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A }3ST RAC 1’

‘rh is r e p or t  documen t s  11 n di  i i q  s on t he  n o n— o p o  r at  inq

r e l i ab i l i t y  of r e l a ys .  Long t er m  n o n — o p e r a t i n g  d a t a

has  been ana  ly :’ed and r e l i  ah i  1 i t  y pr o  ii l ot i O n s  :~~t v o  been

L l t ’V0 rop ed  f o r  re 1 av s

T h i s  r ep o r t  is a r e s u l t  0 1 a p I o q r a m  wh o s e  o b j o ot  iv o

is t h e  deve lopmen t  of n o n — op e r a t i n g  ( st o r a ~~t )  r e l iab i l i t y

p r e d i c t i o n  and as s u ra nc c  t e c h n i q ue s  f o r  m i s s i l e  m a t e r i el

The an a l y s i s  r e s u l t s  w i i  be u sed  Dv U .  S . Army pe r sonne l

and c o n t r a c t o r s  in  e va l u a tin g  c u r r e n t  m i s s i l e  p rograms  ;iinci

i n  t h e  dos i gn  of f u t  u r e  m i s s  i ~- s ’ ~~~ t ems

The s t o  r a q e  rd iabi  i i  t v  r e s e a r c h  p r ogr a m  c o n s i s t  s of

. t  Co Ufl  t rv w do d at  a uur v e v  an d c oI l  oct i o n  of f o r t  , ~iccel —

era t d t e s t i nq , spec i iii t e st  p r og r a m s  and d e v e l o p m e n t  of

a t o i i — o p e r a t i n q  r e l i a b i l i t y  d a t a  b an k  at  the  U .  S.  Army R~~D

~b s si i e  Command , Reds tone  A r s en a~ 
, Alabama . The Army

p l a n s  a c o n t i n u i n g  e f f o r t  t o  m i i n t  t i n  t h e  d a t  .1 b a n k  and

~ iia Iv  s I S r e p L )  I t

T h i s  r e p o r t  i s  one  o s~ ye  r . t  1 1 sc ned on e lec t  romoc D a n  —

i .cal  o evlce s  and o t h e r  m i s s i l e  : s it e r i e l .  For more i n f o r m a —

i o n , c o n t a c t :

Commander

U .  S.  A rmy M i s s  i l o  ~~~ ~‘o::uuand

ATTN : f f l ~ ~ — t ~~s , M r .  C. R .  P rovenec

B u i l d i n g  4~~00

Redstone Arsenal , Al ~~~09
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SECTION 1

INTRODUCTION

Materiel in the Army inventory must be designed , manu-

factured and packaged to withstand long periods of storage

and “ launch ready ” non-activated or dormant time . In addi-

tion to the stress of tempera ture soaks and agin g , they mus t
often endure the abuse of frequent transportation arid handling

and the climatic extremes of the forward area battle field
environment. These requirements generate the need for special

— design , manufac tur ing and packaging product assurance data
and procedures. The U. S. Army Missile R&D Command has in-

tiated a researclui’ program to provide the needed data and

procedures.

This report updates report LC-76-EM3 , dated May 1976
and covers findings from the research program on relays.

The program approach on these devices has included literature

and user surveys, data bank analyses , data collection from

various military systenis and special testing programs .

1—1
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SECTION 2

SUMMARY

Data was collected from four sources and three missile

programs represent ing 2 ,086 million part hours with 45 failures.
Statistically significant differences appear in the

data . These may indicate a trend in time resulting from

changes in technology . The best consistent sources show

a mean storage failure rate of 8.7 fits (failures per billion

par t hou rs) and a 90 percent confidence that the true fa ilure
rate lies below 17.0 fits. The data showing failures shows a

range of 8.7 to 637 fits in the storage failure rate .

Failure modes attributable to storage were not identi-

fied .

Recommendations made are (1) for storage , periodic in-

spection and test, (2)  in manufacture , inclusion of oxygen
as a significant f raction of the f ill gas , (3) in design,

care that the contact ratings are not exceeded during make

and break , and consideration of possible alternatives to

perform the relay function .

The possibilities of solid state and saturable core

alternatives are described . The elements of design and
application of electromagnetic relays , and of the physical
processes which take place at the contacts , are discussed .

Operating fa i lure  rates are from 1 to 7 ,29 8 times the
storage failure rate . In a common environment (ground) ,

the failure rate non-operating to operating ratio is 1:20.

2—1
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SECTION 3

INTRODUCTION TO ELECTROMAGNETIC RELAYS

The design or selection of electromagnetic relays is a

field too extensive to be covered here . An outline and some

selected examples will be given to introduce the termiaciogy

and the type of consideration which enters .

3.1 Construction and Terminology

Figure 3-1 is a sketch of a common type of relay construc-

tion showing the terminology . The term relay implies that the

voltage interrupted at the contacts is not high , i.e., not over

300 volts . Devices which interrupt high voltages are termed

contactors or circuit breakers , and have special arrangements

for extinguishing the arc .

3.1 .1 Contact Functions

Contacts have three functions which should be distinguished ,
namely , making , breaking , and carrying the load current . Making

current may be several times the load current , e.g., motors when
starting have no back emf , the cold res istance of incandescent
lamps may be only a tenth of the hot resistance , capac itor inputs
will draw a charging current. Although the excess current flows
only for a short time , it can cause welding of the contacts.
Mercury and tungsten contacts are particularly resistant to

welding. Two parallel contacts can more than double the inrush

capability , the reason being that the contac t bounce on closing
will not draw an arc if there is a parallel contact closed .

The carry ing capacity depends on the allowable temperature
rise which in turn depends on the conductivities arid cross sec-

tional area. A soft contact material such as silver will deform

to create a relatively large cross section area with a given con-

tact force. Where current flows thru sprinas , it is customary to

allow a large margin to avoid destroying the temper of the spring.

Ac is substan tial ly easier to interrupt tha n dc , because
the arc is extinguished when the voltage across the contacts passes

thru zero. Ratings show the carrying current capacity for ac and

3—1
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an interrupting capacity for dc. If the dc voltage is halved , the

contact.s will be capable of interrupting three times as much

current. The process of interrupting current will create voltage

transients with inductive loads. The iniulation will usually

stand these transients . Circuitry is often added to reduce the

v e lt a ~;e peak , Figure 3—2 shows two possibilities .

In a confi guration such as that shown in Figure 3 l  , an

arc  f o r m e d  across one set of contacts on interruption may still

oe r’rcsent when the other contact is made . Either a slower

transfer or a magnetic blowout could be used if this is un-

acceptable.

Wher e possib le , contacts are designed to have snap-action ,
which  means that the contacts are under a positive pressure when
closed , and separated by a definite distance when open . Where this

cannot be done , the contacts will chatter , and the external circuit
m u st  be such that the chatter is acceptable. Usually , the chatter-
ing contact activates another relay which locks in (or out)
Examples are thermostats (Cf. Figure 3-3)and voltage or current

level controls. Multiple contacts are often used , e.g., make-before-
break and break -before-make pairs .

3.1.2 Pig~tail

Where c u r r e n t  must be brought to a movable contact , a soft
copper  s t randed  wi re  wound in a spring shape called a pigtail is
often used . It is customary to design the pigtail so that Ics

fatigue life exceeds the contact life , but it is necessary to

insure that the pigtail is replaced when the contacts are re-

placed . The use of a pigtail can be avoided by using a double

movable contact which bridges a pair of stationary contacts.

3.1 .3 Armature

The inertia of the armature is a signi f icant factor in
the opening and closing rate . For resistance to shock and vi-
bration the armature is made symmetrical about the hinge , so
that torques are not produced about the hinge by linear acceler-
ations .

3—2 
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3. t . 4  ~jj ir~j

~ et  r .t~- t i~p x  m u  s-sap l ies  a ll  c i ’ t con ta c t  f c -j c c  E u :

t he norm, 11 lv ci  oned  con t ac t  S , and i i  st t ends to j.reven t shoc c

and  V i hr a t  ion t rom d 1 st  u r b m n u  the c o nt ac t s  . ‘i hu o p e n i ng  force

i s p - ir  t~~y f r o m  t he  rtc : ~ct  S r t u a , ou t  p r i m a ri l y  f r om  t h e  coot  a ct
- ii -

~~

A :, 1 .ou t - r  c-f m c c n a n i c a i  ~. ~mi ust ohs o~~ u ’  t he

v la~- t  i c  I im i  1’ ;  iu~~x 1 : . u ” . s t i ’ ’ o;  w h i c h  otu n e t  -c: : iae~ . l v  t er

t u -  ; r  ~~ ~o : o t  rv , t h e  r r t - n , h  i i :i u  t is t h e  :s.c~: im u m  st r e s s

fo r  ~ h i c n  t h e  icflect ion is linear wi .tn  the  s tr e ss , t he  f a t ~~cue

l i m i t  is t he  saxinui~’. s t r e s s  wh i c h  w i l l  not  r e su lt

f a i lu r e , t h e  d r i f t  l i m i t i s  t h e  m a x i mu m  s t r e s s  f o r  wh i c h  con st an u

i c - i l aces no t  u r o cu e a s m a n i  f i c in t  c ha n c e  i n  U l t I m a t e  cit.- f e c tic n

~ue s e  a r .~ ~ i vc n  in  ( u s ua l l y )  dcsccx ~d~~u~ o r u e r.  ~ cn~ ol tuese

l i m i t s  shou ld  be exceeded .

3 .1 .3 Maçner t e  Core

I f t h e  —c 1 -
~ enor I :ed dv - ic , t ho :t -~~s:iet IC  core shoulc i

n o t  sat  n r a  c anu  ~ h c u i 1 i  he I C L , :  n~~ t e a  to r eaacc  ~~~~~ current esses

A si i aa  t o g  cci  1 can  h e  US L U  w i t h  ic to or even  t the t o r qu e  en t h e

arma t inn fror ., scing to ~ero , this ‘~ ill redio-e :u,n ins  c n ut t c r  :o

the re m v  . Sin ce  the a i r  ip :s s u h s t an t ~~al lv jCSS u hen  clo sed

the  coi l  cu r r e n t  reguired to h o l d  tn u  r e lay  c losed  ~ s s ub s t an—

~a1 l y less t u b  t h a t  r e q ui r ed  to c lose  .t .  T h i s  may r es ul t

in  s p ec i f ic at i on s  f o r  cu rr e ; -Lt f o r  1) ic~-~up , ( 2 )  hold , ~, 3) drop-

ou t , and ( 4 )  nonpickup . .-\ n o n — m a q n e t i c  s tan d o f f  c O l i  ccl an a nt

f r ’:~e p in  may he used to p r e ven t  the  a i r  .iap f r o m  beccm~~oc t o o

s m i u l , which could  r e s u l t  in f a i lu r e  of the re lay  to open or in

slow openinc .

-~ . . e Coi I

The coi l  typ ica~~lv cons i s t s  of many t u rn s  of f i n e  wi re .

Very  fine w i r e  i s  d i f f i c u l t  to worn  w i t h , and is a l so  more sub —

j ect .  to co r ro s ion .  in some c i r c u i t s  corrosion can be minimi zed
by connectinc to the neqative side of the s-soul .

Coils often have a short e r  shelt  l i f e  than  service l i f e .

~ The r ea son  i s  t h a t  t h e  h eat  of  c p e r at . -~on ten ds  to dr ive  ~ ut

m o i s t u r e . In  sea l e d  rc1ays ,w~~th con t i-c l i ed  fi l l  g~is , this

e f f e c t  shou ld  not  occur .

3 — 3  
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C h a n g i n g  Lix in the magnet ic  c i r c u i t , w h e t h e r  uc or ic ,

m u l c t ’:; v o l t i q e  in  the c o i l .  T h i s  induced vo l t age  may repre-

sen t  a p rob lem e i t h e r  in  terms of i n s u l a t i o n, or of r e a c t i o n

in  the e x t e r n a l  c i r c u i t r y.

Ac c o i l s , and f i ne  wound c o i l s , have  a g r e a t e r  t endency
t )  deve lop hot spots , w h i c h  l i m i t s  the o v e r a l l  r a t i n g  of the

CO 1

~~. ..~ Other Relay__1-’eaturcs

3. 2 . 1 L t .ch~~~~
The commonest  typ e  of l at c h  is e l e c t r i c al .  One set of

c a nt  i c t  s i s  used t o  app ly  power to t he  r e l ay  coil , so t h a t

once i t is a ct  i v i t e d  i t  r ema ins  a c t i va t ed  u n t i l  the  l a t c hi n g

circuit is broken. Fi gure  3-3 illustrates the use of an

e l e c t r i c al  l a t c h  a l su . .

A m a gn e t i c  l a t c h  can be used when i t  is desired to m a i n —

t a ut  a r e l a y  in either s t a t e  w i t h o u t  powe r consumpt ion . Fi gure

3 — 4  shows one g e o m e t r y .

Where  it is important tha t two sets of contacts not be

closed at the sa m e -  time , a mechanical latch can be provided ,

so that one set  of  contac ts  can be closed only  if  the o t h e r

is o p e n .  (Bo t h se t s  can be open at the same time.) A classic

a p p l i c a t i o n  is f o r w a r d  and reverse  d r ive s , w h i c h  mus t  not  be .9
a c t i v a te d  it  t h e  ~arn~ t ime .

2 . 2 i im e  Dc 1 iv

Very  lonq  and very  e cc u ra te  de l ays  are o b t a i n e d  by u s i n g

a moto r  and cam . Long delays can be obtained by using a

therma l timer. The h e a t i n g  cyc le  is r a t h e r  dependent  on the

ai p lied voltage , but the cooling is independent of it. Either

(or both) can be used . Short delays , under one second typ i-

c a l l y ,  can be obtained by increasing the contact spacing or
by using an additional shorted coil which acts to prevent

b u i ld up 01 the magnetic field. Negative temperature coeffi-

cie nt res I s t a r : ;  can be used to create a de l ay . A dash pot

can cr ate dcl ~iy~; UI ) to i minute .

3 . 2 .  k t t d  C o n s t r u c t  i o n

A conut r k - I  an a I f v r i n q  many adva nt aq es  is  shown in

1’ i - j i i  r - $ — 5 . A m i q n e  I i C mater ia I i s  used f o r  the  re ds w h i c h

- - ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ —--~-~-~~~~~~~~~~~~- -—. - - —
~~~~
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n i t  ch~-s the thermal expansion co -I f i c~~ent  of the g lass  .-nveio :-

An e x t e r n a l  coil  a c t u a t e s  the  s w i t c h .  I t  is not uncommon fo r

as many as 20 sw i t c h e s  to be ac tuat ed  by a s i n g le  c o i l .  The
switches can be built in normally closed , normall y open , or
double throw c on f i q u r at . i o n s .  The enve lope is typ i c a l l y  f i l i . u

w i t h a non—reactive qas . For high voltage levels a vacuum n’ iv

1 u sed

When operated dry , i . e . ,  at very low voltaqe levels , life

expec t ancy  is on the order  of 500 m i l l i o n  cyc les .  C o n t a c t s
art usual lv gold p l a t ed  fo r  t h i s  type  of s e rv ice .

The r e sonan t  frequency of t h e  reed is about  800 h e r t z
i i  s tandard des i gns and up to 5000 h e r t z  in m i c r o m i n i a t ur e
t e : : I g n s  ( 0 . 5  in. long by 0.1 i n .  d i a m e t e r ) .
3 . 2 . -I C la s s  i f i c a t i on

N o ge n er a l l y accepted c l a s s i f i c a t i o n  scheme e x i s t s  f o r
r e lay s , and i t  is u s u a l l y poss ib le  to find a relay which can-

not be fit into i proposed scheme . It is the usual practice

t o  further identify a relay by some feature , e.g., latching ,

t;me d e it y ,  reed , rotary ,crystal can , vacuum , but these terms

i i -  not mutuall y exclusive . Crystal can refers to a size

(that of  t he  can standard for quartz f r e q u e n c y  cont ro l  c r ys t a l s )
and imp lies an he rme t i ca l ly  sealed can .  R o t a ry  i m p l i e s  t h a t
on pole may be connected with any one of a number of sta-

t. lo na ry  co n t a ct s .
t . 3 C i r cu i t c V si n ~~ Relay Control

3. $ .  1 Mui t i1:ie Control Circuits

The question of o b t a i n i ng  m u l t i p l t - c on t ro l  at a distance
u s i n g  a minimum ot ~ con t ro l w i r i n q  has received a good deal
of attention. Well known communication techniques such is

p h a n t o m  c i r c uit s  and tor ies  on a c a r r i e r  can be adapted for
relay control .

A number  of simp ler but less obvious t e chn i ques a re  av a t  1—
- i b it . Fi q u r t  3—6 shows a b r i d q e  c i r c u i t  wh ich  can he uses
i- c) d rop  out  a ny  sinqle relay at a distance u s i n g  oniy one
contr o l wire an d g round . C on n c ct i n q  the  cont  rol w ir e  to  one
i t  t h e  set  p oi n t s  c1 ’ C l t t - : ;  a b r id ge o d i n c e  which puts z i-o

V H , i ~~e u c l a : ; : ;  t i e  :; -I -i ’ t J  coil , while i ll o t~ the  ct  c u - s  ar e

ciii’ I ;  1 ~~~~
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Figure 3-7 shows a proqrcsslve lock and unlock circuit.

Every t ime PBI is closed , the first odd numbered relay that

i s  open  will close . Every time PB1 is opened , the first

even numbered  r e l ay  t h a t  is open w i l l  close . Every  t ime
P1t 2 is closed , the highest odd numbered relay that is closed

will open , and every time PB2 is opened , the highest remote

even numbered  r e l ay  t h a t  is closed w i l l  open . ( PB 1 . in i  1’132

s h o u l d  be m e c h a n i c a l ly i n t e r l o c k e d  to p r e v e n t  s i m u l t a n e o us

closure.) Multi ple contacts on the same relay provide many

} ) O S S i l 1  l i t i e s  and are often used .

3. 3 .2  Lo~~~~
I t  s h o u l d  be n o t e d  t h a t  Roo lean  a lgebra  does not  p rov ide

a satisfactory anal ysis of relay operation. The differences

in t i m i n g  of the opening and closure of contacts on t h e  sari

r e l a y  produces uncertainties which cannot be dealt with in

the formalism of the algebra. Many circuits take advantage

of  t h e s e  variations to produce desired effects.

3— 6
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x t  ~ i. t i
connect i a: is

NO c o n ts c t *

~~~ NC c on t a c t ~
c o n t a c t  s n e in g

s had i ng  ~~~
-; Li

antifreeze p i n

co il pigtail

a r m a t u re

magnetic core

b i n g e

retract spring

* “No r m a l l y open •
~ and  “ n o r m a l l y  c l o sed ” dc f i ne t he  p o s i t  ion of

the contacts when t h e  relay is no t  e n er q i  ZCd , w h i c h  is n o t
necessarily the usual p osit ion of t h e  c o n t a c t s .

I’ I ( 1  RE t — 1 . Ri-~ I AY Tl-~R ~1T N UL O GY

J contacts -
~~~~~~~~

~~~source l oad

( a )  b a s i c  ci  i c i  i t  ( I )  capacitor across p o i n t s

11

I
C c )  cii ode -I c ross l a i d

F’ IGUR E 3—2 . CONTACT P R O T E C t I O N

1—7
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relay coil ~~~~~~~~~~ rmost~tt~~ hot 

r

t 

I h e a t e r

con t act

B contact 
to h ilt

After t h e  thermostat touches its cool contact , t i i t ’ A
contact of the r e l a y  holds the relay closed . When the titermo—
stat touches its hot side , the relay opens. Not e that chat t er
it t he  t h e r m o s t at  conta~~ts has no e f f e c t .

FIGURE ~-3. LATCHING CIRCUIT FOR CHATTERING CONTACT

Permanent
magnet -

-

I’he t t 1.iI - i t ~ u h i o w n  w i  1 1 cause  the r e l a y  t r an s f e r  to t i- ic
- t pa . ; t i cit  . Reve r:; e p0 1 a rt t y ~~1 aces t h e r e lay  i ii t he

p t : ;  I t I an uhawit

No peWt ’i  1: ;  rt ’qiI I red to maint a in cit her pos 1 t ion.

F i G U RE  3 — 4  . MJv.;NETIC LATCH

3— 8
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~~~~~~~~~~~ glass envelope

\~~~

magnetic reed

s w i t c h i n g  f ie l d

The magnetic reed bends to th e  r i g h t  w h e n  a m a gn e t  i c f i e l d
is  a p p li e d  in the ver t  ical  d i r e c t i o n  on t h e  pa ge , thereby
c l o sin g  the normall y open contacts arid open inc i  n o r m a l l y
c losed  c o n tac t s .

FIGURE 3-5. REED RELA Y CONSTRUCTION

‘Hf
Suitable setting of the swit ch on the J e f t  w i h i
cause any one (or none) a f t he r~’ I ivo on t he
r i g h t  to open .

FIGURE 3-6. A BRIDG E C I R C U I T  FOR RE MOTE CON T i ~O~

3— 9
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Odd numbered  r e l ay s  have one con tac t , A.
Even numbered  r e l a y s  have four contacts , B , C , D, & E.

normally open contact ‘ normally closed contact

When PB1 is closed , the first odd numbered relay that
is open will close.

When PBI is~ opened , the first even numberea relay that
is open will close.

When PB2 is closed , the last odd numbered relay that - t
is closed will open.

When PB2 is opened . the last even numbered relay that
is closed will open.

FIGURE 3-7. A PROGRESSIVE LOCK AN~ UNLOCK CIRCUIT

3—10 
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SECTION 4

AN INTRODUCTION TO CONTACT PHYSICS

4.1 Life

A number of phenomena take place at the contacts , some

of which tend to provide a wearout mechanism in the reliability

sense. A comi~on life expec tancy is one million operations , but

the dry reed types run to 500 million , and merc ury wetted types
above that.

4.2 Current Carrying
A metal exposed to air will quickly be covered with a film

of oxide or adsorbed oxygen. If the film is thick , it will be

pra ctically insulating ; if thin , it will be permeable to electrons
by means of the tunnel effect.

When two such metal surface s are pressed together , only
a portion of the surface s car ries the mechanical load . Because

of the surface roughness of even polished surfaces , there will be

small regions of plastic deformation as well as larger regions of

elas tic deformation . In parts of the regions of plastic deforma-

tion the surface film will be separated and metal-to-metal con-

tact will occur . These isolated spots account for most of the

elec trical conductivity of the contact. These spots are always
cold-welded , but the elastic forces help to break the weld on

opening . The influence of the surface films in limitin g cold
welding and friction is desirable , and lubrication may be added

to electrical contacts for this purpose. For the same reason ,

oxygen should be present if the contacts are within a sealed

enclosure .

The number of contact spots is proportional to the force

pressing the Contacts together , but independent of the area of

the contact surfaces . The geometry of the contact spots does not

change , on the average , with the contact force . Notice that this

model of the contact surfaces predicts Coulomb ’s law of friction ,
which states that the friction force is proportional to the normal
force , but independent of area.

4— 1
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If more than a few volts are applied , another mechanism ,

called fritting, creates metal-to-metal contact. Fritting is

a result of metallic ion migration due to electrostatic fields

at the metal-film interface . It can both expand existing

contact spots and create new ones.

Because the equations for heat conduction and for electri-

cal conduction are similar , there is a fixed relation between

the voltage drop across a contact and the maximum temperature

attained within it. Table 4-1 shows values for some common
contact materials . The required voltages are quite low , so
that the corresponding phenomena can be expected in most prac-

tical circuits. Softening refers to an annealing temperature .

When this temperature is reached in a contact, the work hardening —

caused by the plastic deformation is relaxed , and the metal-to-

metal contact area increases , resulting in a decreased contact

resistance. In a similar way , a further decrease in contac t
resistance is noted when the melting point is reached . The boiling

point is only reached during processes associated with the opening

of contacts .

4 . 3  Closing
As the contacts close , the voltage stress rises until the

gap breaks down . Thus there is usually a br ief discharge on
closing . For 10 volts a’ross the gap , breakdown occurs at about

0.0001 mm in air. There is usually some contact bounce at

closure , which can produce arcing and welding. Inrush currents

can be far higher than steady state currents , factors of 10 to

20 are not uncommon . Many things can be done to minimize the

effects: multiple contacts will prevent an arc forming as long

as one of them is closed , cadmium and tungsten are resistant
to welding , the mechanism can be designed with leverage to

break the welds , and circuit modification is a possibility .

4.4 9p~riing

There are two major processes of material trans fer across
the contacts , both occur during the opening process. As the

contacts begin to open , a bri dge of molten metal is formed ,

4—2 
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TABLE 4 - 1.  CRITICAL VOLTAGES FOR SOME
COMMON CONTACT MATERIALS

Material Softening Melting Boiling
Voltage Voltage Voltage

Ag Si lver  0 . 0 9  0 . 3 7  0 . 7 5

Au Gold 0.08 0.43 0.9

Cu Copper 0.12 0.48 0.8

Pt Platinum 0.25 0.71 1.3

W Wolfram 0.t 1.1 2.1

4 — 3
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unless the contact voltage is very low. As this bridge iS
drawn out , it eventually separates. The separation is usually

due to boiling of the metal at the hottest point , but somet imes

due to surface tension . The heating is usually unsymmetrical

(due to the Kohier effect in short bridges , and to the Thompson

of f cc~~*1n long bridges) , so that there is a net transfer o~
material.

After the bridge breaks~ arcing will occur if sufficient

voltage and current are available. The requirements are quite low :

a bou t  g volts and under 0.5 ampere , dependinq somewhat on t h e

material of the contacts and the atmosphere . ~\rcing is character-

ized by intense heating of very small spots on the contacts

and conduction thru an ionized plasma . Material loss depends on

the temperatures attained . In short arcs , the spots are vir-

tually the same size , and the anode becomes hotter and there fore

loses more material. In long arcs , the cathode spot is smaller

and develops a higher temperature , and so loses more material ,

even though more heat is delivered at the anode . Curiously , arcs

in air lose much less material than arcs in vacuum; the reason

is that the cathode spot is much larger and cooler because the
oxygen lowers the work function at the cathode sur face . Some

materials with a high melting point , notably wolfram ~tungsten)

and carbon , are able to support an arc without melting , and

material loss is thus reduced .

In both brid ges and arcs , the net material transfer is

only a small fraction of the material involved in exchange . It

is possible to balance out the material transfer to some extent ,
but the usual prac tice is to replace the con tacts a f te r  a n umber of

*Kohler effect: Electrons tunneling thru a film will deliver
energy which appears as heat when they arrive at the anode .

**~~i 1amsori  effect : heat is given off or absorbed by c u rr e n t
car r i e r s  c o m i ng  from warmer to cooler regions of the current
p i t h  in a conductor. The Thomson effect may be of either s ian ,
and is known to change sign with temperature in platinum .

***T~~ voltage is required to produce ionization in the p lasma
be1w~~~11 ~~ Coflt~ict~; The current is r equ ir e d  to produce
sut t Icient heat m y  to produce thermionic emiss ion at the Cat bode .

4—4
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operations . Where arcing is in t en s e , t hey  ~ ay be rep lacca after

every operation .

Whe n the cold welds are pulled apart at contact Opefllni:,

the break is apt to occur within one of the contacts rather

than at the original interface . The material in and about the

on a i n al  interface I s s t ron g e r  than the p ar e n t  material bocau~;e

of the w o r k — h a r d en ~~n q .  Th i s  is consicered  to be a wea r  process

rather than a material transfer process.

4.5 Contact Materia~1s

The choice of contact material depends on the duty required .
Usually both contacts are made of the same m a ter i a l .  M a t e r i a l

transfer would make this e f fec t ive ly  the case even if different

materials were used in i t ia l ly . The use of d i f ferent  materials
Lntroducea thermoelectric e f fec t s  because of the high temperatures

at the contact.

For very low voltages and cu r r e n t s , i t  is important tha t

the contact ma te r i a l  be f ree  of corrosion and not form an i n s u l a t i n g

film. Gold is the most satisfactory material , metals in the

platinum group are also used .

For light and moderate duty ,  silver is the most satis-
factory material . The oxide tarnish , al though readi ly  visible ,

is conducting . (In atmospheres containing sulfur , however , a

nonconducting sulfide is formed which is a serious problem.)

High conductivity of the bulk material , softness , and low me l t in a

poin t , all help to insure a low resistance contact w i t h  modera t e

contac t force .

For heavy duty , where arcing is the prime consideraticn , the
melting point is the prime consideration . Wolfram , molybdenum ,

and carbon are able to sustain an arc without reaching their

melting point (sufficient thermionic emission occurs at tempera-

tures below their melting point).

Sliding contacts are not used in relays , but require

somewhat different considerations . For high power applications

carbon is used almost exclusively, because of its low wear and

low friction , despite a rather high bulk resistivity. Aithouqh

used against coppe r , the actual contact is carbon to carbon after

a brief  run i n .

4 — 5
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~‘t e r cu r v ~~~ rov 1 thu ;  a c o n t a c t  ma t  o r  i a i  th~~t is not~ ~i :na~~ -~i

i v  i : c i n s.  Po S i ns i n w h i c h  t h e  li  g u i  i o u  i i i  sos a f  i x~-~i pos on

t i~~ - n o t  sU i t t -a f o r  app lications w her e  shock an~i vib~~~t~~~n aio

nt - oP loms . 13v us i nq thin films in w h i ch  sun  ace tens ion s t:.~
-~ to fo ia-c , do vi ces wh i c :~ can ~o mounted it  a n v poS 1 0 a

an d i~ ~~ l w i  t h s t ,ia~j iao u e rj t c  acc o~~~- r  a t l o s  ~5 C) ~~:. ~ n ’- - i r ~ - c t _~~oa

h i v e  eon constructt -a . b o s i a n s  using l zquid ~;k - 1 -
~-u1 -v ca : i ; ,~~- t so

~~~~~ be low th e  t i  005 ag no n t , — 4 0° c.

ce nuao :i con~j uct or  ii art ’ un a at is facto- t \ ’  as contact s .

Copper t o nu s  t o  we ld  , and is  read ~ lv da m au ed  by  arom a. A Juia —

:~um a thick , tough insula ting film of oxide , and is one

of  t h e  few m e t a l s  w h i c h  c reep  i n de f i n i t e ly  at  room t -:i ~p c r a t a r c

so t h a t  it is d i f f i c u l t  to m a i n t a i n  contact  force .

The pure metals (cf. T~~b 1 e -~~— l l  a re  f~~i r~ y satisfactc:-v is

contact materials , but there has been a qreat deal of study of

ai 1oys  and compos i t e s .  Some e x a mp l e s :  The a d d i t io n  of 30 to 5~
p ercen t  p a l l a d i u m  to s i l v e r  w i l l  avoid the  f orm a t i o n  of suip hides .
Wolfram with silver added will resist a rc i n a  n e a r ly  as wel l  as

wol f r a m  a l o n e , w h i l e  t h e  s i l v e r  improves the c on d u c tiv i t y .  The

a d d i t i o n  of w o l fr a m  carb ide  to gold i n h i b i t s  ma t er i a l  t r an s f e r

resulting from cold welding thouqh the wolfram carbide takes

the form of isolated p ar i ic l e s  r a t h e r  than a sol id  so lu t i on.

Perhaps the particles constitute weak spots , so that the break

is always made at the same place in the cold w e l d .  -

Silver w i t h  gold plate is  suitable for c~ ther very lm~~dt

or moderate d u ty , thoug h not for  both at  the same contact. The

gold is e f f e c t i v e l y  removad by arcing or b r i dg i n g  in the hi gher
power c i r c u i t s .

The addi t ion  of a small percentage of cadmi um to silver
hel ps to s up p r e ss  ar c i n g .  The cadmium near  the su r f a L  becomes

o xi a i s ed , and t h e  d i s s o c i a t i o n  t e mp e r a t u r e  f o r  cadmium oxide  is

s~~ight l y  below the melting point of silver.
T i o le 4 — 2  is  a c l a s s i f i c a t i o n  of the duty requmre;~ents.

The  t e r mi no l o av  is no t  s t a n d ar u i s e d  , despite aeveial attempts , so
h i  s f ia u r e  is  i l i u s t r a t i ve  r a t her  t han  d e f i n i t i v e

4—6
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SEC’I’ION 5

DA’I’A A N A I . V P J S

5.1 Data Dcscrij?tion
Data was received from four sources and t h re e  m i s s i l e

programs representinq 2085.7 mi llior part non-oporot ing

hours wIth 45 failures reported . Table 5—i summarize;; the

relay data from each source.

The dot a in  Sout-ce A c o n t ai  iied Ca a f rom ~ourco C. A

comparison was performed wh i ch i den t if icC common d~ t a bet Weon

the two sources. Data was removed f r o m  Source A t o  avoid

dupi  i ca t . ion . Tl i t ’ hour s and [a i i  UrOS i.n parent he;; i be U 1W

Source A dat a  r epresen t s  to tal  Source A d a t a  wh i Ic the hour;;

irnd fai l u res  isted on the Same I m e  r ep resen t  s nfl i qu o  da ta

to Source A.

The da ta repret~cn1s a wide var i e t y of ( 1eV i Ot ’S . F.i i t i r e

rates for inC i v idu a l  dcv Ct-;; ranqe from 8 .7 1 it ( fa i i  LIFOS

per billio n h o u r s )  to 637 fit ; . The overall failure rate

is 20.2 fits.

Table 5—2 t hrough 5—8 present;; data f r o m  each source

i d e n t i f y i n g  ‘ - ‘ type o re l ay where available. Each d a ta

source is described below .
S. 1. 1 Source A l)a t~ i

Source A reprosent . s  a tel i abi I ity stud y pert orinod under

contrac- t to RAI)C in 1 974  . Th I ; ;  ;;ou roe i dent i fl &‘d t lie I ype

and quail t y q r~id ’s for the dev ice;; , however  , i t  ~~rev iCed
no i n io r mat .  ion  r( ’q~lrd i ng  nt  c~i -~i g& ’ (-ond i I i oi l ; ;  o~ i iid I V ; t l L i , I  1

pr oqrams . l),it~i for the device I ypt- ;; wli i cii ore  ii parent he;-

in Table  5 — 2  i t;  a dup l i c a t i on of dat-a from ~oiirco C i n  Table

5—4.

5. 1 .2 ~;ource 14 l)ata

T h e  si o i . i ~;e d O t a l  u n der  ~ o u i - -  R a c t u a l  l y r t -~~’i t’seiit

1-1 .1 i1(ll)y (1.1 t a i r~ ~in o i l )  i L i  n ’.j so tic 1 1 1 e cmvi  r on inen  I .

[ . 1  t I LIL 0 W ,t5 1 wI i c,t t i ’d i n  7 . 4~ mi  I i on  i o i l y  at  •indh y lIeu)-;;

5— 1
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5 . 1 . 3 Source C Do

Source C data represents a reliability study performed

uiid t -r contr.lct to RADC in 1968. No environments were pro—

v i ed. For approximately 642 million relay non-operating

hours , 20 failures were reported . The data includes non-

o~se ratiny hours on a number of different types of relays.

The failures , however , were recorded against relays for

which the type was not identified .

5.1 .4 Source P Data

Source P represents a specia l ag ing and surveillance pro-

qra;:l. De v i ces are stored in a controlled environment. The

datii included 42 holding relays stored fo r an average age of

6b months (the oldest unit was 71 months) and 39 latching re-

lay;; stored for an average age of 55 months (the oldest unit

Wa;; 60 mouths).

One latching relay failed at test age 20 months . No

failure anal ysis was available , however , a retest by th e manu-

facturer could not duplicate the failure .

5. 1 .5 M i s s i l e  t ; — l  D a t a
Missile 1- -l data consists of 874 missiles stored for 20

m o n t h s .  The miasil-s were stored in containers exposed to

e x t e r n a l  en v i i o n nt e n t a l  condi t ions  i~- the northeast U. S.

They we re u s a  transported once from coast to coast. The

do t  a included t liree types of relays: DPDT , rotary motor and

thermal. Two failures were recorded on the rotary motor relays.
5.1.6 Missile G Dat,~

M i a s i  to c tit t a consists of 39 mis.)iles stored for periods

2h month;; to 56 months for an average storage period of

3) month ;;. Tlit ’ missi  los in storage containers experienced
the holl ow i ng env i ronments: 12 missiles stored outside in  the

;;t~ u t  l s - d ; ; t  desert 12 missile ;; stored outs ide in the northeast

LI . ~~~ . 12 m issi l e ; ;  stored on the Gulf Coast; and 23 m i ssi le s
;; I i  e ’~l in lnuike rs in the sout hc’.ist U. S. No failures were
r c-o I ~hi 1  1 01 t h e  a rnia t ure relays

5— 2
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5.1.7 Missile I Data

Missile I data consists of 2,070 missiles stored for

periods from 1 month to 40 months for an average storage

period of 14 months . Approximately 80 percent of the missiles

were stored in Ti. S. depots while the remainder were stored at

various bases around the country. Two failures were recorded
in armature relays at test age 8 months and age 12 months.

TABLE 5-1. NON-OPERATING DATA SUMMARY

MILLION FAILURE RATE
SOURCE PART NON-OPER. NO. OF FAILUR ES IN FITS

I-IRS .

A 165.793 0 (<6.0)

(797.111) (19)

B 7.46 1 134 .0

C 642 .109 20 31.1

P 3.59 1 278.6

MISS.I I.E

E—1 382.812 2 5.2

a 4.5 0 ( ‘2 2 2 . 2 )

I 82.36 2 24.3

TOTALS 1288.624 26 20.2

(2085.734) (45)

TABLE 5-2. SOURCE A DATA

NON-OPER. FIRS . FA TLU RI - :  RATE
D1-VICE TYPE IN MILLIONS NO. OF F A i l U R E S  lN FITS 

-—

( G e n er a l)  (587.4) (19) (32.3)

Genera l , Sub 144.1 0 (~ 6.9)

(Crystal Can ,
L a t c h i n g )  ( 4 3 . 4 6 )  ( 0 )  ( < 2 3 . 0 )

Latching , Gen. 12.33 0 (<81.1)

( Th e r m a l )  (0.458) (0) (<2183.)

Non-Latching ,
(;(m&-r.i I 9.363 0 (c107.)

5— 3



TABLE 5-3. SOURC E B DATA

DEvIcE TYPE NO. OF DEVICES NON-OPER. }IRS . NO. OF FAILURE RATE
IN MILLIONS FAILURES IN FITS

— 1912 7 .46  1 134 . 0

TABLE 5-4. SOURCE C NON-OPERATING DATA

DEVICE TYPE NON-OPER. HRS. FA1LhRE RATE
IN MILLIONS NO. OF FAILURES IN FITS

Microinjniature .1168 0 (‘8562)
Miniature .7244 0 (<1380)
Rotary .164 0 (<6098)
Solenoid .370 0 (<2703)
Sw.— 2 pole .318 0 (<3145)
Thermal .458 0 ((2183)
Goldplated—4 pole 79.0 0 (~-l2.7)
Armature  .322 0 ( < 3 1 0 6 )

.0658 0 (<15198)
1 .8510 0 (‘1175)

1.2604 0 (‘-793)
.3699 0 (<2703)

9 6177 0 (<104)
5.1564 0 (<194)

° 2.6460 0 (<378)
1.8096 0 (<535)

Crys ta l  Can 1.0562 0 (- ‘- 9 4 7 )
- 9.9152 0 (101)

1 0168 0 (<983)
2.6577 0 (<376)

“ 27.872 0 (-<36)
0728 0 (< 13736)

1~ .8792 0 (<1137)
— 1.85 0 (<541)
— 12.576 0 (<80)
— 3.050 0 (‘-328)
— 37.688 0 (<27)
— 12.207 0 (<82)
— 128. 3 23.4
— 281. 15 53.4
— 9.982 1 100.2
— 8.976 1 111.4

TABLE 5-5. SOURCE P DATA

DEVICE TYPE NO. OF NON-OPER. FIRS . NO. OF F’AILURE RATE
DEVICES IN_MILLIONS FAILURES IN F1Th

h o l d i n g  42 2.02 0 (‘-495)

La tch i n g  39 1.57 1 637.

5—4 
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TABLE 5-6. MISSILE E-l DATA

DEVI CE TYPE NO. OF NON-OPER . IIRS. NO. OF FAILURE RATE
___________  

DEVICE S IN MILLIONS FAILU RES IN FITS

DPDT 6118 89.323 0 (<11.)

Rotary Motor 15732 22 9 .687 2 8 .7
Thermal 4370 63.802 0 (<16.)

TABLE 5-7. MI SSILE G DATA

DEV ICE TYPE NO. OF NON-OPER. I-IRS. NO. OF FAILURE RATE
DEVICES IN MILLIONS FAILURES IN FITS

Armature 156 4.5 0 (<222)

TABLE 5-8. MISSILE I DATA

DEVICE TYPE NO. OF NON-OPER. HRS. NO. OF FAILURE RATE
DEVICES IN MILLIONS FAILURES IN FITS

— 2070 20 .59 0 (< 49.)

Armature 6210 61.77 2 32.

I’
.,
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5. 2 Dat a  Ev a l u a t i o n
The data from the various sources was combined by device

type . Only three relay types plus the general category re-

ported fdilures . The resulting failure rates range from 8.7

f i t s fo r rota ry relays with two failures reported to 71.9 fits

for latching relays with one failure reported .

Since the failure rates by device type represent a very

small number of failures except for the genera l category a

t est of si g n i f i c a n c e  (described in Appendix  A) was performed
to test whether a single failure rate could describe all the

relay types that showed failures. The test indicated that

there was no significant difference . The combined da ta  fo r  al l

relay types showing failures including the “general ” typ o

represents 833.4 non—operating hours with 26 failures giving

a pooled failure rate of 31.2 fits.

Next  a test  was performed to pool all relay data (including 0

failure dat a )  in to  a sing le general relay category . This  test
ind i cated there was a significant difference when the 0 failure
cases wore included .

Since the f a i l u r e  data by device type was i n s u f f i c i e n t

to d e t e r m i n e  d i f i c - r c n c e s .  The da ta  was broken out aga i n  by

source and regrouped . Al l  relay data f rom m i s s i le  programs
were placed i n  one group and the other sources in to  a second
group .  These poolccl data  groups were  tested and no sig n i  ficant

d i i  {erencu’s ~cei  e measuref ~ w i t h i n  the groups . The pooled dat.i is
shown i n  ‘I’ ab l e  5— 10.

In Tab le  5-10 the data under group 1 g ives a f a i  lure  r at e

~~ 2~ .9 t i t s  w i  t h u  a 90 % conf idence  t h a t  the true Lii lure rate

i s  Lelow 35.7 i t s .  Group 2 gives a failure r a te  o t  8.5 fits

w ith a 90% confidence that the true failure rate is below 17.0

f i ts.

Thit ’ m i  i s  i 1 e sources represent newer dcvi 015 t has the othe r

sources . Tint ii su f  f I c i e n t  da ta  becomes ova i i o n i c  t o  d i s  L i aguish

h~~ t~~eemi 1 ci oy t y }n 5 , ii is recommended tha t the rues—opera I. i i s ;

1 , i i  1 t i r e  r.ute of 8.5 fits be used to represent t h e  bL ’St case tei

a ‘ ( J u - i l l ’  r u  I “ u~~- I .iy cot e j ory  w i t h i n  the  cu r  r en t  s t a t  c — c t  — t h e — a u  I

5—6
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ii
TABLE 5-9 . NON-OPERATING DATA BY RE LAY TYPE

NON-OPERATING STORAGE FAILURE RATE
TYPE HRS . IN MILLIONS FAILURE S IN FITS

General 523.379 21 40.1
General , Sub 144.1 0 (<6.9)
Latching , Gen. 13.9 1 71.9
Non-Latching , Gen 9.36 3 0 (<106.8)
Microminiature .1168 0 (<8561 .6)
Miniature .7244 0 (<1380.5)
Rotary 229.851 2 8.7
Solenoid .370 0 (<2702.7)
Sw. — 2 pole .318 0 (-< 3444.7)
Thermal 64.260 0 (<15.6)
Goldplated 4 pole 79.0 0 (<12.7)
Armature 22.1588 0 (<45.1)
Crystal Can 4 3 .4 6 9 9  0 ( < 2 3 . 0 )
Holding 2 . 0 2  0 ( < 4 9 5 . 0 )
DPDT 89.323 0 (<11.2)
Armature 66.27 2 30.2

TABLE 5-10. POOLED DATA GROUPS

GROUP 1
NON-OPER. BRS. NO. OF FAILURE RATE

SOURCE IN MILL IONS FAILURES IN FITS

A 165.763 0 (-<6.0)
B 7.46 1 134.0
C 642.109 20 31.1
P 3.59 1 278.6

TOTALS 818.952 22 26.9

GROUP 2

MISSILE
E—1 382.812 2 5.2
G 4.5 0 (<222.2)
I 82.36 2 24.3

TOTALS 469.672 4 8.5

5—7
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5. 3 Operational/Non-Operational Reliability Comparisons

Operational failure rate data for relays was extracted

from report RADC-TR-74-268 , Revision of P.ADC Nonelectronic
Reliability Notebook , D. F. Cottrell , et al , Martin Marietta
Aerospace , dated October 1974. This data is shown in Table

5-11 and compared with the non-operating failure rate pre-

diction . Comparing the common environm ent (ground) indicates

a non-operating to operating ratio of 1:20.

TABLE 5-Il. OPERATIONAL/NON-OPERATIONAL RELIABILITY
COMPARISON

ENVIRONM EN PART HOURS NO. OF FAILURE RATE ~op/xT (106) FAILURES IN FITS no

Non-Operating

Ground , Fixed 469.672 4 8.5 —

Operating

Satellite 118.835 1 8.4 1.

Ground 78.261 13 166. 20.

Airborne 8.602 58 6743. 793.

Helicopter 2.531 157 62031. 7298.

Shipboard 22.552 17 754. 89.

Submarine 43.031 55 1278. 150.

5— 8 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --- ~~-- - - - -- 



-~~~ .— -——— — ~-~~—_ - ~-~~ -- . .,_ ~~~~ . - - -- --r’ -
~~

-.---—-----
~ ----

~
-

~ 
- - ——-.- - - - .

5.4 Failure Modes

There is no available data on the failure modes of the

failed relays in the studies of Table 5-1. The commonest

operational failure mode is open or intermittent contacts , w h i c h

is caused by contamination , usually particulate , of the contacts.

St icking contacts is the second most common operat ional f ail ure
mode , and is caused by either hot or cold welding .

5— 9
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SECTION 6

STORAGE RECOMMENDATIONS

The field of protective relaying has some close paral-

lels with missile requirements. The purpose there is to pre-

vent damage to power systems . The system is continually

monitored by a complex set of relays which are able to dis-

tinguish faults both as to time and location , and which dis-

connects any part of the system containing a f a u l t .  Practice
in thi s field has been to inspect and test the protect ive
relays annually .

No applicable storage experience is at hand , but it is

suggested on general principles that electromagnetic relays
be inspected and operated periodically . The inspection

should particularly look for evidence of corrosion , and the

operation should test for shorts and opens. Operation under

load would not seem to be a requirement.

Where the con tacts are in a sealed enclosure , the f i l l

gas should include oxygen. Appendix C is a copy of a report

giving detailed references to the literature on the role of
oxygen.

Of possible importance for storage are failure modes due

to corrosion. Historically , this has been a problem where

fine wire is used for the coil , but sealed construct ion has
overcome it. The coil must have insulation , and there has

been some problem due to vapors of organic material from the

insulation or potting compound on the contact surface , when
the coil and the contacts were sealed into a common enclosure .

Relay design and practice have matured to the point

where hardly any failures remain to be examined .

I

6—1
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APPENDIX A

TEST OF SIGNIFICANCE OF DIFFERENCES IN FAILURE RATES

(MORE THAN TWO POPULATIONS )

The storage reliability data is obtained from numerous
sources. A detailed qualitative analysis is performed on

the data to classify devices , environments , uses , qual i ty  leve ls ,

failures modes & mechanisms , and so on. Once the da ta sets ar e
grouped according to these analyses , it is still not certain
whether grouped sets of failure data are in truth from the same
statistical p~pu1ation . It is possible that the failure rate

characteristics of identical device s from the same manuf acturers,
with the same application , use envi ronmen t, and so on , are not from
the same population in terms of reliability — -  possibly due to
some problem on a production line for a certain lot or other

fac tor.
Therefore a statiscical test i s performed to determine if

the different data sets could be from the same statistical popu-

lation.

The techni que used is for more than two data sets and is

tak en f rom “Statistical Methods for Research Workers ,” R. A.

Fisher , 13th edition, Hufner , 196 3, pages 99-101. -‘

The techniques assumes that the underlying failure dis-

tributions each have the same constant failure rate (A).

Therefore , the probabili ty of a number of fa i lures  for each
populat ion can be represented by the Poisson distributio n .

A si ngle fi.ilurc rate is calculated based on the pooled

dat a sets being tested.
N

A = f.

i=l
N

~ T.
i=1

where A = Mean f a i l u r e  rate for al l  data sets

f~ = the number of f a i lu res  in data se t i

T . the total  storage hours  in data set i

- n the number of data  sets being tested

A-l



The expected number of failures and the ditference between

the expected number of failures and actual failures is calcu1ate~
f or each data set based on the pooled data :

M. AT.

whe re
= expected number of failures for data set:

(based on the pooled data sets)

d. =- absolute value of the differences be tween the

expected number of failures and the actual

failures for data set i.

Next , lower and upper limits are calculated for the Poisson
distribution :

= [M
1 + d13 (if U~ f~~, set U1 = f~ — 1)

L~ = <M
1 

— a1> (if L~ = f~~1 set L1 f~ + 1)

(if L~ <0 , set L1 = 0)

U. = upper limit for data set i

lower limit for data set i

I I = rounded down to intLger value

< > = rounded up to integer value

The probabil i ty that f 1 failures would occur in data set I
given the population failure rate is A , is expressed by the
Poisson distribution :

U i

j = L.
LI.

3.

~
.- -N. H. ]

= 1 —  e ~
-

3T
j =

A -2
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ptob.ibi I it i e~ ; for t h e  iiid ividiia l di :.t r ibut ioie ; . I t  15 rcqu~ I- (d

to t ( ‘St  wu i e t h e i  t lit’ eriscmhl&’ of 1’~ t ,tk ezi t t s j c f  h t ’i  (‘1)rt’nent S d I A

I inp rohahi e con I i ‘jura ii on under  the n u l l  h ypot  he:; i wh ich 1:; t ha

t he  un d er ly  i nq d i st r i bu t  ions have (- li t’  ~~.iii~t. c e n : . t . , i s t  I .~ i l u i t ’ L a t e

( A )

The tes I i :. done a~ ; f o l l o ws :

C . ’ - ’ - 2 l n P .
1

C - ,  C~

F in d  Cr f o r  “ ~-r .05 (E% level ol .;i ni t ic . u i c c)  and ~‘ i;

deq ret’:; of freedom from I lie t all t’~ ; of clii  s t j t i . i  cc

If C~ Cr rt ’ cct t he  n u l l  h y p oth e s is  ( t ha t  ~U of t he  popula—

t ion:;  have the same failur e rate.)

If the n ’i I  I hypo t hes is is not. rt’~~&’ct t’d , t h e  ~i .t t a ~ et  can

be poo h ed ~ind t h e  common fai. lu re  r a t  t ’ A used .

If the nu l  1 hypot i h ’~ ; t is r e j ec t ed , cnq i necr  i ~~~ and s t a t . i - -

t ical  an a l y s is  is r equ i r ed  to remove dat a set Ir e  1 t h e seele d
d at  a t i n t  i I (l i t ’ iwl  I hype ‘s i S i iol ci ’ ice cd

l- :X AMI ’l ,F : 1:
T . F . M d . U 1. - P - C -D A I i \  .-.l- . I  1 -t -i 1

1 587. 4 1~~ 12 . 9  ~ . I 18 7 . 0 9 3 i .~
7 144 .1 0 3 . 2  3.7 3 1 . 0 8 4 ~ 4 .~ )

6’ ) .6 1 1.4 .4 2 2 1.000  0

4 9~ .8 1 2.1 1.1 3 2 . ~~~~ 0~ 1

1 713 . 3 2 . 8  .2  1 .~~~ 0 ()

3 .  28 I . I 5 6 . 2 8. 8 1 4 0 .00 1 8 1 .~ .

18. (~ 2 1 .7 . 4 1 1 1 . 00 0  0

8 484 .8 0 10. 1 10.7 21 1 .00 It. 
- 
17 . 1

I 8(,’~ . ~ 4 1 (‘ i ~
—. 

~ ;. .4

~)t~~)I4’d - A 11 . ‘)8 f i t

C h~ . 4  I
ii dt ‘ t j  i - . ; ~ I I i ,e~ I~ I

( I  i~~ti~ c l i i-  . tp i , i i  t ’  d i  :.t . . 1 1  “ .0’’) t i  .‘ i . .

~ . i  r h - c  C —- t h i l  f l u I  I hI ’~po3 l i t ’ : .  i :. , I li , it ,iI I ~)t t I S ’  } ‘ 3 ’ I I

J . t t  1 (1 11 . l i . i v i - I I I I ’ 5.1 113, ’ t , t  i l i i i  t ’ i at .’ , i .  i c

A t  

— .  ~~~~~ — —— -
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EXANPL.F: 2

DA’t’A SI:T 
____ 

f 1 
_____  

d1 U 1 
_____  

P
1 C1

1 587.4 19 19.5 .5 20 20 1,0 0
2 65.6 1 2.2 1.2 3 2 .536 1.2
3 95.8 1 3.2 2.2 5 2 .277 2.57
4 128. 3 4.2 1.2 5 4 .641 .89
5 281. 15 9.3 5.7 14 4 .070 5.33
6 78.6 2 2.6 .6 3 3 1.02 .0

1236.4 41 9.99

Pooled A = 33.16 fits

C = 9.99

2n degrees of freedom = 12

Cr = 21.03

C<Cr - accept null hypothesis --
All data sets have the same failure rate (A = 33.16 fits).

11-4
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STAT IC RELAYS

The term static relay includes several types of device ,

such as photoconductors , silicon controlled rectifiers , vacuum

tubes , magnetic amp l i f ier s , t r a n s i s t o r s; wh ich  are able to con—

F trol the power to a lead w i t h o u t  the s e p a r a t i n g  (moving)  contacts

of the e lec t romagnet ic  relay . An equivalent exists ba~eçi on each

of these devices , and only a sam pling will be described here .

Fluidic devices are able to perform logic and switclting ,

and the input sensors and output drives can often be designed to

use t h e  same f l u i d  power s u p pl y .  Response t im e s  on the order of
one m i l l i s e c ond a re typ icai , and radiation hardening £s not a

problem . Reference 13 discussc~ tue advan tages  and d i s a d van ta ge s

as well as the Operating princip lcu of f l u i u L c s.

Snap action requires ei ther regenera tive elements , such
as the controlled rectifier , the unijunction , the four layer
diode , and the tunnel diode; or regenerative circuitry , such as

the blocking oscillator , the Schmitt trigger , and the bistable

multivibrator.

In general , to attain specific features such as isolation or

suppression of voltage spikes in a static circuit requires addi-

tional complexity . Most of the static devices are very fast

compared to electromagnetic relays , which usually require a few

milliseconds to transfer. Saturable core devices are comparatively

slow , however , the fastest response being a h a l f  cycle of the drive

frequency , typically 1000 hertz or l e ss .  M u l t i p o l e  swi t ch ing

with static devices generally requires duplication of the output

circuitry . There is usually some consumption of power in both

states of a static switch .

Figure 13-1 shows a simple SP[)T s w i tch .  Such a c i r c u i t  has

been used to create a di g i t a l — t o - a n a l og  convertor .  One c i r c u i t
is used for each b i t , the output  cur ren t s  be ing  summed . Accuracy
better than 0.1% can be attained without matching.
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Figure S-2 shows a high power SPDT switch . In this circuit

only a pulse is required for the switching. Diodes may be added
to l imit  voltag , spikes , and additional 8CR. can be used to
achieve meltipole operation .

Figure B— 3 shows a transistor static relay with transforme r

coupling to provide isolation between input and output . At low

input voltages , the output transistor is virtually an open cir-

cuit. When the input voltage exceeds the Zener voltage the gain

of Ti increaseB and oscillations are produced . These oscilla-

tions are rectified in the secondary to create a bias for T2
w h i c h  d r ives  it into saturation , thus creating a virtual short

at the output . Two versions of this device are in production .
Figure B-4 shows a signal relay which uses a phototransistor

rather than a transformer to achieve isolation . The Zener diode

and the SCR implement a requirement that the control voltage be

of the righ t polar ity and a proper voltage before the relay is
activated . A latch can be created by using a second lamp across

the load .
Figur~ n-S shows how diodes can be used as contacts . The

principle is , that when a diode is conducting a forward current ,

it can pass a reverse current up to the value of the forward
current at the same time. An oscillator similar to that of

Figure B-3 is used . Its output is rectified and filtered to create

the control voltage . When this voltage is present , forward current

is passed thru the four diodes in the bridge , and the drive volt~ ee

is effectively applied to the load .

Fiqure B-6 shows the basic full wave seif-saturatinc r;aanetic~
amplifier circuit. The transfer characteristic is also shown ,

from which it can be seen that the voltage across the load , for
a certain ran ge of control current , is in one of two states ,

depending on what the control current was before it entered that

range , i.e., the load is either powered up or not.

The reliabil ity of a magnetic amplifier is essentially that
of the diodes used , the transformer-like cores and windings are

beinq comparatively failure free.

The reliability of the electronic circuits is determined in

the usual way .
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The output is zero or +E as the input is
positive or negative.

PRECISION CLAMP

Figure 13-1.
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A positive pulse turns on load #1, a
negative pulse turns on load *2.There
is a short make-before-break period ,
typically 100 microseconds.

HIGH POWER SPDT STATIC SWITCh

Figure B-2.
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When input is suf f i ciently pos itive ,
T2 is saturated and the contact is closed .
Otherwise, T2 has zero bias and con tac t
is open.
This relay can be cycled up to 20 kHz.

TRANSISTOR STATIC RE LAY

Figure B-3.
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ePhotocell

PHOTOCONDUCTOR SIGNAL RE LAY

Figure B-4.
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DIODE BRIDGE RE LAY

Fi gure B-S.
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BASIC MAGNETIC AMPLIF IER CIRCUI T

Figure B-6a.
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input cuix~ t

bistable range

MAGNETIC AMPLIFIER TRANSFER CHARACTERISTIC

Figure B-6b.
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APPENDIX C

THE ROLE OF OXYGEN IN THE ATMOSPHERE OF RELAY CONTACTS

It has become common practice to enclose switch and relay

contacts wi th in  an hermet ical ly  sealed case.  The use of a

chemical ly inert atmosphere turns out to be disadvantageous .
Oxygen in substantial proportion is desirable for two reasons ,

both related to the formation of a film at the contact surface .

One is that the film acts as a lubricant , preventing sticking

of the contacts; the other is that the film substantially re-

duces damage to the cathode from arcing .

Holm (1) describes several experiments on adhesion at

pages 155-157. (The terms adhesion , sticking , and cold welding

refer to the same process.) He describes experiments on arc

damage at pages 308—311 , see especially figures 56.09 and

56.10. The reduction in loss of contact mater ia l  is large ,

a f actor of ten or so , but the theoret ical explanation for
it is not entirely satisfactory . The cathode spot is larger

and cooler , and th is suggests that the oxygen somehow reduces
the work function.

Bates (2) describes the industry experience with sticking

contacts in general terms and gives several case histories.
He remarks tha t dry oxygen is added to the f ill gas by several
manufacturers in amounts up to 30 percent by volume .

Some current specif ications do not pe rmi t the u se of
oxygen in the fill gas. Reference (3) calls for a “suitable

inert gas ” at section 3.4.5.2 Reference (4) calls for the

“des ired inert pressur izing ga s” at section 6.4 (e) . Refer—

erces (5) thru (8) make no mention of the fill gas .
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