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EPOXY BONDING TESTS FOR THF, HIGH GRADIENT ACCELEMTOR COLuplLN J 

General Cons idera t ions  

The s h o r t  column c o n s i s t s  of a s t a c k  of 15 ceramics each 2.5-in.  t h i c k ,  

w i th  an o u t s i d e  diameter of about  28 inches and an  i n s i d e  diameter of 24 inches.  

They are sepa ra t ed  by m e t a l  d i sks .  The columnlhas 750 kV across  i t  and t h i s  i s  

d iv ided  t o  50 kV ac ross  each .ceramic. I n  o p e r a t i o n  the  i n s i d e  of t h e  column 

i s  a t  vacuum, t h e  o u t s i d e  a t  normal atmosphere, and the  assembly i s  hung 

( can t i l eve red )  .from one end h o r i z o n t a l l y .  Addi t iona l  requirements are *an oper- 

a t i n g  temperature  of about 100°F, a non-operat ing temperature of 70°F and a 

s t o r a g e  temperature  of 40°F (min). . No e x t e r n a l  s t r u c t u r e  can b e  used t o  hold 

the  column toge the r .  

The ceramic m a t e r i a l  chosen w a s  a 90-96% alumina wi th  a t e n s i l e  s t r e n g t h  

of 25,000-27,000 p s i .  

The f i r s t  column made cons i s t ed  of aluminum d i s k s  bonded t o  t h e  ceramic 

wi th  an epoxy (Emerson.and Cummings W-19). It  w a s  cured a t  room temperature .  

This  r e s i n  i s  very f l u i d  and i t  w a s  appl ied  by s e t t i n g  t h e  p a r t s  toge ther  and 

flowing t h e  epoxy i n t o  t h e  j o i n t  which w a s  set  a t  a gap of .005-in. 

w a s  used i n  a v e r t i c a l  p o s i t i o n  supported a t  t h e  bottom. 

number of f a i l u r e s  of t h e  bond t h a t  range from vacuum leaks  t o  c a t a s t r o p h i c  type  

f a i l u r e s .  These have been a t t r i b u t e d  t o . t h e  d i f f e r e n c e  i n  thermal .expansion co- 

e f f i c i e n t s  of t he  ceramic i n s u l a t o r  and t h e  metal  d i sk .  A l l  of t h e  f a i l u r e s  

have occurred a t  t h e  top j o i n t .  

thermal g r a d i e n t  i n  t h e  bu i ld ing  during t h e . h e a t i n g  season. 

cor rec ted .  

T h i s  column 

There have been a 

The column i s  v e r t i c a l  and t h e r e  w a s  a d e f i n i t e  

This  has  s i n c e  been 
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I f  w e  look a t  a t y p i c a l  j o i n t  

\ 

and. t ake .  a s m a l l  . s ec t ion  ac ross  t h i s  j o i n t  

I 

t 

I ,  ;_____I 

w e  see thatqla shear ing  stress w i l l  be  set up i n  t h e  f i l m  due t o  t h e  d i f f e r -  

e n t i a 1  expansion of t h e  two r i n g s .  
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This  i s  a g r e a t  s i m p l i f i c a t i o n  and i t  assumes . tha t  t h e  Sthess i n  t h e  f i l m  does 

no t  cause any s t r a i n  on e i t h e r  t h e  ceramic o r  metal. S ince  t h e  Modulus of 

E l a s t i c i t y  and the  th ickness  of both t h e  ceramic and 'meta l  are much l a r g e r  

t h e n f i n  t h e  epoxy, t h i s  i s  probably a good,approximation f o r  a s i n g l e  j o i n t ,  

say a t  the  end p l a t e .  

b e  twice  a s  much f o r c e  from t h e  two f i lms  on t h e  th inne r  metal  r i ng .  

cause a l a r g e r  s t r a i n  i n  t h e  metal  and a somewhat lower s t r a i n  i n  t h e  adhesive 

f i lm.  

For a t h i n  m e t a l  r i n g  between two.ceramics t h e r e  w i l l  I 

This  w i l l  

Hence an adhesive f a i l u r e  w i l l  probably occur a t  an  end p l a t e .  

From elementary stress a n a l y s i s  (1) w e  have f o r  t h e  shear  stress, 

"shear. = .. Gy 

i n  which G i s  t h e  shear  modulus, and .y  i s  t h e . s t r a i n .  
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From t h e  ske tch  above we see t h a t  

Assuming t h e  material  obeys Hooks l a w  

and combining 1, 2 andt3  w e  g e t  

where S s  = shear  stress ( p s i )  , 

E = modulus of e l a s t i c i t y  ( p s i )  

1.1.. = P o i s s o n , r a t i o  . 

r = r ad ius  ( inch ) .  

T = temperature  (OF)  

t = f i l m  th ickness  ( inch)  

= c o e f f i c i e n t .  of ( thermal expansion. (inch/inch/OF) 

The manufac turer ' s  l t e r a t u r e  on3,W-19 does no t  l i s t  any va lue  of E o r  p 

f o r  t h i s  product .  

E i s  i n  t h e  range from lo* through lo5 ,  t f o r  t h i s  j o i n t  w a s  .005-in. 

t h e  mostbfavorable  o f , t h e s e  numbers ( t o  g ive  lowest  s t r e s s ) ,  w e  ob ta in ,  

For most m a t e r i a l s  p i s  between 1/4 and 1/3. For epoxies  

Using 

14 A: (13-3.4)10-6 S, = 10" 
2 (1+1/3) 5x10- 

= 10.2 x 10 (AT) p s i ,  
OF s S  

and f o r  a 3OoP r i se  i n  temperature ,  

S s  = 102 (30) = 3060 p s i  

Values of pure  shear  are  no t  o f t e n  repor ted  f o r  epoxies ,  b u t  i f  w e  t ake  t h e  

pu re  shear  equal  t o  one h a l f  o f . f t h e  pure  t ens ion  stress (Hooks Law) i t  i s  .a high 

stress for8an  epoxy used as an adhesive.  

From.Eq. 4 i t  i s  seen  t h a t  the  stress can b e  reducedfby  changes i n  the  epoxy 

(reduce E ) , . t h e  j o i n t  ( i n c r e a s e  t ) ,  o r  by changing t h e  metal used i n  t h e  separ -  

a t o r  ( reduce amet). 
of somelmater ia ls  are  shown below for t  t he  temperature  range of i n t e r e s t .  

The thermal  expansion c o e f f i c i e n t s  and Modulus d f  E l a s t i c i t y  
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Mat e r i a 1 

Aluminum 6061-T6 

Titanium-commercially 
p u r e  

'I -7 A1 - 4 MO 

-6 A 1  - 4 V 

S t a i n l e s s  S t " 1  -316 

I I  " -304 

Kovar 

Alumina 

Thermal Expansion Coeffs.  

13x10-" /OF' (68'F t o  212OF ' 

4.8 x 10'6/oF (32 t o  212OF) 

5.0 x 10'6/oF (32 t o  212'F) 

6 .1  x 10'6/oF (32 t o  1200'F) 

8.9 x 10-6/oF (32'F t o  212'F) 

9.6 x 10-=/OF (32'F t o  212'F) 

3.06 x lO-P/OF (86OF t o  392'1 

1.9 x lO-E/OF < 72'F 

3.4 x 10-6*/oF ;=7 72OF 

todulus ~ of E l a s t i c i t y  (E) .  , 

IO x 106ps i  

14.9 x lo5 p s i  

16.2 x 10' p s i  

16.5 x 10'. p s i  

I 28 x lo6 p s i  

28 x lo6 p s i  

1 30 x lo6 p s i  

40 x lo6 p s i  

For t h e  second column a number of changes were made i n  t h e  j o i n t  design.  

Due t o  a possi lkleaoutgassing ofiepoxy, t h e  epoxy area exposed t o  t h e  vacuum-was 

reduced wi th  a compressed indium seal: The m a t e r i a l  of t h e  sepa ra to r s , r ema ined  

aluminum b u t d t s  t h i ckness  w a s  i nc reased  improving t h e  f l a t n e s s  of t h e  material .  

The base  and top  p l a t e  material  w e r e  changed t o  Kovar. 

t h i r d  column w i l l  have t i t a n i u m  spacer  r i n g s .  

increased  t o  a nominal .008-.010-in.; i n c r e a s i n g  t h i s  much more would tend  t o  

i n c r e a s e  any s t r a i n  o r  creep dur ing  normal ope ra t ion .  

be improved w a s  t h e  epoxy. 

It i s  planned t h a t  t h e  

The j o i n t  o r  f i l m t t h i c k n e s s  w a s  

The only  i t e m  l e f t  t o  

A stress a n a l y s i s  of t h e  column, based on t h e  s t a t i c  l oads  (3) showed t h a t  

t h e  most seve re  stress w a s  t h e  jo in t rbe tween t h e  base  p l a t e  and t h e  f i r s t  ceramic 

a t  t h e  top  o f , t h e  r i n g .  The maximum combined stresses are: 

Tension . . 120. p s i  

Shear 7 6r:p s i 

These are n o t + h i g h  stresses f o r  epoxies .  A number of epoxy formula t ions  

were recommended by va r ious  sou rces  f o r  t h i s  a p p l i c a t i o n .  

cement, v i n y l  a c e t a t e  used on t h e  p r e s e n t  low gradient .column was recommended, 

however, t h e  temperature  r equ i r ed  t o  set  .it would m e l t  t h e  ind ium.sea1  used on .(I 

t h i s  column. O f . t h e  epoxies  eva lua ted  i n  t h i s  no te ,  l i t t l e  in format ion  i s  a v a i l -  

a b l e  on t h e  a c t u a l  type  of r e s i n ,  hardness ,  f i l l e r  o r  f l e x i b i l i z e r s  i n  t h e  m i x -  

t u r e  due t o  t h e  p r o p r i e t a r y  n a t u r e  of t h e  blends.  

One o t h e r  type  of  
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Vinyl Seal i - ! 
f 

Epoxy Tests 

Modified v i n y l  1 Flex.  f i l m  As used on .low g rad ien t  
column 1 a c e t a t e  r e s i n  

i n  to luene  i 

The fo l lowing  adhesives  were eva lua ted .  

Mix. Rat io  
Adhesive. (by weight) Uncured Cured Remarks 

t 
Emerson & Cumming Low.Viscosity Used on f i r s t  column 

C a t a l y s t  11. 

1 Flex.Bond 1 
! i 
I 3 100 loo i Pa:te 

Conap fj124.2 i 
C a t a l y s t  053 I i 

t I f s 
i 

i B i f 

Three types of tes ts  were run  o n . t h e  adhesives:  s t r u c t u r a l  stress, t h e r m a l  stress 

and so lvent  tests. 

a). S t r u c t u r a l  S t r e s s  

Tension Tests 

For  an i n i t i a l  screening samples were made of t h e  va r ious  adhesives  jo in ing  

t h e  ceramic t o  aluminum, t i t an ium or Kovar. 

i n  Table I. 

t h e  same adhesive.  

procedure w a s  e s t a b l i s h e d  these  v a r i a t i o n s  were reduced. 

c ludes  mechanical .roughening, c l ean ing  i n  so lven t  and de te rgen t ,  e t ch ing  of t h e  metal 

and a f i n a l ,  thorough r i n s e  us ing  $ t a p  water, 

The r e s u l t s  of t hese  t e s t s  are shown 

Large v a r i a t i o n s  i n  the  s t r e n g t h  and modes of f a i l u r e  were n o t e d . f o r  

This  l e d  t o  a s tudylof  c l ean ing  procedures.  When a s a t i s f a c t o r y  

The procedure adapted i n -  

d i s t i l l e d  water and a lcohol .  



Tension-Shear T e s t s >  

A l l  of the  adhesives .appeared s a t i s f a c t o r y  from a pure  tens ion  p o i n t  o f ,  

view. 

stress. 

s imula te  the  worst  case of thescomplete column. The f i x t u r e  i s  shown i n . F i g .  1. 

By applying a load P 

j o i n t .  

c e s f u l .  

epoxy s t r a i n .  

Again t h e  r e s u l t s ,  i n  Table 11, show t h a t  a l l  of t h e  r e s i n s  t e s t e d  were s a t i s f a c t o r y .  

However, t h e  a c t u a l  j o i n t  would b e  sub jec t ed  t o  a combined tens ion-shear  

Accordingly,  a f i x t u r e  was made t h a t  allowed a s m a l l  sample j o i n t  t o  

a shear  f o r c e  and a t ens ion  f o r c e  were i n t r o d u c e d . i n  t h e  

An at tempt  w a s  made to ,measu re t the  s t r a i n .  This  w a s  only p a r t i a l l y  suc- 

This  w a s  due t o  d i f f i c u l t y  i n  mounting t h e  i n d i c a t o r s  so they only  read  

The va lues  of modulus E and G should be  t r e a t e d  wi th  caut ion . . ,  

Creep &Tests  

A l imi t ed  set of creep tes ts  were run on one r e s i n ,  t he  Grodan epoxy i n  

tension.  

followed by no load f o r  16 hours.  

i n e  requirements.  

s h o r t  t o  e s t a b l i s h  anything d e f i n i t e .  

recovered. 

f o r  about .  2 months. 

.0005",but t h i s  soon stopped, and f o r  over 60 days t h e r e  w a s  no a d d i t i o n a l  creep.  

I n  one tes t  a j o i n t  w a s  subjec ted  t o  a c y c l e  of 1000 p s i  f o r  8 hours  

The t i m e  r e s t r i c t i o n . w a s  set  by the  tes t  mach- 

There w a s  some creep  extensioncunder  load b u t  t h e  time w a s  too 

During t h e  rest per iod  t h e  sample f u l l y  

I n  the  o t h e r  t e s t  a j o i n t  was sub jec t ed  t o  a 200 p s i  t ens ion  load 

There appeared t o  be  some .creep i n i t i a l l y ,  about .0003" t o  

b .  Thermal Stress 

A l l  of t h e  adhesives  appeared s t r o n g  enough t o  support  t h e  columns 

s t r u c t u r a l  loads.  A more seve re  tes t lwould  be t h e  thermal stress as mentioned 

previous ly .  

r i n g s  and j o i n i n g  them w i t h  t h e  v a r i o u s 8 e p o x i e s  a s imulated j o i n t  w a s  made t o  

f i r s t  sc reen  t h e  adhesives .  

r ad ius ,  r ,  and decreas ing  the  d i f f e r e n t i a l  expansion,. Acx, we can main ta in  a l l  o f . .  

t h e  o the r  f a c t o r s  cons tan t .  

Due t o  t h e  d i f f i c u l t y  and expense of making many l a r g e  ceramic-metal ,  

Looking a t  equat ion  4 w e  see t h a t  by inc reas ing  t h e  

Rewriting, E q .  4 
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The i n i t i a l  tes ts  were made by cementing t h e  ends of 44" long aluminum 

and s teel  b a r s  toge ther  w i th  the  va r ious  adhesives  and thermally cyc l ing  them 

i n  an oven between room temperature  and 53 C .  

the  Conap a f t e r  3 cycles .  

t he  Grodan Vary F lex  Resin,  Type HV and t h e  CIBA AW106. 

a f t e r  12 cyc le s .  

t es t s  a ceramic r i n g  w a s  epoxied t o  an aluminum p l a t e  wi th  the  Grodan r e s i n  

and a gap ( t ) ,  of ,005". This  was s u c c e s s f u l l y  cycled from 20 C ,  t h e  temperature  

i t  w a s  made a t ,  t o  35 C a number of times, see Fig .  2. However, when i t  was 

cycled below 15OC' t he  j o i n t  \ f a i l e d .  F a i l u r e  occurred near  a shim used t o  es tab-  

l i s h  the  gap. 

mined by l e a k  checking t h e  j o i n t .  

However, w i t h  no shims and an increased  gap w e  should be  a b l e  t o  take temperatures  

somewhat . lower than 15OC.  

s epa ra t ion  occurred.  

accounts f o r  t h e  d i f f e rence  i n  f l e x i b i l i t y .  

f o r  u s e  i n  t h e  second column. 

0 The W19 f a i l e d  a f t e r  two cyc le s ,  

Two of the  epoxies  were s a t i s f a c t o r y .  These are 

The CIBA j o i n t  broke 

The Grodan w a s  s t i l l  good a f t e r  22 cyc les .  Based on t h e s e  

0 

0 

No,shims are useddon t h e  a c t u a l  column. A f a i l u r e  w a s  d e t e r -  

Ph i s  does not  m e e t  t h e  400F requirement.  

F i n a l l y  t h e  j o i n t  kwas hea ted  t o  200°F where mechanical 

This r e s i n  apparent ly  g e t s  s o f t e r  as i t  w a r m s  up and t h i s  

The Grodan type r e s i n  w a s  chosen 

Figure  3 i s  a p l o t  of t h e  degassing r a t e ' o f  t he  Grodan r e s i n  under vacuum. 

The va lues  a r e  good f o r  a roomatemperature cured epoxy b u t  no t  good when com- 

pared t o  Tef.lon o r  Viton. Samples of t h e  cured r e s i n  were soaked i n  a lcohol ,  

acetone . a n d , t h e  aluminum e tchen t ,ove rn igh t  w i th  n o . v i s i b l e  de t , e r io ra t ion .  

placed i n  a commercial s t r i p p e r  , t h e  material  d i sso lved .  

j o i n t  i n  s t r i p p e r  f o r  even a few days only cleaned t h e  edges up and s t a r t e d  t o  

slowly work i t s  way i n t o  t h e  jointGwith no obvious j o i n t  f a i l u r e .  

When 

However, soaking a sample 

Based on the  r e s u l t s  of t h e s e  tes ts  a s h o r t  3 - sec t ion  column was b u i l t  and 

This column performed s a t i s f a c t o r i l y  ( 3 ) .  t e s t e d  by R. Amarc. 

Vinyl "Acetate J o i n t  

The low g r a d i e n t  column used i s  t h e  p re sen t  i n j e c t o r  t o  AGS and o t h e r  columns 

i n  var ious  Van de  Graaff a c c e l e r a t o r s  a t  BNL are made wi th  a v i n y l  a c e t a t e  cement. 

This cement i s  appl ied  t o  t h e  ceramic and metal spaces ,  allowed t o  dry ,  assembled 

i n  f i x t u r e s  and then  p res su re  and h e a t  are appl ied  t o  make t h e  j o i n t .  The p res -  

s u r e  and temperature  are used t o  e s t a b l i s h  t h e  gap o r  f i l m  th ickness  wi th  excess  

adhesive forming a bead. As  a comparison a s i n g l e  sample j o i n t a u s i n g  t h e  v i n y l  

a c e t a t e  adhes ive  j o i n i n g  aluminum blocks t o  a ceramic was made. 

w a s  200 p s i  and the  temperature w a s  350°F. 

.006" f o r  two j o i n t s .  The t ens ion  load shown i n  Table 1 ( i t e m  19)  w a s  3320 p s i .  

This i s  a h ighe r  va lue  then found$on any epoxy sample. 

The p res su re  

The j o i n t  th ickness  was a t o t a l  of 
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The s i z e  of t h e  columns made by t h e  technique a t  BNL a r e  about+.9” B.D. 
The s e p a r a t o r  m a t e r i a l  used i s  s t a i n l e s s  s teel .  

15.5” diameter  was b u i l t  us ing  a v i n y l  a c e t a t e  adhesive between a ceramic and 

s t a i n l e s s  s t ee l  sepa ra to r  (5). It might be  p o s s i b l e ,  based on these  previous 

r e s u l t s ,  t o  use  a v iny l  a c e t a t e  adhes ive  with a lower thermal expansion sep- ,  

a r a t o r  i n  our  l a r g e r  j o i n t .  

t i e s ,  no co r ros ion  problem i n  our environmental  cond i t ions ,  and a l o w  thermal 

expans ion .coe f f i c i en t  i s  commercially pure  t i tanium. 

I n  a d d i t i o n  a column of 

One material t h a t  has good h igh  vo l t age  proper- 

Rewri t ing Eq, 5 .  

r t i t  = rss[ss-acer 

%it -Qcer 

I f  w e  assumeathe  worst5case where t h e  column i s  r a p i d l y  hea ted  s o  t h a t  t h e  sep- 

a r a t o r s  change temperature b u t . t h e  ceramics do not .  

s 
r r tit  = ss 

and s u b s t i t u t i n g  values  

= 14.38 inches r 

S ince  t h e  p r e s e n t  column has an  o u t s i d e  diameter of about 28 inches t h i s  adhes ive  

t echnfque . a t  l eas t  appears . f ea s ib l e .  

t h e  r ad ia t ion rand  vacuum (without  t h e  indium seal) and t h e  ceramics can be sal-  

vaged simply. However, an  investment  i n  r e t e s t i n g ,  ovens,  p re s ses  and f i x t u r e s  

would have t o  b e  made, a n d . t h e  epoxied ceramic can a l s o  be  salvaged. 

It o f f e r s  advantages i n . t h a t  .it can t ake  
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