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ABSTRACT 

There is a limit to the applicability of 
aluminum as a fuel cladding and matrix material 
in high performance water cooled research 
reactors. This limit is associated with cor- 
rosion, oxide thermal insulation, radiation 
damage, and l o s s  of strength at high temper- 
atures. One approach to extending the useful- 
ness of aluminum is to deposit a corrosion 
resistant, electroless nickel coating on the 
surface of the fuel plates. 

An investigation using specimens coated 
with nickel by a new technique revealed that as- 
plated samples successfully withstood bend, 
thermal shock, and autoclave and dynamic cor- 
rosion tests without cracking, measurable cor- 
rosion or sloughing o f f .  In one additional 
dynamic corrosion test a tubular specimen was 
electrically heated so as to provide a high 
heat flux through the nickel coating; small 
cracks developed, but there was no sloughing 
of the nickel. Following these tests an ORR 
fuel element was partially coated with nickel 
SO as to introduce the effects of radiation. 
After ten weeks of normal operation, the nickel 
coating appeared to be in excellent condition. 

The tests mentioned above were conducted 
in deionized water. A few out-of-pile tests 
were also conducted in pH 5 (HNO ) water, and 

the results indicated an excessively high cor- 
rosion rate of  t h e  n i c k e l .  

3 

K eyws .-ds - 

Nickel coating, electroless coating, fuel plates, corrosion pro- 
tection, aluminum, I ight water research reactors. 



INTRODUCTION 

I n  h igh  performance ATP\* and HFIR**-type water-cooled 

reactors any s i g n i f i c a n t  i n c r e a s e  i n  t h e  power d e n s i t y  o r  

f u e l  e lement  l i f e  could  make aluminum u n s a t i s f a c t o r y  as a 

c l a d d i n g  and m a t r i x  m a t e r i a l .  The l i m i t i n g  f a c t o r s  are 

c o r r o s i o n  a t t a c k ,  t h e  thermal  i n s u l a t i o n  of t h e  aluminum 

ox ide  formed, and r a d i a t i o n  damage and loss of s t r e n g t h  

a t  h igh  t empera tu res .  A t  t h e  h igh  h e a t  f l u x e s  and water- 

c l a d d i n g  i n t e r f a c e  t empera tu res  i n  t h i s  type of r e a c t o r ,  

t h e  aluminum oxide  i s  a p p r e c i a b l e  i n  t e r m s  of tempera ture  

d r o p ,  and i t s  growth i s  v e r y  s e n s i t i v e  t o  c o o l a n t  film 
t empera tu re  and p H .  By a d j u s t i n g  t h e  c o o l a n t  p H  t o  5 . 0  

w i t h  H N 0 3 ,  t h e  ox ide  growth has  been reduced t o  a minimum 

and a c c e p t a b l e  r a t e  for t h e  IIF ' IR.  However, for h i g h e r  

Derformance cores even t h e  minimum ra t e  could  be e x c e s s i v e .  

Furthermore,  t h e  oxygen a d d i t i o n  r e q u i r e d  f o r  s t a b i l i z i n g  

H N 0 3  under r a d i a t i o n  can be d e t r i m e n t a l  t o  s t a i n l e s s  s teel  

p o r t i o n s  of t h e  system i n  terms of ch lor ide- induced  stress 

c o r r o s i o n  c r a c k i n g e 2  Thus, t h e r e  i s  a need f o r  the develop- 

ment of a b e t t e r  aluminum a l l o y  and/or a s u i t a b l e  p r o t e c t i v e  

c o a t i n g .  

c-- 
This  r e p o r t  i s  concerned w i t h  t h e  development of 

e l e c t r o l e s s  n i c k e l  as a p r o t e c t i v e  c o a t i n g .  Such a c o a t i n g  

could  p rov ide  c o r r o s i o n  p r o t e c t i o n  t o  t h e  aluminum and 

could  p e r m i t  t h e  use  of  h igh  p u r i t y ,  oxygen-free w a t e r  

as a c o o l a n t .  

--- 

*Advanced T e s t  Reac to r ,  Na t iona l  Reactor  T e s t i n g  S t a t i o n  

**High Flux  I s o t o p e  Reactor, Oak Ridge Na t iona l  Laboratory 
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PREVI3US STUDIES 

In 1955, personnel at the Argonne National Laboratory3 

reported the results of out-of-pile and in-pile corrosion 

studies of a 0.3 mil coating of electroless nickel on 1100 

alloy aluminum. Four specimens in a static corrosion test 

subjected to 3 1 5 O C  deionized water for one week failed by 

blistering or rupture. One of five samples in an out-of-pile 

test loop, containing 3 1 5 O C ,  deionized water flowing at 

1-8 fgs, failed after 1250 hours; the others showed pitting 

and weight gains. Experiments on the same type of specimens 

were also conducted by ANL investigators in a water loop at 

the f4TR. Specimens were placed both in and out of the 

reactor core region within the same loop. Water in the 

loop was deionized and had a velocity of 25 fps .  The water 

temperature was 2 6 0 ° C  for 530 hr, 232OC for 50 hr and 

177OC for 150 hr. At the conclusion of the run it was 

found that the nickel coating had sloughed of f  of the in- 

pile specimens but not off of the out-of--pile specimens. 

In 1964 Johnson4 reported on a series of out-of-pile 

dynamic corrosion studies of electroless nickel on two 

aluminum alloys. An 0.8 mil coating provided significant 

protection to 33OoC, p H  6.6 water flowing at 25 fps. 

Samples heat treated at 4OOOC for  40 hours had the lowest 

rate of corrosion; however the diffusion bonding heat treat- 

ment appeared to promote plate cracking in dynamic exposures. 

Further studies by Johnson5 showed that electroless 

nickel coated and heat treated samples were compatible with 

deionized water and p H  10 NH40H, but not with p1-I 10 LiOI-1 in 

semistatic and dynamic (25 fps) tests at 330OC. 

In 1966, as a part of the RTX design studies, the 

feasibility of applying an electroless nickel coating to 
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aluminum clad fuel elements to reduce the oxide build-up 

was investigated.6 Corrosion tests were performed in a 

conventional out-of-pile pressurized water loop and in the G-12 

pressurized loop in the ETR. In most cases, the base metal 

was aluminum alloy 6061. The electroless nickel coating was 

0.8 mil thick and had a phosphorus content of 8 to 10 weight 

percent (tynical of most electroless nickel coatings) . 
Comparative corrosion tests were performed on uncoated base 

metal, as-plated, and plated and heat,treated samples. The 

heat treatment consisted of heating the plated specimen 

for periods of time from 1-1/2 to 75 hours in the temper- 
ature range 41OOC to 485OC to produce various degrees of 

diffusion bonding between the coating and the base metal. 

One set of specimens was tested for 800 hours in a 

dynamic corrosion loop operated at 190°C with a p H  of 5.0 

to 5.3 and a water velocity of 45 fps. The uncoated and 

the as-plated specimens underwent severe corrosion. The 

specimens which had been heated to 410°C f o r  12 hours, a 

heat treatment that produced very little diffusion, had 

excellent corrosion resistance. Specimens heat treated at 

higher temperatures to produce distinct layers of aluminum- 

nickel intermetallic compounds had only moderate corrosion 

resistance. 

All of the electroless nickel coated specimens tested 

in the ETR G-12 loop were heat treated, some at 4 1 0 ° C  and 

some at 450OC.  These specimens contained enough fuel to 

produce heat f l u x e s  of 1.0 to 2.4 x l o 6  Btu/hr.ft2. The 

water temperature was 218OC, t.he velocity was 46 fps, and 
the pI1 was 5.0 to 5.3 In all cases the coating sloughed 

o f f  at the beginning of the c y c l e  over a large portion of 

the fueled region. 
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Another "ATR" r e s u l t  of p o s s i b l e  i n t e r e s t  w a s  observed  

d u r i n g  t h e  c o o l i n g  down p o r t i o n  of t h e  hea- t  t r e a t m e n t  c y c l e ;  

severa l  of t h e  specimens expe r i enced  s lough ing  of t h e  n i c k e l  

c o a t .  This leaves some doubt  r e g a r d i n g  t h e  i n t e g r i t y  of t h e  

bond of those  specimens t h a t  l a t e r  f a i l e d  i n  t h e  i n - p i l e  

l oop ,  U n f o r t u n a t e l y ,  t h e  ATR n i c k e l  program was t e r m i n a t e d  

b e f o r e  c o n c l u s i v e  r e s u l t s  w e r e  o b t a i n e d .  

ORNL ANALYSIS AND DEVELOPMENT 

During 1 9 6 8  pe r sonne l  a t  t h e  Oak Ridye Gaseous Dif -  

f u s i o n  P l a n t  developed a new s u r f a c e  p r e p a r a t i o n  a n c l  p l a t i n g  

t echn ique '  t h a t  he lped  t o  r e v i v e  i n t e r e s t  i n  e l e c t r o l e s s  

n i c k e l  c o a t i n g s  for aluminum f u e l  p l a t e s .  At abou t  t h i s  

s a m e  t i m e  t h e  a u t h o r s  w e r e  rev iewing  t h e  p r e v i o u s l y  r e p o r t e d  

r e s u l t s  and had concluded that: h e a t  f l u x  appea red ,  on t h e  

b a s i s  of t h e  t e s t  r e s u l t s ,  t o  be a. s i g n i f i c a n t  f a c t o r  i n  

nickel-  s lough ing .  However, a s imple  a n a l y s i s  of t h e  d i f -  

f e r e n t i a l  expans ion  a s s o c i a t e d  w i t h  t h e  h e a t  f l u x  i n d i c a t e d  

t h a t  h e a t  f l u x  v a l u e s  of g e n e r a l  i n t e r e s t  shou ld  n o t  cause  

s i g n i f i c a n t  d i f f e r e n t i a l  expans ion  r e l a t i v e  t o  t h e  i s o t h e r m a l  

h e a t i n g  d i f f e r e n t i a l  expans ion .  Th i s  i s  i l l u s t r a t e d  bclow 

f o r  t h e  fo l lowing  mater ia l  p r o p e r t i e s  and kyp ica l  h igh  pe r -  

formance r e a c t o r  c o n d i t i o n s :  N i .  
A l .  - Coat ing  

L i n e a r  c o e f f i c i e n t  o f  t he rma l  expans ion  ( O F m 1 )  1 3 ~ 1 0 ~ '  8 ~ 1 0 - ~  

Thermal c o n d u c t i v i t y ,  (Btu /hr - f tOF)  1 0 0  3 

I so the rma l  t empera tu re  i n c r e a s e  = 330°F 

Heat f l u x  = 2 x 1 0 6  B t u / h r - f t  

Nicke l  c o a t i n g  t h i c k n e s s  = 0 . 5 ~ 1 0  i n .  

Fue l  p l a t e  t h i c k n e s s  = 4 0 ~ 1 0 - ~  i n ,  

2 

- 3  

Using t h e  above numbers t h e  isothermal-  d i f f e r e n t i a l  ex- 

pans ion  between the n i c k e l  c o a t i n g  and f u e l  p l a t e  was c a l c u l a t e d  

t o  be 2 ~ 1 0 ~ ~  in / i i i .  

produces an averagc  d i f f e r e n t i a l  expans ion  of abou t  2x10 i n / i n .  

The h e a t  f l u x  a c r o s s  t h e  n i c k e l  c o a t i n g  
-4 
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There i s  some q u e s t i o n  r e g a r d i n g  t h e  thermal  conduct i -v i ty  

and expansion c o e f f i c i e n t  data  f o r  t h e  n i c k e l  c o a t i n g ,  b u t  t h e  

i n d i c a t i o n s  are t h a t  t h e  d i f f e r e n t i a l  expansion induced by t h e  

h e a t  f l u x  i s  sma l l  compared t o  t h e  i s o t h e r m a l  d i f f e r e n t i a l  

expansion.  

There i s  a l so  t h e  p o s s i b i l i t y  t h a t  n u c l e a r  r a d i a t i o n  

could  have an  e f f e c t  on t h e  n i c k e l  c o a t i n g  adherence;  how- 

e v e r ,  i n  t h e  ETR G - 1 2  loop t e s t  t h e  n i c k e l  s loughed off 

a lmost  immediately and t h u s  wi thou t  exposure of  t h e  specimen 

t o  much r a d i a t i o n .  

Another f a c t o r  of some concern i s  t h e  chemis t ry  of 

t h e  w a t e r .  A s  i n d i c a t e d  above, t h e  "ATR experiments  w e r e  con- 

duc ted  i n  pH 5 . 0  t o  5 . 3  w a t e r ,  wh i l e  t h e  o t h e r s  w e r e  con- 

duc ted  i n  de ion ized  and pII 1.0 vater. E a r l y  i n  t h e  H F I R  

p r o j e c t  o u r  expe r i ence*  w i t h  e l e c t r o l e s s  n i c k e l  i n  pH 5 . 0  

w a t e r  i n d i c a t e d  very  poor n i c k e l - c o a t i n g  c o r r o s i o n  re- 

s i s t a n c e  compared t o  t h a t  ob ta ined  i n  de ion ized  water. 

I n  an e f f o r t  t o  r e c t i f y  some of t h e  appa ren t  incon- 

s is tencies  i n  t h e  p rev ious  r e s u l t s ,  t h e  authors i n i t i a t e d  a 

new e l e c t r o l e s s  n i c k e l  program. S ince  it appeared t h a t  t h e  

newly developed s u r f a c e  p r e p a r a t i o n  and p l a t i n g  t echn iques  

would r e s u l t  i n  a s u p e r i o r  n i c k e l  c o a t ,  on ly  t h o s e  most 

recent t echn iques  w e r e  used ,  For t h e  first phase of t h e  

program s m a l l  f l a t  p l a t e  specimens of 1100-H14 aluminum 

(commercially pu re  aluminum, h a l f  ha rd  temper) w e r e  electro- 

less n i c k e l  c o a t e d ,  some w i t h  0 . 1  m i l  and t h e  o t h e r s  w i t h  

0 . 5  m i l  t h i c k n e s s e s .  For each t h i c k n e s s  some of t h e  s p e c i -  

mens were h e a t  t r e a t e d  a t  415OC f o r  1 h r ,  some a t  500°C f o r  

1 hr, and t h e  remainder  were left i n  t h e  a s - p l a t e d  c o n d i t i o n .  

The purpose of t h e  heat, t r e a t m e n t s  w a s  t o  p rov ide  some 
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degree of diffusion bonding between the nickel coating and 
the aluminum. Typical photomicrographs of specimen cross 

sections are shown in Figures 1, 2, and 3. 

T o  obtain an initial qualitative estimate of coating 

adherence,as-plated specimens were subjected to a mechanical 

bend test. Also, one of the as-plated specimens with 0.5 
mil nickel coating was subjected to thermally induced dif- 

ferential strains by slowly thermal cycling the specimen 

between room temperature and 43OoC and finally quenching 

from 43OOC with a stream of cool water impinged on one side. 

The bend tests produced cracks but no sloughing, while the 

differential expansion test produced no indications of 

failures. Examination at 1OX magnification of the surface 

while at maximum temperature revealed no cracks. 

The first corrosion tests consisted of exposing pairs 

of each of the above types of specimens to 25OOC deionized 

water in an autoclave for one week, One specimen in each 

pair was given a mild thermal shock (quench in cool water 

from 2 6 0 O C )  prior to the autoclave test. The results of 

the corrosion tests indicated that the 0.1 mil coating was 

not adequate; that the mild thermal shock was insignificant; 

and that all but the as-plated specimens were moderately 

to severely attacked. The corrosion attack on the 415OC 
heat treated specimens appeared to initiate at "pin holes," 

with subsequent gross undermining of the nickel coating. 

Specimens heat treated at 5OOOC corroded to a dull black 

finish with scattered spots of aluminum oxide break-through. 

Photographs of typical as-plated and heat treated specimens 

with 0.5 mil nickel coatings are shown in Figure 4 for the 

post-exposure condition. Figures 5, 6, and 7 are 15 X 

magnifications of the same surfaces. Figure 5 shows the 

typical surface texture of the as-plated nickel; it was 
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c 

unchanged as a r e s u l t  of t h e  c o r r o s i o n  tes t .  I n  F igu re  6 

the  s m a l l  wh i t e  a r e a s  are aluminum ox ide  break-through,  

and t h e  much l a r g e r  d i s c o l o r e d  areas are undermined wikh 

aluminum ox ide .  F igu re  7 c l e a r l y  shows t h e  s p o t s  of  ox ide  

break-through on t h e  specimens h e a t  t r e a t e d  a t  5OO0C.  

T o  f u r t h e r  check f o r  t h e  e x i s t e n c e  of  p i n  h o l e s  i n  

t h e  a s - p l a t e d  n i c k e l  c o a t i n g , t h e  specimen t h a t  had been 

thermal  c y c l e d  between r o o m  tempera ture  and 4 3 0 ° C  w a s ,  a f t e r  

t h e  f i n a l  quench, p l aced  i n  a beaker  of  s t r o n g ,  h e a t e d ,  

sodium hydroxide s o l u t i o n .  There w e r e  no hydrogen bubbles  

excep t  from a s p o t  on a s h a r p  edge where f o r c e p s  had broken 

t h e  c o a t i n g .  A t  t h i s  p o i n t  t h e  a t t a c k  w a s  v igo rous .  A s  

a f u r t h e r  check on t h e  s e n s i t i v i t y  of p i n  h o l e  d e t e c t i o n  

by t h i s  method,a f i n e  need le  w a s  used t o  punc tu re  t h e  n i c k e l  

c o a t i n g .  A f t e r  s e v e r a l  minutes  i n  t h e  s o l u t i o n , t h e  bubbles  

s t a r t e d .  

We concluded from t h i s  f i r s t  series of tests t h a t  t h e  

a s - p l a t e d  n i c k e l  c o a t i n g  w a s  f a r  s u p e r i o r  t o  t h e  h e a t  

t r e a t e d  specimens,  and t h a t  it had reasonab ly  good adherence 

and c o r r o s i o n  r e s i s t a n c e  i n  de ion ized  w a t e r  up t o  a t  Least 

2 5 0 ° C .  

The n e x t  t es t  w a s  conducted w i t h  a small t u b u l a r  

specimen t h a t  was e l e c t r i c a l l y  hea ted  t o  produce a h igh  

h e a t  f l u x  and t h a t  w a s  cooled  i n t e r n a l l y  w i t h  forced-f low 

w a t e r  (see r e f e r e n c e  9 f o r  d e s c r i p t i o n  of a p p a r a t u s ) .  The 

i n t e r n a l  dimensions of t h e  r e c t a n g u l a r  t ube  w e r e  0 . 5  i n .  x 
0 , 0 5 0  i n .  x 6 . 5  i n .  lonq .  N i c k e l  w a s  a F p l i e d  t o  t h e  i n n e r  

s u r f a c e  o n l y  and w a s  l e f t  i n  t h e  a s - p l a t e d  c o n d i t i o n ;  t h e  

t h i c k n e s s  of t h e  n i c k e l  was Q 1 . 5  m i l s  i n s t e a d  of t h e  de- 

sired 0 . 5  m i l s .  The c o o l a n t  v e l o c i t y  w a s  30 f p s ,  and a t  a l l  

t i m e s  t h e  s p e c i f i c  r e s i s t i v i t y  of t h e  wa te r  w a s  > 1 0  
6 
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6 ohm-cm. During the first 68 hours a heat flux of 1.0 x 10 

Btu/hr-ft2 was maintained, after which it was increased to 

1.5 x lo6 Btu/hr.ft2 for the remainder of the test, a 

period of 459 hours. At the higher heat flux the temperature 

of the nickel at the nickel-water interface was about 242OC.  

At each heat flux the temperatures on the outside of 

the specimen remained constant, indicating the absence of 
any significant deposit at the specimen-water interface and 

thus no sloughing of the nickel. Examination of the speci- 

men inner surface at the conclusion of the test showed no 
evidence of aluminum oxide corrosion product; the surface had 
developed only a slight surface discoloration. Howeverp a 

few very fine cracks in the nickel were apparent, as shown 

in Figure 8. Since the coating has little ductility it is 

possible that these cracks resulted from slight deflections 

of the rectangular tube as the internal pressure made the 

tube conform to the exact shape of the rigid backup. Suf- 

ficient measurements were not taken before the test to de- 

termine the magnitude of the strain. 

At the bo.ttom of the cracks the aluminum had been 

attacked to a depth of about 0.5 mil. Part of the crack 

and the corroded volume were packed with aluminum corrosion 

products as shown in Figure 9. At no place along any of 

the cracks was there evidence of the nickel tending to peel 

from the aluminum surface. 

T h e  next phase of our program consisted of exposing 

several small 6061-T6 specimens with 0 . 5  mil of as-plated 

nickel to a range of coolant velocities under isothermal 

conditions. The test section of the loop was tapered and 

held several specimens along the length of the tapered 
channel. Thus each specimen was subjected to a different 
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c o o l a n t  v e l o c i t y ,  t h e  v e l o c i t y  range  be ing  2 0  t o  1 2 0  f t / s e c .  

Two tes ts  w e r e  conducted: one wi th  pH 7 w a t e r  and one w i t h  

p H  5 . 0  wa te r .  I n  bo th  cases t h e  w a t e r  t empera ture  w a s  205OC. 

The p H  7 t es t  was run f o r  t w o  weeks, a t  t h e  end of which 

t h e r e  w e r e  no s i g n s  of s lough ing ,  and t h e  c o r r o s i o n  of t h e  

n i c k e l  w a s  ve ry  s m a l l  ( 1 .6  m i l s / y r  a t  6 0  f t / s e c ) .  I n  t h e  

maximum v e l o c i t y  r e g i o n  t h e  l e a d i n g  edge of t h e  cor responding  

specimen showed d e f i n i t e  s i g n s  o f  e r o s i o n  from an eddy created 

by t h e  s l i g h t  d i s c o n t i n u i t y  a t  t h e  j u n c t i o n  of t w o  a d j a c e n t  

specimens. T h e  e r o s i o n  p e n e t r a t e d  t h e  n i c k e l  and a t e  i n t o  

t h e  aluminum. However, even w i t h  t h i s  d i s c o n t i n u i t y  and 

exposed nickel-aluminum i n t e r f a c e  t h e  n i c k e l  c o a t i n g  d i d  

n o t  t end  t o  s lough.  

R e s u l t s  from t h e  pW 5.0  t e s t  w e r e  s i g n i f i c a n t l y  d i f -  

f e r e n t  i n s o f a r  as c o r r o s i o n  of t h e  n i c k e l  was concerned. 

This  tes t  w a s  s topped  a t  t n e  end of two days  f o r  i n s p e c t i o n  

of t h e  specimens.  There w a s  no s lough ing ,  b u t  t h e  n i c k e l  

c o r r o s i o n  r a t e  a s s o c i a t e d  w i t h  specimens exposed t o  less 

t h a n  60  f t / s e c  w a s  about  t e n  times g r e a t e r  t h a n  o b t a i n e d  i n  

t h e  pII 7 water ( 1 6  m i l s / y r ) .  Above 60  f t / s e c  t h e  n i c k e l  

w a s  ve ry  bad ly  p i t t e d ,  w i th  p e n e t r a t i o n s  i n t o  t h e  aluminum 

s u b s t r a t e .  I t  w a s  t e n t a t i v e l y  concluded t h a t  pH 5 . 0  water 

w a s  unaccep tab le  for t e s t i n g  e l e c t r o l e s s  n i c k e l .  

Because of t h e  s u c c e s s  of t h e  0 . 5  m i l  n i c k e l  c o a t i n g  

i n  de ion ized  w a t e r  under t h e  above v a r i e d  c o n d i t i o n s ,  our 

n e x t  s t e p  was t o  t e s t  a fue l ed  specimen i n - p i l e  a t  r easonab ly  

h igh  h e a t  f l u x ,  tempera ture  and c o o l a n t  v e l o c i t y .  Both t h e  

H F I R  and ETR would p rov ide  these c o n d i t i o n s ,  b u t  i n  bo th  

r e a c t o r s  the coolant p H  is about  5 . 0 .  T h e r e f o r e ,  it w a s  

dec ided  t o  i r r a d i a t e  a p a r t i a l l y  p l a t e d  ORR f u e l  e lement  i n  

t h e  ORR, where t h e  pH i s  about  6 . 5 .  The d i sadvan tage  



14 

a s s o c i a t e d  w i t h  t h e  ORR i s  a somewhat lower h e a t  f l u x ,  temper- 

a t u r e  and c o o l a n t  v e l o c i t y  t h a n  d e s i r e d .  

E l e c t r o l e s s  n i c k e l  w a s  a p p l i e d  t o  t h e  o u t e r  s u r f a c e s  of 

t h e  two o u t e r  f u e l  p l a t e s  o f  t h e  p a r t i c u l a r  ORR f u e l  e lement .  

The t h i c k n e s s  of t h e  c o a t i n g  w a s  0 . 5  m i l ,  and t h s  n i c k e l  w a s  

l e f t  i n  t h e  a s - p l a t e d  c o n d i t i o n .  T e s t i n g  w a s  conducted i n  

abou t  two-week i n t e r v a l s ,  t h e  e lement  b e i n g  removed a t  t h e  

end of  each  i n t e r v a l  f o r  under-water i n s p e c t i o n  w i t h  a p e r i -  

scope .  The t o t a l  t i m e  of t e s t i n g  w a s  abou t  t e n  weeks. A t  

no t i m e  w a s  t h e r e  any ev idence  of  c r a c k i n g  o r  s l o u g h i n g ,  

even though t h e  c o a t e d  s u r f a c e s  w e r e  s c r a t c h e d  numerous 

t i m e s  d u r i n g  e x t r a c t i o n  and i n s e r t i o n  of  t h e  e lement .  

FUTURE DEVELOPMENT 

S ince  a p p l i c a t i o n  of  t h e  e lectroless  n i c k e l  on aluminum 

i s  in t ended  f o r  v e r y  h i g h  performance c o r e s ,  t h e r e  i s  a need 

t o  t es t  t h e  n i c k e l  c o a t i n g  under  c o n d i t i o n s  more severe t h a n  

have been ach ieved  t h u s  f a r .  The o u t - o f - p i l e  f a c i l i t y  t h a t  

e l e c t r i c a l l y  h e a t s  t h e  specimen h a s  been modi f ied  t o  produce 

h e a t  f l u x e s  of about  3 x L O 6  B t u / h r - f t 2  and c o o l a n t  v e l o c i t i e s  

up t o  1 0 0  f t / s e c .  The specimen w i l l  be  a c i r c u l a r  t u b e ,  and 

c i r c u m f e r e n t i a l  and a x i a l  s t r a i n s  can be c o n t r o l l e d  and 

v a r i e d  as d e s i r e d .  Experiments u s i n g  t h i s  f a c i l i t y  w i l l  be 

conducted d u r i n g  t h e  n e x t  several  months. From t h e s e  tes ts  

w e  should  be a b l e  t o  de t e rmine  how much d i f f e r e n t i a l  s t r a i n  

and how much c y c l i n q  are r e q u i r e d  t o  i n i t i a t e  s lough ing  o f  

t h e  n i c k e l .  

E v e n t u a l l y  it w i l l  be n e c e s s a r y  t o  s u b j e c t  c o a t e d  s p e c i -  

mens t o  h i g h  performance c o n d i t i o n s  i n - p i l e .  One p o s s i b i l i t y  

is t o  u s e  t h e  ETR G - 1 2  l oop  w i t h  pII 6 t o  6 . 5  water. I n  t h i s  

loop it would be p o s s i b l e  t o  a c h i e v e  a h e a t  f l u x  of a t  l e a s t  



1 5  

5 2 x 10 Btu/hr.ft2 and coolant velocities up to 50 ft/sec. 

To go beyond these conditions in-pile will require special 
facilities. At the present time there are no definite plans 

for high performance in-pile experiments. 
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1 5 0 0 X  8 9 3 9  

Figure 1. Electroless Nickel on Aluminum 
Alloy 1100-H14, As-Plated 

E l  
1 
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I 

1500X 8941 

Alloy 1 1 0 0 - H 1 4 ,  D i f f u s i o n  Bonded a t  5OOOC 
Figure  3 .  Electroless Nickel  on A l u m i n u m  

IX 
re  4 .  
ater a t  250°C 

Coupons A f t e r  1 Week Exposure t o  

L e f t :  
Center: 
Right: D i f f u  
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A-3034 

15X A-3032 
Figure 6. Diffusion Bonded (415OC) Electroless 

Nickel on Aluminum After H o t  Water 
Exposure 
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1 5 X  

Figure 7. 

A-3033 

Diffusion Bonded ( 5 O O O C )  
Electroless Nickel on Aluminun 
After Hot Water Exposure 
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Figure  8.  E l e c t r i c a l l y  hea ted  t u b u l a r  specimen 
showing crack i n  n i c k e l  c o a t i n g  on 
i n s i d e  s u r f a c e  

I 

C. 

F 

v 

Figure  9 .  Cross s e c t i o n  of c rack  shown i n  F ig .  8 .  
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