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ABSTRACT 

Stat is t ical analys is , p r imar i l y analysis of var iance , is applied 

to evaluate severa l factors involved in the development of suitable 

fabrication and process ing techniques for the production of lead 

te l lur ide the rmoe lec t r i c e lements for the SNAP lOA energy con­

ve r s ion sys tem. The analysis methods a r e descr ibed in some 

detail as to thei r application for determining the effects of var ious 

process ing s teps , establishing the value of individual operat ions , 

and evaluating the significance of tes t r e s u l t s . The el imination of 

unnecessa ry or de t r imenta l p rocess ing steps was accomplished 

and the number of required t e s t s was substantial ly reduced by 

application of these s ta t i s t ica l methods to the SNAP lOA produc­

tion development effort. 

NAA-SR-7288 
V 



I. INTRODUCTION 

A. SNAP lOA 

The successful uti l ization of space vehicles is dependent on the development 

of lightweight, long-lived, high-pow^er e lec t r ica l generat ing s y s t e m s . For space 

miss ions w^hich exceed severa l days in length, nuclear sys tems such as the 

SNAP lOA a re feasible and offer many potential advantages. The goal of the 

SNAP IDA P r o g r a m is to develop an auxi l iary power unit (APU) which will 

deliver 500 w at 28 v for one year with a maximum w^eight l imitat ion of 525 lb. 

The SNAP lOA system uti l izes a compact u ran ium-z i rcon ium hydride t h e r m a l 

nuclear r eac to r as a heat source and the direct conversion of nuclear heat into 

e lec t r ic i ty by the the rmoe lec t r i c effect. A typical application of the SNAP lOA 

system to a communicat ions satel l i te is show^n in F igure 1. An enlarged view of 

the SNAP lOA Auxil iary Power Unit is given in F igure 2. 

The conver te r consis ts basical ly of many elements of the rmoe lec t r i c ma t e ­

r i a l such as lead t e l lu r ide . Each element is heated on one side by the heat t r a n s ­

fer medium, eutectic sodium potass ium (NaK), and cooled on the other side by 

an individual r ad ia to r . The e lements a r e assembled into modules in such a 

manner that pa ra l l e l heat flow paths a r e provided through each e lement from the 

NaK tubes to the element r a d i a t o r s . Because of their low^-voltage, h igh-cur ren t 

cha rac t e r i s t i c s the the rmoe lec t r i c e lements on each module a r e connected in 

se r i e s as shown in F igure 3 in o rder to obtain sufficient output voltage. 

B. THERMOELECTRIC CONVERTER FABRICATION 
DEVELOPMENT 

A p rog ram ^vas set up to develop fabrication and assennbly techniques for 
3 4 

lead te l lur ide e lements and modules . Many different techniques w^ere inves­

t igated and d i scarded in the exper imental p r o g r a m . The p r o c e s s e s selected 

w e r e those most efficient in producing low r e s i s t ance elements and modules . 

The diffusion of many m a t e r i a l s such as copper into lead te l lur ide adverse ly 

effects the t he rmoe lec t r i c p rope r t i e s of the m a t e r i a l . The hot s t raps were made 

of copper in this application. The use of this meta l made it n e c e s s a r y to provide 

a diffusion b a r r i e r at the end of each element . Steel diffuses into lead te l lur ide 

very slowly and, in smal l amounts , acts as an iner t ingredient with no adverse 
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Figure 1. Typical Space Vehicle Application of the SNAP lOA 
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effect on the the rmoe lec t r i c p roper t ies of the lead te l lur ide . Low^-carbon steel 

(SAE 1015) caps which were used served the dual purpose of providing convenient 

e lec t r i ca l contacts and of preventing contamination of the lead te l lur ide . The 

caps were cleaned and coated with a thin film of lead te l lur ide and w^ere then hot 

p r e s s e d on to the lead te l lur ide pellets in an iner t a tmosphere . The hot press ing 

operat ion was general ly re fe r red to as contacting because of the e lec t r ica l con­

tact function of the caps . 

The mechanical p roper t ies of lead tel lur ide a re ra ther poor. The m a t e r i a l 

is much m o r e shock and vibrat ion res i s tan t under compress ion than in tension. 

The original element design provided for a dri l led hole through each element to 

allow a stud brazed to the NaK tube to extend through the e lement . Compress ion 

loading w^as provided by a Belleville washer under a nut instal led on the stud. A 

la te r design modification eliminated the necess i ty of dril l ing a hole through each 

element and provided for compress ion loading of the e lements in p a i r s . In this 

design the stud was positioned between the elements of each pair and the 

Bellevil le washer was replaced by a flat spring bridge a c r o s s the ends of the two 

e lements . 

The upper design operating t empera tu re of the e lements closely approach 

the sublimation point of lead te l lur ide and, in o rde r to achieve a useful element 

life, it was n e c e s s a r y to inhibit the sublimation. Inhibition was accomplished by 

encapsulating the exposed lead te l lur ide surface w^ith an impervious ce ramic 

m a t e r i a l as the final p r o c e s s performed on the elements before module assembly 

Originally, P- type elements were p rocessed through an annealing operat ion 

between machining and encapsulation. This p rocess was discontinued when it 

was found to provide no lasting beneficial effect. 

This repor t is concerned p r i m a r i l y with s ta t is t ica l evaluation of the p r e ­

viously descr ibed p r o c e s s development p r o g r a m . The following sections 

descr ibe the s ta t i s t ica l methods used and the r e su l t s of the actual ana lyses . 
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II. METHODS OF ANALYSIS 

A. ANALYSIS O F VARIANCE^ 

Q u e s t i o n s c o n c e r n i n g t h e va l i d i t y of c e r t a i n p r o c e d u r e s , t h e u s e f u l n e s s of 

p r o c e s s e s , and t h e s i g n i f i c a n c e of t e s t r e s u l t s w e r e con t inua l ly a r i s i n g in the 

p r o c e s s d e v e l o p m e n t p r o g r a m . T h e s e q u e s t i o n s could not be a n s w e r e d by c u r ­

s o r y eva lua t i on of d a t a , in m a n y c a s e s , and s t a t i s t i c a l t e c h n i q u e s known a s 

a n a l y s i s of v a r i a n c e w e r e e m p l o y e d to a s s u r e a c c u r a c y . Such a n a l y s e s a r e 

b a s e d on the s e p a r a t i o n of the v a r i a n c e s of a l l o b s e r v a t i o n s into p a r t s . E a c h 

p a r t m e a s u r e s the v a r i a t i o n due to s o m e spec i f i c s o u r c e such as the i n t e r n a l 

v a r i a t i o n of the s e v e r a l g r o u p s o r to the v a r i a t i o n s b e t w e e n g r o u p s . The p h r a s e 

a n a l y s i s of v a r i a n c e r e f e r s to t h i s d i v i s i o n of the v a r i a n c e . 

A n a l y s i s of v a r i a n c e can be r a t h e r c o m p l i c a t e d depend ing upon the p a r a m ­

e t e r s of the p r o b l e m u n d e r c o n s i d e r a t i o n . In t h i s i n v e s t i g a t i o n a l l a n a l y s e s 

p e r f o r m e d w^ere of the s i m p l e s t type in w h i c h the d i f f e r e n c e s in m e a n s for s e v ­

e r a l g r o u p s w e r e t e s t e d . T h i s type of t e s t i s know^n a s one-w^ay a n a l y s i s of 

v a r i a n c e o r a s a s ing le c l a s s i f i c a t i o n p r o b l e m . Al so , a l l i nd iv idua l o b s e r v a t i o n s 

a r e c l a s s i f i e d in to one of a f ini te n u m b e r of c a t e g o r i e s o r g r o u p s . Such c l a s s i ­

f i ca t ion iden t i f i e s the a n a l y s i s a s an e x a m p l e of a f ixed effects o r f ixed c o n s t a n t s 

m o d e l (Model I) e x p e r i m e n t . 

B . ONE-WAY ANALYSIS O F VARIANCE, M O D E L I^ ' ^ 

1. V a r i a n c e Ra t io 

B a s i c a l l y , the a n a l y s i s of v a r i a n c e i s a t e s t of the h y p o t h e s i s that the 

m e a n s of the g r o u p s a r e a l l e q u a l . Two e s t i m a t e s , the w i t h i n - g r o u p s v a r i a n c e 
2 2 2 

o r s , and the b e t w e e n - g r o u p s v a r i a n c e o r s-, , of the popu la t ion v a r i a n c e , O" , 

a r e c o m p u t e d . The t e s t for s i gn i f i cance i s b a s e d on the v a r i a n c e r a t i o , F , 

def ined a s : 

2 
^2 

F = - % . . . ( 1 ) 

" l 

2 2 
If the h y p o t h e s i s of equa l m e a n s i s t r u e s , and s^ a r e u n b i a s e d e s t i m a t e s 

of O" and the v a r i a n c e r a t i o i s c l o s e to u n i t y . If the h y p o t h e s i s i s not t r u e the 
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between-groups var iance is appreciably g rea t e r than the within-groups var iance 

and the var iance rat io is appreciably g rea te r than unity. The size of a signifi­

cant value depends on severa l tes t p a r a m e t e r s , one of which is the level of 

significance, a . Expressed in percent , 0. r ep resen t s the probabili ty of making 

an incor rec t decision about the test ; i . e . , the probabili ty of rejecting the hypoth­

es is when it is t r ue . Two other p a r a m e t e r s a re know^n as the degrees of freedom 

associa ted w^ith the tw ô es t imates of va r i ance . Degrees of freedom a re e s s e n ­

tially equal to the number of independent observat ions upon which the es t imates 

a r e based. The number of degrees of freedom for the between-groups es t imate 

is one l e s s than the number of groups . The number of degrees of freedom for 

the w^ithin-groups es t imate is the number of observat ions l e s s the number of 

groups . 

Tables of the F - s t a t i s t i c a r e ordinar i ly given in most s ta t i s t ics books as 

separa te tables for selected levels of significance a . Each table p resen ts a 

value of F for selected combinations of the two degrees of freedom. The dec i ­

sion of accepting or rejecting the hypothesis is made depending on whether the 

exper imenta l value of F is g rea t e r or l e s s than the value from the table . If 

g rea te r , the tes t has shown with a probability, a , of being c o r r e c t that the 

group means a r e not all equal and the hypothesis is re jected. If l e s s , the tes t 

has shown with the same probabili ty of being co r rec t that the group means a r e 

equal and the hypothesis is accepted. 

2. Computations 
2 

The var iance , s , of a group of data i s defined as 

n 

E (X. - X)^ 

n - 1 

w^here 
X. = individual observat ions 

1 

X = mean of all observat ions within the group 

n = number of observat ions . 
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If two or m o r e samples a r e from the same population the var iance of the 

severa l samples can be averaged to give an es t imate of the population var iance 

cr . The formula for the within-groups var iance is 

k " i 

E E^^i^-^i.^ 
. . ( 3 ) 

where 
X. - V observat ion of the i group 

k = number of groups 

n. = number of observat ions in the i group 

n. 
1 

X. 
1 . 

v=\ 

\v _ . ,̂ .th 
-—— - mean for the i group. 

J i 

The numera to r in Equation 3 is r e fe r red to as the within-group sum of 

squares , the denominator i s the number of degrees of freedom, and the ent i re 

express ion is the within-groups mean square or within-groups va r i ance . 
2 

The population var iance , o" , may also be es t imated from the var iance of 

the means of the severa l groups . The var iance of the means is an es t imate of 
2 , <T / n . Therefore , the var iance of the means multiplied by n is an es t imate of 
2 

O" . When the number of observat ions is not the same in all groups, the formula 
for the betw^een-groups var iance is 

E "i'̂ 'i. - ''• •>' 
»/ = '^^^Tm ...(4) 
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•where 

k = number of groups 
. th 

n. - number of observat ions in the i group 

n. 
"AX. 

X. = 
1 . 

i/ = \ 

n. 
J ^ 

i i ' th 
- average for the i group 

k 1 

EÊ ^̂  
X. . = r = average of all observat ions . 

E^ 
i=l 

The numera to r of Equation 4 is r e fe r red to as the between-groups sum of 

squares for means , the denominator is the number of degrees of freedom, and 

the ent i re express ion is the between-groups mean square for means or between-

groups va r i ance . 

The var iance can be computed direct ly from Equations 3 and 4, but for 

machine calculat ions, identi t ies using totals ra ther than means a r e preferable . 

The between-groups and within-groups sums of squares a r e equal to the quan­

t i t ies B-C and A-B respect ively where A, B, and C a r e defined as : 

k 1 

Ll L,^^^ 
i=l u=l 

sum of squares of 
all observat ions 

(5) 

B = 

i= l 
/ 

n. 
sum of squares of group totals , 
each squared group total being 
divided by the number in that 
group 
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1 ^ • 

k 1 

E E^-, 
. i = l v^l 

k 

E-
i = l 

= s q u a r e of the s u m of a l l 
o b s e r v a t i o n s d iv ided by 
the to ta l n u m b e r of 
o b s e r v a t i o n s . 

. . ( 7 ) 

The r e s u l t s of c o m p u t a t i o n s a r e u s u a l l y r e c o r d e d in an a n a l y s i s of v a r i a n c e 

t ab le a s shown in T a b l e I. 

T A B L E I 

T Y P I C A L ANALYSIS O F VARIANCE T A B L E 

S o u r c e of 
V a r i a n c e 

Sums of 
S q u a r e s 

D e g r e e s of 
F r e e d o m 

Mean 
S q u a r e s 

V a r i a n c e 
Ra t io 

B e t w e e n 
G r o u p s 

Within 
G r o u p s 

T o t a l 

B - C 

A - B 

A - C 

k - 1 

F = 

C. M U L T I P L E COMPARISONS 

Al though the F - t e s t w i l l show when t h e r e a r e d i f f e r e n c e s a m o n g the g r o u p s , 

i t w i l l not show w h i c h g r o u p s a r e s ign i f i can t ly d i f f e r en t . A s ing le p r e c h o s e n 

p a i r m a y be c o m p a r e d but it i s inva l id to m a k e c o m p a r i s o n s s u g g e s t e d by the 

da t a b e c a u s e the s ign i f i cance l e v e l b e c o m e s i n c o r r e c t . The fol lowing d i s c u s s i o n 

i s of a p r o c e d u r a l s y s t e m w h i c h m e e t s the c r i t e r i o n of a c c u r a t e s i gn i f i cance 

l e v e l s . 

If the m e a n s a r e shown to be unequa l by the t e s t , it i s of i n t e r e s t to d e t e r ­

m i n e a l l p o s s i b l e d i f f e r e n c e s such a s fj., - fJ.^ a s w e l l a s a l l p o s s i b l e l i n e a r 

e x p r e s s i o n s of the f o r m c,/x^ + c fj.^ + . . . + c ^ , , 
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where 
k 

E =1 = " 
i=i 

Such forms a r e called cont ras t s and a re defined as 

k 

^=E'i^ •••̂ '̂  
i=l 

The cont ras t 6 i s es t imated by 

k 

H-J^c.X. . . . ( 9 ) 
i=l 

with var iance 

i = l 

and es t imated var iance 

i=i i=i 

It can be shown that the probability of the value of 9 lying between H ± Ss, 

is (1 - a ) where (1 - a ) a r e the confidence l imits for all cont ras t s 6 and 

w^here 

s = y(k-i)F 
F - Variance rat io for significance level (1 - a) and degrees of 

freedom ( k - 1 ) and 
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\ i = l 

Fo r each exper iment performed with confidence l imi ts (1 - Ot), then in a 

cer ta in number (1 - Of) , of these exper iments , all the s ta tements will be c o r r e c t . 

In the remaining exper iments , a , one or more of the s ta tements will be i nco r r ec t . 
2 

In the tes t for con t ras t s , if H is g r ea t e r than Ss, , and consequently the 

l imi ts do not include zero , then the contras t is significant. If H is sma l l e r 
2 

than Ss, , and the in terval does include ze ro , the cont ras t is not significant. 
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111. ANALYSIS OF PROCESS VARIABLES 

A. T H E E F F E C T O F F U R N A C E COOLING ON THE E L E C T R I C A L 
RESISTANCE O F P - T Y P E E L E M E N T S 

T h e f i r s t p r o c e s s to w^hich t h e r m o e l e c t r i c e l e m e n t s -were sub j ec t ed w a s 

con tac t ing o r hot p r e s s i n g . E l e c t r i c a l c o n t a c t s of s t e e l (SAE 1015) w^ere 

p r e s s e d onto the p e l l e t s of l ead t e l l u r i d e at h igh p r e s s u r e . The p r e s s i n g w a s 

done in an i n e r t a t m o s p h e r e in a r e t o r t at e l eva t ed t e m p e r a t u r e . Af te r o n e -

half h o u r the fu rnace w a s a l lowed to coo l . As the c o m p o n e n t s of the die and the 

e l e m e n t s c o n t r a c t e d b e c a u s e of the d e c r e a s e in t e m p e r a t u r e , the p r e s s u r e w^as 

r e d u c e d . 

O r d i n a r i l y when the t e m p e r a t u r e w a s s o m e w h a t r e d u c e d the r e m a i n i n g 

p r e s s u r e w a s r e l e a s e d and the r e t o r t w a s r e m o v e d f rom the f u r n a c e , and 

a l lowed to cool on a r a c k . In the e a r l y s t a g e s of the p r o g r a m the l a s t hot p r e s s 

run of the day w a s a l lowed to r e m a i n in the f u r n a c e o v e r n i g h t . A c u r s o r y e x ­

a m i n a t i o n of the d a t a i n d i c a t e d a d i f f e r ence in the m e a s u r e d r e s i s t a n c e va lue of 

e l e m e n t s a f t e r hot p r e s s i n g depending upon w h e t h e r the e l e m e n t h a d b e e n fu rnace 

o r r a c k coo led . 

A c c o r d i n g l y , an a n a l y s i s of v a r i a n c e c a l c u l a t i o n w^as p e r f o r m e d upon the 

b e s t a v a i l a b l e d a t a . The da t a w e r e s e l e c t e d to e l i m i n a t e unwan ted v a r i a b l e s , 

in o r d e r to e l i m i n a t e a s m a n y v a r i a b l e s a s p o s s i b l e and to ob ta in r e a l i s t i c 

r e s u l t s . The d a t a w e r e f rom m a t e r i a l r e c e i v e d a s b a t c h No . 58, and w e r e a l l 

f r o m s ing le cav i ty hot p r e s s d i e s . Some of the p r o c e s s v a r i a b l e s w e r e not 

u n d e r c o n t r o l a t the t i m e and a l l v a l u e s of e l e m e n t r e s i s t a n c e >500 ^ - o h m s , 

i . e . , v e r y bad e l e m e n t s w e r e not i nc luded . C a l c u l a t i o n s b a s e d on the d a t a 

a r e s u m m a r i z e d in T a b l e II . C o m p a r i s o n of the v a r i a n c e r a t i o wi th the t a b u l a r 

va lue shows that the m e a n s of the two g r o u p s of da t a a r e s ign i f i can t ly d i f f e ren t . 

A c c o r d i n g to the a n a l y s i s , t h e r e w a s an effect of fu rnace cool ing which w a s 

b e n e f i c i a l . 

The da t a upon which th i s a n a l y s i s was b a s e d w e r e t aken f r o m a g r o u p of 

e l e m e n t s p r o c e s s e d a t a t i m e in which n u m e r o u s p r o c e s s v a r i a b l e s w e r e be ing 

i n v e s t i g a t e d and by a p r o c e s s which w a s not u n d e r c o n t r o l . B e c a u s e of the 

a p p r e c i a b l e e x p e n d i t u r e in t i m e and m o n e y r e q u i r e d to f u r n a c e cool a l l e l e m e n t s 

a n o t h e r a n a l y s i s of da t a p r o d u c e d u n d e r m o r e c l o s e l y c o n t r o l l e d cond i t ions was 
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TABLE II 

COMPARISON OF THE EFFECT OF FURNACE COOLING VERSUS RACK 
COOLING ON THE ELECTRICAL RESISTANCE OF P - T Y P E ELEMENTS 

3 
> > 
I 

I 

00 
00 

Quanti ty 

Calcu la t ions for F i r s t Compar i son 

F u r n a c e Cooled Rack Cooled Summations 

Calculat ions for Second C o m p a r i s o n 

F u r n a c e Cooled Rack Cooled Summat ions 

n 

z-
Ix^ 

(If/-
X 

s 

17 

5,337 

1,724,825 

1,675,504 

314 

56 

17 

6,152 

2,269,086 

2,226,300 

362 

52 

34 

11,489 

3,939,931 = A 

3,901,804 = B 

3,882,268 = C 

24 

7,781 

2,551,135 

2,522,665 

324 

35 

57 

18,654 

6,168,446 

6,104,766 

327 

28 

81 

26,435 

8,719,581 = A 

8,627,431 = B 

8,627,274 = C 

Source 
of 

Va r i ance 

Between 
Groups 

Within 
Groups 

Ana lys i s of Va r i ance for F i r s t Compar i son 

Sums 
of 

Squares 

19,536 

38,127 

D e g r e e s 
of 

F r e e d o m 

1 

32 

Mean 
Squares 

19,536 

1,191 

Var iance 
Ratio 

F = 16.4 

^0.975<^' ^2) = ^ - ^ 

Analys is of Var iance for Second C o m p a r i s o n 

Sums 
of 

Squares 

157 

92,150 

Degrees 
of 

F r e e d o m 

1 

79 

Mean 
Squares 

157 

1,166 

Var i ance 
Rat io 

F = 0.13 

^0.975<1' "̂̂ ^ = 5-29 



requested. Data were accumulated for analysis from an entire week of opera ­

tion. All e lements analyzed were from batch No. 64, and all were processed 

in a s tandard manner . The only difference was that the last run of each day 

from each hot p r e s s was allowed to cool in the furnace. The other runs were 
g 

cooled in the rack . Calculations based on the data a r e given in Table II. 

Comparison of the F - r a t i o shows no significant difference between the two 

groups . That i s , for these data the cooling method had no effect on the e lec ­

t r ica l res i s tance of the element . 

There is l i t t le question as to the validity of the conflicting resu l t s of the 

two ana lyses . In the f i rs t ins tance, the var iance rat io is very much higher than 

probabili ty would allow^ and in the second instance the var iance rat io is much 

lower. Therefore , the resu l t s must be due to actual differences in the data. 

A number of differences in the data should be considered in resolving the d i s ­

crepancy. Different batches of ma te r i a l were tested and the first test was done 

with e lements p r e s s e d in a single cavity die while the second test was done with 

elements p r e s sed in a mult icavity die. However, there is no other evidence to 

support differences on these two accounts . 

A poss ible explanation of the difference may be that as observed in la ter 

exper iments heating or annealing high r e s i s t ance e lements in an inert a tmos ­

phere after p rocess ing reduced their r e s i s t a n c e . The same effect w^as not ob­

served in low r e s i s t ance e lements . The genera l t rend as the p r o g r a m advanced 

was to produce e lements of p rogres s ive ly lower r e s i s t a n c e s . In these cases 

the average r e s i s t ance of the elements produced during the per iod of the f i rs t 

tes t was '~450 / i -ohms and during the period of the second tes t the average 

r e s i s t ance was 325 j i -ohms . The slow cooling ra t e of the elements left in the 

furnace may have had an annealing effect which would show up on the high 

r e s i s t ance e lements of the f i rs t tes t but not on the low re s i s t ance e lements of 

the second tes t . 

In accordance with these r e su l t s , no action was taken to insti tute furnace 

or slow cooling for all e l ements . The data from the second tes t w^as more r e p ­

resentat ive of cur ren t and future process ing capabili t ies and the conclusion that 

slow cooling w^as not n e c e s s a r y was reached. 
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B . T H E E F F E C T O F ANNEALING ON T H E E L E C T R I C A L RESISTANCE O F 
P - T Y P E E L E M E N T S 

E a r l y in the p r o g r a m o b s e r v a t i o n s i n d i c a t e d tha t the e l e c t r i c a l r e s i s t a n c e of 

P - t y p e e l e m e n t s w^as d e c r e a s e d by the e n c a p s u l a t i o n p r o c e s s . The p r o c e s s i n ­

volved a hea t ing cyc l e and the d e c r e a s e d r e s i s t a n c e effect w a s a t t r i b u t e d to the 

annea l ing effect of t h i s h e a t c y c l e . The v a r i o u s o t h e r p o r t i o n s of the p r o c e d u r e 

such a s h a n d l i n g , p r e p a r a t i o n , and a p p l i c a t i o n had b e e n shown to c a u s e i n ­

c r e a s e s , if any c h a n g e , r a t h e r than d e c r e a s e s in r e s i s t a n c e . 

The d e c i s i o n to i n s t i t u t e a h e a t i n g cyc le b e f o r e e n c a p s u l a t i o n w a s b a s e d on 

t h i s a n n e a l i n g effect . The t h e o r y w a s tha t an o p t i m u m a n n e a l i n g t e m p e r a t u r e could 

be d e t e r m i n e d which m i g h t be d i f fe ren t f r om the h e a t i n g t e m p e r a t u r e for 

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

The f i r s t m e a s u r e m e n t s m a d e on the effect of annea l ing i n d i c a t e d tha t the 

annea l ing p r o c e s s d e c r e a s e d the e l e c t r i c a l r e s i s t a n c e of e l e m e n t s . T h e s e m e a s ­

u r e m e n t s were m a d e i m m e d i a t e l y a f t e r a n n e a l i n g b e f o r e any s u b s e q u e n t p r o c ­

e s s i n g . C o m p a r i s o n of v a l u e s b e f o r e and a f t e r annea l ing i n d i c a t e d d e c r e a s e d 

r e s i s t a n c e . Subsequen t f indings i n d i c a t e d tha t the e n c a p s u l a t i o n p r o c e s s w a s 

i n c r e a s i n g r a t h e r t han d e c r e a s i n g e l e m e n t r e s i s t a n c e . In a c c o r d a n c e wi th t h e s e 

f ind ings , a l l a v a i l a b l e d a t a w e r e a n a l y z e d to d e t e r m i n e if the a n n e a l i n g p r o c e s s 

a c t u a l l y p r o d u c e d b e t t e r e l e m e n t s o r if the annea l ing effect w a s only t r a n s i t o r y . 

Tw^o g r o u p s of da ta w e r e a v a i l a b l e for a n a l y s i s . The f i r s t g roup w a s for 

r e f e r e n c e p r o c e s s e l e m e n t s f r o m b a t c h No . 62, s o m e a n n e a l e d and s o m e not 

a n n e a l e d , and the s e c o n d g r o u p w a s for a n u m b e r of c o n t a c t e d e l e m e n t s r e ­

j e c t e d for h igh r e s i s t a n c e which w e r e g iven s u b s e q u e n t p r o c e s s i n g inc lud ing 

a n n e a l i n g . In add i t ion , da t a w e r e c o l l e c t e d f rom a s t a t i s t i c a l l y d e s i g n e d e x p e r i ­

m e n t wh ich w a s c o n d u c t e d . S e v e n t y - t w o e l e m e n t s f r o m b a t c h No. 68 w e r e 

d iv ided in to two s u b g r o u p s w^hich w e r e p r o c e s s e d and m e a s u r e d t o g e t h e r ; one 

s u b g r o u p of e l e m e n t s w^as a n n e a l e d whi le the o the r s u b g r o u p w a s not a n n e a l e d . 

1. R e f e r e n c e P r o c e s s C o n t r o l E l e m e n t s 

In an a t t e m p t to e l i m i n a t e unknown e f fec t s , only e l e m e n t s f r o m b a t c h No . 

62 w e r e a n a l y z e d , a l though m u c h m o r e da ta w e r e a v a i l a b l e , e s p e c i a l l y on un -

a n n e a l e d e l e m e n t s . No e l e m e n t s f r o m p r e v i o u s b a t c h e s had b e e n a n n e a l e d and 

e l e m e n t s f r o m s u b s e q u e n t b a t c h e s h a d not ye t c o m p l e t e d p r o c e s s i n g . T w e n t y -

four of t h e s e e l e m e n t s w e r e a n n e a l e d , and t h i r t y - t h r e e w e r e not a n n e a l e d . The 
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after-contact ing data w^ere analyzed to determine w^hether both groups belonged 

to the same population before annealing. The af ter-encapsulat ion data ^vere 

analyzed to de te rmine the effect of annealing. Calculations based on the data 

a re presented in Table III. 

The var iance rat ios show that both subgroups were essent ia l ly the same 

before annealing but w^ere significantly different after annealing. How^ever, the 

effect of annealing was found to be significant in an undesi rable w ây as the 

average res i s t ance of the annealed e lements was higher than that of the un-

annealed e lements . 

2. Contacted Elements Rejected for High Resis tance 

Means were calculated for the e lec t r ica l res i s tance of the elements after 

each step in p rocess ing . Differences were so great that calculations were not 
Q 

n e c e s s a r y to show that the changes were significant. The data show^ed a typical 

drop during annealing followed by a typical i nc rease due to encapsulation. 

3. Annealing Experiment 

Because the preceding data were not obtained in a controlled experiment , 

unknown p r o c e s s and measu remen t var iables could influence the r e s u l t s . An 

exper iment was designed to el iminate unknown var iables by measur ing and 

process ing a group of e lements together, except for the annealing p r o c e s s . 

Seventy-two elements from batch No. 68 were set aside after machining and 

measu red for e lec t r ica l r e s i s t ance . The elements in three groups of twelve 

were annealed. The remaining elements in three groups of twelve were not 

annealed. Then all six groups of twelve were measured , encapsulated, and r e -

measured . This procedure was adopted to el iminate effects due to unknown 

va r i ab les . Differences found after encapsulation of the e lements w^ere due to 
Q 

the annealing operat ion only. Calculations based on the data a re p resen ted in 

Table IV. 

The var iance ra t ios show that the groups were identical initially but dif­

ferent after p rocess ing . The effect of annealing was found to be significant in 

an undesirable way and, as in the preceding experiment , the average r e s i s t ­

ance of the annealed e lements was higher than that of the unannealed e lements . 

The re su l t s of this analysis were not ent i re ly consis tent and this incon­

sistency is shown in F igure 4. Some elements showed reduced res i s t ance after 

annealing but in all cases the effect was only t r ans i to ry and not of lasting benefit. 
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TABLE III 

EVALUATION OF THE EFFECT OF ANNEALING ON THE ELECTRICAL 
RESISTANCE OF CONTACTED P - T Y P E ELEMENTS 

2; 
> 
> 

^ en 
-vl ^ 

I 

00 
00 

Quanti ty 

Ca lcu la t ions Before Annealing 

Not to be 
Annealed 

To be 
Annealed Summat ions 

Calcula t ions After Encapsu la t ing 

Not Annealed Annealed Summat ions 

n 

I x 

Z^ 

> X) / n 

X 

n - 1 

33 

10,704 

3,503,406 

3,471,988 

324 

31 

24 

7,992 

2,692,126 

2,661,336 

333 

37 

57 

18,696 

6,195,532 = A 

6,133,324 = B 

6,132,288 = C 

33 

15,003 

6,904,287 

6,820,909 

454 

51 

24 

11,999 

6,186,191 

5,999,000 

500 

90 

57 

27,002 

13,090,478 = A 

12,819,909 = B 

12,791,368 = C 

Source 
of 

V a r i a n c e 

Between 
Groups 

Withm 
Groups 

Ana lys i s of Var i ance Before Annealing 

Sums 
of 

S q u a r e s 

1,036 

62,208 

D e g r e e s 
of 

F r e e d o m 

1 

55 

Mean 
S q u a r e s 

1,036 

1,131 

Var iance 
Rat io 

F = 0.89 

^0.975<^' " ) = 5-33 

Analys is of Var iance After Encapsu la t ing 

Sums 
of 

Squares 

28,541 

270,569 

Degrees 
of 

F r e e d o m 

1 

55 

Mean 
Squares 

28,541 

4,919 

Var i ance 
Ratio 

F = 5.8 

^0 .975^^ ' " ) = 5.33 



TABLE IV 

EVALUATION OF THE EFFECT OF ANNEALING ON THE ELECTRICAL RESISTANCE 
OF MACHINED P - T Y P E ELEMENTS 

1- en 
00 'po 

I 
-J 
M 
00 
00 

Quantity 

n 

Z-
Zx^ 

(Zf/n 
X 

s 

Source 
of 

Variance 

Between 
Groups 

Within 
Groups 

Calculations After Machining 

Not Annealed 

36 

16,090 

7,290.156 

7,191,336 

447 

53 

Annealed 

36 

16,823 

8,089,125 

7,861,481 

467 

81 

Analysis of Variance After M 

Sums 
of 

Squares 

7,462 

326,464 

Degrees 
of 

Freedom 

1 

70 

Mean 
Squares 

7,462 

4,664 

Summations 

72 

32,913 

15,379,281 = A 

15,052,817 = B 

15,045,355 = C 

achining 

Variance 
Ratio 

F = 1 

^ 0 . 9 ' 

.6 

5(1, 70) = 3.99 

Calculations After Annealing 

Not Annealed 

36 

16,932 

8,064,688 

7,963,684 

470 

54 

Annealed 

36 

26,828 

23,890,365 

19,992,822 

745 

334 

Summations 

72 

43,760 

21,955,053 = A 

27,956,506 = B 

26,596,355 = C 

Analysis of Variance After Annealing 

Sums 
of 

Squares 

1,360,151 

3,998,547 

Degrees 
of 

Freedom 

1 

70 

Mean 
Squares 

1,360,151 

57,122 

Variance 
Ratio 

F = 23.8 

F Q g^ jd , 70) = 3.99 

Calculations After Encapsulating 

Not Annealed 

36 

19,393 

10,688,199 

10,446,901 

539 

83 

Annealed 

36 

28,477 

24,883,639 

22,526,098 

791 

260 

Summations 

72 

47,870 

35,571,838 = A 

32,972,999 = B 

31,826,901 = C 

Analysis of Variance After Encapsulating 

Sums 
of 

Squares 

1,146,098 

2,598,839 

Degrees 
of 

Freedom 

1 

70 

Mean 
Squares 

1,146,098 

37,126 

Variance 
Ratio 

F = 30.9 

^0.975(1' ^ ° ' = 3-99 
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Figure 4. Effects of Annealing on Element Resis tance 
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This was especial ly t rue for the elements previously rejected because of high 

r e s i s t ance . The res i s t ance of these elements was reduced after annealing but 

was again very high after encapsulat ion. The only effect of annealing on the 

more normal e lements was that of increased r e s i s t ance . The annealing opera ­

tion was discontinued as a regular p rocess step as the resul t of the ana lys is . 

C. THE E F F E C T OF MACHINING ON ELEMENT DIMENSIONS 

In an effort to el iminate unacceptable elements as ear ly in the process ing 

as possible to reduce costly operat ions , many measu remen t s -were performed 

which l a te r proved superfluous. One such set of measu remen t s was the dimen­

sional inspection performed in the ear ly stages of the p rogram after every op­

erat ion which might affect d imensions . An investigation was conducted to de t e r ­

mine the need for dimensional measu remen t s before and after machining and to 

determine the accuracy in the measuremen t technique. 
Q 

Data used for analysis r ep resen t the difference of two measu remen t s made 

on the same element . In the case of the determinat ion of measurement e r r o r s , 

the dimensions of the same elements were measured on two different days . The 

data on P - and N-type elements were separated because of possible differences 

due to m a t e r i a l . The data r ep resen t the absolute value of the difference between 

the element dimensions measu red before and after machining. The machining 

operation consisted of dril l ing an axial hole through the e lement . 

The analysis of var iance was performed to determine if the effects on 

dimensions due to machining w^ere significantly different from the inherent e r r o r 
g 

in the measu remen t technique. Calculations based on the data a re given in 

Table V. 

The var iance rat ios show there was no significant difference between the 

measu remen t s made before and after machining of e lements and the duplicate 

measu remen t s made on the same e lements . Any differences observed can be 

easi ly explained by e r r o r s in the measurement technique. The dimensional 

measu remen t s before machining were discontinued as a resul t of the ana lys i s . 

D. THE E F F E C T OF MACHINING ON ELEMENT RESISTANCE 

The original design of the the rmoe lec t r i c genera tor employed the elements 

as s t ruc tura l m e m b e r s . The elements w^ere to be attached to the NaK tube and 
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TABLE V 

EVALUATION OF THE NEED FOR MEASUREMENTS OF ELEMENT 
LENGTH AND PARALLELISM BEFORE AND AFTER MACHINING 

> 
> 
I 

en 
I 

~ j 
tSJ 
00 
00 

Quanti ty 

n 

I-
Zx^ 

(Z«)^n 

X 

s 

Source 
of 

V a r i a n c e 

Be tween 
Groups 

Within 
Groups 

Ca lcu la t ions for E l e m e n t Leng th 

M e a s u r e m e n t 
E r r o r 

61 

6 8 

148 

75.8 

1.12 

1.10 

P - T y p e 
E l e m e n t s 

127 

148 

3 4 4 

172.5 

1.17 

1.17 

N - T y p e 
E l e m e n t s 

76 

92 

174 

111.4 

1.21 

0.91 

Summat ions 

2 6 4 

308 

666 = A 

359.7 = B 

359.3 = C 

Ana lys i s of V a r i a n c e for E l e m e n t Length 

Sums 
of 

S q u a r e s 

0 .4 

306.3 

D e g r e e s 
of 

F r e e d o m 

2 

2 6 1 

M e a n 
S q u a r e s 

0.2 

1.17 

Var iance 
Ratio 

F = 0.17 

FQ_g.^3(2,26l) = 4 . 6 1 

Calcula t ions for E l e m e n t P 

M e a s u r e m e n t 
E r r o r 

65 

53 

-^7 

43.2 

0.81 

0.72 

P - T y p e 
E lemen t s 

124 

106 

224 

90.6 

0.85 

1.04 

N-Type 
E l emen t s 

86 

73 

131 

62.0 

1.18 

0.90 

a r a l l e l i s m 

Summat ions 

2 7 5 

232 

432 = A 

195,8 «= B 

195.7 = C 

Analys i s of Var iance for E l emen t P a r a l l e l i s m 

Sums 
of 

Squares 

0.1 

236.2 

Degrees 
of 

F r e e d o m 

2 

272 

Mean 
Squares 

0.05 

0.87 

V a r i a n c e 
Ratio 

F ^ 0.06 

Fo.975 (2,272) = 4.61 



w e r e to s u p p o r t t h e m s e l v e s and the ind iv idua l r a d i a t o r s . Such a d e s i g n would 

be f ea s ib l e for m a t e r i a l hav ing good s t r u c t u r a l p r o p e r t i e s , but w a s soon p r o v e d 

i m p r a c t i c a l for l e a d t e l l u r i d e . 

The r e f e r e n c e d e s i g n to which m o s t of the e l e m e n t s on the p r o g r a m w e r e 

f a b r i c a t e d p r o v i d e d for e a c h e l e m e n t to be he ld in c o m p r e s s i o n by m e a n s of a 

B e l l e v i l l e w a s h e r b a c k e d up by a nut on a s tud which p a s s e d t h r o u g h the e l e m e n t 

and w a s b r a z e d to the NaK t u b e . T h i s d e s i g n e l i m i n a t e d the u n d e s i r a b l e f e a t u r e 

of the t e n s i l e load ing on the e l e m e n t s but n e c e s s i t a t e d the add i t i ona l o p e r a t i o n of 

d r i l l i n g the ho le t h r o u g h e a c h e l e m e n t . E x p e r i e n c e had shown tha t e a c h o p e r a ­

t ion p e r f o r m e d on an e l e m e n t , e s p e c i a l l y of the P - t y p e , i n c r e a s e d t h e e l e c t r i c a l 

r e s i s t a n c e of the e l e m e n t . In add i t ion to the i n c r e a s e in r e s i s t a n c e , the o p e r a ­

t ion i t s e l f w a s c o s t l y and t ime c o n s u m i n g . 

2 
The T m o d i f i c a t i o n ( T e e t e r - T o t t e r ) w a s d e s i g n e d to u t i l i z e a s i m i l a r s tud 

a s a s u p p o r t i n g m e m b e r . The s tud w a s p l a c e d b e t w e e n the e l e m e n t s and s u p ­

p o r t e d t h e m in p a i r s . A flat s p r i n g b r i d g e a c r o s s a p a i r of e l e m e n t s w a s he ld 

in c o m p r e s s i o n by a nut s c r e w e d onto the s tud . In o r d e r to k e e p the weigh t of 

the a s s e m b l y a t a m i n i m u m , the r a d i a t o r w a s l o c a t e d off c e n t e r of the e l e m e n t s 

so the e l e m e n t s could be c l o s e t o g e t h e r . T h i s f e a t u r e r a i s e d q u e s t i o n s a s to 

w h e t h e r the a d v a n t a g e s of t h e s e c o n d m o d i f i c a t i o n ou twe ighed i t s d i s a d v a n t a g e s . 

An i n v e s t i g a t i o n w a s p e r f o r m e d to d e t e r m i n e if t h e r e w a s a p e r m a n e n t a d v e r s e 

effect of the m a c h i n i n g on e l e m e n t r e s i s t a n c e . 
g 

The da t a c o l l e c t e d did not r e p r e s e n t a c o n t r o l l e d s t a t i s t i c a l e x p e r i m e n t 

but did r e p r e s e n t a l l a p p l i c a b l e da t a a v a i l a b l e a t the t i m e the a n a l y s i s w a s p e r ­

f o r m e d . The d a t a w^ere f r o m a l l the m a c h i n e d and n o n m a c h i n e d e n c a p s u l a t e d 

e l e m e n t s that w e r e p r o c e s s e d d u r i n g the s a m e p e r i o d of t i m e . The c o m p a r i s o n 

w a s m a d e a f t e r e n c a p s u l a t i o n , r a t h e r than b e f o r e , to e l i m i n a t e the p o s s i b i l i t y 

tha t d i f f e r e n c e s due to m a c h i n i n g w e r e t r a n s i e n t . P r e v i o u s e x p e r i e n c e ind ica t ed 

tha t s u b s e q u e n t p r o c e s s i n g could change the r e s u l t s of s u c h a n a l y s e s . The r e ­

su l t s app l i ed to f in i shed e l e m e n t s as e n c a p s u l a t i o n w a s the f inal p r o c e s s for e l e -
g 

m e n t p r o d u c t i o n . C a l c u l a t i o n s f rom the d a t a a r e p r e s e n t e d in T a b l e VI. 

The h igh v a l u e s of the v a r i a n c e r a t i o show tha t m a c h i n i n g c a u s e s a t r e m e n ­

dous ly s ign i f ican t effect on the r e s i s t a n c e of both N - and P - t y p e e l e m e n t s . The 

d i f f e r ence i s e s p e c i a l l y obvious for P - t y p e e l e m e n t s wi th a v e r a g e r e s i s t a n c e 

v a l u e s of 415 and 319 / ^ - o h m s for d r i l l e d and u n d r i l l e d e l e m e n t s , r e s p e c t i v e l y . 
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TABLE VI 

EVALUATION OF THE EFFECT OF MACHINING ON THE ELECTRICAL 
RESISTANCE OF THERMOELECTRIC ELEMENTS 

Quanti ty 

n 

Z-

X 

8 

Calcu la t ions for N - T y p e E l e m e n t s 

Dr i l l ed 

120 

20,064 

3,482,886 

3,354,701 

167 

33 

Not Dr i l l ed 

96 

13,156 

1,843,408 

1,802,920 

137 

21 

Summat ions 

216 

33,220 

5,326,294 = A 

5,157,621 = B 

5,109,112 = C 

Calcula t ions for P -Type E lemen t s 

Dr i l led 

116 

48,132 

20,336,096 

19,971,461 

415 

56 

Not Dri l led 

55 

17,572 

5,654,420 

5,614,094 

319 

27 

Summat ions 

171 

65,704 

25,990,516 = A 

25,585,555 = B 

25,245,705 = C 

Source 
of 

Va r i ance 

Be tween 
Groups 

Within 
Groups 

Ana lys i s of Var i ance for N-Type E l emen t s 

Sums 
of 

Squa re s 

48,508 

168,673 

D e g r e e s 
of 

F r e e d o m 

1 

214 

Mean 
Squa re s 

48,508 

708 

Var iance 
Ratio 

F = 62 

^0 .975 <^' 2^^) = 5-° 

Analys is of Var iance for P - T y p e E l emen t s 

Sums 
of 

Squares 

339,850 

404,961 

D e g r e e s 
of 

F r e e d o m 

1 

169 

Mean 
Squares 

339,850 

2,396 

Var iance 
Ratio 

F = 141 

^0 .975 ^^' ^^^^ " ^-^ 



The difference is significant but not so obvious for N-type e lements . These r e ­

sults confirm all previous experience which indicated that any operation p e r ­

formed on an element tends to inc rease the res i s t ance of the e lement . Another 

interes t ing resul t which confirmed previous experience was that not only were 

the average res i s tance values higher but the spread of the data as measu red by 

s tandard deviation was also g rea t e r for the elements which were dr i l led . Al-
2 

though this analysis showed that the T design offered a significant advantage in 

regard to overal l module r e s i s t ance , the design could not be exclusively adopted 

because of other cons idera t ions . However, the analyses showed that a module 
2 

of the T design could be expected to have a lower r e s i s t ance . 
E. THE E F F E C T OF POSITION IN THE HOT PRESS DIE ON 

ELEMENT RESISTANCE AND DIMENSIONS 

The f irst p rocess for the production of the rmoe lec t r i c elements is hot p r e s s 

ing. The operat ion consis ts of heating the e lements and contacts in a die with­

in a furnace held at high t empera tu r e . To speed up production dies were made 

containing three cavities each of which held four e lements . Thus, twelve e le ­

ments could be hot p re s sed in a single run. 

With such a p r o c e s s , severa l questions a rose regarding uniformity of hot 

p ress ing conditions for each element . Differences in element or steel contact 

cap length could cause differences in applied p r e s s u r e in the three cavi t ies . 

It is l ikely that a longitudinal t empera tu re gradient existed which could cause 

elements in the same cavity to be processed at different t e m p e r a t u r e s . The die 

is single acting, emphasizing the friction effects which cause a difference in 

p r e s s u r e on each element within a given cavity. 

Differences in p r e s s u r e between cavities w^ere believed to be negligible 

because the the rmoe lec t r i c ma te r i a l is quite plast ic a thot p ress ing t e m p e r a t u r e . 

However, it is likely that differences within a cavity did exist and with the ap­

paratus then in use this condition could not easi ly be co r rec ted . An analysis 

was conducted to determine if differences were significant and were sufficiently 

great to war ran t a change in the hot press ing technique. 

An analysis performed in the ear ly stages of the p rogram had shown that 

differences in e lec t r ica l res i s tance of the elements due to position of the e l e ­

ments in the die for hot press ing were significant. Highest res i s tance values 

were observed for e lements p rocessed in position 4 at the bottom of the die with 

NAA-SR-7288 
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s u c c e s s i v e l y l o w e r v a l u e s for e l e m e n t s p r o c e s s e d in p o s i t i o n s 3, 2, and 1 at 

the top of the d i e . H o w e v e r , the d i f f e r e n c e s w e r e not suf f ic ient ly g r e a t to w a r ­

r a n t a change in hot p r e s s i n g t echn ique at t ha t t inne. 

A g r e a t dea l of i m p r o v e m e n t in p r o c e s s c o n t r o l w^as a c h i e v e d as the p r o ­

g r a m cont inued w^ith an a t t endan t r e d u c t i o n in the v a r i a t i o n in e l e m e n t r e s i s t a n c e . 

The a v e r a g e r e s i s t a n c e va lue of the hot p r e s s e d e l e m e n t s w^as p r o g r e s s i v e l y r e ­

duced a s a r e s u l t of i m p r o v e m e n t in t e c h n i q u e s . In o r d e r to d e t e r m i n e w h e t h e r 

a change in hot p r e s s i n g t e c h n i q u e w^as w^arranted a f t e r adop t ion of the i m p r o v e d 

m e t h o d s , an a n a l y s i s w a s p e r f o r m e d to a s c e r t a i n if the d i f f e r e n c e s in e l e m e n t 

r e s i s t a n c e due to die pos i t i on s t i l l e x i s t e d and the m a g n i t u d e of the r e s i s t a n c e 

d i f f e r e n c e s w^as e v a l u a t e d . 

The a n a l y s i s of e l e m e n t r e s i s t a n c e w a s b a s e d on an e x t e n s i v e g r o u p of da t a 

c o n s i s t i n g of a l l r e f e r e n c e p r o d u c t i o n f rom ten c o n s e c u t i v e days for P - t y p e e l e ­

m e n t s and irom f o u r t e e n c o n s e c u t i v e days for N - t y p e e l e m e n t s . M o r e da t a w e r e 

a v a i l a b l e but t h e i r add i t ion would have had but l i t t l e effect on the c o n c l u s i o n s . 

The d a t a w e r e s c r e e n e d to e l i m i n a t e obv ious ly a b n o r m a l v a l u e s wh ich would 

tend to o b s c u r e the r e s u l t s and only da t a f rom connplete hot p r e s s g r o u p s of 

twe lve e l e m e n t s w e r e i nc luded to m i n i m i z e b i a s . C a l c u l a t i o n s b a s e d on the 
g 

da t a a r e p r e s e n t e d in T a b l e VII. 

The v a r i a n c e r a t i o s show tha t the pos i t i on of the e l e m e n t s in the hot p r e s s 

die w a s r e s p o n s i b l e for c o n s i d e r a b l e v a r i a t i o n in e l e c t r i c a l r e s i s t a n c e of the 

g 

e l e m e n t s . The F - t e s t exp l a ined in Sec t ion II, when app l ied to the da t a , v e r i ­

fied tha t die pos i t i on had a s u b s t a n t i a l effect on e l e c t r i c a l r e s i s t a n c e of the e l e ­

m e n t s but fa i led to show the s ign i f i cance of any pos i t i on in r e l a t i o n to the o t h e r 

p o s i t i o n s . F u r t h e r a n a l y s i s of the da t a w a s m a d e to d e t e r m i n e the p a t t e r n of 

s ign i f i cance of die p o s i t i o n . C a l c u l a t i o n of the e s t i m a t e of the c o n t r a s t , H, and 

the p r o b a b i l i t y l i m i t s of H, STT 2 ^ ( K - 1 ) F (f,, fT), w^as n e c e s s a r y to d e t e r ­

m i n e w h e t h e r the c o n t r a s t w^as s ign i f ican t o r no t . If the l i m i t s i nc luded z e r o , 

the c o n t r a s t w a s not c o n s i d e r e d s ign i f i can t . The r e s u l t s of t h e s e c a l c u l a t i o n s 

a r e p r e s e n t e d in T a b l e VIII. 

The c o n c l u s i o n s d r a w n f r o m the c a l c u l a t i o n s w^ere tha t for P - t y p e e l e m e n t s 

p o s i t i o n s 1 and 4 w e r e e q u i v a l e n t , p o s i t i o n s 2 and 3 w e r e equ iva l en t , and p o s i ­

t ions 1 and 4 w e r e s ign i f i can t ly d i f fe ren t f r om p o s i t i o n s 2 and 3, and for N - t y p e 

e l e m e n t s p o s i t i o n s 1, 2, and 3 w e r e equ iva l en t but s ign i f i can t ly d i f fe ren t f r om 
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TABLE VII 

EVALUATION OF THE EFFECT OF HOT PRESS DIE POSITION ON THE 
ELECTRICAL RESISTANCE OF THERMOELECTRIC ELEMENTS 

Quantity 

n 

I-
Zx^ 

(z-)'/-
X 

8 

Calcu la t ions for P - T y p e E l e m e n t s 

Pos i t ion 1 

135 

47,735 

17,319,365 

16,878,742 

354 

57.3 

Pos i t ion 2 

135 

45,686 

15,596,040 

15,460,819 

338 

41.7 

Pos i t ion 3 

135 

45,726 

15,680,322 

15,487,904 

339 

37.9 

Pos i t ion 4 

134 

48,255 

17,656,645 

17,248,482 

357 

55.2 

Summat ions 

540 

187,402 

66,352,372 = A 

65,075,947 = B 

65,036,129 = C 

Calcu la t ions for N-Type E lement s 

Pos i t ion 1 

66 

8,565 

1,123,319 

1,111,503 

130 

13.5 

Pos i t ion 2 

66 

8,625 

1,136,349 

1,127,131 

131 

11.9 

Pos i t ion 3 

66 

9,016 

1,248,742 

1,231,640 

137 

16.2 

Pos i t ion 4 

66 

10,470 

1,679,376 

1,660,923 

159 

16.8 

Summat ions 

264 

36,676 

5,187,786 = A 

5,131,197 = B 

5,095,186 = C 

Source 
of 

V a r i a n c e 

Between 
Groups 

Within 
Groups 

Ana lys i s of Var iance for P - T y p e E l e m e n t s 

Sums 
of 

Squa re s 

39,818 

1,276,425 

D e g r e e s 
of 

F r e e d o m 

3 

536 

Mean 
Squa re s 

13,273 

2,381 

Var i ance 
Rat io 

F = 5.57 

FQ^^^(3, 536)= 3.12 

Ana lys i s of Var iance for N-Type E lemen t s 

Sumis 
of 

Squa re s 

36,011 

56,589 

D e g r e e s 
of 

F r e e d o m 

3 

260 

Mean 
Squares 

12,004 

217.6 

Var iance 
Ratio 

F = 55 

F Q 975(3, 260) = 3.12 
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T A B L E VIII 

EVALUATION O F T H E SIGNIFICANCE O F HOT P R E S S 
DIE POSITION ON THE E L E C T R I C A L RESISTANCE 

O F T H E R M O E L E C T R I C E L E M E N T S 

P o p u l a t i o n 
C o n t r a s t 

1 vs 2, 3, & 4 

2 vs 1, 3, & 4 

3 vs 1, 2, & 4 

4 vs 1, 2, & 3 

1 vs 2 & 3 

1 vs 3 & 4 

1 vs 2 & 4 

2 vs 1 & 3 

2 vs 1 & 4 

2 vs 3 & 4 

3 vs 1 & 2 

3 vs 1 & 4 

3 vs 2 & $ 

4 vs 1 & 2 

4 vs 1 & 3 

4 vs 2 & 3 

1 vs 2 

1 vs 3 

1 vs 4 

2 vs 3 

2 vs 4 

3 vs 4 

1 & 2 vs 3 & 4 

1 & 3 vs 2 & 4 

1 & 4 vs 2 & 3 

Cc 

S 
- 3 

1 

1 

1 

- 2 

- 2 

- 2 

1 

1 

0 

1 

1 

1 

1 

1 

0 

- 1 

- 1 

- 1 

0 

0 

0 

- 1 

- 1 

1 

efficien 

^ 

1 

- 3 

1 

1 

1 

0 

1 

-2 

- 2 

-2 

1 

0 

0 

1 

0 

1 

1 

0 

0 

- 1 

- 1 

0 

- 1 

1 

- 1 

s 
1 

1 

- 3 

1 

1 

1 

0 

1 

0 

1 

- 2 

- 2 

-2 

0 

0 

- 1 

- 1 

- 1 

t s 

^4 

1 

1 

1 

- 3 

0 

1 

1 

0 

1 

1 

0 

1 

1 

- 2 

- 2 

-2 

0 

0 

1 

0 

1 

1 

1 

1 

1 

E l e m e n t s 
P - T y p e 

H 

- 2 8 

36 

32 

-40 

- 3 1 

-12 

- 1 3 

19 

35 

20 

14 

33 

17 

-19 

- 1 8 

-37 

-16 

-15 

3 

1 

19 

18 

4 

2 

34 

L i m i t s 

± 4 4 . 4 

± 4 4 . 4 

± 4 4 . 4 

± 4 4 . 4 

± 3 1 . 4 

± 3 1 . 4 

± 3 1 . 4 

± 3 1 . 4 

± 3 1 . 4 

± 3 1 . 4 

± 3 1 . 4 

± 3 1 . 4 

± 3 1 . 4 

± 3 1 . 4 

± 3 1 . 4 

± 3 1 . 4 

± 1 8 . 1 

± 18.1 

± 1 8 . 1 

± 1 8 . 1 

± 1 8 . 1 

± 1 8 . 1 

± 2 5 . 6 

± 2 5 . 6 

± 2 5 . 6 

Signi f icant 

No 

No 

No 

No 

No 

No 

No 

No 

Yes 

No 

No 

Yes 

No 

No 

No 

Y e s 

No 

No 

No 

No 

Y e s 

No 

No 

No 

Yes 

N - T y p e 

H 

37 

33 

9 

79 

8 

30 

36 

5 

27 

34 

- 1 3 

15 

16 

-57 

- 5 0 

- 5 1 

- 1 

- 7 

-29 

- 6 

- 2 8 

- 2 2 

N 
Calc 

L i m i t s 

± 1 9 . 1 

± 1 9 . 1 

± 1 9 . 1 

± 1 9 . 1 

± 1 3 . 5 

± 1 3 . 5 

± 1 3 . 5 

± 1 3 . 5 

± 1 3 . 5 

± 1 3 . 5 

± 1 3 . 5 

± 1 3 . 5 

± 1 3 . 5 

± 1 3 . 5 

± 1 3 . 5 

± 1 3 . 5 

± 7.8 

± 7.8 

± 7.8 

± 7.8 

± 7.8 

± 7.8 

ot 
; u l a t ed 

Not 
C a l c u l a t e d 1 

Not 
C a l c u l a t e d 

S ign i f ican t 

Yes 

Yes 

No 

Yes 

No 

Y e s 

Yes 

No 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

Y e s 

No 

No 

Y e s 

No 

Y e s 

Yes 

-

-

-
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position 4. The differences, although apparent, were not overly l a rge . The 

average res i s t ance of P-type elements p r e s s e d in positions 1 and 4 w^as ^^5% 

higher than that of e lements p r e s sed in posit ions 2 and 3 and the average r e s i s t ­

ance of N-type e lements p re s sed in position 4 was '^15% higher than that of e l e ­

ments p re s sed in the other posi t ions . The decision to continue the p rocess with­

out change was made because of the difficulty of changing the procedure and the 

relat ive insignificance of the differences in res i s t ance caused by the established 

method. 

The analysis of the effect of position of the elements in the hot p r e s s die on 

elennent length w^as based on all dimensional data for hot p r e s sed elements avai l ­

able at the t ime . These measu remen t s were taken as par t of the s tandard s e r i e s 

of quality control measu remen t s on reference elements ea r ly in the progrann but 

were discontinued when found to be essent ia l ly a duplication of the measu remen t s 
g 

taken after subsequent p rocess ing . Calculations based on the data a re presented 
in Table IX. 

The var iance ra t ios show that the effect of position of the elements in the hot 

p r e s s die was not significant for element length, and consequently, the analysis did 

not influence the decision to continue using the establ ished process ing techniques. 

F . THE E F F E C T OF CONTACT VAPOR COATING ON THE ELECTRICAL 
RESISTANCE OF P - T Y P E ELEMENTS 

Many different means for contacting lead te l lur ide e lements were inves t i ­

gated in the initial s tages of the p roces s development effort. Precoat ing the 

contacts with lead te l lur ide before hot p ress ing the contacts to the pellets helped 

to produce e lements w^ith low res i s t ance . The theory was to minimize e lec t r ica l 

r es i s t ance between the contact and the the rmoelec t r i c ma te r i a l by bonding lead 

tel lur ide to the existing lead te l lur ide on the contacts . The coating p rocess was 

set up as a reference p rocess step when la rge scale production of e lements was 

s ta r ted . The contacts were cleaned, placed under an iner t fluid to inhibit oxida­

tion, dr ied, and then coated with lead tel lur ide by vapor deposition p r io r to hot 

p re s s ing . 

The utili ty of the vapor deposition step was questioned as the improved 

production p r o c e s s e s resul ted in the production of elements of p rogress ive ly 

lower r e s i s t ance . A few isolated cases of uncoated elements with low r e s i s t ­

ance seemed to indicate that the step w^as unnecessa ry and seven hot p r e s s runs 
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TABLE IX 

EVALUATION OF THE EFFECT OF HOT PRESS DIE POSITION 
ON THE LENGTH OF THERMOELECTRIC ELEMENTS 

t 
^ 23 

I 

tv 
00 
00 

Quantity 

n 

z-
Zx̂  

(ZfM 
X 

s 

Calcula t ions for P - T y p e Elements 

Pos i t ion 1 

25 

5,150.5 

1,061,283.8 

1,061,106.0 

206.0 

2 .7 

Source 
of 

Var iance 

Between 
Groups 

Within 
Groups 

Pos i t ion 2 

25 

5,143.0 

1,058,170.5 

1,058,018.0 

205.7 

2 .5 

Pos i t ion 3 

25 

5,148.5 

1,060,347.8 

1,060,282.1 

205.9 

1.6 

Pos i t ion 4 

25 

5,118.5 

1,048,110.8 

1,047,961.7 

204.7 

2 .5 

Summations 

100 

20,560.5 

4,227,913 = A 

4,227,368 = B 

4,227,342 = C 

Analys is of Var iance for P - T y p e Elements 

Sums 
of 

Squares 

26.0 

545.0 

D e g r e e s 
of 

F r e e d o m 

3 

96 

Mean 
Squares 

8.7 

5.7 

Variance 
Ratio 

F = 1.53 

^0.975 (3' 96) = 3.3 

Calculat ions for N-Type E lements 

Posi t ion 1 

18 

3,750.5 

701,577.2 

781,458.4 

208.4 

2.6 

Posi t ion 2 

18 

3,734.5 

774,922.2 

774,805.0 

207.5 

2.6 

Posi t ion 3 

18 

3,732.0 

773,927.5 

773,768.0 

207.3 

3.1 

Pos i t ion 4 

18 

3,700.5 

760,761.1 

760,761.1 

205.6 

3.0 

Summat ions 

72 

14,915.5 

3,091,336.2 = A 

3,090,792.5 = B 

3,090,719.5 = C 

Analysis of Var iance for N-Type E lements 

Sums 
of 

Squares 

73.0 

543.7 

Degrees 
of 

F r e e d o m 

3 

68 

Mean 
Squares 

24.3 

8.0 

Variance 
Ratio 

F = 3.04 

^0 .975 <3, 68) = 3.32 



were made with uncoated contacts to prove or disprove the validity of the vapor 

deposition p rocess s tep. Four of the runs were made with elements from one 

batch of lead te l lur ide and three runs were made w îth elements from another 

batch. The s ta t i s t ica l analysis of the resu l t s was based on the difference in 

element r e s i s t ance between these runs and reference runs made with vapor 

deposited contacts from the same ba tches . Analysis of var iance showed no 

significant difference between any of the coated or uncoated groups , from either 

of the two batches of the rmoe lec t r i c ma te r i a l , i . e . , no significant beneficial 

effect due to the vapor coating p rocess step was found. This analysis substan­

tiated the previous isolated cases in which uncoated contacts yielded res i s tance 

values equivalent to those of the coated contacts . 

The conclusion w^as qualified somewhat by the conditions under which the 

data were obtained. No reference runs could be made for comparison purposes 

at the t ime the hot p r e s s runs were made because vapor deposited contacts were 

not avai lable. Consequently, the comparison was made with reference runs 

made at different t i m e s . The possibi l i ty existed that the data were not t ruly 

representa t ive of the p rocess step being studied since there could have been 

differences betw^een hot p r e s s runs . Such var ia t ions would more likely tend to 

indicate differences -where none existed but they could also obscure differences 

w^hich did actually exis t . 

A s ta t is t ical ly designed exper iment was set up to obtain a rel iable resu l t 

with which to back up the decision to el iminate the vapor deposition p r o c e s s 

s tep . The production of e lements for this tes t during one day which consis ted 

of 4 runs in each of 3 hot p r e s s e s was analyzed. Each cavity of the t h r e e -

cavity dies was loaded with 4 e lements for a total of 12 e lements per run and a 

total of 144 e lements for the exper iment . Half of the contacts in each loading 
g 

were coated and the remaining half were uncoated. The a r rangement of the 
two types of contacts in the dies was var ied from run to run so that the s ame 

number of each type was p r e s s e d in each of the four die posi t ions . The effects 

of the unwanted var iab les such as t ime, position in the hot p r e s s die, and hot 

p r e s s run were el iminated by these methods, and any differences would exhibit 

equal effect on elements with both types of contacts . 

Analyses were done after hot p ress ing and after machining to determine if 

the resu l t s were dependent upon subsequent p rocess ing . Analyses would have 
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b e e n p e r f o r m e d on the e l e m e n t s -when e n c a p s u l a t e d but t h e r e w^as insuf f ic ien t 

t i m e to ob ta in the da t a b e f o r e the p r o g r a m w a s c l o s e d . C a l c u l a t i o n s b a s e d on 
g 

the da t a a r e con ta ined in T a b l e X. 

The v a r i a n c e r a t i o s show in a l l c a s e s tha t v a p o r coa t ing of c o n t a c t s p r o d u c e s 

no b e n e f i c i a l effect on e l e m e n t r e s i s t a n c e . The d e c i s i o n to e l i m i n a t e the v a p o r 

d e p o s i t i o n p r o c e s s s t e p w a s v a l i d a t e d by the a n a l y s i s . 
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T A B L E X 

EVALUATION O F T H E E F F E C T O F C O A T E D C O N T A C T S ON THE 
E L E C T R I C A L R E S I S T A N C E OF P - T Y P E E L E M E N T S 

I 

en 

I 

to 
00 
00 

Quantity 

Calculations After Hot Press ing 

Coated Not Coated Summations 

Calculations After Machining 

Coated Not Coated Summations 

n 

z-
ẑ ^ 
(Z-)'/n 

x 

s 

72 

23,098 

7,481,198 

7,409,967 

321 

31 

71 

22,262 

7,077,312 

6,980,234 

314 

32 

143 

45,360 

14,558,510 

14,390,201 

14,388,319 = C 

72 

29,057 

11,868,985 

11,726,517 

4 0 4 

45 

71 

28,251 

11,414,765 

11,241,113 

398 

50 

143 

57,308 

23,283,750 = A 

22,967,630 = B 

22,966,481 = C 

Source 
of 

Var iance 

Between 
Groups 

Within 
Groups 

Ana lys i s of Var iance After Hot P r e s s i n g 

Sums 
of 

Squares 

1,882 

168,309 

D e g r e e s 
of 

F r e e d o m 

1 

141 

Mean 
Squares 

1882 

1194 

Var i ance 
Rat io 

F = 1.58 

^0 .975^^ ' 1 4 1 ) . 5.0 

Ana lys i s of Var iance After Machining 

Sums 
of 

Squares 

1,149 

316,120 

D e g r e e s 
of 

F r e e d o m 

1 

141 

Mean 
Squares 

1,149 

2,242 

Var iance 
Ratio 

F = 0.51 

^0.975<^' ^^^> = ^'^ 



IV. SUMMARY AND CONCLUSIONS 

Individual conclusions for the various s ta t i s t ica l analyses have been p rev i ­

ously outlined. Some genera l r esu l t s of the analytical w^ork a r e : 

1) Beneficial or de t r imenta l effects of p r o c e s s e s were de termined. 

2) Some p r o c e s s steps were show^n to be unnecessa ry and their e l imina­

tion was confirmed s ta t i s t ica l ly . 

3) Relative importance of var iables was es tabl ished. 

4) Large numbers of measu remen t s v/ere shown to be superfluous and 

their reduction was justified s ta t is t ica l ly . 

Some of these questions were completely bur ied in the m a s s of data obtained 

during the p r o g r a m . Use of s ta t i s t ica l techniques enables the separa t ion of the 

impor tant from the unimportant and the determinat ion of those i tems which were 

significant. In some cases analyses were run to substantiate engineering judg­

ment w^hich had to be exe rc i sed many t imes without detailed analysis because of 

schedule demands . 
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