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THE IMPORTANCE OF THERMAL-VACUUM TESTING I N  ACHIEVING 

H I G H  RELIABILITY OF SPACECRAFT MECHANISMS 

* 
K PARKER 

ABSTRACT 

This  paper  d e s c r i b e s  t h e  work performed a t  t h e  European Space T r i b o l o g y  
L a b o r a t o r y  (ESTL) on t h e r m a l  vacuum t e s t i n g  of complex mechanisms f o r  t h e  
European Space Agency and s e v e r a l  European customers. The o b j e c t i v e  of t h e s e  
tests i s  t o  assess t h e  mechanism r p l i a b i l i t y  by monitoring performance i n  a n  
environment t h a t  c l o s e l y  r e s e m b l e s  t h e  e n v i r o n m e n t  t h a t  w i l l  o c c u r  d u r i n g  
f l i g h t .  To be  b o t h  v a l i d  and  cost e f f e c t i v e ,  t h e s e  t e s t s  must be performed 
i n  a d e t a i l e d ,  fo rmal ly  c o n t r o l l e d  manner. 

A r e v i e w  of t h e  major test observa t ions  a t  ESTL over 10 y e a r s  i s  given,  
dur ing which time some t o t a l l y  unexpected f a i l u r e  modes h a v e  been  d e t e c t e d .  
F u l l  c o n f i d e n c e  now e x i s t s  i n  many mechanism and component des igns ,  and much 
va luab le  d a t a  have been obta ined t h a t  a r e  a v a i l a b l e  t o  mechanism d e s i g n e r s  
f o r  improving r e l i a b i l i t y .  

INTRODUCTION 

The European Space Tribology Laboratory (ESTL) is operated by the  Naticnal 
Centre a€ Tribology cn behalf of the  European Space Agency {ESA'. Th i s  l a b o r a t o r y  
i s  d e d i c a t e d  t o  t h e  s tudy  af a l l  a s p e c t s  of t r ibo logy ,  h b r i c a t i o n ,  and wear 
processes  t h a t  a r e  a p p l i c a b l e  t o  s p a c e c r a f t  technology. 

An e s s e n t i a l  p a r t  o f  t h e  work i n  ESTL is t o  c a r r y  o u t  c a r e f u l l y  
c o n t r o l l e d  thermal vacuum t e s t s  on complete mechanisms o r  i n d i v i d u a l  
components, whereby t h e  cond i t ions  a n t i c i p a t e d  t o  occur i n  f l i g h t  a r e  
accura te ly  s imula ted ,  p a r t i c u l a r l y  with regard  t o  t h e  presence o f  thermal 
g r a d i e n t s  a c r o s s  :+ mechanism. 

A r e c e n t l y  a v a i l a b l e  a n a l y s i s ?  af 316 s p a c e c r a f t  f r m  46 United S t a t e s  
programmes revea led  1600 s e p a r a t e  anomalies of varying degrees o f  importance 
as regards  t h e i r  impact on t h e  o v e r a l l  r e l i a b i l i t y .  A s i g n i f i c a n t  p ropor t ion  
were a t t r i b u t a b l e  t o  e lect romechanical  dev ices  which had been assumed t o  be 
r e l i a b l e  under a l l  p o s s i b l e  opera t ing  cond i t ions .  Could some o f  t h e s e  
anomalies have been avoided by the  a p p l i c a t i o n  o f  more t e s t i n g ?  
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The p u r p o s e  of t h i s  p a p e r  i s  t o  emphasize t h e  importance of s e l e c t i v e  
thermal-vacuum t e s t i n g  f o r  ach iev ing  h igh  r e l i a b i l i t y  and  t o  r e v i e w  t h e  work 
c o n d u c t e d  a t  ESTL f o r  t h e  p a s t  10 y e a r s .  D u r i n g  t h i s  time per iod ,  over 70 
thermal vacuum t e s t s  were performed f o r  ESA a n d  s e v e r a l  European mechanisms 
manufacturers. 

TESTING PHILOSOPHY 

I n  t h e  i n t e r e s t  of a c o s t - e f f e c t i v e  demonstra t ion of s p a c e c r a f t  mechsnism 
r e l i a b i l i t y ,  ESA placed g r e a t  emphasis on thermal-vacuum t e s  t i n 9  of c o m p l e t e  
a s s e m b l i e s ,  p a r t i c u l a r l y  those  assemblies  requ i red  t o  opera te  t o  w i t h i n  close 
t o l e r a n c e s  throughout t h e  l i f e t i m e  of t h e  s a t e l l i t e .  T h i s  t y p e  of t e s t i n g  
i s  o f t e n  t h e  most demanding of t h e s e  tests done on a mechanism, canbining 
t h e  h o s t i l e  vacuum environment wi th  t h e  s u b t l e  stresses p r o d u c e d  by a d v e r s e  
temperatures and temperature g rad ien t s .  

It is n o t  always p o s s i b l e ,  even with elabor51te thermal c o n t r o l  systems, 
f o r  a s a t e l l i t e  mechanism t o  opera te  i n  a p r e d i c t a b l e  isothermal  environment. 
For example, a s o l a r  a r r a y  d r i v e  mechanism w i l l  h a v e  i t s  s h a f t  e x p o s e d  t o  a 
d i f f e r e n t  e n v i r o n m e n t  than  t h e  housing,  bear ing  and s l i p r i n g  u n i t .  With geo- 
s t a t i o n a r y  s a t e l l i t e s  t h e  system w i l l  be exposed t o  a n  e c l i p s e  c y c l e  d u r i n g  
which t h e  s h a f t  temperature is  r a p i d i y  reduced and then r e s t o r e d  t o  its normal 
l e v e l .  

Despite comprehensive thermal a n a l y s i s  it is usua l ly  d i f f i c u l t  t o  o b t a i n  
accurate  p r e d i c t i o n s  o f  t h e  temperature d i s t r i b u t i o n  i n  a mechanism. Also, 
when s e v e r a l  components may b e  o p e r a t i n g  t o  d i f f e r e n t  c o n t r o l  s e q u e n c e s ,  
r e s u l t i n g  i n  v a r i a b l e  power d i s s i p a t i a n  from motors, s l i p r i n g s ,  and cab les ,  
thermal g r a d i e n t s  can occur over small a r e a s  of a device.  

Although t h e  performance of ind iv idua l  components may have been 
s e p a r a t e l y  a s s e s e d  b e f o r e  a s s e m b l y  i n t o  a complex mechanism, u n f o r t u n a t e l y  
i t  i s  sti l l  t h e  case  t h a t  unpred ic tab le  b e h a v i o u r  and  p o s s i b l y  f a i l u r e  of a 
canponent can occur i n  systems s u b j e c t e d  t o  extreme temperatures and temperature 
g rad ien t s .  Complete confidence i n  a p a r t i c u l a r  d e s i g n  i s  o n l y  a c h i e v e d  when 
e v e r y  p o s s i b l e  f a i l u r e  mode h a s  been  i d e n t i f i e d  and e i t h e r  designed o u t  oi 
t h e  system o r  accepted wi th  adequate  demonstration of r e l i a b i l i t y .  

The ESA i n s i s t s  t h a t  r i g o r a u s  thermal-vacuum t e s t i n g  be a p p l i e d  t o  a l l  
critical mechanisms, wi th  emphasis on t h e  a p p l i c a t i o n  of t h e r m a l  g r a d i e n t s .  
The s e v e r a l  c a t e g o r i e s  of test a r e :  

To p r o v i d e  d a t a  f o r  a s s i s t i n g  i n  t h e  des ign  of new components or 
systems (Development T e s t  

To v e r i f y  t h a t  a mechanism, when b u i l t  t o  a p r e s c r i b e d  s tandard ,  
w i l l  f u l f i l l  t h e  o p e r a t i o n a l  requirements  wi th  a n  a d e q u a t e  s a f e t y  
margin ( Q u a l i f i c a t i t n  T e s t  and L i f e  T e s t )  
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T- confirm that a particular flight udit will conform to the 
,it 'fic mission requirements (Acceptance Test and Refurbishment 
T ~ s  L 

During testiqg of, for example, a solar array drive mechanism usually 
it is necessary to define two boundary interface temperatures to characterise 
the thermal environment and to act ae control temperatures for the test. 
These are typically: 

T1 -- shaft/arrey interface temperature 
T2 - housing/satellite Interface termperature 

Figure 1 shows1 a typical envelope of qualification temperatures and the 
way in which the test temperatures are derived from the anticipated operational 
temperatures, which are determined from thermal transfer calculations and 
data obtained from actual flight experience. Four specific thermal vacuum 
test conditions are dpparent: hot soak, cold soak, positive differential, and 
negative differential, allowing for a 15°C safety margin. 

I t  has  proved t o  b e  v i t a l  t h a t  t h e  tests b e  f o r m a l l y  c o n t r o l l e d  i n  
accordance  w i t h  a  c a r e f u l l y  c o n s t r u c t e d  T e s t  Procedure  which is ag reed  wi th  
a l l  i n t e r e s t e d  p a r t i e s  b e f o r e  t h e  start o f  t h e  t e s t .  Formal Product  Assurance 
s u p e r v i s i o n ,  a p p l i e d  a t  a  mu tua l ly  a c c e p t a b l e  l e v e l ,  is an  e s s e n t i a l  g u a r a n t e e  
o f  t e s t  c o n t r o l .  O f  fundamental  i m p o r t a x e  is t h e  r e g u l a t i o n  o f  t h e  amount o f  
t e s t i n g  t o  a c h i e v e  optimum e f f i c i e n c y  and c o s t  e f f e c t i v e n e s s  and t o  avo id  
unnecessary procedures that could result in wasteful over testing. There must 
be no possibility of the test system intcoducing pcssible failure modes. 

TEST EQUIPMENT 

Figure 2 shows part of the ESTL. Certified clean-room conditions have 
proved to be essential in the success of thermal-vacuum testing, particularly 
with regard to the handling and inspection of mechanisms. Different areas 
conforming to Federal Standard 209B Class 100, Class 1000, and Class 10,000 
cleanliness conditions are maintained. 

Several different types of ultrahigh vacuum chambers are shown in Figure 3 
and a simplified diagram of the internal components of a 1-meter diameter 
facility is shown in Figure 4. To conform to the ESA testing philosophy, 
emphasis is always placed on maintaining very clean test systems and for 
this reason the only types of pumps used on the vacuum chambers are high- 
reliability turbo-molecular, titanium sputter ion, and cryogenic pumps. 
environment  is o f t e n  de termined  by t h e  amount o f  vapour o u t g a s s i n g  from t h e  
mechanism under  i n v e s t i g a t i o n .  I t  is  w u a l l y  c o n s i d e r e d  t h a t  a v a l i d  
tribological test can be performed below 10-7 mbar. Each system is fully 
i n s t rumen ted  wi th  mass spec t rome t ry  f a c i l i t i e s  f o r  r e s i d u a l  gas a n a l y s i s .  



ORIG#NAL PAGE M1 
OF POOR QUALlrY 

/ x .a' / is 'qualified' for Test Points 
given . 

' Qualif ication Test Points 
1 and 2 are normally in positions shown, 
but 3 and C a r e  placed on their respective 
diagonal Lines of equal temperature 
d i f f e r e n t i a l  close to the predi c t e  d 
thermal conditions , or in consideration ~f 
the capabilities of the Thermal Vacuum 
Facility . 

Figure 1.  Example of System Used to Derive the Thermal-Gr6dient 
Test Temperatures 

GIN 
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TOP RADIATOR MECHANISM UNDER TEST 

SPECTROMETER 

FEEDTHRO's FOh 
PLATFORM 

TEST MECHANISM \ 
TEST CHAMBr ENVELOPE 

Figure 4. Main Features of a l-Meter Diameter 
Test Chamber 
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This is very important as undesi rable  g a s  s p e c i e s  such as oxygen and o t h e r  
a c t i v e  g a s e s  must be i d e n t i f i e d  and ,  where p o s s i b l e ,  excluded. Usually,  it 
is necessary  t o  e n s u r e  t h a t  t h e  p a r t i a l  p r e s s u r e  o f  oxygen, f o r  example ,  
is w e l l  belaw mbar. 

A thermal i n t e r f a c e  enclosure  is b u i l t  around t h e  mechanism i n  such a 
way t h a t  the re  a r e  two independently c o n t r o l l e d  boundary i n t e r f a c e  
temperatures.  These two temperatures a r e  determined by r a d i a t i o n  t o  and from 
thermal shrouds whose temperatures a r e  c ~ t r o l l e d  i n  t h e  range -90° t o  +120°C 
by high r e l i a b i l i t y  f l u i d - c i r c u l a t i o n  systems and e l e c t r i c a l  hea t ing  u n i t s .  
Space-approved m a t e r i a l s  o f  c e r t i f i e d  p u r i t y  a r e  used throughout t h e  
c o n s t r u c t i o n  of t h e  thermal- tes t  environment. 

Iristrumentation systems a r e  a v a i l a b l e  t o  monitor t o  very f i n e  l i m i t s  
such t e s t  parameters a s  thermal d i s t r i b u t i o n ,  speed,  torque,  angular  motion 
s t a b i l i t y ,  and  s l i p r i n g  e l e c t r i c a l  n d s e ,  as t h e  thermal tests proceed. Data 
a a q u i s i t i o n  s y s t e m s  are of c o u r s e  n e c e s s a r y  t o  d e a l  w i t h  t h e  i n f o r m a t i o n  
a n a l y s i s .  S e l e c t e d  p a r a m e t e r s  of t h e  t h e r m a l  c o n t r o l  s y s t e m ,  the pumping 
u n i t s ,  and t h e  mechanism under test are l i n k e d  t o  h i g h - r e l i a b i l i t y ,  r e d u n a a n t  
p r o t e c t i o n  systems s o  t h a t  any d e v i a t i o n  f  run  p resc r ibed  l i m i t s  can be sensed 
and t h e  a p p r o p r i a t e  c o r r e c t i v e  a c t i o n  c a n  b e  a u t o m a t i c a l l y  t a k e n .  T h i s  i s  
v i t a l  t o  e n s u r e  t h a t  t h e r e  is never any r i s k  of t h e  test i t s e l f  caus ing  t h e  
p o s s i b i l i t y  of a d d i t i o n a l  f a i l u r e  modes. 

REVIEW OF TEST OBSERVATIONS 

Seventy thermal-vacuum tests have been conducted over t h e  p a s t  10 years.  
I n  many of these ,  of course,  t h e  mechanisms operated wi th in  s p e c i f i e d  l i m i t s ,  
which a l l w e d  confidence t o  be gained i n  t h e  p a r t i c u l a r  des igns  used. I n  scme, 
valuable  d a t a  were obtained,  dur ing  d i smant l ing  q j e r a t i o n s ,  of t h e  d e g r e e  of 
wear and  o t h e r  changes  t h a t  had occurred i n  t h e  va r ious  cunponents. I n  abou t  
35 p e r c e n t  of t h e  tests, however, sme unacceptable d e v i a t i o n  from t h e  des i r ,ed  
pe r fo rmance  o c c u r r e d ,  which enab led  p o s s i b l e  f a i l u r e  modes t o  be i d e n t i f i e d  
and provided valuable  d a t a  faedback t o  manufacturers f o r  making t h e  n e c e s s a r y  
modifications.  

O c c a s i o n a l l y ,  t o t a l  f a i l u r e  h a s  o c c u r r e d  a s  a r e s u l t  of s e i z u r e  of 
a s h a f t ,  bea r ing  o r  l u b r i c a t i o n  f a i l u r e ,  e x c e s s i v e  f r i c t i o n ,  o r  e x c e s s i v e  
temperatures i n  a motor. 

So la r  Array Drive Mechanisms - 
The majori ty o f  t h i s  c l a s s  o f  important mechanisms t e s t e d  a t  ESTL have 

been intended f o r  communications s a t e l l i t e s  i n  geos ta t ionary  o r b i t  where t h e  
mechanism is subjected t o  thermal g rad ien t s .  
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Typica 1 test temperatures are t 

S h a f t  
I n t e r f a c e  

+90°C 
-50 O C 
+50°C 
-35OC 

Housing 
I n t e r f a c e  

1 Hot soak 
Cold soak 
P o s i t i v e  D i f f e r e n t i a l  
Negative D i f f e r e n t i a '  

I 

Additional t e s t s  may be necessary t o  s imula te  t h e  *extreme thermal 
c o n d i t i o n s  e x p e r i e n c e d  i n  a n  e c l i p s e ,  t y p i c a l l y  a drop of 60°C i n  t h e  s h a f t  
temperature i n  72 minutes followed by an i n c r e a s e  o f  60°C i n  30 minutes. The 
mechanism must maintain s o l a r  alignment a f t e r  t h e  e c l i p s e  s imulat ion.  

Of fundamental importance is t h a t  t h e  angular  motion must be smooth, s o  
a s  t o  avoid r e a c t i o n  torque d i s tu rbances  t o  o t h e r  systems. Often a brushed 
motor is used t o  g i v e  an impulse every 4 seconds o r  so .  I d e a l l y ,  each impulse 
should r e s u l t  i n  0.0167O of r o t a t i o n  a n d  a n  i m p o r t a n t  p a r t  o f  t h e  t e s t  i s  
t o  meausre any d e v i a t i o n  f r a o  t h i s  value. 

Many European s o l a r  a r r a y  d r i v e  mechanisms use  bear ings  of t h e  h i g h e s t  
available p rec i s im which have been l u b r i c a t e d  by a t h i n  f i l m  of l e a d  depos i t ed  
by an  ESTL plasma ion-p la t ing  process.  

The s o l a r - g e n e r a t e d  pawer, t y p i c a l l y  2 Kw, is t r a n s m i t t e d  by s l i p r i n g s  
which a r e  o f t e n  f a b r i c a t e d  f r o m  s i l v e r  o r  c o p p e r  w i t h  a g o l d  p l a t i n g .  A 
common b r u s h  m a t e r i a l  i s  a composite of si lver/copper/MoS2 i n  volume r a d i o  
82.5/2.5/15, r e s p e c t i v e l y .  Assessment  of t h e  e lec t r ica l  n o i s e  a c r o s s  t h e  
i n t e r f a c e  is n e c e s s a r y  a s  t h i s  cauld  r e s u l t  i n  unacceptable  p w e r  loss and 
r a d i a t i o n  i n t e r f e r e n c e .  

Figure  5 shows a s o l a r  a r r a y  d r i v e  being loaded i n t o  a vacuum chamber. 
I n  Figure 6 ,  another  type is shown being f i t t e d  with a thermal enclosure .  

I n  1975, ESTL canmenced a 7-year r e a l  l i f e  test on such a mechanism, t o  
f u l l y  q u a n t i f y  t h e  time-dependent parameters  a n d  t o  o b t a i n  d a t a  t h a t  would 
enable  us t o  a s s e s s  t h e  v a l i d i t y  o f  a c c e l e r a t e d  l i f e  t e s t i n g  on systems us ing 
s o l i d  l u b r i c a t i o n .  Many thermal changes were made i n  t h i s  t e s t ,  including 420 
e c l i p s e  s imulat ions .  The t e s t  was very s u c c e s s f u l ,  only  minor changes 
o c c u r r e d  i n  t h e  measured p a r a m e t e r s .  Of s i g n i f i c a n t  i n t e r e s t  was t h a t  t h e  
t e s t  chamber p r e s s u r e  t o o k  s e v e r a l  y e y r s  t o  s t a b i l i z e  a t  a b o u t  1 x 
mbar because of continuous outgass in?  from t h e  mechanism s u r f  a c e s  a n d  c a b l e  
looms. It is  important t o  n o t e  t h a t  over a long p e r i o d  of time t h i s  a t g a s s i n g  
c a n  be  a p r i m a r y  c a u s e  of f a i l u r e  d u e  t o  d e g r a d a t i o n  of materials. The 
r o t a t i o n a l  s t a b i l i t y  and motor paver requirements were remarkably c o n s i s t e n t ,  
shaving t h a t  t h e  f r i c t i o n  i n  t h e  s l i p r i n g s  and brushes had remained  
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substantially constant. The sliprings were tested with varLus current levels 
ranging from 100 mA to 7 Amp. Most gave variable amounts of electrical noise, 
within specification, but two circuits passing 500 mA produced intermittent 
noise pulses that were equivalent to a resistance change of 2 ohms. The 
characteristics of these transients were such that they could only have 
been caused by the presence of variable amounts of brush wear debris, and 
an inevitable conclusion is that some suspicion mus' fall on the use of 
MoS2 as brush lubricant. 

A second 7-year r e a l  l i f e  test  on a d i f f e r e n t  t y p e  o f  mechanism had t o  
be abandoned after 4 years because of excessive deviation from the position 
c o n t r o l  s t a b i l i t y  c r i t e r i o n .  Subsequent  examinat ion  r e v e a l e d  t h a t  time- 
dependent  d e g r a d a t i o n  o f  t h e  e f f i c i e n c y  cf an  o p t i c a l  encoder  had occu r red .  
This failure was completely unexpected. 

Some o t h e r  impor t an t  o b s e r v a t i o n s  d u r i n g  t e s t s  on v a r i o u s  mechanisms 
were : 

S u r p r i s i n g  v a r i a t i o n  i n  performance o f  nominal ly  i d e n t i c a l  mechanisms, 
presumably due t o  minor changes o f  m a t e r i a l  s p e c i f i c a t i o n  and v a r i a t i o n s  
i n  f a b r i c a t i o n  t o l e r a n c e s .  
S e i z u r e  o f  s h a f t  i n  a hous ing  d u r i n g  a c o l d  test  a t  -50°C. 
In a cold test, a high torque was present over only about l o  of 
r o t a t i o n  due t o  unbalanced f l e x u r e  o f  a diaphragm used  t o  p re load  t h e  
bea r ings .  
An unusual  thermal  d i s t r i b u t i o n  was monitored w i t h i r  a mechmism, 
implying t h a t  a s e r i o u s  des ign  f a u l t  w a s  p r e s e n t .  Subs tquent  
i n v e s t i g a t i o n  r e v e a l e d  t h a t  a t h e r m i s t o r  bead had become detached from 
its cemented mounting. 
A very  unusual  f a u l t  on a t h e r m i s t o r ,  whereby ~t o p e r a t e d  c o r r e c t t y  
below 30°C b u t  w a s  a p p a r e n t l y  o p e n - c i r c u i t  abo1.e 30.5OC. 
Excess ive  t empera tu re  ( 140°C) i n  a s t e p p e r  motor !-n a h o t  test w i t 1 1  t h e  
mechanism s h a f t  c o n t r o l l e d  a t  +90°C. T h i s  vas due t o  inadequa te  d e s i g n  
o f  a h e a t  s i n k .  
Complete failure of an actuator and lever system that was used to one 
two redundant motors in a gear drive device. 
Unexpected thermal distribution in a mechani:sm that invalidated 
prev ious  t h e o r e t i c a l  a n a l y s i s .  Th i s  was due t o  t h e  power d i s s i p a t i o n  
from motors  and s l i p  r i n g s  be ing  underes t i r ia ted .  
Contamination o f  t e s t  environment by s i l i c o n e  compounds f o l l o w i n g  
r u p t u r i n g  o f  an  ove rhea ted  memory a l l o y  d e m e n t  o f  a b e a r i n g  of f - load  
assembly. The h e a t e r  c u r r e n t  had been i n c o r r , e c t l y  s p e c i f i e d .  
Unexpected v a r i a t i o n s  i n  a n g u l a r  motion s t a b i l i t y  w i t h  tempera ture .  
This  cou ld  on ly  have been d e t e c t e d  bj: thermal  vacuum t e s t i n g .  
Permanent set  o f  a release c a b l e  o f  a b e a r i n g  o f f - load  d e v i c e  a f t e r  :A 

long  p e r i o d  o f  s t o r a g e  under  t e n s i o n .  When r e l e a s e d ,  fu l l .  r e t r a c t i m  
d i d  n o t  occu r  and t h e  c a b l e  made c o n t a c t  .:!.ith nearby components. 
Rubbing o f  i n s e c u r e  c a b l e  on r o t a t i n g  corqxment. 
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I a E x c e s s i v e  n o i s e  and power less i n  s l i p r i n g  u n i t  a p p a r e n t l y  due t o  
changes i n  t h e  s l i p r i n g  s u r f a c e  p r o p e r t i e s  r e s u l t i n g  From d e g r a d a t i o n  
of molybdenum d i s u l p h i d e  l u b r i c a n t .  

a Microswitch failure at low temperature. 

. E x c e s s i v e  o u t g a s s i n g  f r o m  a mechanism t h a t  d i d  n o t  a p p e a r  t o  have 
been manufactured t o  approved s t andards  of  c l e a n l i n e s s .  

Despin Mechanisms 

I n  1975, ESTL commenced a unique r e a l  l i f e  t e s t  on a d e s p i n  mechanism 
in which the bearings were lubricated by BP2110 grease with B P l l O  oil 
impregnated i n  the  cages and i n  N y l a s f n t  r e s e r v o i r s .  A t  a  s p e e d  o f  60 rpm 
these were operating undar conditions bordering on those of boundary 
l u b r i c a t i o n .  Assessment of t h e  time-dependent properEies of t h i s  system was 
necessary, one area of uncertainty being the effectiveness of oil-creep 
barriers and oil seals. If oil migration did occur it was essential to 
i n v e s t i g a t e  t h e  e f f e c t  on t h e  s l i p r i n g s .  Rota t ion was by means of a two-phase 
b r u s h l e s s  motor  w i t h  t h e  c u r r e n t  b e i n g  c o n t i n u o u s l y  a d j u s t e d  t o  mainta in  
a cons tan t  speed of 60 21 rpm. Modest thermal c o n d i t i o . 1 ~  were imposed on t h e  
dev ice ,  wi th  t h e  s h a f t  temperatu::e a t  e i t h e r  -5-  o r  +4S°C. 

Again, because of continuous outgass ing,  the  t e s t  chamber p ressure  took 
s e v e r a l  yea r s  t o  s t a b i l i z e  a t  about 1 x 10 '~  mbar. 

Although there was no significant overall deterioration in the 
performance of t h e  s l i p r i n g s ,  t h e r e  were  l a r g e  b u t  t e m p o r a r y  i n c r e a s e s  i n  
interface resistanc~ following a change of thermal conditions. This may have 
been a consequence of the presence of variable amounts of oil, or differential 
axial expansions causing the brushes to run on a slightly different track, 
several days of running-in being necessary before the resistance returned to 
normal. 

There was a gradual. i n c r e a s e  i n  t h e  motor c u r r e n t  probably because of a 
continuous reduction in the field strength of the permanent magnets in the 
motor. This aging process is known t o  occur  a t  about 7 percent  pe r  year  For t h e  
magnetic materials available in 1.973 when the mechanism was designed. 

This unique and very successful mechanism has recently been dismantled 
and some very valuable information has been obtained from detailed component 
inspec t ion .  For example, t h e  bear ings  were i n  very good condition with adequate 
r ese rves  of c l ean  o i l .  Although t h e r e  was a s i g n i f i c a n t  amount of wear d e b r i s  
i n  t h e  s l i p r i n g  u n i t  t h i s  d i d  not  e f f e c t  t h e i r  o p e r a t i o n a l  e f f i c i e n c y .  
operational efficiency. 

It is important t o  no te ,  however, t h a t  t h i s  dev ice  had o r i g i n a l l y  f a i l e d  
quite dramatically when the shaft seized i? a cold test due to neglect during 
manufacture of critical tolerances between stationary and rotating components. 
The f a i l u r e  was caused by a screw head p r o j e c t i n g  1 mm too  f a r  above a housing 
f l a n g e  . 



R e c e n t l y  a n  a c c e l e r a t e d  l i f e  test was performed on a desp in  mechanism 
f o r  t h e  European G i o t t o  (Halley Comet) mission. Va l ida t ion  o f  t h e  system 
to rque  s t a b i l i t y  was e s s e n t i a l  f o r  t h i s  very s p e ~ i a l  s a t e l l i t e  component which 
determines  t h e  antenna-pointing performance. 

Motor Drive Systems 

Many d i f f e r e n t  t y p e s  have been evaluated.  Of p a r t i c u l a r  i n t e r e s t  are 
t o r q u e  s t a b i l i t y ,  power d i - s s i p a t i o n ,  bea r ing  p e r f o r a n c e ,  brush s t a b i l i t y ,  
s t a b i l i t y  of  p o t t i n g  compounds, g e n e r a t i o n  o f  wear  p a r t i c l e  c o n t a m i n a t i o n ,  . , 

and magnetic c i r c u i t  s t a b i l i t y .  Some major observatons were: . . 

Unexpected to rque  c h a r a c t e r i s t i c s  i n  high-speed b r u s h l e s s  motor a t  
e l eva ted  - temperatures  - our  test r e s u l t s  d i d  n o t  ag ree  wi th  t h e  
manufacturer ' s  p r e d i c t e d  performance. 
Overheating due t o  inadequate thermal coupl ing between motor and a 
s u i t a b l e  h e a t  s i n k .  The rate o f  power d i s s i p a t i o n  and thermal t r a n s f e r  
i n  vacuum had been underest imated.  
F a i l u r e  o f  gold-surface  c o a t i n g  on meshing t e e t h  of a h i g h - r e s o l u t i o n  
s t e p p e r  motor, due t o  t h e  s u b s t r a t e  medim n o t  being o f  s u f f i c i e n t l y  
hard mate r i a l .  
Inadequate r a d i a l  s t i f f n e s s  i n  an experimental  s t e p p e r  motor. 
Degradation i n  performance o f  motor and gearbox u n i t  due t o  inadequate  
g r e a s e  l u b r i c a t i o n  and t h e  e f f e c t  of cumulative wear d e b r i s .  
Dry l u b r i c a n t  i n  g e a r  systems can sometime r e s u l t  i n  compaction i n  t h e  
r o o t s  o f  t e e t h .  
High temperature i n  high-speed motor-wi th  o i l - l b b r i c a t e d  bear ings .  Too 
much o i l  r e s u l t e d  i n  high torque and power l o s s .  To maintain c o n s t a n t  
speed,  more c u r r e n t  was demanded i n  the  motor, l e a d i n g  t o  even h igher  
power d i s s i p a t i o n .  I t  is  always e s s e n t i a l  t o  use t h e  c o r r e c t  amount o f  
the  recommended l u b r i c a n t .  

S l i p r i n g  Assemblies 

S l i p r i n g  assembl ies  a r e  p resen t  i n  s e v e r a l  types  of  mechanism. See Figure 
7 f o r  a t y p i c a l  u n i t .  Much valuable  r!ita have been  o b t a i n e d  o n  r e l i a b i l i t y  
i n  t e r m s  o f  con tac t  r e s i s t a n c e  v r e - a t i o n ,  power l o s s ,  s t b i l t t y  of m a t e r i a l s ,  
f r i c t i o n ,  wear, and d i s t r i b u t i o n  I wea p a r t i c l e s .  Some prob lems  have  been  
i d e n t i f i e d  i n  u n i t s  t h a t  have been  w , J e l y  u s e d  and assumed t o  be of high 
r e l i a b i l i t y  under a l l  conceivable  o p e r a t i n g  cond i t ions :  

Vis ib le  r i n g  s u r f a c e  t a r ~ i s h i n g  does not  n e c e s s a r i l y  i n d i c a t e  perform- 
ance d e t e r i o r a t i o n ;  but  one such u n i t ,  s t o r e d  f o r  over  18 months a f t e r  a 
s u c c e s s f u l  t e s t ,  was r e t e s t e d  and found t o  have high c o n t a c t  
r e s i s t a n c o s  and inc reased  o p e r a t i n g  temperature ,  I n  vacuum, t h e  e f f e c t  
was t e m p e r a t u r e  dependen t  h u t  t h e  anomaly-!disappeared completely on 
exposure t o  a i r  again .  This  u n i t  had brushes i n c o r p o r a t i n g  molybdenum 
d i s u l p h i d e  a s  a l u b r i c a n t .  This  phenomenon has been observed i n  o t h e r  
similar systems,  and d e t a i l e d  o b s e r v a t i o n  r e v e a l s  t h a t  h i g h  c o n t a c t  
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Antenna Pointing Mechanisms. 

One t y p e  of a two-axis cont ro l led  platform is s h a m  i n  Figurc 8. Tested 
over a wide temperature range, i t  was v i t a l  t o  assess t h e  dimensional s t a b i l -  
i t y ,  t h e  p o i n t i n g  accuracy, .and t h e  bearing torque of these complex mechan- 
isms. very s t a b l e  po in t ing  accurac ies  of b e t t e r  than ~ 0 . 0 5 ~  were c m s i s t e n t l y  
measured b u t  t h e r e  was sane temperature-dependent d r i f t  of t h e  null-balance 
pcei t ion.  In  one mechanism, t h e  s t a b i l i t y  of a s t e p p e r  motor was d i s t u r b e d  
by an incanpl 'etely braaed f l exu re  p ivo t ,  a d6vice which sane design engineers  
t r e a t  with caut ion a s  regards  t h e i r  long-term s t a b i l i  ty. 

Gimballed Manentum Wheels 

A double-gimbal led momentum wheei is s h w n  i n  Figure 9. The complexity 
of t he se  mechanisms~demanded a test  of t h e  wheel motor,  o p e r a t i n g  a t  4000 
rpm-, the gimbal torquer  motor, t he  angular pos i t i on  t ransducer ,  and the gimbal 
bear ing which must have  a v e r y  l o w ,  s t a b l e  f r i c t i o n  t o  a v o i d  o r t h o g o n a l  
precession torques a f f e c t i n g  t h e  ove ra l l  s t a b i l i t y .  The l a rge  framework could 
be s e n s i t i v e  50 dimensi m a 1  change with tempera ture  ove r  t h e  r a n g e  ' +55 t o  
-40°C. I t  is i n t e r e s t i n g  t o  n o t e  t h a t  with t h i s  p a r t i c u l a r  mechanism, ail- 
lub r i ca t i on  was preferab le  t o  lead  lub r i ca t i on  i n  t h e  g imbal  b e a r i n g s .  T h i s  
could only be found by doing a thermal-vacuum acce le ra ted  l i f e  test. 

Other Mechans i m s  

Several  s h o r t  bu t  e s s e n t i a l  tests have been performed on variaus bear ing 
assemblies, l ub r i ca t i on  systems f o r  a i r - lock cables ,  and sca l ed -d  own mode 1s 
of t h e  Space Telescope ro l l -ou t  array.  Detai led assessment of many components 
of t he se  i tems was necessary a s  t h e  designs were new and very l i m i t e d  knowl- 
edge was ava i l ab l e  of poss ib le  f a i l u r e  modes. 

Three faint-object-camera mechanisms ( f i l t e r  wheel ,  r e f o c u s i n g ,  and  
s h u t t e r  mechanisms ( F i g u r e  1 0 )  ) f o r  t h e  Space Telescope were subjected t o  
simultaneous acce l e r a t ed  l i f e  t e s t s ,  e a c h  pe r fo rming  i n  e x c e s s  of 40,000 
a c t u a t i o n s .  Many measurements have been made on a l a rge  number of critical 
items such a s  s tepper  motor, a c tua to r  motor, s p r i n g  assembly, f l exu re  p ivo t s ,  
lead-screw,  l e a d - l u b r i c a t e d  b e a r i n g s ,  p l a s t i c  g e a r s ,  and electromagnet ic  
pos i t i on  sensors.  These mechanisms were t y p i c a l  examples of t h e  dilemma o f t en  
expe r i enced  by a mechanism d e s i g n e r  , who must guarantee t h a t  t h e  complete 
mechanisms w i l l  conform t o  t h e  required spec i f i ca t i on  but  must use components 
t h a t ,  a l t h o u g h  of t h e  h i g h e s t  q u a l i t y  ava i lab le ,  a r e  n o t  guaranteed by the  
var i  a s  suppl ie rs  t o  f u l f i l l  t h e  required spec i f ica t ion .  

Miscellaneous Observations During Mechanism Inspect ion 

An e s s e n t i a l  a s p e c t  of thermal-vacuum t e s t i n g  i s  t h a t  i t  demands a n  
a d d i t i o n a l ,  independent  i n s p e c t i o n  p rocedure  b e f o r e  a l p d ~ f  t e r  t h e  test. 
Occasionally, .it may be permissable  t o  d i s m a n t l e  a mechdnhm f o r  d e t a i l e d  
poe t - t e s  t canponent evaluation. 





Much v a l u a b l e  d a t a  have been obtained cm t h e  r e l i a b i l i t y  of many con- 
punents and l u b r i c a t i o n  sys t ems  r Many minor, b u t  c e r t a i n l y  n o t  t r i v i a l ,  
problems have been enamtered.  

A secondary,  b u t  very  important, advantage is t h a t  as a r a s u l t  of t he  
work i n  ESTL i t  has been poss ib l e  t o  a d v i s e  manufac tu re r s  of improvements 
t h a t  must be made i n  component design, f ab r i ca t i un  techniques,  and handling 
procedures. It has  been our experience t h a t ,  however h i g h  are t h e  s t a n d a r d s  
which a r e  ach i eved  i n  o r g a n i s a t i o n s  w i t h  e l abo ra t e  i n s p e c t i m  procedures, 
one l imi t i ng  Factor i n  achieving high r e l i a b i l i t y  w i l l  a lways  be  t h e  human 
f a c t o r ,  whereby o c c a s i o n a l  a c c i d e n t s ,  e r r o r s ,  poo r  judgement and lack of 
cons i s t en t  a t t e n t i o n  t o  d e t a i l  w i l l  i n e v i t a b l y  occu r ,  p a r t i c u l a r l y  when 
working within t he  cons t r a in t s  of t i g h t  budgets and time scales. Regrettably,  
t h e r e  have been examples of d e f e c t s  which, although a lmos t  t r i v i a l  i n  them- 
s e l v e s ,  could, g i v e n  t h e  r i g h t  set of circumstances, cont r ibu te  t o  a f a i l u r e  
mode. Some examples include: undesirable  blemishes, s c r a t c h e s ,  poo r  s u r f  a c e  
F i n i s h ,  misal ignment ,  and inadequate  c leaning of c r i t i c a l  components; poor 
so lder ing  and cable  i n s u l a t i o n  t e c h n i q u e s ,  a s s o c i a t e d  w i t h  con tamina t ion  
by splashes of so lder ,  adhesives,  and po t t i ng  compounds; handling of bearings 
with bare  hands can e v e n t u a l l y  c a u s e  s m a l l  l o c a l i z e d  a r e a s  of c o r r o s i o n ;  
b u r r s ,  swar f ,  and damaged s u r f a c e  coatings an and near f a s t ene r s ;  p a r t i c l e  
contamination from many sources; and e l e c t r i c a l  cable  rubbing on s h a r p  edges  
of r o t a t i n g  comgonents. 

CONCLUSIONS 

Thermal-vacuum t e s t i n g  h a s  proved  t o  be  e s s e n t i a l  i n  p r o v i d i n g  a 
d e t a i l e d  a s se s smen t  of t h e  r e l i a b i l i t y  of complex mechanisms by subjec t ing  
them t o  r e a l i s t i c  s imulat ions of t h e  a n t i c i p a t e d  f l i g h t  c o n d i t i o n s ,  where 
l i f e t imes  i n  excess of 10 years  a r e  naw expected. 

Of v i t a l  inportance is  t h a t  these  tests have  been proved  t o  be c o s t -  
e f f e c t i v e  i n  a v o i d i n g  d e l a y s  and dis turbances t o  a number of Eurcpean pro- 
j ec t s ,  a s  s eve ra l  previously unknown f a i l u r e  modes have been de t ec t ed .  There 
i s  now complete con f idence  i n  many d e s i g n s  f o l l o w i n g  independent, f u l l y -  
documented performance assessment. 

Much valuable da ta  have been obtained on many mechanisms and canponents 
about t h e i r  operat ional  parameters, pawer d i s s i p a t i o n ,  and  wear p r o c e s s e s .  
There i s  frequent  evidence of haw important i t  is  t o  implement comprehensive 
inspec t ion  and product assurance systems a t  a l ;  s t ages  of mechanism deve lop-  
ment and c o n s t r u c t i o n ,  t o  a v o i d  the  human f a c t o r  of accidents ,  e r r o r s ,  and 
poor judgement. 
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