 9° 

decreased rather than increased with decreasing temperature (see Table IV, 

- Appendix E.) 

TABLE IV 

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

Temperature D X 1 0 H (cn^/sec) 
Specimen °K ' 4.40-eV 5-75 eV 5.0 eV 

lk J • 1355 5^5.0 392.0 913 = 0 

lk M 1318 .198.0 I67.O 242.0 

lk Q 1269 52'. 6 58,2 65.9 
lk N .1255 69,2 65.I 77-3 

• lk D 1232 44.2 36.5- 178..0 

5 D .2 1367 902.0 876.O 1747.0 

5 C 2 1367 936.0 832.0 590.0 
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IV. DISCUSSION 

A. General 

The observations.and the r e s u l t s of t h i s i n v e s t i g a t i o n as v e i l as 

those c i t e d from other works appear to i n f e r that most i f not a l l , of the o p t i c a l 

absorption structure i n magnesium oxide between 212 and 2800 mu i s caused by 

impu r i t i e s . In p a r t i c u l a r , the two u l t r a v i o l e t bands at k.hO and 5-75 eV 

about which t h i s project was p r i m a r i l y concerned.may be a t t r i b u t a b l e to an 

oxidation r e a c t i o n i n v o l v i n g a t r a n s i t i o n of Mn and Fe from the +2 to the 
A "l p pp 

+3 state >̂ c->c-c-. Moreover, the r e s u l t s indicate that a d i f f u s i o n process 

accompanies the re a c t i o n . This d i f f u s i o n process has been observed by others5>22_ 

Both the 5-75 s^d- "the k,kQ eV peaks apparently, have the same a c t i v a t i o n 

energy f o r d i f f u s i o n (Figure l 6 . ) ; . i t may then be concluded that the same defect 

and the same d i f f u s i o n process oauses both thefse bands. In add i t i o n , since 

the c a l c u l a t i o n of the a c t i v a t i o n energy was based on the assumption that 

the above oxidation r e a c t i o n was involved indicates that these two peaks are 
+ 3 + 3 

i n f a c t , both-due to Fe (and Mn"^). 

-Although the 5-0 eV peak i s evident under the same conditions as 

the other two, the inconsistency of and the e r r o r i n c a l c u l a t i o n s f o r t h i s peak 

do not lend themselves to the drawing of s i m i l a r conclusions. C e r t a i n l y 

t h i s band could w e l l be due to the same impurity reaction; however, the 
+2 ' 1 7 

existence of a Cr 'peak at 5.0 eV 1 and the p o s s i b i l i t y of another re a c t i o n 

of the t y p e 2 2 : 
+3 + 2 +2 +3 

C r+^ + F e Cr + F e + J 

occurring during the oxygen treatment would make i t d i f f i c u l t to draw such 

a d e f i n i t e conclusion. 

B. Mechanism of Formation of the Absorbing Species 

The d i f f u s i o n r e s u l t s i n d i c a t e that the postulated mechanism of 

formation of the absorbing species.although o v e r - s i m p l i f i e d , had some-basis 
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i n f a c t ; a l l the measurements of the d i f f u s i o n c o e f f i c i e n t ,(D) made under 

d i f f e r e n t conditions could be represented by one s t r a i g h t l i n e . Apart from 

t h i s , the mechanism also incorporates some desirable q u a l i t i e s . 

The importance of the adsorption, of oxygen i n the formation of the 

c e n t e r s ^ ; 2 2 i s included. The adsoccption process i s implied from the dependence 

oi£ the saturation density of centers on the logarithm of the oxygen pressure 

(the Temken isotherm^)). Moreover, the observation that the saturation l e v e l 

decreases as the temperature increases i s predicted by the mechanism^ f o r 

the k.kO and 5.75 eV peaks but evidently not f o r the 5.0 eV peak (See Figures 

8 and 9; Appendix E ) . 

13" 

Results of ' S t u d i e s , of the exchange re a c t i o n of 0--(i on the surface 

of s i n t e r e d magnesium oxide^5 i n d i c a t e d that the amount of coverage by adsorption 

was .small (ca. 0.1$). Also, the adsorption process consisted of the d i s s o c i a t 

ion of the oxygen molecule and the migration of a portion of the ad-atoms 

over the surface to suitable exchange s i t e s ; the exchange involved a t r a n s f e r 

of electrons between the ad-atoms and e i t h e r a surface oxygen ion or an 

appropriate defect. Both these r e s u l t s imply, that the p r o b a b i l i t y of the 
+2 

formation of an absorbing center through the r e a c t i o n of Fe and the adsorbed 

.oxygen i s small and hence provides a p a r t i a l j u s t i f i c a t i o n f o r the approximation: 
[Fe* 2] ^ [ F e ] t o t a l 

The r e a c t i o n assumed to form the Qenters involved the formation 

of the 0~ ion. I n t u i t i v e l y , oxygen i n t h i s state would be unstable. However, 

the t o t a l r e a c t i o n could be 

2 F e + 2 + y 2 0 2 « ' 2 F e + 3 + 0 = 
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*>{> 
This could occur i n two stages-^ „ 

1) F e + 2 + y 2 0 2 k 1 ) u F e 4 3 .+ o" (slow) 
°&2 43 

2) F e + 2 + 0 — « - Fe '+ 0 (fast) 
k 3 

with 1) being the r a t e - c o n t r o l l i n g step. The f i r s t - o r d e r nature of the reaction 

with resp'ect to the i r o n content can then be i l l u s t r a t e d as follows: 
1) dO- = - kg [Fe**'] [0"] + k l [ F e 4 2 ] Po 2 ^ 

dt 

2) dO*. = - k 3 . [ F e 4 2 ] [ff] 
/ 1 - " to, 

d.t 

where k l 7 K 2 and k 3 are rate constants. Assuming.the steady-

state approximation: 

d[Cr] ~ 0 
d t 

then 
[£T] = kx [ F e 4 ] [Pog/g] t j 

k 2 [Fe +°] + k 3.[Fe'^] 

S u b s t i t u t i n g t h i s expression i n t o the o v e r a l l rate equation f o r the formation 

of the stable 0 = ion: 

rate = kjj- [ F e 4 2 ] [CP] 

gives: 

rate = k 3 kj. [ F e 4 2 ] 2 Po a ^4 
k 2 [Fe'f 3] + k 3 [Fe-"**] 

i f k 2 [ F e 4 3 ] < < k 3 [ F e 4 2 ] 

then rate £± k x [ F e + 2 ] Po 2 % 

The observation that the a c t i v a t i o n energy f o r the d i f f u s i o n process 

i s the same as that f o r Mg i n magnesium oxide suggests that the oxidation of 

two Fe ions may be accompanied by the migration of one magnesium ion to the 

surface thus le a v i n g behind a p o s i t i v e , i o n vacancy. From the work of Wertz 

l 8 > et a l on X - i r r a d i a t e d c r y s t a l s , the vafcancy should be located a d j a c e n t to 
+3 

a t r i - v a l e n t impurity ion-assumed i n t h i s case to be Fe . Further credence 
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i s thus given the proposed mechanism when i t i s r e a l i z e d that the concentration 

of Mg + 2(excess) vacancies should be equivalent to the number of 0~ ions formed. 

Therefore the defect center may be defined as 

( F e + 3 . • V Mg42') 
+3 

rather than (Fe • 0 ) 

+3 

The p r o p o r t i o n a l i t y constant. A, i s then unnecessary since the Fe concentration 

measured i s now only that concerned with the defect center i t s e l f . I t i s i n t e r e s t 

ing to speculate that the generation of new l a t t i c e s i t e s by the d i f f u s i o n of 

Mg to the surface would r e s u l t i n an expansion of the c r y s t a l (The expansion 

of t h i n c r y s t a l s of NaCl and KC1 due to the formation of F-center£ by XiirEad-
37 

i a t i o n has been measured? i.) The expansion could then conceivably produce the 

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

mechanism such as thermal c y c l i n g . 
The proposed mechanism accounts for,some experimental observations 

but i s found l a c k i n g i n other respects. For instance,.the p o s s i b i l i t y of 
+3 +2 22 the Simultaneous depletion of the Fe due to r e a c t i o n with Cr i s ignored. 

S i m i l a r l y no account i s taken of the p o s s i b l e agglomeration of centers or the 

migration of p o s i t i v e ion vacancies present i n the c r y s t a l before heat 

+3 

treatment, to Fe s i t e s to form centers. Moreover, i t does not explain the 

d i s c o n t i n u i t i e s observed i n the Ad-̂  vs. t -j/2 curves. 

The p o s s i b i l i t y of the d i f f u s i o n of oxygen i n t o the c r y s t a l s with 
R +2 

subsequent adsorption on' the inner surfaces^ and r e a c t i o n w i t h Fe i s also 

not evident in the mechanism. This feature i s a possible a l t e r n a t i v e t o the 

migration of magnesium t o the surface since the same equations used t o explain 

the d i f f u s i o n p r o c e s s c . c o u l d also be applied to d i f f u s i o n of oxygen with 

simultaneous r e a c t i o n and immobilization-^-'-. This would imply an instantaneous. 

r e a c t i o n and the modification of D to-V'D where-R i s defined by: S = RC 
R+l 
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where: S = the concentration of immobilized substance 

This would a f f e c t the a c t i v a t i o n energy only i f R v a r i e d with temperature; 

the Do value, :however, would be d i f f e r e n t from that c a l c u l a t e d using the 

proposed mechanism. 

Perhaps the greatest weaknesses a r i s e from the small v a r i a t i o n 

i n conditions under which the measurements of D were taken and the assumption 

inherent i n the extrapolation of the l i n e s i n Figure 8 to.lower temperatures 

that the same proposed r e a c t i o n occurs below ca. 1000° C. Furthermore the 

formulation of the mechanism i s based,on three groups of readings over a 

range of only 100° C ; however, • the agreement. obtained with Haxby's r e s u l t s 

at a higher temperature (15230 K„), a lower pressure (15 mm Hg) and a wider 

composition v a r i a t i o n does add some c r e d i b i l i t y to the i n t e r p r e t a t i o n . 
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V. CONCLUSIONS 

1. A technique has been developed (used previously by Moulson and 

Roberts 2^) to study a d i f f u s i o n process occurring i n magnesium oxide single 

c r y s t a l s . This was done u t i l i z i n g o p t i c a l absorption measurements only. 

The usefulness of - the technique was found to be dependent on the a b i l i t y to 

measure the o p t i c a l density of the saturated state. 

2. A mechanism of formation of the absorbing species was postulated. 

With t h i s mechanism the saturation states at lower temperatures could be 

calcul a t e d . The times needed to reach saturation at these temperatures was 

found to be p r o h i b i t i v e . 

3. The a c t i v a t i o n energy of the d i f f u s i o n process was found to be 

77 ± 1.4 kcals per mole. -This value was the same as that found for Mg 

i n MgO^; i t was therefore probable that the d i f f u s i n g substance detected 

o p t i c a l l y was also Mg. The form of the absorbing defect was then postulated 
+3 +2 

to be an Fe ion coupled with a Mg vacancy. 

4. Substantial evidence was found that the v i s i b l e region of the 

spectrum a l s o contained o p t i c a l structure probably due to impurities. This 

observation together with the f a c t that the i n t e r p r e t a t i o n of the behaviour of 

the u l t r a v i o l e t bands was based on impurity reactions strongly suggest that 

most i f not a l l the o p t i c a l structure i n the wavelength range investigated 

was due to impurities rather than collar centers analogous to those i n the 

a l k a l i h a l i d e s . 

5. The introduction of the defect centers i n t o the MgO c r y s t a l s 

appearpdt^Oi'reBurt i n the development of a l a t t i c e s t r e s s . 



6. C a l c u l a t i o n s of the d i f f u s i o n c o e f f i c i e n t based on the proposed 

mechanism i n d i c a t e d that both the 5'75 "the k.ko eV peak were caused 

by the same defect and were involved i n the same d i f f u s i o n process. This 

process could be represented by: 
- 77,000 
RT 

D = 1 .7 X 105 e 

over the temperature range 800 - 1100° C. 

7. The 5-0 eV peak was also found to follow,a d i f f u s i o n r e l a t i o n ; 

however, no conclusions were drawn concerning i t s form or i t s . a s s o c i a t e d 

impurity. 



VI. RECOMMENDATIONS FOR FURTHER WORK 

It i s mow extremely doubtful from the r e s u l t s of t h i s and other 

i n v e s t i g a t i o n s that any color centers of "a type s i m i l a r to those.in-the 

a l k a l i halides are present i n any quantity i n magnesium oxide. However, 

some methods used i n studying the a l k a l i halide c o l o r i n g phenomena could 

be applied to magnesium oxide. For instance, i t would be i n t e r e s t i n g t o 

see i f the vacancies generated by plastic.deformation could produce an -

enhancement of both oxygen and X-ray c o l o r a b i l i t y . 

The nature of- the defects causing a l l the peaks hag. not been 

determined. -Both the 5.0 eV peak and the 2.3 eV peak (the l a t t e r due to 

X - i r r a d i a t i o n only} have not been studied adequately. Moreover, the 

v i s i b l e as-received o p t i c a l structure observed provides, another region 

of i n v e s t i g a t i o n . I t i s al s o evident that j-further work could be conducted 

using the spectra of aqueous solutions of various elements and c o r r e l a t i n g 

the r e s u l t s to the behaviour of impurities i n s o l i d s such as MgO (similar to 

the work of Morin^® using pure t r a n s i t i b n metal oxides and Moulson and 

28 
Roberts f o r water i n s i l i c a g l a s s ) . 

There are three other regions of i n v e s t i g a t i o n suggested by t h i s 

p r o j ect. Fd'rst, an adequate explanation of the stress pattern i n Figure 13. 

has not been achieved. Secondly, the mechanism proposed should be v e r i f i e d 

using wider ranges of temperature, pressure and composition. The t h i r d 

region i s the probable a p p l i c a t i o n of the technique used to other d i f f u s i n g 

elements or substances; however,, t h i s technique appears to be u s e f u l only f o r 

f a s t d i f f u s i o n r a t e s . The quantitative analysis of those elements i n MgO 

possessing -.visible peaks (for example, chromium) , by o p t i c a l density 

measurements .appears to also be a u s e f u l technique to develop. 
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More c l o s e l y r e l a t e d to metal-ceramic bonding could be a project 

concerned with the bonding properties.of'low melting-point metals when the 

o p t i c a l absorption bands are present or absent and with v a r i a b l e amounts 

of impurities such as chromium, i r o n and manganese i n the magnesium oxide. 

Low temperatures would be necessary,'O f course, to counter the e f f e c t of 

the vacuum annealing of the o p t i c a l structure; these temperatures would 

pps s i b l y be l e s s than 600° C.-and c e r t a i n l y l e s s than 800° C. 
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I I I . APPENDICES 

APPENDIX A 

Spectre-chemical Analysis of MgO (Condensed 
from l e t t e r s from John H. K e l l y , The S t e e l 

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 c h a r a c t e r i s t i c s 

was 50$ argon and 50$ oxygen. The transmittance of each of eleven s p e c t r a l 

l i n e s and t h e i r background was measured in-duplicate on each of eleven 

samples.Land f i v e standards; the standard was reagent-grade MgO. In a d d i t i o n , 

emulsion c a l i b r a t i o n was performed f o r each wave-length region. 

The most important l i m i t a t i o n 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 siz e was 

therefore kept to 7 nigs; t h i s size "did hot lend i t s e l f to good sampling 

procedures Moreover, the accuracy of the r e s u l t s were d i f f i c u l t - t o - d e t e r m i n e 

since.the a d d i t i o n standards were of a heterogeneous nature. 



APPENDIX B 

Results of Heating i n Oxygen 

(C r y s t a l ikyV.kv and. 5.75 eV Peaks. 
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TABLE I 

Specimen: 14 P 2 

Temperature 1102 ±5° C. 

d A.X 103 10056 c o r r ' t n X lt)3 V i s i b l e A d t X 10 3 Time '. 
cor r ' t n 

A d t (Time 
4.4o 5-75 4.40 5-.75 4.4o 5-75 4.40 5.75 min. 

564 1135 ,0.942 1.6' 344 815 11 333 804 30 5.48 
642 ,• 1308 ,0.942 1.0 422 988 21 401 967 45 6.71 
695 1428 0.942 1.0 475 1108 19 456 IO89 60 7.74 
799 1668 0.940 0.993 . 550 1351 38 512 1313 90 9.47 
828 1748 6.940 1.0 598 1428 22 576 i4o6 105 10.23 
884 1772 0,944 1.0 663 l1*.52 • 35 628 i 4 i 7 137 11 . 7 0 
907 1878 0.944 1,0 686 1558 4 i 645 1517 167 12.91 
922 1993 0.940 1.0 793 1673 36 667 - 1637 207- 14.38 
933 - 0.939 - 715 - 32 688 - 267 16.33 
950 2089 0.933 1.0 735 1769 42 693 1727 327- 18.08 
940 2000 0.948 1.005 717 1682 42 675 1640 387 19.67 
940 1913 0.940 1.0 720 1593 41 679 1552 447 21.10 
948 2045 0.948 1.0 725 1725 40 685 1685 497 22.30 
958 2091 0.941 1.0 739 1771 44 695 1727 578 24.00 
971 1969 0.944 1.003 751 1649 47 704 1602 625 25.00 
989 2043 .0.942 0.997 769 1723 64 705 1659 656 25.60 

d M X 10 3 

average 
v i s i b l e 2 6 l A d g X 1 0 3at 4.40 eV= 687 
282.5 246 A d s X 1 0 3at 5.75 eV=l654 
216 320 

TABLE I I 
Specimen: 14 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 42 3 972 12 411 960 60 7-75 
676 1420 O.947 1.0 488 1106 24 464 1082 .75 8.66 
719 1499 0.942 1.0 534 II85 • 21 513 1164- 90 9.48 
765 1590 O.950 1.0 576 1276 22 554 1254 105 IO.25 
822 1678 0.942 1.0 637 1346 38 599 1308 120 10.94 
886 .1998 Q.942 1.0 701 1484 51 650 1433 135 11.61 
924 1821 0.941 1.0 74o 1507 52 688 1455 150 12.24 
966 1986 0.948 1.0 778 1672 58 720 1614 165 12.84 
993 - 0.943 - 808 - 56 752 - 180 13.42 

1034= 0.945 _ 847 - 32 815 - 210 14.50 
1066 - 0.945 - 880 - 28 852 - 240 15.48 
1133 - 0.941. - 949 - 35 9l4 - 271 16.43 
1209 - 0.942 - 1025 - 78 947 - 301 17.34 
1243 - 0.944 - 1057 - 73 984 - 340 18.43 
1307 - 0.944 - 1121 - 74 1047 - 4io 20.25 

d M x 10 3 - 35O mu = 225; 282.5 = 211; 216 = 314. 
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TABLE I I I 

Specimen: l 4 M 
Temperature 1045°C. ±5 

dA x 1 0 3 100$ c o r r ' t n Adt "X 1 0 3 V i s i b l e A d t X l p 3 Time 
(Time)7£ 

dA 
corr'tn 

A d t X l p 3 

(Time)7£ 
4.4o 5.75 4 . 4 o 5.75 4 . 4 o 5 = 75 4.40 5-75 min 

(Time)7£ 

366 712 = 937 1.0 208 493 11 197 482,. 30 5.48 
432 871 .942 1 .0 272 - 654 -1 273 653 60 7.75 
471 950 .947 1.0 309 731 7 302 724 7 5 - 8.66 
506 1018 .942 1.0 346 799 5 341 794 90 9.48 
532 108I .948 • 1.0 369 862 13 356 849 105 10.25 
558 113,7 • 939 1.0 4oo 918 15 335 903 120 IO.94 

585 1194 • 939 1.0 426 9E?5 15 4 i i 960 135 11.61 
635 1282 .941 1 .0 475 1063 33 442 1030 150, 12.24 
650 1336 .946 1.0 489 1117 26 463 1091 I65 12.84 
673 1367 .941 1.0 514 1148 31 483 1117 180 13.42 

633 - .942 - 474 - -11 485 48 hrs. at ET 
692 1433 .9^3 1.0 531 1214 6 525 1208 210 14.50 

707 1493 .942 1.0 537 1274 -2 539 1276 240 15.48 
717 1502 .942 1 .0 558 1283 3 555 .1280 16 hrs . at RT 
748 1563 .940 1.0 589 1344 16 573 1328 271 16.43 
8o4 1671 .941 1.0 645 1452 50 595 1402 301 17.34 
829 1725 .942 1 .0 670 1506 59 611 1447 340 18.43 
829 - .941 - 670 - 58 612 65 hrs. at RT 
863 1882 .944 1.0 700 1663 61 641 1602 410 20.25 

855 1814 -C944 1.0 695 1595 55 64o 1540 470 21.70 

863 1765 .943 1.0 703 1546 65 638 1481 525 22.90 
874 1812 .943 1.0 714 1593 67 647 1526 555 23.50 
897 1876 .938 •994 739 1660 72 667 I588 590 24.30 

897 - • 937 •p 739 73 666 - • 11 11 

d M X 1 0 3 A d g X 1 0 3 at 4 . 4 0 eV = . 638 avg. 
A d g X 1 0 3 at 5 .75 eV = 1600 avg. 

350 mu -208 
282.5 186 Note: RT = Room temperature. 
216 21.9 
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TABLE -IV 

Specimen: l 4 Q 
. Temperature 994 ± 4° C. 

dA 

4.4o 

X 10 3 

5 = 75 

IOO56 

4.4o 

c o r r ' t n 

5 = 75 

Ad t 

4.40 

X 103 
5-75 

V i s i b l e A<3-t 

c o r r ' t n 
4.40 

X 10 J Time 

5.75 mis-. 
(Time) ^ 

326 584 .942 1 . 0 114 260 5 109 255 0.5 .707 
397 772 .944 1 . 0 184 448 -2 186 450 1.5 1.224 
580 1202 .942 1 . 0 367 878 5 362 873 5=5 2.345 
666 1^9 .9^0 1.6 454 1095 11 443 1084 8.0 2.83 
764 166} °935 •0,995 554 1341 11 543 1330 11.5 3«39 
774 1682 .950 1 . 0 558 1356 7 551 1349 12.5 3.53 
843 1850 .950 1.0 626 1526 15 611- •1511 15.O 3=87 
906 2000 .942: 1 . 0 694 1676 11 685 I665 20.0 4.47 
953 2055 . 9 ^ 8 1 . 0 737 1731 15 722 1716 37.1 6.09 
957 2063 .9^6 0.984 742 1679 15 727 1664 39.5 6.28 
978 2003 .942 0.984 765 1679 32 733 1647 41.5 6,44 
988 2125 .942 1 . 0 776 1801 26 750 1775 58.5 7 = 65 

1008 , 2068 .938 0.984 797 1744 40 757 1704 61.0 7.81 
999 2244 .943 1 . 0 785 1929 32 753 1888 63.0 7 = 93 

1016 2143 • -9^3 1.0 802 1819 34 768 1785 67.O 8.18 

d M x 10 3 average 
A d s X 10 3 at 4.40eV = 757 

350 248 A d s x 10 3 at 5=75eV =1788 
282.5 239 
216 324 
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TABLE V 
Specimen!; : 14 N 
Temperature 982 ± 6 

d A x 

k.ho 

1 0 s 

5 - 7 5 

1 0 0 5 6 

4.40 

c o r r ' t n 

5 = 7 5 

A d t l 1 0 3 

4.4o 5 . 7 5 

V i s i b l e Ad^ 
c o r r ' t n 

4.40 

X 1 0 3 Time 
hrs (Time) 72 

5 1 . 7 5 <pias. 

3 1 0 6 7 1 • 9 5 0 1 . 0 1 4 145 3 6 8 9 1 3 6 3 5 9 . 1 . 0 1 . 0 0 • 

3 6 6 7 8 7 = 9 3 5 1 . 0 0 0 2 0 8 4 9 1 1 4 1 9 4 4 7 7 2 . 0 1 . 4 2 

4 n 9 0 6 , o 9 4 i 1 . 0 0 0 2 5 0 6 1 0 9 24l 6 0 9 3 . 0 1 . 7 3 . 

4 6 2 1 0 0 0 ' . 9 3 5 1 . 0 0 0 3 5 0 7 0 4 1 9 2 8 6 6 8 5 4„o 2 . 0 0 

5 2 4 1 1 2 4 . 9 3 7 1 . 0 0 0 3 6 6 8 2 8 3 2 3 3 4 7 9 6 5 . 0 2 . 2 4 

5 1 6 1 1 0 9 .942 1 . 0 0 0 3 5 5 8 1 3 2 5 3 3 0 7 8 8 24 hrs . RT 
5 6 4 1 1 9 0 , 9 4 2 1 . 0 0 0 4 0 3 8 9 4 42 3 6 1 8 5 2 6 . 0 2 . 4 5 

6 0 1 1 3 5 3 o94o 1 . 0 0 0 4 4 i 9 5 7 4 7 3 9 4 9 1 0 7 . 0 2 . 6 5 

648 1 3 5 6 .940 1 . 0 0 0 4 8 9 1 0 6 0 5 4 4 3 5 " 1 0 0 6 8 . 0 2 . 8 3 

6 6 7 1 4 0 2 . 9 4 0 : . 1 . 0 0 0 5 0 7 1 1 0 6 4 9 4 5 8 1 0 5 7 9 . 0 3 . 0 0 

7 1 0 1 5 2 3 . 9 4 0 1 . 0 0 0 5 5 0 1 2 2 7 , 6 1 . 4 8 9 1 1 6 6 1 0 . 0 3 . 1 6 - ' 

7 2 7 1 5 0 7 • 9 3 7 1 . 0 0 0 5 6 9 1 2 1 1 6 5 5 0 4 1 1 4 6 " 1 1 . 0 3 . 3 2 

7 6 2 1 5 8 2 . 9 4 0 1 . 0 6 0 2 1 3 8 6 7 1 5 3 1 1 2 1 5 1 2 . 0 3*46 
7 ^ 9 - . 9 4 4 - 5 9 8 - 6 0 5 3 8 - 7 2 hrs. RT 
8 7 8 1 9 5 2 . 9 4 0 1 . 0 7 1 9 1 6 5 6 1 2 0 5 9 9 1 5 3 6 1 3 . 5 ' 3 . 6 7 

8 7 2 1 8 7 3 . 9 ^ 3 1 , 0 7 1 1 1 5 7 7 9 6 6 1 5 . 1 4 8 1 l 4 „ 5 3 . 8 1 

X 1 0 3 - 3 5 0 mu = 2 0 3 ; 2 8 2 = 1 8 7 , 2 1 6 = 2 9 6 . 

TABLE VT 
Specimen,: 14-D 
Temperature 959 ± 4°C. 

373 822 .927 .990 145 374 5 i4o 369 2.0 1.42 
432 .983 .950 i . o i 4 192 " 524 -4 196 528 4.0 2.00 
473 1034 • 935 1.0 240 681 16 224 565 5.0 2.24 
499 1098 .9^1 1.0 264 645 15 249 630 6.0 2.45 
537 1133 .935 1.0 305 "7l4 29 276 685 7.0 2.65 
553 1178 • 937 1.0. 319 759 19 300 740 8.0 2.83 
553 1169 .942 1.0 317 750 14 303 736 24 hrs. RT 
573 1213 .942 1.0 337 794 15 322 779 9.0 3.00 
623 1285 .940 1.0 388 866 40 348 826 10.0 3.16 
643 1325 .9^0 1.0 409 906 34 375 872 11.0 3.32 
678 1374 .94o 1:0 439 955 37 402 918 12.0 3.46 
710 1468 .939 1.0 475 1049 47 428 1002 13.0 . 3.61 
753 1524 .939 1.0 520 1105 70 450 1035 i4.o 3.74 
767 1524 .9^0 1.0 . 532 1105 63 469 1042 15.0 3.87 
763 - .944 - 527 68 459 T 22 hrs. RT 
812 1702 .9^0 1.0 577 1283 60 517 1223 16.5 4.06 
832 1723 .9^3 1.0 596 1304 7 4 522 1230 17.5 4.19 

a M x 10 3 

350 mu 273 214 .453 
282.5 262 216 419 
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TABLE VII 
Specimen: 14 L 
Temperature 9*4-6 - ^ C. 

d A X 1 0 3 1 0 0 $ C or r ' t n X 1CP V i s i b l e A d X 1 0 3 Time 

4 . 3 6 5 . 8 1 

cprr' tn x 
( Time) 72 

4 . 3 6 5 . 8 1 4 . 3 6 5 . 8 1 4 . 3 6 • 5 . 8 1 4 . 3 6 5 . 8 1 1 hr. 
Time) 72 

2 9 9 60b . 9 4 2 1 . 0 1 i o i 2 4 4 b 9 6 2 3 9 1 . 0 1 . 0 0 

3 4 3 7 1 1 • 9 3 5 1 . 0 1 4 7 e 3 5 4 1 8 1 2 9 • 3 3 6 2 . 0 1 . 4 2 

3 7 2 7 9 2 . 9 3 0 1 . 0 1 7 8 4 3 5 1 2 1 6 6 4 2 3 3 . 0 l . 7 i ? 

3 9 2 8 5 0 • 9 3 4 1.0 1 9 6 4 9 3 1 1 I85 4 8 2 4 . 0 2 . 0 0 

4 2 9 9 3 0 . 9 3 3 - 1 . 0 2 3 4 5 7 3 2 2 2 1 2 5 5 1 5 . 0 2 . 2 4 

4 3 1 9 5 6 • 9 3 7 1 . 0 2 3 5 5 9 9 3 2 3 2 5 9 6 6 . 0 2 . 4 5 
464 1 0 1 1 . 9 3 9 1 . 0 2 6 7 6 5 4 1 7 2 5 0 6 3 7 7 . 0 2 . 6 5 
5 1 1 1 1 0 0 • 9 ^ 3 1 . 0 3 1 1 7 4 3 42 2 6 9 7 0 1 8 . 0 2 . 8 3 

5 0 9 1 1 2 0 . 9 4 0 1 . 0 1 3 1 1 7 6 0 2 4 2 8 7 7 3 6 9 . 0 3 . 0 0 

5 2 8 1 1 5 4 . 9 4 2 1 . 0 3 3 0 7 9 7 2 8 3 0 2 7 6 0 1 0 . 0 3 . 1 6 

5 4 0 II97 • 9 3 6 1 . 0 3 4 4 84o 2 7 3 1 7 8 1 3 1 1 . 0 3 . 3 2 

d M X 1 0 3 

3 5 0 uf- 2 3 6 

2 8 5 2 2 5 

2 1 4 3 5 7 

I 

TABLE VIII 
Specimen: 1 4 C 
Temperature 9 0 6 - 3 ° C. 

I 
4 . 4 0 5 - ? 5 4 . 4 0 5 - 7 5 4 . 4 o 5 . 7 5 4.4o 5 . 8 1 

2 3 6 5 0 0 . 9 2 5 O . 9 9 2 9 3 2 2 2 5 8 8 2 1 7 2 . 0 1 . 4 2 
2 6 7 5 8 3 . 9 3 7 1 . 0 1 1 8 3 0 2 l 1 1 7 3 0 1 4 . 0 2 . 0 0 

2 9 3 6 0 6 . 9 3 0 1 . 0 l 4 ? 3 2 5 2 1 4 5 3 2 3 , 6 . 0 2 . 4 5 

4 9 6 1 0 8 5 • 9 3 5 l . o 3 4 9 8 0 4 3 0 3 1 9 7 7 4 2 4 . 0 4 . 9 0 

5 0 0 1 1 2 6 . 9 3 7 P. 9 9 0 352 849 1 3 3 3 9 8 3 6 2 8 . 5 5 - 3 4 

5 9 8 1 3 1 9 . 9 4 0 1 . 0 448 1 0 3 8 1 4 4 3 4 1 0 2 4 4 4 . 5 6 . 6 7 

6 2 7 1 3 7 4 . 9 4 0 1 . 0 4 7 6 1 0 9 3 " 2 0 4 5 6 1 0 7 3 46.5 6 . 8 2 

6 2 0 1 3 6 8 . 9 4 2 0 . 9 9 4 4 6 9 1 0 8 9 1 8 4 5 1 1 0 7 1 48.5 6 . 9 7 

7 2 2 1 6 2 4 . 9 3 1 0 . 9 9 4 5 7 8 1 3 4 6 2 9 5 4 9 
1 3 1 7 6 7 . 5 8 . 2 1 

7 2 9 1 6 2 9 . 9 3 0 0 . 9 9 0 5 8 4 1 3 5 2 24 5 6 0 1 3 2 8 7 1 . 0 8.42 
8 2 5 1 7 2 0 . 9 3 4 0 . 9 9 0 6 7 8 1 4 4 3 4 3 6 3 5 1 4 0 0 8 9 . O 9 A 3 

8 9 6 2 0 6 5 . 9 3 0 0 . 9 9 0 7 5 1 1 7 8 8 46 7 0 5 1 7 4 2 1 1 7 . 5 1 0 . 8 4 
9 6 2 2 2 5 2 • 9 4 o 1 . 0 8 1 2 1 9 7 1 4 9 7 6 3 1 9 2 2 ' 1 3 4 . 5 1 1 . 6 0 

9 6 7 2 3 1 0 . 9 4 0 1 . 0 8 1 2 2 0 2 9 ^ 7 7 7 0 1 9 7 2 1 3 7 . 5 1 1 . 7 2 

d M X 1 0 3 

3 5 0 mu 1 9 7 

2 8 2 . 5 1 7 7 

2 1 6 2 8 1 
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TABLE IX 

Specimen: 14 E 
Temperature 842 - 7° C. 

d. X 103 100$ Corr'tn Ad. X 103 V i s i b l e Ad. X 103 Time 
corr (Time)" 2 

4.43 5.75 4.43 5-75 4.43 5.75 4.43 5.75"Sr. 

392 681 •9E8 .986 41 93 4 37 89 2.0 1.42 
' 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 4.n 
507 - • 942 - 150 - 38 112 28 hrs. at RT 
556 1069 .933 1.0 203 474 38 165 436 44.2 6.65 
531 971 .943 1.0 173 376 46 127 330. 28.2 5.31 
641 1256 .942 1,0 284 661 49 235 612 ' 91.2 9.55 
665 1321 .942 1.0 307 726 42 -265 684 114.7 10.70 
732 1524 .941 .990 375 934 63 312 871 137.7 11.73 
733 1454 .938 .990 377 863 62 315 801 149.0 12.20 
756 1500 .940 .990 399 909 58 34i 84i 159.O 12.60 
800 1637 .945 1.0 44o 1042 72 368 970 183.O 13.52 
798 1583 .942 1.0 44o 988 71 369 917 187.0 13.67 
850 1763 .945 1.0 491 1168 96 395 1072 206>0 14.30 
930 i960 .941 1.0 574 1365 123 451 1242 251.5 15.85 
d M X 103 

350 mu 389 
280 384 
216 595 

TABLE X 
Specimen: 14 B 
Temperature 792 - 4° C. 

4.49 5.80 4.49 5.80 ' .4149 5.80 4,49 5.80 
289 591 .933 1.0 14 54 0 14 54 ' 2.0 1.42 
295 •643 .933 1.0 21 106 0 21 106 6.5 2.55 
329 713 .942 1.0 50 176 15 35 161 24.5 4.95 
339 732 .940 1.0 60 195 22 38 173 ' 29.0 5.39 
365 781 .943 1.0 86 244 26 60- 218 -45.0 6.70 
380 . 308 .943 1.0 105 271 35 70 236 .50.5 7.15 
430 882 • 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 
419 879 .941 1.0 137 342 33 104 309 90.5 9.52 
447 ,9?7 .94o 1.0 170 390 43 127 347 119.0 10.90 
450 942 .941 1.0 173 405 4i 132 364 136.O 11.66 
464 976 .942 1.0 185 430 50 135 380 139.O 11.80 

dM X 103 

350 mu 298 
277 305 
214 537 



APPENDIX C 

Results of Heating i n A i r 

( C r y s t a l f>; h'.kO- and 5-75 eV,Peaks) 
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TABLE I 

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

d L X 1 0 a 100$ c o r r ' t n A d t X lCf V i s i b l e A d t X l(f Time 7 
c o r r ' t n . min., (Time) 2 

4.36 5-75 4.36 5.75 4.36 5-75 4.36 5.79 

353 684 .945 1.0 196 472 16 180 456 15 3.87 
452 899 .943 1.0 297 687 29 268 658 30 5.48 
508 1017 • 942 1I0 353 805 30 323 775 46 6.78 
569 1649 .940 1,0 415 937 38 377 899 61 7.81 
619 1264 , .943 1.0 463 1052 • 45 4l8 1007 • 77 8.77 
675 1375 .9^1 1.0 520 1163 53 467 1110 92 9.58 
74o 1542 .943 1.0 584 1330 48 536 1282 124 11.13 
858 1805 • 952 1.0 702 1593 75 627 1578 166 12.88 
893 1918 »9^o 1,0 737 1706 69 668 1637 '201 14.18 
949 1984 .941 1.0 793 1772 86 707 1686 224 14.98 
999 - .943 1.0 844 ' 1888 92 752 1796 264 16.25 

104l _ •9^3 0.98 884 1984 98 786 1886 311 17.62 
1072 «943 0.974 916 2007 101 BT5* 1906 371 19.25 
1096 .942 0.978 940 2065 111 829 1954 431 20.75 
1105 - -946 0.98 • 947 2107 106 841 2001 491 22.15 
1126 _ .941 0.968 971 2016 119 852 1997 537 23.15 
1169 — .943 1,007 1013 2763 136 877 2627 597 24.40 
1167 _ .943 - 0.992 1011 • 2212 128 "883 2084 657 25.60 
1191 - .941 0-992 1035 2394 143 892 2251 745 27.30 
1196 - .950 0,980 1037 2218 137 900 2081 865 29.4o 
1208 - •945 0,990 1051 2315- 143 908 2172 1090 3 5 .,00 
1210 - .937 - 1056 - 148 908 - Repeat 

^ x i d 5 average 
A d s x 1 0 at 5 .75 eV = 2130 

350 mu 204 Ad s X 1 0 at 4.40 eV = 908 
285 182 
216 212 
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TABLE II 

Specimen: 5 0 2 
Temperature 1094 - 5° C. 

d A X 10° 100$ Corr'tn A d X 103 V i s i b l e Ad X 10° Time 7 

corr'tn min;. (Time) 2  

4.36 5.75 4.36 5-75 4.36 5-75 4.36 5-75  
397 718 .945 
457 863 •943 
532 1018 .942 
597 1153 .940 
650 1270 .942 
696 1363 - 7941 
828 l 6 l l .940 
873 • 1722 .942 
899 1777 •942 
930 1809 .941 
939 1803 .943 
9̂ 3 1848 •942 
996 1918 .943 
1023 1949 .942 
1039 - • 946 
1065 .941 
1093 - •944 
1051 - .943 
1060 - .941 

1.0 223 505 27 
1.0 275 650 25 
1.0 360 805 35 
1.0 426 940 49 
1.0 478 1057 58 
1.0 525 1150 63 
1.0 658 1398 114 
1.0 702 1509' 113 
1.0 727 1564 114 
1.0 797 1596 137 
1.0 .766 1590 134 
1.0 772 1635 145 
1.0 823 1705 156 
1.0 851 1736 179 
0.980 865 1791 179 
0.970 893 1791 190 
1.013 921 1791 190 
Q.997 879 1819 194 
0.980 889 1796 192 

196 478 15 3.78 
250 625 30 5.48 
325 770 46 6.78 
377 891 61 7.81 
420 999 77 8.77 
462 1087 92 9.58 
544 1284 124 11.13 
589 1396 166 12.88 
613 1450 201 14.16 
622 1459 224 14.98 
632 1456 264 16.25 
627 1490 311 17.62 
657 1549 371 19.25 
672 1557 431 20.75 
686 1612 491 22.15 
703 1601 537 23.15 
712 1808 597 24.4o 
685 1625 657 25.60 
693 1600 745 27.30 

3 

dj^ X 10 average 
350 mji 220 A d X 10 at 5.75 eV = 1600 
285.O 198 A d s X 10 at 4.40 eV = 690 
216 213 
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TABLE I I I 
Specimen: 5 A 3 
Temperature 1060° C. - 10 

100? 0 Corr'tn Ad,. X 103 V i s i b l e A d X > t 103 Time 
(Time) 72 corr t n mii^ (Time) 72 

4.42 5.69 4.42 5.69 4.42 5.69 4.42 5.69 hrs 
(Time) 72 

0.657 1.25 .940 1.0 462 937 49 413 924 2.0 1.42 
0.764 1.65 .933 1.0 572 1298 64 508 1234 3.0 1-73 
0.854 1.697 .939 i.oo4 660 1329 76 584 1269 4.0 2.00 
0.963 2.143 .942 1.006 767 1788 84 683 1704 5.0 2.24 
0.967 2.017 .938 1.0 773 1665 86 687 1579 18 hrs at RT 
1.119 - .938 - 925 l4o 785 - 6.0 2.45 

!1.135 - .941 - 940 - 107 833- - 7.0 2.64 
1.173 - .9̂ 1 - 978 - 105 873 - 8.0 2.83 
.1.265 - .9̂ 0 - 1069 - 135 933 - 9-0 3.00 
1.407 - .918 - 1226 - 156 1070 - 11.0 3.32 
1.504 - .939 - 1309 - 159 1150 - 12.5 3-53 

<% x 103 

350 mu 213 
281 222 
218 352 

TABLE IV 
Specimen:5 E 
Temperature 1004 - 10° C. 

4.37 5.69 4.37 5.69 4.37 5.69 4.37 5.69 Hrs. 

374 738 .930 1.0 248 542 43 205 499 2.0 1.42 
4i8 847 .9̂ 0 1.0 277 651 36 241 615 3.0 1.73 
467 950 .928 0.995 342 757 47 295 710 4.0 2.00 
522 1054 .935 1.0 393 858 39 354 819 5.5 2.34 
541 1115 .9̂ 0 1.011 409 915 4,9 360 866 18 hrs at RT 
622 1230 .929 0.993 496 1038 60 436 978 7-0 2.64 
646 1317 .930 0.995 520 1124 64 458 1060 8.0 2.83 
713 1425 .930 0.995 586 1232 67 519 1165 10.0 3.16 
760 1602 .934 1.0 632 l4o6 59 573 1247 12.0 3.46 
954 2000 .927 0.993 810 1986 103 707 1687 16.0 4.00 

d M X 103 

350 mu 170 
284 I58 
218 196 
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TABLE V 
Specimen: 5 C 1 
Temperature 996° C . +- 8 

d f l X 10a 100$ c o r r ' t n d X 103 V i s i b l e d t X 103 Time (Time ) y 2 

4.4o 5-75 4.4o 5.75 4r40 5-75 c o r r ' t n 4.40 5.75 hrs. 
(Time ) y 2 

358 659 :942 1.0 183 430 15 168 415 2.0 1.42 
470 890 .943 1.0 294 661 35 259 626 4.0 2.00 
598 1069 .9̂ 3 1.0 422 851 4l 381 810 6.0 2.45 
645 1205 .943 1.0 470 974 51 4i9 923 8.0 2.83 
862 1691 .946 1.0 686 1462 56 630 1406 26.0 5.10 
928 1804 .941 1.0 754 1575 83 671 1492 58.O 7.61 
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.O 8.83 
1023 1907 .945 1.0 847 1678 122 725 1556 94.0 9.69 
1018 1940 .942 1.0 • 843 1711 122 721 1589 100.0 10.00 
1063 - .946- 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 11.79 
1142 - •950 - 963 i960 134 829 1826 i4o.o 11.82 
1136 - • 937 0.986 963 1957 132 831 1819 repeat 
1177 - .948 1.01 999 2085 148 84i 1937 157.0 12.51 
1218 - .950 1.0 1039 2038 150 889 1888 179.0 13.38 
1270 - .945 1.012 1094 2302 168 926 2134 201.0 14.14 
1270 - • 950 0.975 1091 1̂937 143 948 1794 220.0 14.83 
1270 - .953 1.0 1090 '2202 151 939 2050 Repeat 
1396 - .950 - 1217 - 197 1020 - 249.0 15.80 
1387 - .948 - 1209 - 187 1022 - 270.0 16.43 
1470 - .947 - 1292 - 192 1100 - 313.0 17.70 
1453 - .941 - 1279 - 197 1082 -

!t TT 

1431 - .941 - 1257 - 166 1091 -
.TT IT 

1497 - .945 - 1321 - 184 1142 - 336.0 18.30 
1494 - .945 — 1318 - 187 1131 - 383.0 19.58 

d M X 103 average 

350 mn 219 Ad s X 1 0 3 at 5.75 eV= 1600 
282.5 201 Ad s X l C ^ at 4.40 eV= 720 
216 229 
218 218 
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TABLE VI 

Specimen: ^ A 2 
Temperature 996 - 10° C. 

^ X 1 0 3 

4.3^6 5.75 

100$ 

4 .36 

Corr'tn 
5.75 

A d t X 1 0 a 

4.36 5.75 

V i s i b l e 
c orr^tn 

Ad. 
4.46 

X 1 0 3 

5.75 

Time 
hrs „ 

(Time) y 2 

293 558 • 935 1.0 166 336 50 110 286 2 . 0 1.42 

333 647 • 934 1.0 208 442 46 162 396 4 . 0 2 .00 

603 1333 .940 1.0 474 i n : . 46 428 1065 2 2 . 0 4 .69 
629 1377 .936 1.0 502 1155 60 442 1095 2 3 . 0 4 .79 
880 2229 .937 1.0 753 2007 83 670 1.924 6 8 . 0 8.25 

883 - .935 - 755 75 680 - 73.5 8.57 
998 - • 930 - 874 107 767 - 8 9 . 0 9.43 

dM X 1 0 s 

350 mu 167 
285 155 
216 222 

TABLE VII 
Specimen: 5 A 1 
Temperature 940° C. - 7 

4 .42 5.75 4 . 4 2 5.75 4 .42 5.75 4 . 4 2 5.75 

270 492 .938 1.0 '48 200 0 48 200 2 . 0 1.42 

329 630 .939 1.0 133 320 5 130 317 4 . 0 2 .00 

374 712 .939 1.0 181 420 3 I.98 417 7 .5 2.74 
408 797 .940 1.0 213 48 5 0 213 485 9 . 0 3 . 0 0 

539 1033 .937 1.0 345 741 =5 350 746 20.5 4.53 
712 1382 .935 1.006 519 1090 11- 508 1079 4 3 . 5 6.59 
719 1420 .943 1.0 517 1128 3 514 1125 4 4 . 5 6.67 
996 2229 .940 1.0 808 1937 24 784 1913 89.5 9.46 

1104 2620 .939 0.995 909 2329 29 880 2300 9 5 . 0 9.75 
1219 - .936 - 1025 - 33 992 - 110.5 10.50 

397 871 r3 400 874 26.5 5.15 

d M X 1 0 3 

350 mu 237 
2 8 l 222 
216 292 
214 310 



TABLE VIII 
Specimen: 5 H 1 
Temperature 909 - 9° C. 

d A X 10a 100$ cor r ' t n Adj. X 103 V i s i b l e A d X 10̂  Time (Time) 
4.g3 5.7 4 . 5 . 7 4.45 5.7 cor r ' t n 4.43 5.7 hrs.  

329 443 .940 1.0 109 181 6 103 175 2.5 1.58 
383 568 • 94o 1.0 164 306 7 157 299 7.5 2.74 
577 908 .907 0.945 374 671 85 289 586 34.5 5.87 
565 921 •935 0.970 348 676 18 333 661 38.0 6.17 

Specimen Broke 

% X 1 0 3 

350 mu 230 
280 246 
218 262 

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

465 798 .930 0.990 294 562 82 212 48o 2.0 1.42 
465 812 .943 1.0 297 571 72 225 499 4.0 2.00 
462 788 .942 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 5.43 
666 1168 .942 1.0 489 927 73 4i6 854 45.5 f.74 
671 1168 .942 1.0 494 927 76 4l8 851 47.5 6.88 
689 1203 .93ft 0.994 576 965 87 429 878 49.5 7.03 
750 1340 .935 0.995 576 1096 79 497 1017 68.5 8.27 
764 1363 .932 0.990 592 1128 84 508 1044 72.0 8.49 
843 1421 .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 H.63 
983 1915 •9-42 1.0 806 1674 96 710 1518 138.5 II.78 

350 mu 215 
280 203 
218 24l 



TABLE X 
Specimen: 5 B 
Temperature 850 - 10 °C. 

d. X 10° 100$ Corr'tn Ad t X 1 0 s V i s i b l e Ad, X 1 0 3 Time (Time)^ 
k.3t> 5.69 h.36 5.69 4.36 5-69 c o r r ' t n 4.36 5.69 hrs. 

269 580 •937 1.0 71 106 56 15 50 2.0 1.42 
289 426 •939 1.006 90 150 57 33 93 6.5 2.55 
334 542 •937 1.0 137 258 61 76 197 23-5 4.85 
334 537 •939 1.006 136 276 52 84 22X -.-29. b 5-38 
3 1̂ 570 •935 1.0 144 296 53 91 243 33.0 5.74 
363 606 .940 1.0 164 332 57 107 275 44.0 6.63 
379 639 •935 1.0 183 365 58 125 307 50.0 7.07 
409 701 •937 0-993 211 430 64 147 366 68.0 8.25 
404 713 •932 0.995 209 441 58 151 383 73-0 8-55 
478 863 .940 1.05 279 587 58 221 529 137-0 11.70 

350 mu 238 
285 226 
218 274 

TABLE XI 
Specimen: 5 J 
Temperature 795 ~ 7 °C. 

4.52 ~4«52 4.52 4.52 

248 " 337 :,94g 1.0 62 96 56 6 4o 5-5 2.35 
283 417 .940 1.0 108 176 68 40 108 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 • 9 4 l 1.010 148 273 58 90 215 121.5 11.02 
344 5%. .94:9 1.0 167 322 51 116 271 162.5 12.74 
353 58f .940 1.0 177 346 54 123 292 186.5 13.65 
353 593 .940 1.0 177 352 51 126 301 191.5 13.83 
374 610 .925 0.996 203 371 70 133 301 207.5 i 4 . 4 o 
374 629 .940 1.0 198 388 59 139 329 20.4.5 14.65 
413 680 .933 1.0 240 439 84 156 355 230.5 15.20 
4l8 698 .933 0.992 245 46l 81 164 380 254.0 15.93 
442 730 .938 0.997 268 489 86 182 403 277.5 16.65 
448 763 .950 1.010 268;: 518 77 191 4 4 l 325.5 18.05 

<% x 10 3 

350 mu 215 
280 203 
218 2 4 l 
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TABLE I 

2 Specimen: 14 P 2 
Data: Log A d t Vs. ( A E ) 5.75 eV Peak Temperature 1102° C. 

E ( A E) A d + X 10 3 

eV 30 45 327 
5,3 0.203 520 619 1127 
5.4 0.123 $03 718 1309 
5.5 O.063 679 818 1514 
5.6 0.023 791 954 1711 
5.75 0 dok 977 1724 

.._ Data: Log A d Vs. ( A E ) 4.4O eV Peak 

Time 
mins. 

Adfe X 
4.4o 

10̂ ;, 
4.4 

A d + X 
4.3 

103 

4.2 4.1.; 4.0 
30 333 11 322 3l4 278 

t 
211 i4o 

45 401 14 387 372 326 243 154 
327 693 24 669 660 589 456 302 

Data: A d t Vs. t 2 5-0 eV Peak 

Time 
mins. 

A d t X 
obs 

103 Ad 
d 4.4̂  

x i d 3 

5.75 
Sum 

calc'd 
A d t X 10° 

5-0 
'30 330 51 216 267 63 

. 45 389 61 259 320 69-
60 444 70 292 362 82 
327 704, 105 463 568 137 
497 677 104 452 556 121 
578 697 105 440 545 152 
387 666 103 452 555 111 
447 667 103 4l6 519 148 
656 694 107 445 552 142 

A&g X 1Q3 5 o 0 eV Peak = 135 A&g X 
avg. 



TABLE II 
2 Specimen: Ik J 

Data: Log A d t Vs. ( A E ) 5.75 eV Peak Temperature 1082° 

E ( A E ) 2 Ad. X 10 J 

eV 30 . 70 105 
5.3 .2025 438 631 729 843 
5-4 .1225 504 727 838 975 

.0625 567 821 943 1099 
5.6 .0225 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 ( A E ) 2 A d j X 10J 

5.3 
1 

0.16 
J 

1045 
5.4 0.09 1191 
5.5 0.04 1330 
5.6 0.01 1425 
5.7 0.00 1458 
5.75 0.0025 1455 

Data: Log A d Vs. ( A E ) 2 4.40 eV Peak 

Time 
mins. 

A d t X 
4.4o 

10 a 

5-75 4.4 
A d t 

4.3 
X 103 

4.2 4.1 4.0 
30 281 10 271 261 221 103 
75 464 16 448 433 364 - 168 
105 554 18 536 513 430 193 
150 688 29 695 634 538 408 256 

Data: A d ^ Vs t 2 5.0 eV Peak 

Time 
mins. 

A d t X.103 

obs'd 
A d t 
4.40 

X 10a 

5.75 
Sum 

ca l c ' d 
AcL. X 103 

^5.0 

39 276 36 181 217 59 
60 397 53 260 313 84 
75 459 59 293 352 107 
90 494 66 317 383 111 
105 534 71 342 413 121 
120 576 77 356 433 143 
135 634 84 389 473 161 
150 668 88 468 556 112 
165 699 93 438 531 168 



TABLE I I I 

Data: Log A d t Vs. ( A E ) 2 5.75 eV Peak 

E ( A ; E ) 2 Ad. X 103 

60 t 90 120 

5>3 0.203 427 531 603 
5-4 0.123 613 697 
5-5 0.063 -555 688 782 
5.6 0.023 609 760 847 
5-7 0.0025 644 786 895 
5.75 0 65k 794 903 

Data: Log Ad. Vs. ( A E ) 2 4.4-0 eV Peak 

Time 
mins. 

Ad, 
4.4o 

X 103 

5.75 
Ad^. (E) X 103 

4.4 4.3 4.2 4.1 4.0 
60 273 12 26l 255 221 171 107 
90 34l 15 326 322 280 220 143 
120 385 17 368 359 309 238 152 
30 197 9 188 corrected. : 

75 302 14 288 
105 356 16 340 
135 4ii 18 393 
301 595 27 568 
3̂-0 611 28 583 
240 555 24 531 
271 

1 

573 25 548 

i 1 

Data:- AcL,. Vs. t 2 5.0 eV Peak 
Time 
mins. 

A d t X 10 3 

obs'd 
Ad, 

4.4 * 
X 103 

5-75' 
Sum 

ca l c ' d 
Ad, X 10̂  

5̂.0 
60 268 48 194 242 26 
90 339 60 236 296 43 
120 382 67 268 335 47 
150 442 77 306 383 69 
I65 465 81 324 405 60 
180 479 84 331 415 64 
210 513 192 358 450 63 
410 639 i l l 474 585 54 
470 629 112 455 567 62 
525 639 111 438 549 90 
555 642 113 451 564 78 
30 188 34 144 178 10 
75 297 53 214 267 30 
105 356 62 251 313 43 
135 404 72 284 356 48 
301 595 io4 4l4 518 77 
340 600 106 427 535 65 
240 536 99 376 475 61 
271 565 100 394 494 71 

-74 -
Specimen: 14 M 
Temperature 1045° C. 
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TABLE IV Specimen: 14 Q 

Data: L o g A d t Vs. ( A E ) 2 5-75 eV Peak Temperature 99,6 ° C. 

E 
eV 

( A E ) 2 A d t 

0.5 
X 10 
5.5 

y 
8.0 

~ 5,3 0.203 165 580 705 
5.4 0.123 194 667 816 
5.5 0.063 222 754 921 
5.6 0.023 240 821 1013 
5-7 0.0025 245 858 1054 
5-75 0 255 872 1083 

Data: Log Adj. Vs. ( A E ) 2 4.40 eV Peak 

Time Ad. X 103 Ad. X 103 

hrs. 4.5 5.75 4.4 4.3 4.2 4.1 4.0 

0.5 109 5 „'"lo4 101 86 66 4i 
5-5 362 16 3 4 6 343 294 226 143 
8,0 443 20 423 419 360 273 173 

JL 
Data: Ad Vs. t 2 5.0 eV Peak 

: Time 
; hrs. 

Ad t X 10 
obs 'd 

3 Ad + 

4.4* 
X 103 

5.75 
Sum 

calc 
Ad X 103 

d t5.o 

0.5 108 17 75 92 16 
1.5 I87 29 133 162 25 
5-5 367 56 258 314 53 
8.0 447 69 320 389 58 
11.5 553 85 392 477 76 
12.5 -•551 86 399 485 66 
15.0 621 95 446 54l 80 
20.0 688 107 491 498 90 
37.1 727 113 506 619 108 ' 
39.5 732 114 486 600 132 
41.5 739 115 485 600 139 
58.5 745 117 523 640 105 
6l.O 762 118 504 622 140 
63.O 752 115 568 685 67 
67.O 768 120 526 646 122 

Ad s X 103 5. 0 eV avg.=124 
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TABLE, t 

Specimen: 14 N 
Data: Log A d t Vs* ( A E ) 2 5.-75 'eV Peak Temperature 9820 C. 

E 
eV 

.(AEr AcL, 
2 

X 
4 

103 

6 
5.3 0.203 314 480 592 

• 0.123 377 546 675 
5.5 0.063 hid 608 758 
5.6 0.023 457 665 806 
5.7 0.003 477 683 851 
5.75 0 477 685 852 

Data: LogAd, Vs. ( A E ) 2 4.40 eV Peak. 

Time 
hrs. 

A d 
4.5 

X 10a 

5.75 
Ad. (E) 

4.4 tj4.3 
X 103 

4.2 4.1 4.0 
2.0 194 16 178 174 156 118 72 
"4.0 286 22 264 262 224 168 i l l 
6.0 361 28 333 333 273 209 "131 

Data: "• Ad. Vs. t 2 5«0 eV Peak 

Time 
h r s . 

A d t X 103 
obs 'd k.% 

X 103 

5.75 
Sum Ad 

caSLc'd 
x.i<?; 

"5.0 
1.0 162 17 125 142 20 
2.0 213 24 166 190' 23 
3.0 266 30 209 239 27 
4.0 306 36 238 274 32' 
5.0 353 42 276 318 35 
6.0 384 45 296 43 
7.0 4l6 50: 317 367 49 
8.0 461 55 350 405 56 
9.0 485 • 58 367 425 6o> 

10.0 519 61 4o5< 466 53 
11.0 523 63 399' 462 61 
12.0 556 6a 423: 491 65 
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TABLE VI 

2 Specimen: l4 D 
Data: Log A d Vs. . ( A E ) ~ 5.75 eV Peak Temperature 959 ° C. 

E Ad. x 103 

eV 3 T 10 12 

5-3 0.203 520 587 669 
5^ 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 0 740 826 919 

Data: Log A d Vs. ( A E ) 2 k.kO eV Peak 

Time 
h r s . 

Ad. X 
4.5 

103 
5.75 4.4 

A d t (E) X 10 3 

4.3 4.2 4.1 4.0 
8.0 300 30 270 269 236 171 120 
10.0 348 34 314 310 267 209 l4l 
12.0 402 38 362 359 311 235 15k 

Data: Log Ad. Vs. ±2 5.0 eV Peak 

Time Ad. X 1 0 3 

obs'd 
Ad. X 108 Sum A d ^ X 1 0 3 . 

h r s . 
Ad. X 1 0 3 

obs'd 4.4* 5.75 c a l c ' d 5.0 

2.0 163 20 138 158 5 
4 . 0 230 27 197 224 6 
5.0 252 32 211 243 9 
6.0 285 35 ' 235 270 15 
7-0 310 39 256 295 15 
8 . 0 3 4 l 43 276 319 22 
9.0 366 46 291 337 29 

10.0 388 50 309 359 29 
11.0 420 53 326 379 41 
12.0 449 57 343 4oo 49 
13.0 473 61 375 436 37 
14.0 501 64 387 451 50 
15.0 515 67 389 456 59 
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TABLE VII 

Data: Log Ad, Vs (.AE)'~ 5.75 eV Peak 
Specimen: 5 D 2 
Temperature 1094 0 C, 

E ( A E) ̂  A d X 103 

eV 61 t 92 . 166 

5-3 0.203 602 751 993 
5.4 0.123 694 862 1156 
5.5i O.063 785 969 1312 
5V6 0.023 857 io64 1446 
5V7 0.003 880 1205 1520 
5.75 0 899 1210 1518 

Data: Log A d ( A l ) 2 4.40 eV Peak 
"0 

Data: 

Time 
mins. 

Ad. 
4*4 

x 103 

5.75. .4.4 
Ad (E) X 103 

,4̂ 3 4.2 4.1 4.0 

61 377 9 368 351 290 208 122 
92 467 11 456 432 351 257 159 
166 627 15 612 587 469 339 197 

1 

A ^ t VS. t 2 5.0 eV Peak 

Ad,. X 10 3 Ad. X 103 SnnT A d t X 103 

mins. dbs'd 4̂ 4 5.75 c a l c ' d 5.0 
Id 184 12 120 • 132 52 
30 272 18 173 191 81 
46 321 22 204 226 95 
61 38g 26 236 262 120 
77 421 29 264 293 128 
92 470 32 291 323 147 
124 535 37 337 374 161 
166 628 43 398 441 187 
201 664 46 430 476 188 
224 7l4 48 443 491 223 
264 751 51 471 522 229 
311 784 54 495 549 235 
371 817 56 500 556 261 
431 820 57 513 570 250 
. 491 830 57 525 582 248 
537 854 58 524 582 272 
657 868 60 548 608 260 
745 886 61 591 652 234 
865 1001 62 547 609 392 

A d 
a 
X 103 5.0 eV=251 

0 avg. 



TABLE VIII 

Data: L o g A d t Vs. ( A ^ f 5° 75 eV Peak 

E ( A E ) 2 Ad, X 103 

eV 46 1 77 124 

5-3 0.203 518 670 859 
0.123 598 769 989 

5.5 O.O63 672 869 1121 
5.6 0.023 727 953 1222 
5-7 0.003 769 996 1271 
5.75 0 769 1000 1275 

Data: Log A d Vs. ( A E ) 2 4.40 eV Peak 

Time 
mins. 

Adt'X 
4.4 

103 
5.75 . 

AdT (¥ 
4.4 4.3 

) x 103 

4.2 4.1 4.0 
46 325 17 312 304 247 185 106 
77 420 15 403 387 318 234 133 
124 544 ,17 522 499 408 ^03 175 

Data: A d t Vs. t s 5.0 eV Peak 

Time' A d t X 10 3 A i , - X 103 Sum" Adf. X 1CP 
mins. obs'd 4.4 5»75 eale'd 5»Q 

15 201 . 16 147 163 • 38 
30 26l 20 193 213 48 
46 326 27 237 264 62 
61 375 31 274 305 70 
77 422 34 308 342 80 
92 46o 38 335 373 87 
124 544 45 395 440 104 
166 585 48 429 477 108 
201 609 50 446 496 113 
224 626 51 449 500 126 
264 643 52 448 500 143 
311 642 53 459 512 130 
371 664 54 477 531 133 
431 676 53 480 533 143 
491 695 56 496 •552 143 
537 710 58 493 551 159' 
657 687 56 500 556 131 
745 69J 57 493 550 144 

A d s X 103 5*0 eV=l40 
are. 

79 -
Specimen: 5 0 2 
Temperature 1094°C. 
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TABLE IX 

Specimen: 5 C 1 
Data: Log Ad^ Vs. ( A E ) 5-75 eV Peak Temperature 996 °C. 

E ( A E ) 2 Ad, X 10 3 

eV 4 t 6 8 

5*3 0.203 415. 573 649 
5.4 0*123 481 657 743 
5.5 O.O63 528 731 820 
5.6 0.023 591 790 891 
5-7 0.003 621 810 919 
5.75 0 626 809 922 

Data: Log Ad, Vs. ( A E ) 2 4.40 eV Peak 

Time A d 
. j a i a a ^ ' 3 4^4 

X 1 0 3 

5o75 4.4 
A d (E) X 1 0 3 

4^3 4.2 4.1 4.0 

4.0 259 19 £40 237 206 155 102 
6.0 381 25 356 338 282 208 132 
8„0 419 -29 390 375 318 237 150 

Data: A d Vs. t 2 5.0 eV Peak 
t 

' Time A d ^ X 1 0 3 A d t X 1G~3 Sum ~Ad^ X 1 0 3 

h r s . obs rd h-.k-Ci 5.75 c a l c ' d 5°0 

2.0 164 21 142 163 1 
4.0 263 32 214 246 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 54 
78.0 674 88 528 616 58 
94.0 690 89 534 623 67 

100.0 698 88 545 633 65 

d t X 10 3 5.0 eV = 70 
avg. 
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Data f o r - A F ° Vs. T°K 

Specimen 
Temper
ature 
°K 

2.3 A d s / 1 M 

4.4o 5.0 

(cm - 1) 

5.75 

- A F ° X 10-3 
( a r b i t r a r y units) 

4,4o 5.0 5.75 

l 4 M 1J18 64.0 7.03 161.1 56.5 30.8 59-0 

14 J 1355 7.0.7 - 37.9 -. -

14- P2' 1375 58.0 11.5 l 4 l . i 57.9 33.5 40.3 

14 Q 1269 64.9 10.7 154.2; 55-5 30.8 37.5 

5'C l . 1269 53.0 5.15 118.6 35-8 50.0 37-9 

5 C 2 " .1367 48.5 9.83 115.5 38.4 34.1 40.7 

5 D 2 1367 45.0 12.6 106.8 38.1 34.8 4o.5 

." Haxby -

0.01 Fe 1523 34 - 44.4 - -

0.04 Fe 1523 1315 - 44.4 - -

0.08 Fe 1523 280 - -44.5 — -

0.40 Fe 1523 800 - 42 .9 - -

Oxygen pressures (atmospheres): 

C r y s t a l l 4 - 1 
C r y s t a l 5 - 0.21 
Haxby - 0.02 (15 mm. Hg) 



TABLE II 
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Results of the C a l c u l a t i o n of D f o r C r y s t a l l4 

Temper- - A F ° X l C r a A d = " : Slope X 103 D X 10 1 0 

Specimen ature (Calc'd) T j T - ^ C ] a ) (sec) ~y g cm2/ 
°K 4.40 5.75T~g.W 5.75 4.40 5.75 4.40 

sec.  
5.75 

i4: p 2 1375 38.3 4o.6 28.8 67.0 7.27 20.0 500.0 700.0 
14 j 1355 37.8 1*0.1 29.4 69.2 7-75 15.4 545.0 392.0 
14 M 1318 36.8 39.1 29.8 71.9 4.73 10.4 . 198.0 167.O 
14 Q; 1269 35.6 37.7 31.8 73.O 2.60 6.28 52.6 58.2 
14 N 1255 35.1 37-3 30.4 73.6 2.85 6.70 69.2 65.I 
14 D 1232 34.6 36.7 32.4 76.4 2.43 5.20 44.2 36.5 
14 L 1219 34.2 36.3 31.9 76.0 1.63 4.18 20.6 23.8 
14 C 1179 33.2 35-2 33.6 78.7 1.12 2.76 .? 8.74 9.70 
14 E 1115 31.6 33.5 36.8 86.8 0.446 l.l4 1.16 1.36 
14 B IO65 30.3 32.1 38.9 91.2 0.203 0.52 0.215 0.258 

TABLE I I I 

Results of the C a l c u l a t i o n of D f o r C r y s t a l 5 

5 D 2 1367 38.1 4o.5 :.18u 43.7- 6.12 14.6 902.O 876.O 
5 C 2 1367 38.1 40.5 :.i8.i- ' 43.7- 6.24 lV.6'. 936.0 836.O 
5 A 3 1333 37.2 39.5 . 19.2 47.8 5.84 13.2 729.0 595-0 
5 E 1277 35.7 38.0 " 19.8 48.9 3.20 6.13 207.0 119.0 
5 C 1 1269 35-5 37-7 19.9 47.8 3-21 6.27 205.0 135.2 
5 A 2 1239 34.8 36.9 21.1 49.5 1.64 4.07 47.4 53.1 
5 A 1 1213 34.1 36.2 21.4 51.0 i.4o 2.90 .33.6 25.5 
5 H 1 1182 33.3 35.4 22.1 :^ 54.0 O.788 1.69 10.0 7.70 
5 J 1182 33.3 35.4 22.1 "54.0 0.912 2.13 13.4 12.2 
5 B 1123 31.8 33.7 23.7 55-4 0.335 0.787 1.57 1.59 
5 J 1068 30.4 32.2 25.6 60.0 0.165 0.353 0.325 0.270 



TABLE IV 

Results of the C a l c u l a t i o n of D from 5.0 eV Peak 

Specimen 
Temper
ature 
°K 

- A F ° X l O - 3 

(calc'dj) 
Slope 
(sec - 7 2 ) 

D X l O i o 
(cm 2/sec) 

l4 J 1355 33.4 5.73 lj.95 913.0 
Ik M 1318 32.0 4.76 0.84 242.0 
14 Q 1269 30.1 3.59' 0.33 65.9 
Ik N 1255 29.6 3.36 0.33 77.3 
Ik D 1232 28.8 5.02 0.46 178.8 
5 D 2 .1367 33.8 3-90 1.84 I747.O 
5 G 3 1367 33-8 3.90 I.07 590.0 
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APPENDIX F 

Estimation of E r r o r i n the A c t i v a t i o n Energy 
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A. By Standard Deviation 

The p l o t of Figure 16. i s a st r a i g h t l i n e represented by: 

y = a + b x . .... (1) 

i f y s l o g (D X 10^) 

a = l o g (Do X 1 0 1 1 ) 

b = - E 
2.3-R 

x = 1 -X 10 4 See Equation (11) 

The constants a-and b i n equation (1) may be calculated by the 

method of l e a s t squares(Table I ) ; the r e l a t i o n s h i p so.obtained i s known 
39 

the regression l i n e of y upon x. . The standard deviation O r of the 

scatter about t h i s l i n e i s given by 

C J r = \f±~^~/<f(y -T) 

where: r = c o r r e l a t i o n c o e f f i c i e n t defined by: 

^ ( x i x)''(y - y) 

v ^ x - x - 2 

•(y - y) 

arid y c = ̂ .y 
n 

'"'x = £x 
n 

n = number of p a i r s of observations. 

Further, the standard-deviations of a and b(./are defined by 

2 
CTa,.; = CXr 2 and 

ho 

CT b
2 = 0£_ 

2 ( x - x ) 2 

The c o r r e l a t i o n c o e f f i c i e n t r was found to be -0.993• This quantity 

i s a t e s t of - the s i g n i f i c a n c e of the l i n e a r r e l a t i o n obtained. The • 
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TABLE I 

Data f o r Method of Least Squares C a l c u l a t i o n 

Specimen 
Log D X 1 0 T H ) X "1 o 8 i 'x 1 0 4 

T 
(Log D X 1 0 1 1 (1 X 1 0 * ) 

Specimen 4 . 4 0 5 - 7 5 
rp A X U i 'x 1 0 4 

T 4 . 4 0 - T 5 - 7 5 

1 4 P 2 3 . 6 9 9 0 3 . 8 4 5 1 5 2 . 8 5 7 . 2 7 2 6 . 8 9 2 2 7 . 9 5 4 

Ik J 3 - 7 3 6 4 3 - 5 9 5 5 5 4 . 4 6 7 . 3 8 2 7 . 5 7 5 2 6 . 5 1 9 

Ik M 3 . 2 9 6 7 3 . 2 2 2 7 4 7 . 7 6 7 . 6 0 2 5 . 0 5 5 2 4 . 4 9 3 

Ik Q 2 ' . 7 2 1 0 . 2 . 7 6 4 9 6 2 . 0 9 7 . 8 8 2 1 . 4 4 1 2 1 . 7 8 7 

Ik N 2 . 7 4 0 1 2 . 8 1 3 6 6 3 . 5 2 7 - 9 7 2 2 , 6 3 6 2 2 . 4 2 4 

Ik D 2 . 6 4 5 4 2 . 5 6 2 3 6 5 . 9 3 8 . 1 2 2 1 . 4 8 1 2 0 . 8 0 6 

Ik L 3 . 3 1 3 9 2 . 3 7 6 6 6 7 . 2 4 8 . 2 0 1 8 . 9 6 4 1 9 . 4 8 8 

Ik C 1 . 9 4 1 5 1 . 9 8 6 8 7 1 . 9 1 8 . 4 8 1 6 . 4 6 4 1 6 . 8 4 8 

l 4 E l . 0 6 4 5 1 . 1 3 3 5 8 0 . 4 6 8 . 9 7 9 . 5 4 9 1 0 . 1 6 7 

Ik B 0 . 3 3 2 4 0 . 4 1 1 6 8 8 . 1 7 9 - 3 9 3 . 1 2 1 3 . 8 6 5 

n = 2 0 2 4 . 5 9 0 9 2 4 . 7 1 0 4 6 6 4 . 3 9 8 1 . 2 6 1 9 5 . 1 8 8 1 9 4 . 3 5 1 

5 D 2 3 . 9 5 5 2 5 . 9 4 2 5 5 5 . 5 8 7 . 3 2 ; 2 8 . ' 9 5 2 2 8 . 8 5 9 

5 C 2 3 . 9 7 1 3 3 . 9 2 2 2 5 5 . 5 8 7 - 3 2 2 9 . 0 7 0 2 8 . 7 1 1 

5 A 2 3 . 8 6 2 7 3 . 7 7 4 5 5 6 . 2 5 7 . 5 0 2 8 . 9 7 0 2 8 . 3 0 9 

- 5-E 3 . 3 1 6 0 3 . 0 7 5 5 6 1 . 3 1 7 . 8 3 2 5 . 9 6 4 2 4 . 0 8 l 

5 C 1 3 . 5 1 1 8 3 . 1 3 1 0 6 2 . 0 9 7 . 8 8 2 6 . 0 9 7 2 4 . 6 7 2 

5 A 2 2 . 6 7 5 8 2 . 7 2 5 1 6 5 . 1 2 8 . 0 7 2 1 . 5 9 4 2 1 . 9 9 2 

5 A 1 2 . 5 2 6 5 2 . 4 0 6 5 6 7 . 9 0 8 . 2 4 2 0 . 8 1 7 1 9 . 8 3 0 

5 H 1 2 . 0 0 0 0 1.8865- 7 1 . 5 7 8 . 4 6 1 6 . 9 2 0 I 5 . 9 6 O 

5 J 2 . 1 2 7 1 2 . 0 8 7 5 7 1 . 5 7 8'. 46 1 7 . 9 9 5 1 7 . 6 6 0 

5 B-- 1 . 1 9 5 9 1 . 2 0 4 1 7 9 . 2 1 8 . 9 0 1 0 . 6 4 4 1 0 . 7 1 6 

5 J 0 . 5 1 1 9 0 . 4 3 1 4 8 7 . 8 0 9 - 3 7 4 . 7 9 7 4 . 0 4 2 

n = 2 2 ; . 2 9 . 4 5 4 0 2 8 . 5 8 6 8 7 2 9 . 9 8 8 9 . 5 5 2 3 1 . 8 2 0 2 2 4 . 8 3 2 

Totals 5 4 . 0 4 4 9 5 3 . 2 9 7 2 1 3 9 4 . 3 7 1 7 0 . 6 1 4 2 5 . 0 0 8 4 1 9 . 1 8 3 

Grand T o t a l 1 0 7 . 3 4 2 1 8 4 4 . 1 9 1 

2 ( y 2 ) = 3 2 1 8 8 5 
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values of r are 0 f o r no r e l a t i o n at a l l and ± 1 f o r an exact l i n e a r 

representation; the sign of r i s also the sign of slope, b. 

Thus 
C J r = ± 0.1225 

and 

C7"h = I 30.1 X 10" 

CTa = t 18.9 X 10"3 

Since 
b = -I.683 - 30.1 X 10" 

then 4 - 3 

E = +4.575 (10 ) [I.683 - 30.1 (10 )] 

Therefore the two errors may be stated ass 

a) E = 77.O - 1.4 kcals/mole 

b) Log (Do X = 16.229 t O.OI89 

B. By Errors i n Data 

The b a s i c equation used i n determining E was: 

. 1. 

Ad, = A d o 2 (Dt \ 2 

By taking the logarithm of both sides we have: 

Log A d t = 1°S 2 + l o g ^ g ~ l o g Ijyf 

+ \ l o g D + \ l o g t - lo g TT 
D i f f e r e n t i a t i n g t h i s expression gives 

AD = 2 
D 

A(Ad t) -A(Ad^) + A % - i A t 
- Ad t Ad s 1 M *-

The maximum estimated er r o r i n the va r i a b l e D i s shown i n 

the f o l l o w i n g t a b l e . 
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Maximum Estimated Errors 

Specimen Quantity Measured Value $> Deviation 
4.4o 5 . 7 5 4 . 4 0 5 o 7 5 

1 4 M A d t 0 . 5 ^ 7 
1.242 2 . 9 5 - 5 

lk P 2 A d s O . 6 8 7 1.642 
1 . 7 3 . 6 

lk P 2 XM 0 . 1 0 6 i n 0.106 .in 2 . 8 2 . . 8 

lk P 2 t 6 0 min. 6 0 min. 0 . 9 0 . 9 

Sum : - A D (i0) 
D 

2(±8.3) 
1 6 . 6 -

2 ( ± 1 2 . 8 ) 

= 2 5 . 6 

r 

In most cases, • however, the errors i n both t and Adj. would ^be 

much l e s s than those quoted. 

The maximum measured v a r i a t i o n i n the temperature was - 1 0 ° C„ 

which corresponds to a maximum deviation, of - 1 . 2 $ > at 85O0 C. (Specimen 5 ^ ) | 

.this value does not include possible errors i n the actual measurement of 

the temperature. 


