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.A study was chdu@ted to investigate t e re'a\sons- 'fdi' cl:na;iggs inm
t-l_le' eff_ective serieé resi'si:ance of élux;xihi'z ed capacitors ~wit:htim'e;
“The elémelnts -_of .a qua'rte'rnary alloy, =zinc, tih,/eadm:ium and 1ndtun
| ,Were chdsen for the .'Study. Each elemeht va s debosited ontd.. -_'15002\-,.:_ |

aluminum films by vacuum. evaporation. Zinc produced a decre=ase in
-resistance upon depo'sfi'tion‘and a subsequent ~increase during amelimg.

'Tin had no-effect on resistance upon depOSi‘fion, but produce=d a de—

| ;cr.e.gse in eq.rly stafgé_s_ of annea 1ing. | 'Cadmilim aild indi'um.' dick not ‘af:f_éct
- the &film resi stan.c;e‘ significant 1y, Th’e mag mitude _6:f resistame nce chaznges - o
'//ﬁks’ 'distinctly 'dependent,on the equilibrium\ sta,_fé (annealed dr '.
maﬁnegled) of the alﬁminum .films. Th.e pola'xl'ity of dc cﬁflrentrfibw i_ng
- thi‘dugh the spec_imens; during énﬁéaling héd no .éppréciafblle eE {gct or:; -“ tixe' -\

' resistance behavior, ‘ | - -

.
et
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L T TIPS R o N e B

re TR P ~ INTRODUCTION

S ,  Aluminized Mylar capacitors termlnated with va rious alloys have

o

re sistance) dur-—

'temperatu-re' (8600) ‘and humidity (95%) test

.' exhibited distinctive changes - in ESR (effectlve series
ing 2 1000 hoyr‘ constant

with charge voltage- applied, One group of capacitors terminated with

Zamak,v an alloy of high zinc cont ent, revealed a sharp initial increase

- followed by a gradual decrease A second group terminated with Babbit

an alloy of high tin content,

produced a dlStlnCt decraase followed be

J

a shallow 1ncrea-se .

t

* The third group, termlnated W1th Shinkalloy, an .

k.

a lloy of .z:i.nc,v tin, cadm1u1_~1_1,_~ and indium, exhibited aa contlnuous 1ncrease

: 11; 15 the purpose of this ‘paper to study in greater deta1l the

effects of a termination alloy and its 1nd1v1dua1 Compnennts on the

resistance behavior of aluminum thin fi lms. Since Shlnkal 1oy contains

some of the primary elements o:f the. other alloys of intere'st, it was

:ohosen for the termi_natio‘n_ studies.

e

=

AR S A i+ s Y st v o s R




PRELIMINARY INVESTIGATION

Under t he same test conditions described above, except for a dry.

atmo sphere to eliminate %py galvanic act ion, <the reSi'stance of Sh inkal 1oy
terminated capa.cltors and. fuses behaved simifarly but with some d:ls-tlnct

deviations, °Theresistance versus time plots of recorded data are shown

in Figures 1 and 2 for the capacitors and fuses, respectlve 1y, 'ﬁhe .'
deviatlons observed were as follows
1. The resistance of units with greater as terminated value s

. “

decreased after 220 hours

. 2, The rate of 1ncrease wa s generally no re rap1d for wunits™

vith larger initial values N s

3. .The resistance of un1ts W1th low in}t ial values d1d not

change apprec1ab11y after 220 hours < d

The flat wound test un1ts were made from 162 turns of aluminized

Mylar Termlnation alloy was applied to each: end W1th a pot spray and
N

leads attached thereto All un1ts were encased to prevent damage :l:‘rom

.E(-"

" handl ing.

Two conclusions were made in 'l-ight of fhe 'resulting'data

One,

since these un:tts were tested .1n a dry atmosphe re, the observed resis-
tance behavmr wasvdue to phenomena other “than galvanlc actlon And
two diffusion of the termlnatlon alloying elements into the alumlnum

film was. not a l1kely factor in the behavior benause of the low

e
ala L
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. e
EXPERIMENTAL DESIGN . -

T initiate the in-veétigatibn into the respective ESR and

reéis‘pance beha vior dur;ng te‘mpéraiture te‘sﬁt: of a luminum thin f ilm - "
Mylaf c:apacit'drs and fuses terminated with .Shi'nl-{allo‘y , ah “eipe rimentv
was désignéd with the following ob jectivess
.Tc_: determine |
] e The ‘effept each termination al.loying element hé.s on the.'
resistance of fhin a‘lum‘i“nun‘\ films during a; anne.al-.
2 If the equilibrium state of the films (annee;led or
unannea.le;d) hé.s ari}'r"effec.t on the resistance Jbehavio-x; .
3 — And if the polarify of dc cufrent flowing through the

4 ™

f11m during _the_"an_'neal contributes to temination

resistance effects. .
- M ' s :
A
§ . S
| G
_ P B
— \ _\ ‘ .
_ . N . .
. - - 0 ) ‘ C . ) ,‘
S y i . ~:4/«, - Sty i, Sad e
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% EXPIRIMENTAL PROCEDURE

/ QPP

Y Tern aluminum thin £4 1m strips ;1750" x 1,9375" approximately
g, | | | ‘ * o | : N .

o | . . o
1500 A thick were.- simltameously deposited by vacuum evaporation on

]

ten 2" xx 3

e

, 1,27 .mm'thick glabss n'licr'o’scop'e. slides Qf which n'ine-ewere -
pfeguf 4:i__nt<l) 3" x 2" segments, The x}on-ségmenfed substrate was :
utilizea fpr t-l;igkness measuremen{:s. Elec’trical leads. in the form 6f

.035" di ameter high puri_t.y aluminum wire wer; attached to the.»ends of
" .'_,.all. fema.inig}g fi‘lm strlps by qltrasonic,, resistance heated weld.‘:;j.. V'I,‘his |
Atype of bon.d"was c":holsen”-because‘ ;f'its anailpontact resistaﬁce and
eliminat ion of a terminat don strip. . Fig, '3 shows the preparatipﬁn
sequénc‘e from glass subst_rate to terminated st_rJ;,ps./ $ee,Appendix I . .
‘fgr ‘equi pment a/}d detailed"pr?ce(!ures used in theséy p,reparafj;.ons.

U' 7

Fol lowing terminatiomn the resistance of gach spec imen \&és
" measured on a standard Ke 1vin bridge sefﬁp l'pro'vj‘.ding va lues to 10.000
»/]‘internatwi()nall .ohms without in_terpolation;.- TIllese’ énd ,a:l.l subsequent
| measarements we_re; ‘made wi th Zd milliémpgres of '._c:j~uri'ént at 1 volt.
Thgey nine"”"s‘,ub:stra;te‘s we’re 'd‘ivided'z into -groups of three, wdist'xz'i'—
but ing resistance v'ariat'i?n randho'ml-y amo_ﬁg_. ‘eachj._ Also at this poiix_i:t, |

-

-ohe strip fro/r/ri each subst xrate was set asid"ew' for metallographic stugies.

Group 1 was retained as deposited while groups 2 and 3 were annealed |

“in a prepurified niltrogen atmosphere at 105OC for 10 and 35 hours,

14

respectively.‘ On complet ion of anneal and return to room ~temperature,"

‘the resistance of each specimen was again measured:
¢ = 'The elements of the termination alloy, tin, zinc, cadnium and®

ey indium, were applied to the aluminum strips by vacuinn_ ~evaporation, -

e AR s S -
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Figure 3 - Four st ages in the preparation
<Of the @aluminum thin film specimens.
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\

. This method wa s choseﬁ instead bf flame or pot -spraying to eliminate |

- : 0
any annealing of the films during deposition. From 20'00-3()00 A of

one element was evaporated over 3/4' of the aluminum strip at the end’

<

of two segment s, thus utilizing eight segments of eacﬁ-Sub:strate.- See

=

Appendix I for details and deposition parameters. The nin—<&h one was -

left as terminated for a control reference during subsequemnt annea 1ing,

- Following depo s,ition,\;the resistance of each unit was measwared to

establish' refe rencé valges and to 'détect any c‘hang‘e 'result —ing thexrefrom. —'
The speciinens_ were then placed on nine specially desig=zmned plug-
Bbards with each accepting the mine segments of respective substra tes,

< :
The boards and their mated forced-convection oven were elee—trically

y, .
wifed to permit the passage of dc current through each uni- .duriné
anneal, A current of 11 mil_-liamperes at 260 ’vo'lts"xwas prdvided by a
"c'ur‘rent regu],ate_q dc power éupply. v'_T.he a'rr_ang_ement.‘ on cacln 'bo‘a,rd was
such that the current wou~'1d»pass in different direct ions tMarough the
two fspecimens (ﬁo’artie.d with_the éame element, ‘

b

Prepurified nitrogen fed to thf: oven at a rate of 2 cwa, ft./hr,

proVi‘ded a dry annéaling atmosphiere, .Although the oven wa=s prehea ted

/

o | S ¢ ' | "
to the annealing temperature of 86 C, heat loss on loading specimens

required an additional 15 to  30§ minutes for tempe rature st==abilizat ion

‘and nitrogen purge. Voltage was applied at this point and  the tem—

i T R T AT e :

perature maintained within ¥ 1°F throughout the ammeal, T The amea ling

- ‘equipment and electrical circuit s are fully déscribed in Agopendix III.

At int'ex_'vals‘of.iis hours for the first 16 hour"s; specimmens were

removed from the oven, cooled to room temperature and thei=mr resistance.
. ]i’"— : ’ . *

e
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measte. xed on th'e‘Kelvi_n bridge. The inte xval wés_ increa. sed to 8 hours |

. ’ o L
at 16= hours, to 16 at 48 and 40 at 144 umtil t.erminatic%,m of the anneal '

¢

. 'at 2224 hours. | | |

-~

. “Throughout the experiment , no attemgot was made to Prevent oxidé-

tion ©f the spécimehs in order to simla-& e cond 3 tions p xresent during

€

terni mation and testing of aluminized My dar capamcitors =and fusés | *

‘Speci &l precautions were taken to prevént the cc> llectiorl of moisture
which. might p"“romo'te' galva..nic‘ action and ®hus biam s the e=<perimental
résul ts, Thé se precautions-, w;liqh also '_:I_-imited dust cb A lection on tile
‘alumi.:num stfips prior fo d‘epos‘;;irtion' Qf a 1 loying el_e_ménts, were realized
throxi.gh the use of de siCatoi's, a dry coo L ing boze= an( a nitrogen anhealing

atmos pphere, _ | -
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EXPERIMENTAL RESULTS AND DISCUSSION

Deposition

-

The resistance behavior of Specimens upon deposition of the four .

alloy elements was quite varied. Those coated with zinc experiencedg
a distinctive drop in resistance, Whereas those with cadmium suffered,

no significant change., The annealed specimens coated with indium and

" tin underwent no appreciable change but considerable resistance drift

occurred when measuring several of the unannealed-indium.specimens;
The decrease in specimen resistance immediately following deposi-

étion of Z1nc suggested the formation of a parallel resistance by the

| two films, This observation was supported by calculatiOns of zinc |

film resistance from the resistance data. Values from specimen to

specimen were reasonably consistent except for the four that experi- -

enced denosition difficulties (#12 15, 18 and 27), A fifth specimen

could not be measured because of a broken lead Distribution:of.the '

-
’
A3 .
-

-thirteen values considered valid are givenjinvFigure 4, See;Appendix

IV for actual values and method of calculation,

The average value of 11. 619 ohms was cons1derably greater than

1
the value of 5916 calculated from the polycrystalline resistlvity

(5 916 microhm cm) with the equation o o lﬁ S
| R=_P1 (1)
« . A .
. ¢ . u

where p is the bulk resistivity, 1 the iln length and A the cross-""

. 4\.'

sectional area F&lms were- estimated to have an,average thickness of -

. o ' a
- 2500 A, Justifying the use of bulk re51st1vity.2 The»additional

o
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'conduction are located in ihterstitial position;

the dlstrlbutlon of calculated values. |

e - i
, X -
e .. ce v . '
1 3 ' '
r L)
LA . M - X . o
1 -
.

resi stance and conduction path between the £1lms are thought to be the
result of semicon(iuction in the ‘oxide coating of the aluminun st rips,

It is proposed that the semiconduct ive layex was formed as zinc

b

atoms diffused into the oxide to provide conduct i on electrons. Since

evapo rated fl 1ms are generally sma 1l gr&uned3 and contain numero us

4

dislocations, sources' of enhanced di-ffusions'would exist in the oxide,
. . ] .

‘Also , aluminum oxide is considered to be a metal-excess semicon ductor

in which exce ss cations and an equal number of electrons @vallab 1le for

6,7 - .
.consequently- » One

might expect that zinc atoms present in the oxide would s:Lmilarly

prov:_de elect rons for conduction. The possibility of aluminun atoms

diffusion into the oxide to provide conductionwa.s rejected, and— no

—

o\
decrease in spec1men resistance was observed upon deposition of the
other three elements. Some increase in oxide thi ckness was-expected

for spec1men with larger pre- anneals however there was no apparent

reflection of this in’ the combined re51stance of zinc film and ox1de

*layer < It is . possmle that such a dependence cou 1d bhe concealed in

A 3

Annea 1

A Y

S_{inceth'e‘. experiment was designed to .deter,m:i.ne the ef,fects of |

termination alloying elements on the aluminum film resistance, it was

necessary to _extract as completely as po ssible the effects of sel £-

"anneal ing, This was accompliShédi by dividing each recording of spec'i-_ A'
‘men re sistance by the appropriate control value (i.e., (R/Rc)t, where

t 1s the time of anneal when the readings were made) __The resist ance

‘\i‘ ' ‘ . . _ B

Fe
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| mea-suremen,té made at _designated intervals during the 224 hour anneal

- B | and the ratios obtained therefrom are tabulated in Appendix IV. 1'f

n.d

‘ - A plot of R/Rc versus. annealing time was made from the data for -

“each ‘alloying element , * _s,ee»‘F‘i‘gureVS (), (b), (c) ,‘ and (d) E‘or:‘ zinc,
tin, cadmium, and indium, respectively. Values of R/R were averaged‘

o for specimens with the same pre anneal and are given in Table 6. In

e

-4 B ,1 brief the 1ndividua1 resistance behavior was as follows : S

-1, In zinc specimens it 1ncreased w1th annealing time approach- :

ing a. maximum near 48 hours and leveling off beyond that

_ | Lo 2_.' In tin specimens it _decrea'..sed with time to a minimm near z
| ‘. " 8 ho'_urs b.e'com.ing 'q;-uite er*ratic. beyond that point. The | | :
li - | | .,1atter bebevio‘r .. nélieved to be the re_sult'resiStance » | ’

drift 'dur.i.ngi;-measurement . | i
; o ‘ . 3 ;-_ | In cadmiumspeclmens it-u did not change. W1th _time i B

R 8 ‘In.indium_"s:p,e"cimens, except for four isolated cases, it

also did not change with time.

Zinc Specimens | D S

- : \ : ' R Z A
Data from zinc specimens produced smooth curves which increased
2 h N . . | ' 5
non- linearly with anneali"ng-time through 48 hours, Litt le »change
" occurred between this point and anneal terminatlon except for a few 4
- ' Y i S ' - \’
» - large 1nflectlons resultlng from pee11ng of the zinc fllm The films :
% No data was available for #28 because of broken lead and #2 was ‘ .
not" plotted because of severe peel during first four hours of the -
anneal. The data for #18 and #24 were not included because of a |
broken lead at 48 hours and no change in resis¥ince" dﬁrl_ng_ annealing, .
respective ly ' ~ |
‘;;‘ | ' | ' o
J / o J ‘‘‘‘‘
. aq"“f;,éu.ﬁg‘sea‘rw%m~a-h*mm"’" s - p— _\..«._.‘f.,.f.j.J...,;m:ﬂ,.,mW.‘,.f.-af%a.w;mxmﬁmwmﬁmm"Aa'»‘?éi‘ﬁ,z.z;ﬁ;ﬁxm;;ﬂaw&ammmwmﬁm:»mim;»w«mwwm~.-.;‘,.,,.-,..\..-..,H,,.,,A e -
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curled as they peeled from.the end nearest the center of the aluminum

— ’ ™~

strip and on most specimens sheared along each strip edge (see 11 lus-

tration in Figure 6). The curling action appearec‘iv to result from the

relief of a compressive stress in the films at the aluminum strip

*inter.face .

The stress effects and shape of the curves suiggested a possible

relationshi,p/to creep. Recalling that at low températures and low
: A

stresses, fhe strain, e |, is a logarlthmic funiction of annea ling +time

and expressed by the equation

€ = wlog t | | (2)

~ Where a is the 'straight line slope on a seni- logarithmic plot 8 Con-.
sideriqg the :Eact that the resistance of a th:Ln film is a function of

2
its strained state, equation (2) can be written'
R= o' logt +f @
Where; B is the idtereept and'equal-tb R att = 1 and where a' is theA'

- new slo;ie. D1v1d1ng both sides of the equation by Rc‘ and redefining

-constants the equatlon becomes

\~

| R/R.c = A log t +B o | - (4)

fand is in" the desired form . . Sy

"‘"’S‘n‘-\,
R

- —— —— g —
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o Figure €. I lustratiora of zinc film peeli ng |
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The “data for each zinc specimen was plotted on s‘émi-.-lo.g 'paper llin
three gfoups aécording to the equ}ilibrium state of €the aluminum ‘.str.ips
(a; d‘epo(sited , 10 ﬁour and 35hour pre—anne al). The respective .pﬁlot’s
are shown in :'Figure 7 (a), (b)), (o). Becmause the resistance of the
alumipum strips orig:i.nallsr varied between three. and sixvohms, a float—.
ing ordinate was ut’}lized for compact‘ness. Most of the.d'ata boints
| for each specimen had straight line fi€s through 48 hoﬁrs of anneall;
v'howe'ver,' beyond this point R/R;, became .a limear fun'ctiqn of anneajling_;ﬂ__'
time excluding thé deviat ion for-specimens #13, 23, and 17 which
résulted from peeling/. The corresponding R(Rc values fo.rv specimen‘s on
_v',v'each plot were arit-hmetic‘aily é.véraged s corrected to the same{-”valu.e
of .774 at t = 0 and plotjted oﬁ seni-logari thnic péper (see\'Figure 8) .‘ o
A computer régreﬁssion program was -used to ob’cainﬂthe~~ stré.ight 1'in_e fits
through 48 hours for two groups an'd' 40 hours for thé bthe:r. | "I“he  ‘ ‘

specific .value's obtained are as follows: .

- Pre-anneal Slope | ,.’Inter‘cejp_t Correlation

Unannealed  6.11 x 107 8054 98.3%

10 hours 1.328 x 10”2 8147 - 98.6%

35 hours 1,962 x 10~ 2 8123 99.6%

Data wé‘re‘ excluded f rom.ut'he averages for specimen #18 because of a
-brok‘én ‘lead at 48 hours and #24 which €or no appai‘ent' reason did not
change‘ in‘resisténce. o , | . s

The increase in slope with pre4annea. Itimg éupports the thepfyo

| of Increasing resistance with increasing st xrain of the &inc "films.

. .
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Figure '7(a) . R/Rs s, logarit_hm of ahneaiing t ime
o for zinc specimens with as depos i ted
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'_Figure 7(c). R/Rc vs. logarithm of annealing time
: for zinc specimens with 35 hour
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F_‘i rst, consider the spec.imens with the zinc film clepoh}ted over an

urr» annealed 'aluminum fi Im, B th films wil 1l undergo recovery during an

aameal, but zinc which recove rs mre quickly under— normal conditions

wi 11 be restricted by the alwaminun, thus Pproducing- asmall compre ssive
St xessin the zinc at the int erface. The resultin g strain  would

ac <ount for the small increas € in resistance of theese spec A mens, keep-

1ﬁg in nind ;that both Films i £ annealed ‘separately wuld decrease in

re sistance. Now, consider the specimens with the ==inc film over a

pa xrtially annealed aluminu ome, In this case, the restrictien on

" the zinc film recovery begins earlier and the stre =ss become s greater

over agiven length of time, Censequently, the inc3uced st xrain and its

comtribution to the resistanc & would increase more “rapidly and to a

‘greater value than the previowas specime,n; .This‘cgi:'responds to the®

\'observedl increase in the slope of the semi —logaritk=amic plot with the

anraealed state of the a luminurn filns, Since the remte of anneilimg

dec reases with annealingftime » the decrease in amOant of slope change |

fox= the longer pre—anneals Va s expected A graphlc: compari son of |

the sSe tw rates is shown in F]_ gure 9, The ”‘slope va lues foxr each‘?set

of ~specimens are plotted agairx st amealing time as_ are the average

fra ctional resistance changes ©Ff the same specimens recorded during

4

pre —anneals .

X-ray d1ffrac1:1on pattern s were. taken on four samples :Erom each

s

'of the three groups using a low angle cyllndrlcal caamera, INo apparent

| broadening of diffractlon line = with 1ncrea.sing pre—-anneal could be

detected thus indlcatlng that  the small strains_present wexre elastic

in mmature,

R i A
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aluminum films vs. time of pre-anneal. (2) Slope .
values from Figure 8 vs. time of pre-anneal. -
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I '1‘9 evaluate‘ the eff'ect of current polarity on resistance be'havior,
an ari thmetic average of c'orrequnding dafa wa s calculated for specinens
anneal ed under a p'ositivé dc current and another for thosé under a nega—
tive cﬁrrent . Only pairs were selected from each group to eliminate
any ef fects due to the amnealed state of the specimens. The positive
averagé values were correct.e_d‘ to obtain the same R/Rc value for both
agt t = 0. The straight line data again obtained ‘from a regression
program is shown in the semi-logarithmic plot of Figure 10, The s‘iOpe
values differ only slightly, indicating that the cur.rent pblarity has

little effect on the resistance behavior. The diétinct separation of

-~

the two lines when both were corrected to the same value at t = 0 is
due to individual variation in zinc film resistance and departure from
straight line correlation on the semi-logarithmic plots '(i.e., specinmen

#15 in Figure 7(a)).

Tin S}Beciméns

| - ‘Aﬂltholugh specimen resistance underwent no chaﬁg,e as the diré.c_t |

result of tin deposition, a su‘p.st‘antia.l deérease. occurred during the | - ‘

'first 8 hours of gnneél. As "fodr ‘zincA:, 1t i‘s'be,lie_ved f,hat t‘hié_ :

initia 1 d\,é.creasé‘was th-e' result of c'onduCtvion'through: the. oxide By
~ electromns of _diffus‘ed‘ 4tin atoms. The relative larger atomic size

(fi.é..,« atomic , ionic a.nd covalent .radii)h of tin would »_sufpport a de_ 

creased diffusion rate and an explanation for the delaye'd resistance

_décrease. 'An— additional distinction was apparent in the magnitude of

5 - S average resistance changes for specimens with different ‘pre-anneals,

S

R

e
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Figure 10. Average R/R,  values for zinc specimens -
under Ppositixre and negative dc curremnt .
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Unlike zinc, where the ave;'age total decrease in resistance was
apprOxim'atel”y oonstant), tin 'specimens decreased with increased pre-
a.nneal.'tﬂi.me.a This would tend to verifyv the existeocle of_a't'hicker oxide
layer on aluminmn st'ri‘ps Wit}l longer pre-anneals. Consequently, at. any

AN

given time durir:lg' the anheél fhe percent of tih atoms and conduction'
. €lectrons in the total volume of oxide would be smallest in the speci-
men s ‘pre-anne'a.le(:l‘ for .35 'h:ours.' - Therefore, the combined resistance of 4ti1e
J -  ’ | 1:1;1° film and Js‘emiconduc"'ting' oxide would be greatest fo;‘- »these specimens
| ; | | and fesu-lt in the .stallest"decrease on parallelihg with the aluminum

strip.

An accurate 'interpretation of. "the resistance behavior of tin

specimens between the twelfth hour and aoneal termination vﬁas' 'impos'sible
because of erratic re‘sistanc_é readings from most specimens, The incon-
sie{encies_ were due to 're‘sietaooe c_ig'if\t.during measuremeot hancﬁi since

the amount of driff x;ang_ed from 'zero .to better thap __twenfy-five percent -
for most spec'in‘iensi ,_g logicalexpl-aridxat‘io‘rjl CO.l:l,l-d_ not bhe fou.nd It }a&/
not'ed, however, tha_t_;-the \dlepecimens pr_eviously' unannealed experielféed
the‘leastﬁ drift and conseouent ly produced the most cori'sisten’t: data
(‘see@ggure 1‘-1) -. This would point _to. the o-xide as a possible ‘souroe
of the drift. .An incre‘ase in resistance with .ti;ne beginning at 8
hours into'.t,he_anneal was 'al_so apparent from the dq'ta&t‘. A.“.,d.ifference

in the data for each pre-annealed state was evident, but a comparison

Iike that for zinc was not attempted for reasons given above.

The polarity of dc current flowing through the tin specimens

.~ during anneal also had little éffect on their resistance behavior
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Figure 11. R/R, (Average) vs. annealing time for tinfépecimens.“
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'(see Figure= 12), . Avergge R/Rc values, Table 6, for e=ach current
- polarity we=re obta dined im the same manner as those feor zinc; however,
a standard plot wa s used because of the natu =e of the= data., Here again, .

the result= may be ouéstionable because of re=esistince= drift during - |

measuremeht— . *

|

Cadmi un Spe=cimens ‘ | " RN

Sinoé the res-:l_stance of speciinens coatee.-.::l with cadmium did not

chang e w1tl'1 tinme except for self- annealing o=F the aluminum strips, it
‘ . is apparenf; that a  conduc €ion path was not eStablished between the two
films . Ass uming- here as ‘was done for zinc~amd' tin tkaat the aluminum
oxide-.lay’er- co_ntéining ou X ficien;t current cEniers woold provlde such
a péth, two  possib e explanations are propose=d, One oadxnium atons
did not dif" fuse into the Oxide in Sl.lfflClent quantit #®_es during the
_ annea. 1; or two,suf Ficient cadnitam atoms were pfesent' but their_ elec'-"*
trons wene xot ava & lable.:f:‘or electrical condL_:nction. _ __S'ince.the i‘onize-

tiOD.propeI' “tiesof zinc é.ndv‘cadmi‘urh are sirhi:-_"ar, the | 'second‘ 'p‘roposfa;l |
..would ?a’pp-e;a. x unilke 1y, 'Howe'ver ' the n'ate. of diffusv1(>:n' of cadmlum
into the ox ﬁde is eXpected to be less fhan z:_no becatm se of atomic size | - : E
d1fferences - "I'heua...tomic, ~covalent and ionic radil off 'cadmium are all
greater tha.zn those of zinec - The respect1ve \;'alues9 a_Te 1, 54 1, 48
é d . 97 A feor cadm:l.um as compared to 1. 38 1.__ 31 and . '74 A for zinc,
Except for ‘=|Anatonic rahiius of 1 .62 these va E_ues a‘re alsogreafer than
those of tlz:l If t he atomlcvrad:u wvere a majl or contr‘olling factor of

§

diffusion iz the oxx ide, t1n m1ght be - expecte(i. to beha ~we like cadm1M'

but it mst be eneumbered thet each tin atn  woul pr-ovide twice as

many valence= elect ons,

L
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L - : Figure 12. Average R/Rc values for tin specimens under positive and
£ : : : " mnegative dc current flow vs. annealing time. ’
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K ndium Speciinens
¥ith some e'xpansion, the same explanation is proposed for the
mresistarace behhavior of the indium specimens where a similar pattem was
' ‘ / . .
oObservedA exclu sive of four samples, For each exception dri'“ft“ like that
% ) 4 | | L;
—for tin was ob served during resistance measurements. Also, three of
& he foux speci amens were of the 'as deposited” group where the aluminum |
<O xide léyer wva s believed to be thinner. ‘v"I‘he atémic sizes of indium |
. . . . . | ' " . 0
] ~=are slightly g reater <than those of tin (i.e., 1.66 to 1.62A for atomic
radii, 1.44to 141 A for covalent radii and .81 to .71 A for ionic
:radii) and indiun has one less valence electron per atom, Consquent ly,
"these P Xoperty” differences would provide a possible explanation for i
<onduct ion in only those specimens where thinner oxides were expected.
"{:_,_‘.L'.
) /‘
. ] N
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- CONCLUSTONS
S | . ‘The conclusions frbm'this investigation are .summarized as follows:
| 1. ' Effect of the four alloying elements of Sh’inkalloy on' the
- L resisfance ofqiuminum thin :Eilmé during annealing. |
‘a.  Zinc when deposited on aluminum films produces a- de- |
| crease immediately on ~d(—:»'position and a subsequent | T |
i o . 'l ir‘llcre'aSe on a_‘nvnéaling. The increase foll‘ows', a »loga'-'
‘rithm of time function‘ _. throﬁgh the iniltial 48 hours. | o
b*’[, Tin has no effect upon depo‘sitvion but produces a dis-
| '.tinc‘t decrease :foilowed by a lesser increase on
annea ling. Tin 'a'lso prc)duces resista'njc;g drii':f_;tAduring
measurement .
e, | Cadmium has no apparent effeCt either upon. -'(_i:ep.osiit:i_ofﬁ'
or during annealing. .
d. Indium produéeé an ‘inté‘rme}d_i.ate décrease with reSist.a}nc‘:e‘ .
‘d‘rift A'_only on as‘devpo-s'ite"d. aluminuxﬁ fiiins ‘upon deposif:’ibni
.anclivdiilrin'g'é'arly s!tages of annealiﬁg.;
2, Ef_.fec,t‘ of eduil ibrium stét_‘e of ai”l-lminum f11m on the ir‘éis_iﬂs*—-
i:;:lnce‘ be.ﬁavior. |
___________ . s The rate and magnitude‘ of the résistance_ increase (siqpe
| - of Semi-logarithm\plot of resistanéevg. time) for zinc
. on aluminum‘ incr'eases- with inc reased“' %alum'iinum film
pre-anneal; - i
b. The rate aﬁd magnitude of the resistancgwde‘_a:creaée for t_in';_ :
;)n aluminum dec‘reases w1th increased pre-anneal.
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. , . c. Since no resistance change occurred in the case of

L Ta ‘ v

cadmium no evaluation could be made.

d. Indium produces resistance changes only on unannealed

films. | t

3. The,polarity of dcﬁcurrenf through the'films during the

anneal has no effect on the resisténce behavibr; J - |
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SUGGESTIONS FOR FURTHER STUDY
] .

A quantative evfaluat ion of the apparent strain effecvts between
zinc on aluminum £ lms could be made using electron diffraction and
A study of the effects of aluminum on .

the re31stance of & luminum would be helpful

,metallographic te_ch'niques..
Also the temperature

dependence of the resistance.beha’vior. with these' elements (zinc, tinp,_

cadmium and indium) on aluminunm could be det‘ermined ‘by varying' the

4

‘annealing temperatwre.

w ot

The oxide layer apparently 'pl.‘a_ys-'fa'n impo:_rtant part in the

observed re51stance behav1or of the comblned f1lms, therefore, a

31milar study utillz1ng controlled oxide th1ckness and tracer elements

should provide quantative 1nformat10n on diffusion in and around the

fal;}u_minum [0/ ide .
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o R APPENDIX I

Preparation of An luninum Thin Film- Specimens

‘Substrate Preparation

The 3*" x 2" glass substr-ates required by design were obtained by
‘cutting commerc1a1 ly availabl € 2"x 3", 1.27 mm thick g lass microscope
slides (Corning 70 59) into te m segments.‘ This was accomplished with

‘minimun breakage using a spec Fally designed fixture and a diamond

-

]

_scribe lubrricated withv'-kerosezle. - e
The substrates were cleamned in a detergent solu-tion' agitated by -
nltrelsonios as detailed below =
1. Wa.sxhed‘ in -a s‘o—lnt'ion of Alco%ok _i‘nv-d‘e—‘ionized (DI) water
with ultrasonicsn for 1 ninute (to renxove kerosene“used. as
| ‘lu'br.icant in cutting glass), l a
2, Rinsed. in rnnning DI water,
3. Repeated (1) in n'ew sq_lution.fon' 2 minutes
4, Rinsed in Running DI - water,
S. Imme'rséd.in boiling I)I water for 5 miﬁutes,. ._
6. Rinsed in boi'lii“.’ng’ DI water and removed slowly, |
7. Dried in e. streami of - dry nitroge-n 'g.as

To insure the best possible fi m adherence a final cleanlng was

adm1nlstered with a glow dlscharge in the vacuum chamber during

- pumpdown for evaporation.

T et s
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Evaporation of Aluminum

EQuinnent and Fixtures -

A commercial 18" hel 1 jar oil diffusion vacnum unit fitted with a.n
MRC ring and safety featuxes for high voltage‘ g low di scharge wa s used
as the evaporation system (see Fig{ure'1‘3). |

Evaporation fixtures (stands, hoiders, etc.) req.:uired for +the
simultaneous~deposition‘_of alnminum equally on ten substrates were
designed of aluminum shee€®€ . The ‘ho-'lders_ were made np to accebt‘ '2"‘)lc‘ 3"..’
1.27 mm thick g.las’s. substrates or .segnient.s- ‘thereof and a .015" ‘thickﬁ
stainless steel deposition ma.,sk. Ten of 'these holders could th en be
positioned on the stand, e ach at a distance of 12" from the poimnt
evaporation source, The masks restricted deposition on each substrate
to ten .175" x 1,'-9375" strips’. All fixtures described here are shown
in Figure 14, o |

A res:Lstance heated tungsten f11ament of four strand 030 diameter

wire was found to be the most effectlve p01nt source for evaporation
W1th these flxtures (see F‘:Lgure 15) | A similar :Eilament of spiral

design profvided the heat for degassing the fixtures prior to

s,

evaporation, T

Evaporation Procedure s 10

St
-t

Ten slide segments we xre placed in each of nine substrate ho lders

directly after cleaning and :;)e dep051t10n mask fixed in p051t1c>n The

tenth holder was. 51m11ar1y readied with a 2" x 3" slide and all units

" the chamber., The following: detailed procedure was then. used to deposit

i T i e
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' voltage power supply used for evap-
| oration of aluminum in preparation
| | of thin film specimens.
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Figure 14 - Evaporation f ixtures used with
” vacuum system for preparation of thin
film st rips. (1) deposition mask,
(2) and (3) glass substrate holder |
and frame, (4) positioning stand for | a
10 hold ers,
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! approicimately 1500 angstroms of aluminum on each substrate:

1, - Placed four 3/8" pieces of 075" 99.9% pure aluminum wire

- shaped as "horseshoes' over filament . Pieces were ultra- | %
- sonically clear.xed in reageﬁt alcohol...’. | | |
‘2. Removed any dust that may ﬁave collected on substrate :‘I

during 'lo?ding with Effa .'Dust'er,. .

3. The béll jar was closed and roughed down to 100. microns of Hg.

4. Closed roughing valve, opened foreline valve and cracked N

. T oy ~ Y
SR A b Pl Rt e VT e B T e e mptae 0

high vacuumvélve L{llmltil pre_s_suré stabi‘li-z.ed at .9_0. microns. )
«ng | : "5, Set glow diScharge p'ox.ve'r supply -at 1.1 kv. with'a.cu.rrent_ _'
* o.jfl 40—milliainperes.—
" 6. Allowed 15 minu.t.és for cleaniné of sﬁbsi:ratesjby.idnized | ' vi
residt;al gases and then opened high vkacuum va lve fuily.
7. Set heater current at 54 amperes (AC) and"al'lowed substrate ;4
" t.em*peratﬁré td reach .150°F and degas fixtures (approxirhately | k
8. Turned heater off and a;l,lowefd éuﬁstféte ‘;tqinper-ature' to %
cool to 1050Ff~f(approximé.tie1y 2% hours). Preésureat
o 6x107mmotH. o
9 Set filament current at 50 amperes -'(AC) until aluminum
méI’ted. Raised current to 100 amperes and opened shutter. o
10, Evaporated untiﬂllh hot filament could no 1§ﬁger be. seen | | B é
through test glass slide hanging'on rim of fixture (1.5 min.).
- Pressure incréas’ed to 2 x 10'5 mm of Hg. |

11, Closed shutter‘ and tﬁrnéd o)ff filameht;
12, ciosed h‘ig'h'vacuunal valvé énd érackéd air.ve'ni:. | ;
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Since the temperature of each substrate during evaporation would

have been difficult to obtain, a represéentative valve was obtained by

‘placing a chromel/alumel therfn‘ocouple' in contact with the back of %
one substrate through a hole \in‘the' holder. 'Although no actual checks
were made, this value should be clos'e ‘tc’) the true-temperatmre for ";t“.ro
reasons. One, all holdei's Were tied together as a unit by the aluminum
fixture which provided go‘;)d thermal conduct ion, espe*c;ially 1in fhe
‘vacuum, and two, the cooling time of 2% hdurs was sufficient‘for 'th'i:‘s

unit to reach thernal equilibrium.’ The thermocouple was calibrated at

0 and 100°C and its millivolt potentials measured with a potentiometer.

‘Film Thickness Measurements

Al\'l thickness 'measurements" were made w-ith a multiple \beam opticalh
interferometexl using standard t‘gchhiqﬁeé and an‘ opaque aluminum film_
to provi;je the reflecting surface. The» fvchicllcness‘.c).i’_ the te;st specimens
was estimated by mea_suring the tenth substrate which was not segmented.
-Foll_o“iv»ing deposition‘ o_f Ehe strips é_ second continuous opaqgue aluminum

"

film was appliéd_ over the entire slide. Measurements were then made

at three positions (top, center, bottom) of strips #2, 5 arad 9. These

~a i

| values are given in Table 1.. To determine fhe uniformity of thickness
obtained from deposits at various points around the evaporation fix-
ture, stx\'ips were. simultgneously depoéited at.five posit‘io_ns (2, 4,
'6_, 8, énd 105 \;vit_h pésition 10 perpendiéular to the filament. A
f _postcoat was appiied lt_o:‘ each substrate and 'the.jthi’_ckness measufeg at
- the ,,,c;gnter. of stiips 2, Sgnd 9 "or ten. The average of four readings

taken at the same point Wai'e' given in Table 2.

—
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TABLE 1

T R TN I The 3 b ¢ 4 e BT et s - 7 s

Film Thickness (X) at Several Points on Single Substrate

Strip # Top

2 u 1480
5 1652

9 | 1536

Center

1516

.....

TABLE 2

Bottom
AN

1460

1636

1528

Film Thickness (A) on Substrates at Varioug
~ Positions on Evaggration'Stand

10

2 1036 972

9 or 10 1156 996

1072
1128

1068

1088

1060

1088

1096
1160

1128

Y

TR e
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Electri cal Lead Attac hment

E1 ectri cal leads for resistance measurements were'attached to the

aluminum thin film st rips by resist ance heated ultrasonic wveld s. This

method permi tted the attachment of .0352 diameter high purity aluminum

wire to each end of the str ips, thus provid ing a low resistance con-

~tact annd eliminating the need for an additﬂional termination el ement,

(See Figure 16).

-

The equipment used was a comme xcial 100 watt 60 KC ultras onic
welder equipped to preheat the lead s with ac current to the hot

working tempe rature. Parame ters wh dch gave the desired bondin g pro-

= perties were experimeritilly determi med and are listed below: °
. Welder Parame ters Heating Parameters
1. Power setting -10 low | 1. Variac setting - 50
2. Weld time setting — 1 2. Heat time - .7 sec.

3. Horn pressure setting -7

‘Small variations in power setting ("7-12) and heat time (.5-.7. sec.)-

‘where required to obtain opt imum boncl properties on each strip.

o

Y
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Figure

16- Aluminum wire 1lead attached to
aluminum thin film strip with
ultrasonic weld.
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APPENDIX II

Vacuum Evaporation of Sn, Zn, Cd and Inl®

The bell jar vacuum evaporation system described in Appendix 1

\

was used to evaporate a 2000-3000 A film of tin, zinc, cadmium or

indium onto spec1fied aluminum film strips. A fixture capable of
accepting a single 2" x 3" substrate or 10 segments thereof was used -

to position the specimens 5" from the evaporation source. A mask

. of 1/16" thick aluminum sheet was used to expose 3/4" of the aluminum

strips to the vapor (see Figure 17).

A total of 18 strips were coated with each element, two each
frcm the nine substrates. Therefore, the deposition of each elemeht’
was done in twc eraporaticns on 10 and 8 segments, respectively.
Consistent adherent films of Sn and In were obtained with reasonable
rates, However, rates mucﬁ greater than normal were required to
obtain satisfactory nucieatipn'of Zn- and Cdﬁcn thetaluminum'strips.

The general evaporationfprcCEdure4ueed-for'aii~elemeatswas as
follows: | | |

l. Loaded chamber With~Specimens and metalqtc be evaporated.

2. Roughed chamber tq{a;pressure of 60 microns Hg.

3. Opened high vacuum valve,

. 4, Y:en'pressure reacheda'value.betweennzx 16_6 and
4 x lOf6 mm Hé, filament current was graduallyaincreasédﬁ
until metal was molten, h

5. Current was increased to desired level for evaporation,

and shutter opened. - T o
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Figure 17. I1llustrated appearence of specimen

following deposition of alloying
e lement.
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6. Closed shutter after required exposure .
7.7 Turned current off, closed high. .vacuum valve and rele msed
vacuum.

Specific parameters and other imformation are t abulated below:

I

Eva poration |
Par-ameters ' é
Pressure Current Timmne
‘Metal . Purity - _ Source_ mm_ Hg . A C AMPS, Seceonds
L . Tin 99.999  Tungsten  3x 106 180 4=
' | | Boat |
Indium 99,999  Tantalun  2x 10 ° 120° 9€
Boat 7 | | -
Zinc 99,999 A lumina 3x 1076 20 S
| - Cxucible " |
Cadnium 99,998  Covered  4x 106 10 s
) Tungsten '
" Boat
: | " o - f’“i‘ile specimens were not cleamned prior to deposition e-xcepf for

c_liist removal with an Ef fa W'D_ust_ex"'- This was to p xreserve the alursninum

oxide coat for reasons given in experimental procedure. | -

T~

Ai supplement “to the procedure vas required for zinc due too> - .
circumstances, The zinc film dé—posited on four specimens (#'s _ 12, 15,

27 and 18) was spbtty' f rom apparently poor nucleation, Consequmently,
to obtain a“*"cont{nuous fiim the same procedures were used to de>posit
n v ‘ ¢ ~

" a second coat over the First on three of the specimens. The o urth

one (#18) was left as deposited For obse‘rVatioon' during amnnelirag,

ﬁ,-
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. . Annealing Equ ipment

"Annealing of specimek prior to and following depositi on of
alloying elemerrts at 105 and 860, respectively, was carried out in
‘ai forced-conv’ecition ovén. .An‘ on-of £ type controllexr with a 100 ohm
platinum resist anne e lement maintained the ~oven temperature at set
value + IOF. P repuri fied nitrogen fed to the onen at a {ate .of 2 cu.
| ft./hr. provided the d ry anneal ing atmosphere. The qomplete annealing
setup is ‘shown »in Fig-ure. 18.
A-circuit was de signed to pass a currents of lb ma af 250 v'oits
through each of 90 ‘specimens during anneal and ‘adapted to't]_:n‘a oven
using plugable wnits for e.ase in removing specimens‘ for res istance

- measurements. For the actual experiment where 81 specinens were

<

annealed a current of 1l ma ?‘t 260 volts was used. KEachpl ugbo:ard.

held nine specimens of the ;ori-‘g_inal ten segment s'ﬁ”b“s#ra‘rtes' 'attachéd .
t'h.rongh ‘t‘h‘e"ir» e lectri cal leads by spxing loaned clips.. Th.éy. were

arranged_on.the board o f:ha,ti. the cux-rent £low 'i_fh‘rou-gh_thé_ fwo spe~

cimens containi ng the same alloying e lenent h{d oppos ite polarity

(see. Figure 19) . Power was supplied by a 1.25 ampegg 300 volt dc

powér ‘supp_l'y wi‘th .1% current control . A _blo(:k diagram of the eleéf

trical circuit disshown in Figure 20.°

ot
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: | . Figure 13 8-.Annealing Equipment: oven, pwexr
5 supply, temperature controller and
prepurified nitrogen cylinder,
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Figur-e 19- Arrangement of specimens on
Plugboard fromx left to right
1, 2 -zdne; 3, 5- cadniums;
6 - control; 7, 8- Xndium;
9, 10 - tin,
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/ zFigure 20. Block diagram of electrical circuit uéed to apply dc

voltage to test specimen during the anneal. Ten
'~ specimens on each board each in series with a 22.6K

ohm 5 watt resistor. All 90 serles combinations in
- parallel with power supply
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APPENDIX IV
N | o , .Experimental Data Tabulations and Calculations
@ | . p
Calculation of zinc film resistance from specimen resistance was
with the equation |
| R
h Rz — RB A

: Rp - Ry |
where Rp is the resistance of the aluminum strip before deposition of
zinc and Ry 'is the resistance of the combined films fo llowing deposi- f
3 ;
| , | J
tion. The recorded values of Rg and Ry and the calculated values of !

Rz are given in Table 3. | o | | | '_ Bl

- ,
g " i Z
" i ,!
|
i . B
z‘
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TABLE 3

CALCULATED RESISTANCE FOR ZINC FILMS (RZ) - | o i |
(1073 ohms) B

Specimen Number

‘
YR SRR AR ¥ ¥ 2 LEL .
R R L

11

Rg 4253
R, 3101

"Ry 11448

R 4535

.....
¥

R, 3154

R, 10357

21

4176
3256

- 14779

26

4490
3259
11887

12

4115

3475
22343

17

4948
3565

12755 |

10742

22 13

3963» | 4114
2895 ” ~3049

\"\

11778 -

23

4060

2941
10671

 Specimen Number

27 18

5043 ~ 4886

. 3945 4280

18119 34508

By

14

4000

3025
12410

19

4355
3277
13239

&3,

24

3957—
2768
9212

34

4351
"3%67
">11638

15 1 25

4507 4309

3850 3023

26411. 10129
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R N L I g ST s

(a)

11
21
31
41

51
61

81
91
101

.12
22

32
92

62

72

82
92

102

13
23

33

43

- 93

63
73

83
103

(b)
Zn
Zn

. Cd
Cd

. Control

In
In
Sn
Sn

Zn
Zn

Cd
Cd

Control

In

In
Sn
Sn

Zn
Zn

Cd

Cd
Control
m .
In
' Sn
Sn

CF 1+

+

+ i

+

TABLE 4

RECORDED RESISTANCE (x 10~3

LN

.‘(d)

4390
4306
4244
4265
4214
4292

43 27
4436

4429

4237
4108
4129
4194
4094

4264
4170
4252

4483

4114

4060
4009

4012

4007
3903

4016

3995
4139

(1)

4253
4176

4105

4123
4082

4142 |

4168

4270
4240

4115

3963
3982

4037

3932

4142
3989
4068

4270

(e)

3101

3256

4110 .

4126
4085
4140
4174

4264
4238

3475
2895
3988
4040
3940

4167
3992

4076
4276
'3049

2941
3977

3997
3995

3882

3997

4000%
4123%

3200
3355
4108
4127
4089
4147
4182

3600%
3700 *

4032
3971
3991
4046
3944
4182
4008

3271%

3404 %

3024

2937

3941

3955
3937
3834

3940

3055%

3160*

3244

3406
4117

4134

- 4096

4154
4188

3945
3749%

4053
3992
4012

4071

3969

4201
4024

3379%
- 3469%

3052
2956
3943
3947

- 3937

3831

3937
3024
3019

12

34477

3432
4116
4134

- 4095

4154

- 4188

3500
- 4043

4058
3961
3983

4048

3946

4186
4007

3498%
3245%

3054
2942

3923

3925
3915
3809

3913
3079
3105

‘ohms) OF SPECIMENS.

16

3278
3447

4103
4122

- 4082

4142
4173

- 3652%

3703

4074
3951

3973

4037
3937

4175
3997

3541
3555%

3013

2920
- 3878

3879
3874
3774
3884
296 2%
3253%

24
3278
3466
4097
4115

4073
4132

4162

3924 %

4183

- 4088

3966

- 3977

4043

3939
4177
4000

3795%
3728%

3014

2917
3870
3870
3864
3763
3872

3107 *
307 2%

¥

32

3273
3488

4096 -

4116
407 2

4134
4167

- 3855%
4213

4082

3948

3968

4037

3930
4172

‘3995
3702%
3782%

3011

2931

3854
3858
3851

3751
3860

3146%

2992

40

3299
3508
4113
4132
4093
4147
4185

3621%
4230

4104

3958
3982
4045

3941
4187
3908
347 2%
3524 %

3015
2939
3858

3862
3857

3756

3863
2971

3137

LS




Ca)

.11

21

31

41

51

61

81

-9l
101
12
22

32

T 52

62
72

82
92

102

13
23
33

43
53

63

73
83

103

(b)

Zn

Zn
cda.

o
Control
In
In-

on
Sn

Zn

Zn
Cd
Ccd

- Control

In

- In
Sn

Zn
Zn
Ccd
Cd
Control
In

In.
Sn

(c)

| + |

+ 1+

+

<+“|+

48

3290

3504
4102

4122

4082
4140

4172

. 4057%

3967 *

4097

3948

3972
4042

3932

4181
4000

3723% -

3327

3145

2926
3837

3839
3832 -

3735

3844

3054%
3082

64

3280

3496

4096

4117

4077
4134
4169

3429

37 18%

4102
3945
3969
4038
3932
4179

3993
3427

3954

3145
2925

3835

3836

3830

3732

3840

2952

3063

TABLE 4 (cont.)

-80

3287

3493
4076

4098

4061
4123
4161

4204 %

3830%

4096

3933

. 3957

4029

- 3924

4170
3983
3405

3854

© 3207
- 2923
3831

3830

- 3824

3726

3833

3030

3390

RECORDED RESTOMNCE (x 10-3

96

3297

. 3519
- 4075

4100

4063
4125

4158

3685

4056%*

4099

3936

3961
4033
3927
4173
3988

3704%
4055

3295

2955

3820

- 3819

3816

- 3720

3827
2931

2922

.. 112

1 3291

3510

4068

4089

4054
4114

4149

3698

4189

- 4086
- 3926

3944

4020

3915

4161

3974

3768*
3118

3404 -
- 2957

3808
3810

3800
- 3704

- 3810.

2949

3035

" ohms) OF SPECIMENS

. 128

3297

3510

4068

4089

. 4056

4120

4153

3765%

3897 *

4085
3924

- 3945

4021
3915

4161

3974

3804*

3932%

- 3401

2963
3804
3805
3803
3703

3809

- 2888

2999

144

3301
3509

4069

4091

4056
4119

4153

4011%

4192

4087

3927
3945
4024

3918

4163

3977
3441

'3056

3424
2967
3808

- 3813

3807
3705

3812

- 2895

2051

184

3295

3508

4066

4090

4053
4116

4155
3476

3621

4088

3926

3947
4025
3918
4167
3975
3445

3807

3427 -
2959

3795
3802

3797

3696

3803

2856

3047

224

3298
3512

4063

4087

. 4049

4113

4150

4060%

3353

1083

3919

3941
4019
3913

4158

3970
3516

3896

3441
2958

3795
3799

13794
3692

3798
2882

- 3104

8G
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(a)

14
24

34
- 44
64
74
84
94
104

15
25
35

55

65
795

00

95

105

16

26
36
46

56

66

.76

86
96

(b)

Zn
Zn

Cd
cd

Control

In .

In

Sn
Sn

- Zn

Zn
Cd

Cd

Control

In

Sn

- Sn

Zn
Zn

Cd
Cd

Contrdl

In

In
Sn

Sn

+ 1 4

.l_,

+

+

<+ |

+

1 + 1+

+‘

TABLE 4 (cont.)

RECORDED RESISTANCE (x 10-3

@

4220
4146

4069

3985
4064

4045

4052
4031

4140 -

4507
4309

- 4345

4294

4312

4300

4579

4300

- 14466

4786
4738

4789 .

4901
9080
5178
5134

5160

5090

(g)

4000
3957

3864

3780

3840

3806
3812

3785
3886 .

4535

4490

4538

' 4649
4905

4923

4946

4901
4832

(e)
- 3025
12768

3863
3785
3842

3807

3811

- 3784
3886

3850

N 3023
4341
4274

4301

. 4290

4490

4283
4457

3154
3259
4543

4640

4914

4928

- 4746%

4902

4835

T e e i e e

4

- 3245
2771

3869
3786
3846

3811

3817

3098

3045

4361

3016
4296
4225

a2a3
4228

3684

3260%

3635

3880

3585
4550

4657
4923

4937

4356
4566 *

3977*

- 3854

8

3323
- 2780
3879

3797

3819
3824

3581%
3515%

4383
3022

4299

4227
4241

4229

3591

3282%
3583%

3944

3706

4561

4681

4939

4956

486 5%

3722
3839

ohms) OF SPECIMENS

. e

12

3346
2781

3880
3796

3856

3818 .

3822

3452%
3332%

4388
3001

4264

4193
4208

4196

a47f)

3200

3235

4000
3782
4556
. 4672

4934

4949
4863

4492%
J96 1%

16

3323
2772

3870

3785

- 3844

3807

3812

3215

3684 %

4376
2991

4949

4179

4447
3336%*

4022

4032
3809
4544
4667

4924
4940

4851
4670

4002%

24

3329

2767
3861

- 3774

3839

3799
3805

3411%*

3446

4362
2982

4236

4163
4170

1164

4432
3161

. 3354

4093

3821
4540

4664

4922
4936

4771

4546%
3981%

32

. 3405

2781
3877
3794

3853

3815

3821
3196

3381%

4355
2974

4229

4154

4163

4153

4420
3248
3223

4167
3848
4555

4679

4936
4948

4863

3963*
4188%

40

3373

2787

3884
3799

3859
3820

- 3826
3404%

3429%

4357
2977

4232

4154
4161

4156

3654
3128

3590%

4191

3853
4558

4686

4941
4952

4868

4493 %
4687 %

6S .

- ‘-‘)\- Sleteat .'

Gin e miei————e
. o




R R A e
A D

i G AR S R RS 1

o Wb RATT

RECORDED RESISTANCE (x 10 3_ohms) OF SPECIMENS

| TABLE 4 (cont )

96

&

(a) (b) () 48 64 " 80 112 128 144 184 224
| 14 Zn = 3407 3382 3431 3435 3419 3419 3383 3425 3413
g 24 *Zn + 2777 2776 2771 2774 2767 2767 2772 2714 - 2772
: 34 Ccd = 3872 3870 3863 3867 3855 3854 3863 3862 3862
: 44 Ccd + 3787 3787 3781 3785 3773 3771 3778 3779 3778
: 64 Control 3847 3846 3843 3847 3835 3835 3844 3842 3843
. 74 In = 3807 3807 3803 3807 3795 3792 3801 3801 3801 =
; 84 In s 3814 3813 3809 3810 3799 3798 3809 3807 3808
. 94 ~ Sn - 3196  3441*% 3381% 3377% 3113 3567*  3317* 3185% 3343
P 104 Sn +. 3091 3867 3410%  3870% 3574 3873 3492*% 3873 3246%
% 15 Zn - 4349 4335 4320 4324 4305 4303 4303 4294 4287 |
: 25 Zn . + 2971 2963 2954 © 2951 2943 2943 2943 2939 2934 -5
: 35 cd = 4222 4216 42207 4195 4177 4173 4172 4166 4158 ‘
% '55 . cd + 4143 4134 4121 4121 4103 4101 4100 4086 4084
: 65 Control 4153 4144 4130 4131 4114 4112 4112 4103 4097
' 75 In - 4143 4133 4120 4120 4104 4102 4100 4095 4087
85 In + 4408 4395 4386 4387 4364 4367 4363 4355 4352
95 Sn - 3136 3208 3322% 3313 3375% 3303 . 3227  3271% 3351%
105 Sn + 3298*% = 3182 3734% 3293 3225 © 3231 3320 3180 3218
| 16 Zn - 4194 4197 4204 4154 = 4208 4217 4216 4229 4228
_5 26 Zn + 3854 3860 3854{” 3857 - - 3851 3852 3861 3862 3858
§ 36 cd - 4545 4547  454d! __ 4545 4534 4535 4541 4544 4543
| 46 _cd ¥ 4673 4679 4675 .4680 4667 4667 4674 4676 4675
56 Control . 4931 4933 4930 4934 4923 4923 4932 4934 4934
66 In - 4942 4942 4938 - 4942 492 8 4932 4938 49_37 4939
76 In + 4857 4859 4858 - 4862 4849 4852 4848 4849 4849
8  sn ISR 4132 4764% 4B05% 4912 4639% 447X 4307 3000
96 Sn +  4655%  4214% 4095 4181% 4139% 4423 4936 4267

4315%

SRR e Yo s Sl i L P R e e e e e e a—




- " e " py “ N
T e s OO S
. L .

ARINETAE

PO

(a)

17

27
37

- 47

97
67

77

87
97

18

28
‘38
48
58

68

78

88

19

39
49

59

69

79

89
99

109

98

(b)
an

Zn

. cd
cd

Control

In
In

- Sn
Sn

Control

In
In
Sn

Sn’

()

F0+

t

+. N

40+

+

RECORDED RESISTANCE - (x 10"% ohms) OF SPECIMENS

- (d)

0120

5219
5189
5279
0475
5240
5525
5265

5914

4886

5313
4956
4954
4911

- 9244

5180
5090

- 5128
4624
4614

. 4567
4500

4519

4489
4538

1643
4770

(£)

4948
5043

5024

0092

. 0293
5039
5341

5040

5684

(g)
4355

4351

4377
4242 -

4265
- 4240
4298

4396
4511

. TABLE 4 (cont.)’

(e)

- S 3 ek e e NIV IRI RN
e ST e 2 1 L e e 3 ek L e et Tk

4
3565 3664
3945 4471
5020 5031
2620 5095
5292 5299
' 5034 5043
5338 5361
5042 | 3823
5695 4330
4280 4522
Broken Lead
4942 4900
- 4944 4897
4901 4861
4153 4069
4304 % 5177

. 5085 3809%
3277 3514
3167 3377
4371 4400
- 4225 4256
4264 4270
4157 4242

4285 : 4307

4396  3994%
4514 - 4180%

8

3701
4695

5045 -

0110

5313
5058
5379

3877

4234

4555

4910
4906
4863

' 5023%

5183

3642
3829%

3599
3414
4410
4262
4274
4250

- 4313

3447

3526

12

3733
4684

5034

5097

5303

5050
9370

3899

4170

4550

- 4878

4875
4838

0133

5153

3751
4060%

3614
3428 .

4416
4265
4278
4249
4314

3962%

- 3504

16

3764
4466
5026
5089

5293

- 5041

9358

3912
4473

4537

4861

4856
4822

4133

5134

3679

4273 %

3640

- 3435

4403

4251

4262

4238

4301

4136%

- 4517

24

3764

4538
5011

0071

- 5281

5031
2355

4296 *
4833%*

4525

4846

4840
4806

4142

5117

- 3737%*

4737

3662

3443
4401

4249
4261

4236 -

4299

4004%

4510

‘32

3778

4689

5019
9076
5286
5036
5361

4163 %
4766%

4516

4837

4831
4797

4077

5109
3800

4095%

3685

3503

4416

4259

4271
4247

4312

4006 %

3986

40

3787
4707

5021

0077

5291
5040

2371

3970
4584

4515

4841

4835

4801 .
5096 .

5115

3804%

3924

3702
3536

4422
4264

4273
4250
. 4318

4016%
4528

19
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(@)

.17
a7

37
a7

57
67

77
- 87

97

18

28

38

48
58

68

78
- .88

98

19
39
49

99

69

79

89

99
109

(b)

Zn

- 4n

Cd

Cd

" Control

In
-on
~ 8n
AZn
Zn

Cd

cd

Control

In
In

Sn

Sn

Control"

In
In
Sn
Sn

+ 1

+

+ b+

“+ 14

4

RECORDED RESISTANCE (x 10~ 3 ohms) OF SPECIMENS

48

3785

4716

- 5006

5067

0478

5030
5362

4621

5173

64

3777

4719

5001
5060

0272

5025
5357

4061%

- 4534

Broken lead

4826

4822
4790

2080
5099

3941
4066

3723

- 3572

4413

4261

4310

3967%
4522

4799

4796
4765

0054
5078

3737 %*
414664 %*

3727
3571
4411

4261

4265
4241

4307

4172

4521

TABIE 4 (cont.j

80

3775

4740

4997
5051

5269

5017
5352

3906%

4416

4791

4788

4757 .

0048

5074

3651
4493

3729
3573
4410

4257

4263
4241

4307
3643

4245%

96

3865

4737

5000
0054

5267

5020
0353

3881

5185°%

4793

4788

4757

5048
5074

3651 -
4493 *

. 3738,
- 3587
4413

4960

4264
4244

4308

4000%

4524

112

3853

4666
4971
2029

5240

4999
- .0337

3910

4541

4780

4777
4745

5035

5061
3798

4854

3727
3566
. 4402

4247

4251
4231
4295

. 3868%

3765%*

128

3855
4658

4974

5033
5244

4999
2339

3955

4864

4783
4778

4744

5040
5063

4113%

4344% -

3739

3573 -

4404

4959

4254
4233

4298

3959% .

4374

144

3860
4723 -

4977
0035

5247

5002
0342

3902

4584 %

4785

4780 -

4750
5042

5065
3715

4419

3741

. 3879

4409

4257

4262
4238

' 4303
3854 %
3850

184
3861

4734
4975

0031

5245

5000
5343

3814

5104

4777

4766

- 4740
5028

5044
3654

- 4065%

3745

3583 -
14413

4258
4264

4241
4305

3768
3829

224
3853

4696
4967

5024

5238
4991

5338

3934

5273

4780

4770

4743

5032

5049

3813

4463

3748
- 3586

11ld

4260
- 4265

4239 -

4305

4234%
3820%x .

a9
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HEADINGS : (a)

(b)

(c)

(d
(e)

(£)
(g)

NOTES: 'Specimen experienced drift during resistance measurement

TABLE 4 (cont.)

. -

Specimen Number

Alloying Element Deposited on Film

Terminal of Power Supply to which coated end of
specimen was connected during annealing

Resistance of As Deposited Aluminum Film
Resistance of Specimen After Deposition of element
in column (b) o
Resistance of Aluminum Film After 10 Hr. Anneal
Resistance of Aluminum Film After 35 Hr, Anneal:
4, 8, etc. - Elapsed Annealing Time in Hours when

respective resistance measurements
were made .

1 Galvanometer behaved erratically during measurement

-~
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(a)

11
21
31
41
61
81
91
101

12

22

32
92
72
82

92

102

13
23
33

43

63
73
83
103

14
24
34
44
74
84
94
104 .

64
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. TABLE 5

RATIOS OF SPECIMEN TO CONTROL RESISTANCE (R/R,)
(x 10-3)

Elapsed Annealing Time (Hours)

(d) (c) 4 8 12 16 24 32

1042 759 773 792 842 803 805 804
1023 797 821 831 838 845 - 851 857

1006 1006 1005 1005 1005 1005 1006 1006
1010 1010 1010 1009 1010 1010 1010 1011
1015 1013 1014 1014 1014 1015 1014 1015
1021 1022 1023 1022 1023 1022 1022 1023

1046 1044 881 963 855 895 963 947
1039 1037 905 915 987 907 1027 1035
1046 882 1022 1035 1035 - 1038 1039 1041
1008 735 1007 = 1006 1004 1004 1004 1005

1013 1012 1012 1011 1009 1009 1010 1010
1027 1025 1026 1026 1026 ~ 1025 1027 1027
1014 1013 1016 1014 1015 1015 1016 1017
1053 1058 1060 1059 1061 1060 1061 1062

1035 = 1034 829 852 886 - 899 . 964 942
1086 1085 872 874 822 903 947 963
(b) - -
1027 763 768 775 780 778 780 782
1013 1736 746° 751 751 754 755 761
1001 995 1001 1002 1002 - 1001 1002 1001

1001 1000 1005 1003 1002 1001 1002 1002

974 972 974 973 973 974 974 974
1002 1000 1001 1000 999 1002 - 1002 1002
997 1012 776 768 1786 765 - 804 817
1033 1032 803 767 1793 840 795 777

e
16‘.:4)2 787 844 862 868 864 867 884
1030 721 720 721 721 721 721 722
1006 1006 1006 1007 1006 1007 1006 1006
984 985 984 985 984 984 983 985
991 991 991 = 991 990 990 990 990
993 992 992 992 991 992 991 992
986 985 805 929 895 836 889 829

1012 1012 792 912 864 958 899 877

[

40

806
857
1005
1009
1013
1022
885

1033

1042
1004
1010
1026
991
1062
881
894

782
762
1000
1001
974
1002
770
813

874
722
1006

984

990

991 -

882
888
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TABLE 5 (cont.)

RATIOS OF SPECIMEN TO CONTROL REST STANCE CR/R)

- n - ~ (x 1073)
Elapsed Annealing Time (Hours) -
.. )
(a) 48 64 80 96 112 128 144 184 224 ;
u 86 ~ 86 89 811 812 813 84 813 gis |
21 858 857 860 866 864 865 865 865 867
31 1005 1004 1004 1003 1004 1003 1003 1003 1004
41 - 1009 1009 1009 1009 1009 1008 1008 1009 1009
61 1014 1014 1015 1015 1015 3016 1015 1015 1016
81 (10221022 1024 1023 1024 3024 1024 1025 1025
91 994 841 1035 907 912 - 928 988 858 1003
101 972 912 943 © 998 1033 960 1033 893 828
12 10421043 1044 1044 1044 I 043 1043 1043 1044
22 1004~ -1003 = 1002 1002 1003 I 002 1002 1002 1002
32 1010 ° 1009 1008 = 1008 1007 11008 1007 1007 1007
52 1028 1027 1027 1027 1027 1027 1027 1027 1027
72 1063 1063 1063 1062 1063 1063 1062 1063 1063
82 1017 1015 1015 ' 1015 1015 1 015 1015 1014 1015
92 947 871 868 943 962 972 878 879 898 J
102 846 1006 982 1020 796 1004 780 972 996 i
" 13 821 821 839 863 896 89 899, 903 907
23 763 763 = 764 774 778 779 779 779 780 .
33 10011001 1002 1001 1002 1000 1000 1000 1000
43 1002 1001 ~ 1002 1001 1002 1000 1001 1001 = 1001
63 975 974 974 975 975 974 973 974 973 :
13 10031002 1002 1003 1002 1001 1001 1002 1001 ;
83 7917 770 793 68 776 759 760 752 1760 |
103 804 799 B8 766 799 78 775 803 818
U 885 879 833 893 891 W91 888 892 888
24 722 722 721 721 721 Z21 721 722 721
34 1006 © 1006 1005 1005 1005 1005 1005 1005 1005
4 984 985 984 984 984 ©8 983 984 983
74 989 990 990 989 989 989 989 989 989
84 991 991 991 90 990 990 991 991 991
94 831 895 880 878 812 O30 863 929 870
104 1006 1006 931 1010 908 845

803

887

1008

. . i,
R e S Rt e D e e e
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TABLE 5 (cont.) « | )

,. Y
- RATIOS OF SPECIMEN TO CONTROL RESISTANCE (R/R,) —
(x 10~3) |
Elapsed Annealing Time (Hours)
(a) (b) (c) 4 8 12 16 24 32 =10
15 1045 895 1028 1034 1043 1045 1046 146 147
25 999 703 711 713 713 714 715 114 =15
. ; 35 1008 1009 1013 1014 1013 1014 1016 1016 1CD17
o "~ 55 996 994 996 997 996 997 998 998 <938
75 997 997 997 997 997 997 998 998 9
85 - 1062 1044 868 847 1062 . 1062 1063 1062 =378
95 997 996 768 716 760 796 758 180 =59
105 1035 1036 857 845 769 960 804 7174 &=63
(e) -
16 925 642 788 799 811 819 832 844 == 48
26. 916 . 663 728 750 767 174 176 180 7 8]
36 925 925 924 924 924 923 923 923 o= 29
46 948 944 946 948 . 947 948 948 948 o= 4§
66 1004 1003 1003 1004 1003 . 1003 1003 1003 0 02
76 1008 966 885 985 986 @ 985 969 985 O 85
86 999 998 927 754 911 948 924 803 9—QY
96 - 985 984 808 777 . 803 813 809 848 9 48
17 935 674 691 695 704 711 713 715 7 16
27 953 746 844 - 884 883 844 860 887 8-9O0
37 949 949 949 - 949 949 949 949 950 9 —19
47 | 962 861 962 961 961 = 960 960 ) @nES0
87 . 952 951 = 952 952 * 952 952 953 953 @ w33
77 1009 1009 1012 1012 1013 1012 1014 1014 10 5
87 952 953 721 1730 735 739 814 788 7=0
97 1074 1076 - 817 797 786 845 915 902 86
(b) ~ o ) |
18 995 873 930 937 940 941 942 942 9—10
3 1009 1008 1008 1010 1008 1008 1008 1009 1008
48 1009 1009 1007 1009 1008 1007 1007 1007 107
68 1068 847 837 1033 1060 857 862 850 WSS
78 1055 878 1065 1066 1065 1065 1065 1065 10 5
88 1036 1037 . 784 749 775 763 778 792 1= 2

98 1044 1045 881 788 839 886 986 854 SIE_7




(a)

15
25
35

55
75

85

95

105

16
26
36
46
66
76
86
96

17
27
37

47

67
77
87
97

18

38
48
68
78
88,
08

RATIOS OF SPECIMEN TO CONTROL RESISTANCE (R/R_)
| - (x1079)

64

48
1047 1046
715 715
1016 1017
997 998
997 997
1061 1061
754 774
794 768
850 851
781 782
921 1922
947 948
1002 1002
- 985 985
871 838
944 - 854
717 716
893 895
948 948
960 959
953 953
- 1016 1016
875 770
980 860
Broken Lead
1007 = 1007
1006 ©~ 1006
1060 1060
1064 1065
822 784
849 -

979

67

TABIE 5 (cont.)

80

1046

715

1022

998
997
1062
804
904

852
782

- 921

948
1001
985
966
830

716
899

. 948

958
952

1015

741
838

1007
1006
1061

1066

819
996

96

1046

714

1015
997
997

1062

802

797
842
781
921

948
- .1001

985
974
847

734
899

xS

949 -

959
953
1016
737
984

1007
1006
1061
1067

. 167

944

112

- 1046
715

1015
997
997

1060
820
784

\,»855

782

- 921

948
1001
985

998
876

735

890

1948
960

954
1018

746

- 866

1007

1007

1061
1066

800
1023

¥

128

. 1046

715

1014

997
997
1062
803
786

856

782
921
948
1002
985
941

840

735
888
948

959

953

1018

754
927

1008
1007
1062
1067

867
915

| Elapsed Annealjing Time (Hours)

- 144

1046
- 715

1014
997

997 .

1061
785
807

855
783
921
948
1002
983
898

897

. 736
900

949
960
954
1018
744

874

1007
1006

1061

1066
782
929

184

1046
716

1015

996
998
1061
797
775

857

783
921
948

1001
983
873
798

736,

903
949

959

954
1019
727
973

1008
1006
1061
1064
771
858

224
1046
716
1015
997
998
1062

818
786

857
782
921
948
1001
983
805
865

736

896
948
959
953
1019
751
1007

1008
1006
1061
1064
- 804
941
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TABLE 5 (cont"‘.)

L]

S

RATIOS OF spEciMEN TO CONTROL RESI STANCE (R/R,) -
‘ (x 103y

Elapse'd Annealing Time (Hour s)

886

- 898

(a) (e) (c) 4 8 12 16 24 32 40
19 1021 768 823 842 845 854 859 863 866
-39 1020 743. 791 799 801 806 808 820 827
49 1026 1025 1030 1032 1032 1033 ' 1033 1034 1035
59 995 991 997 997 = 997 997 997 997 998
79 994 975 - 993 995 993 994 994 994 995
8 1008 - 1005 1009 1009 1009 1009 1009 1009 1010
99 - 1031 1031 935 807 . 926 970 940 938 940
109 1058 1059 979 825 819 1060 1058 @ 933 1059
(a) " 48 64 80 9% 112 128 144 184 2924 °
19 872 874 8M 817 811 879 878 879 879
39 . . 831 837 838 841 839 840 839 840 841
49 1034 1034  103¢ T035 - 1035 1035 1034 1035 1035
59 1998 999 © 998 999 999 999 999 999 999
79 994 994 995 . 995 995 995 994 995 994
89 1010 1010 1010 1010 10100 1010 1010 1010 1010
99 929 - 978 8% 938 910 - 930 904 884 993
109 1060 - 1060 995 1061 1028 903 896

Specimen Number | |

As Deposited Aluminum Filp |
After Deposit of Alloying Element
Alwminum Film with 10 Hr, Anneal

HEADINGS: (a)
- (b)

- (c)

(d)

(e)

Aluninum Film with 35 Hr, Anneal, - ‘,




L T e a—

Zn

Sn

Cd

In

10

TABLE 6

AVERAGE R/R_ Values (x 10-3) g

Pre-Anneal or

Terminal ? ) .

Polarity - 0 4 8 12 16 24 32 40 48 64 80 96 112 128 144 184 224
As Deposited (1) 774 813 818 822 - 823 824 B26 827 837 836 841 849 859 859 860 861 862

Hour (2) 772 830 844 860 848 853 860 862 863 B63 866 871 869 869 872 872 872
(Corrected) 774 832 846 862 850 855 862 864 865 865 868 873 871 871 874 874 874
35 Hour (3) 721 795 810 818 823 828 838 839 845 845 848 847 849 850 849 850 849
(Corrected) 774 848 863 871 876 881 891 892 898 898 901 900 902 903 902 903 902
Pesitive (4) 728 759 769 774 779 781 786 788 1791 o
(Corrected) 765 796 806 811 816 818 823 825 828
Negative (5) 765 836 849 864 860 864 868 870 879 ‘
As Deposited (6) 1027 812 782 787 '835 821 799 801 803 812 867 807 834 820 806 793 821
(Corrected) 1012 797 767 772 820 806 784 786 788 797 852 792 819 805 791 778 806 ©
10 Hour (7) 1038 838 855 845 865 938 930 884 935 877 901 932 886 924 883 883 914
(Corrected) 1012 821 829 819 839 2312 904 827 908 851 875 906 860 898 857 857 888
35 Hour (8) 1012 874 834 870 931 920 871 937 906 939 902 951 902 947 896 898 879
Positive (9) . 1040 857 835 838. 894 915 885 921 895 916 918 936 888 918 879 885 887
Negative (10) 1008 824 817 833 859 870 848 840 869 B36 862 857 860 876 845 830 856
(Corrected) . 1040 856 849 865 891 902 880 872 901 868 894 889 892 908 877 862 888
As Deposi%ed (il) 1002 1005 1006 1005 1005 1005 1005 1005 1005 1005 1006 1005 1065'1004 1004 1004 1005
10 Hour 994 994 994 993 993, 994 994 993 993 993 992 993 993 992 992 992 999
35 Hour 979 981 982 982 982 982 983 983 982 983 982 982 982 982 982 982 982
As Deposited (11) . 956 957 986 1026 993 994 992 997 ioé& 1027 1027 1028 1027 1027 1027 1027 1027
10 Hour ~ 10111013 1012 1013 1013 1013 1014 ‘1008 1014 1014 1014 1014 1015 1015 1015 1015 1015
35 Hour 972 978 996 995 995 996 995 995 995 995 995 995 995 995 995 995 995

SPECIMENS FOR WHICH AVERAGES WERE MADE: (1) 13, 23, 15, 25: (2) 11, 21, 12, 17, 27; (3) 14, 18 '

26, 19, 39; (4) 21, 23, 25, 26, 39; (5) 11, 13, 15, 16, 19; (6) all; (7) all; (8) all; (9) 96, 97,

98, 101, 102, 103, 104, 105, 109; (10) 86, 87, 88?'91, 922, 23, 94’"95, 99; (11)“311.

‘-m‘ R B e SISO SRS
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