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FABRICATION AND PROPERTIES OF EXTRUDED 
SILVER-CADMIUM CONTROL RODS 

by 

Austin E. Dwight 

ABSTRACT 

The production of c r o s s - t y p e cont ro l rods having a span of 
4 - 7 / 8 in. , and an a r m th ickness of 1/8 in., was studied. Extrus ion 
techniques were developed for producing c ross - type control rods 
f rom each of two a l loys ; one containing 75% s i l ve r -25% cadmium, ^ o 
and the other containing 67% s i lve r -30% cadnn.iunn-3% copper . F a b - v ' 
r ica t ionof the extruded c r o s s e s into clad control rods for thef Mark I I - Vl 

j n a v a l | r e a c t o r was a t tempted. A set of unclad control rods for the ^jg, 
Z e r o Power Reactor was produced. 

The effect of copper , nickel , a luminum, palladium, and indi­
um, singly and in var ious combinat ions , on the physical and m e ­
chanical p rope r t i e s of s i lver-cadnnium was studied. Data a r e given 
onthe work hardening and annealing of binary s i l ve r - cadmium al loys , 
and onthe precipi ta t ion hardening of ce r ta in complex s i l ve r - cadmium 
a l loys . 

A naater ia ls specification and suggested fabrication p r o c e ­
dure were es tabl i shed for n ickel -c lad extruded si lver-cadmiunn con­
t r o l r o d s . 

I. INTRODUCTION 

The development work descr ibed in this r epor t was initi§it,e4,Jtajdej=™«^ 
vise an a l t e rna te method of fabricat ing the control rods for thef, Mark I naval f 
r e a c t o r . In the la t te r par t of 1950, it was not ce r ta in that the ro l l cladding 
and welding raethod would be successful . It was decided to develop an a l ­
t e rna te method using ext rus ion as the fundamental p r o c e s s . 

During developnnent of the a l te rna te extrusion p r o c e s s , a quantity of 
data was col lected which may be useful for some future fabrication problem. 
This r epor t is intended both to p resen t these data and to provide a brief h i s ­
to ry of the development work which was performed. These data can bes t be 
p resen ted in two sec t ions , one dealing with the actual fabrication p r o c e s s e s 
used to make a control rod by the ext rus ion method; and the other dealing 
with the physical and naechanical p rope r t i e s of the var ious s i l v e r - c a d m i u m 
base al loys which were t e s t ed as core naa ter ia l s . 

\ ^ 

6 2 i 0C6 
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The exper ience which was gained in the attennpted fabricat ion of \)0 y l_~ 
Pvlark Ifcontrol rods made possible the successful production by extrusion ŷ C) j * ^ • 
of a set of/ZPR unclad cont ro l rods . 

II. SUMMARY AND CONCLUSIONS 

1. The flow of s i l v e r - c a d m i u m alloys in extrusion i s of the type 
where in entra ined oxide appea r s as an extrusion defect just under the skin 
of the shape. 

2. An alloy of 75% s i l v e r - 2 5 % cadmium can be extruded into a c r o s s 
shape if the ext rus ion ra t io is held below 25:1 and the bil let heated to 1300-
1400F. 

3 . An alloy of 67% s i lver-30% cadmium-3% copper can be extruded 
iruto a c r o s s shape if the ex t rus ion ra t io is held below 11:1 and the bil let 
heated to 1250-1270F. 

4. Cold drawing of an extruded c r o s s did not prove prac t ica l , due 
to d is tor t ion of the c r o s s a r m s . 

5. Extruded c r o s s e s made of the s i l ve r - cadmium-copper alloy can 
readi ly be machined to c lose to le rances by s t raddle nnilling. 

6. The s i l v e r - c a d m i u m - c o p p e r alloy is capable of being hardened 
f rom Rockwell F 64 to 84 by aging at 600F. 

7. An adherent cladding of nickel can be obtained by e lectroplat ing. 
F u r t h e r development of the plating p roces s is needed. 

8. A set of unclad control rods were successfully extruded for the 
Z e r o Power Reac to r . 

I '^'' 
III. ATTEMPTED PRODUCTION OF MARK I CONTROL RODS I ]\) ^ 

A. Fabr i ca t ion of B a r e C r o s s e s 's p~ 

1. Casting and Scalping of Bil lets 
The f i r s t two b i l le t s , 12-1 /2 in. long by 5 in. d iameter , we re 

c a s t at the Bat te l le Memor i a l Ins t i tu te . The bil lets were extruded without 
machining the su r face . Because of bad b l i s t e r s on the extruded shape, al l 
subsequent b i l le ts w e r e scalped to r emove surface defects . 

Except for the f i r s t two b i l le t s , al l bi l lets w e r e cas t at 
Goldsmith B r o t h e r s , Chicago, using a graphi te mold. The bi l let d iameter 

Is j ^ ^ f f\ v̂ 
• • • • • . • • . . . . » . • • • • • • • • *-^ ^ ^^ - 5 £ 5 / 
« • • • « • • « . . • • . . . . ^ \J w 

• . . . 
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as cas t was one-half inch la rger than after machining, i .e . , mos t of the 
bi l le ts w e r e cas t 7 in. OD and machined to 6-1/2 in. OD for use in a 
6 -5 /8 in. ID conta iner . No difficulties w e r e encountered with segregat ion 
or with holding the composit ion within specif icat ions. 

The extrusion work was done in two b r a s s mi l l s , Revere 
Copper and B r a s s , Detroi t , Michigan and Chicago Extruded Metals , Cicero , 
I l l inois . The p r e s s e s w e r e s tandard b r a s s mi l l equipment. The Revere 
p r e s s had a 31.75 in. d iamete r cylinder and could exer t a nmaximum p r e s ­
s u r e of 4000 ps i or 1580 tons on the r a m . The dies used at Revere were 
of the bel l -mouth type. The contour of the die may be est imated from Fig. 1 
which shows an extrusion butt after sectioning and etching. 

The Chicago Extruded Metals p r e s s had a 2000 ton maximum 
p r e s s u r e and was of the muzzle- loading type. The dies were of the shear 
type. The die contour may be es t imated from Fig. 2. 

2. Ex t rus ion Var iab les 

The va r i ab l e factors which affect the extrusion p rocess a r e 
the tennperature of the bil let , p r e s s u r e , extrusion speed, and lubricant . 
Other factors which a r e fixed but which affect the p roces s a r e the coraposi -
tion of the bi l le t , the geomet ry of the extruded shape, extrusion ra t io , and 
the design of the die. All of these factors a r e in te r re la ted . 

The extrusion ra t io proved to be a controlling factor. It 
is defined as the ra t io of the c r o s s - s e c t i o n a l a r ea before extrusion to the 
a r e a of the extruded shape. The a r e a before extrusion is the a r e a of the 
container c r o s s sect ion because the bi l le t upsets to fill the container before 
ext rus ion s t a r t s . In the f i r s t extrusion a t Revere on November 3, 1950, a 
5 -5 /8 in. container was used. The extruded shape had a c r o s s - s e c t i o n a l 
a r e a of 1.14 sq . in. and is shown in F ig . 1. Therefore the extrusion rat io 
was 21.7, and the reduct ion in a r e a was 95,5%. The extrusion was s u c ­
cessful . 

In the f i r s t extrusion at Chicago Extruded Metals on Novem­
ber 6, 1950, the shape (Fig. 2) had a c r o s s - s e c t i o n a l a r ea of 1.49 sq. in. and 
the ext rus ion rat io was 25.9. The extrusion was successful . 

On January 5, 1951 a successful extrusion was made at 
Chicago Extruded Metals with an extrus ion rat io of 30.8. However, on 
F e b r u a r y 21 , 1951, an a t tempt was made at Revere to extrude a 6-1/4 in. OD 
bil let in a 6 -5 /8 in. ID container with an extrusion rat io of 30.2. The bil let 
failed, i .e . , the p r e s s s tal led a t its max imum p r e s s u r e , and no extrusion 
occu r r ed . The failed bil let was turned down to 5-1/2 in. and extruded in a 
5-5 /8 in. ID conta iner . 

• - • - r^^ ijla^ 
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FIG. I 
CROSS-SECTIONAL VIEW OF BUTT 

AND SHAPE OF CADMIUM-SILVER CROSS 
EXTRUDED BY REVERE COPPER & BRASS CO. 
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FIG. 2 
CROSS-SECTIONAL VIEW OF BUTT 

AND SHAPE OF CADMIUM-SILVER CROSS 
EXTRUDED BY CHICAGO EXTRUDED METALS CO. 
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F r o m the f i r s t five extrusion a t tempts it is apparent that 
the limiting extrusion ra t io lies between 24 and 30 for an alloy of 75% s i lver , 
25% cadnnium, extruded into a c r o s s shape. It should be noted that the m o r e 
powerful p r e s s at Chicago Extruded Metals has a higher linaiting extrusion 
ra t io than the Revere p r e s s . 

All subsequent ext rus ion work was done on a modified c o m ­
position containing 67% s i lve r , 30% cadmium and 3% copper . The addition 
of copper necess i ta ted a lower bil let t e m p e r a t u r e , and increased the r e s i s ­
tance of the bil let to flow through the die. 

Two a t tempts w e r e made to extrude the modified alloy at Chicago 
Extruded Metals with an extrusion rat io of 30. Both failed, indicating 30 is 
above the limiting ra t io . Chicago Extruded Metals withdrew from the work, 
and al l subsequent extrusion was done a t Revere . 

An extrus ion was at tempted May 29 and again on May 30, 1951, 
using an extrusion rat io of 1 5 with the nnodified alloy. The bil let failed on 
both a t t empts , but, after the ext rus ion rat io was reduced to 10.9 by reducing 
the billet d iamete r to 5-1/2 in., the extrusion was successful . For the copper -
bear ing alloy the l imiting extrusion ra t io is apparently between 11 and 15. 

The bi l le t tennperature is an important var iab le factor . Most 
me ta l s and alloys have a ho t - sho r t t empera tu re range which mus t be avoided 
for successful extrusion. Fo r the alloy containing 75% s i lve r -25% cadmixim, 
successful extrusions w e r e made with bil let t empera tu re s of 1340F, 1250F, 
1315F, 1335F, and 1400F. In the ca se of bil let fai lures mentioned above (due 
to too high extrusion ra t ios) bi l le t t e m p e r a t u r e s were 1350F and 1420F. It 
is apparen t that binary 75% s i l ve r -25% cadmium can be extruded between 
1250F and 140OF, and that ra i s ing the bil let t empera tu re will not compensate 
for an excess ive ext rus ion ra t io . 

Fo r the modified (3% copper) alloy the bil let t empera tu re 
m u s t be lower. An extrusion on M a r c h 1, 1951 showed the alloy to be hot 
sho r t a t 1350F. On June 5, 1951 the alloy was successfully extruded into a 
c r o s s at 1270F. On August 19, 1952 the modified alloy was successfully 
extruded into c r o s s e s a t 1250F. The proven t empera tu re range is therefore 
1250 to 1270F, but probably is somewhat b roade r . 

The extrusion p r e s s u r e behaves in the cha rac te r i s t i c manner , 
i .e . , it immedia te ly r i s e s to a max imum, falls back to a lower value (called 
the rvmout p r e s s u r e ) and very gradual ly falls during the extrusion. Whether 
it r i s e s or falls a t the end of the cycle depends on the na ture of the dummy 
block which is used. 

lai ^̂ •̂ ''-

• 
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The design of the die ent rance and throa t does not appear 
to be c r i t i ca l . As shown in F igs . 1 and 2, successful extrusions were o b ­
tained with both types of d ie . 

The en t ra inment of oxides to cause bl is ter ing (known in the 
t r a d e as the extrusion defect) gave much t rouble . Because of the close 
ntietallurgical sinailari ty between s i l ve r - cadmium and alpha b r a s s e s , the 
theory which has been developed by Pearson''- and Crannpton^ for b r a s s 
might be expected to apply to the extrusion of s i l ve r - cadmium; this proved 
to be t rue . P e a r s o n ' s c lassif icat ion of extrusion defects into th ree types , 
A, B, and C, is genera l ly accepted in the industry. No discussion of type A 
flow will be given as it is not cha rac t e r i s t i c of any of the s i l ve r - cadmium 
al loys . It is wel l known that copper ext rudes in type B flow. Briefly, 
type B flow occu r s when the res t ra in ing effect of friction between the bil let 
sur face and the container wall leads to heavy shear along the s ides of the 
bi l let c lose to the sur face . The effect is to i nc r ea se the r a t e of t r ave l of 
the center p a r t into the die re la t ive to the meta l at the outs ide. In the la ter 
s t ages , the effect of the continued shear ing of the bil let pas t i ts per iphera l 
l ayers causes the la t te r to build up a t the r e a r end of the bi l let in front of 
the advancing duminy block. In the la t ter p a r t of the extrusion, this accumu­
lated m a t e r i a l bulges inwards and begins to affect the deformation of the 
m e t a l in the cen te r . Type C flow differs from type B in that the zone of 
shear in type C formed by the d isplacement of the center through the outer 
p a r t re ta ined by fr ict ion is now at a g r e a t e r depth below the sur face , leaving 
a fair ly thick r i m of dead m a t e r i a l . This r i m is folded and in the la ter s tages 
p ro jec t s tongues into the center s t r e a m which en te rs the die and forms pa r t 
of the extruded b a r . In type B flow the enfolded m a t e r i a l appears just under 
the surface of the extruded sect ion instead of at the center as in type C flow. 

Crampton has stated that high-copper alloys consisting 
ent i rely of the alpha phase a r e l i t t le subject to the cen t r a l extrusion defect, 
but a r e apt to be unsound a t or ju s t below the sur face skin of the extruded 
p a r t s ; the la t te r form of fault may or ig ina te when flow follows type B. 
P e a r s o n s t a t e s that h igh-copper al loys a r e liable to show, usually over the 
final third of the extruded length, a rough bark- l ike skin which has to be 
cleaned up by scalping. The mechan i sm by which this occurs is that the 
outer l aye r s of the bi l let become concert inaed in the deformation zone near 
the die with the r e s u l t that oxide is drawn in through this zone, passing out 
through the die at o r jus t below the sur face of the ba r . 

The 75% s i l v e r - 2 5 % cadmium alloy is an alpha-solid so lu ­
tion, having the s a m e crys ta l lographic s t ruc tu re as high-copper a l loys. The 
b l i s te r ing which appeared on the extruded c r o s s e s is c lear ly due to type B 
flow. The flow type could not be changed with the available extrusion p r e s s e s , 
so rel ief f rom bl i s te r ing was at tempted by protect ing the bi l le ts from oxida­
tion (heating them in ni t rogen or in graphi te cans) and by varying the die 
lubr icant . Oil and graphi te was the commonly used lubricant . No bet ter 
lubr icant was found, though probably a development p r o g r a m could discover 
one . 
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The philosophy finally adopted was that subsurface b l i s t e r ­
ing could be held to a miniraxim, but not el iminated. Therefore , s i l v e r -
cadnnium alloys m u s t be extruded sufficiently overs ize to pe rmi t removal 
of the subsurface defective a r e a by machining when 100% prevention of b l i s t e r s 
is requ i red in the finished pa r t . 

The choice of m a t e r i a l for the dummy block affects the 
amount of useable m a t e r i a l obtained per bil let . It was found that use of a 
b r a s s dummy block between the bil let and the s tee l dummy block permi t ted 
extrusion of a l a r g e r proport ion of the bi l let . 

3. Drawing and Straightening 

The or iginal plan was to extrude the c ros s - shaped sect ions 
l a r g e r than the finished s i ze , so that a cold-drawing operat ion could be used 
to obtain the c lose to le rances requ i red ; also to s t rengthen the r a the r weak 
al loy. This is conventional b r a s s mi l l p rac t i ce . Difficulty was encountered 
from two s o u r c e s . F i r s t , the c r o s s shape has much thinner and wider s e c ­
t ions than m o s t extruded shapes and there fore was quite suscept ible to warping 
due to slightly unequal reduct ions of the var ious fins. Secondly, the b l i s t e r s 
which appeared f rom the ext rus ion defect w e r e flattened by the drawing 
operat ion, but the defect s t i l l existed. It was feared that if the flattened 
b l i s t e r s w e r e pernnitted to get into a r e ac to r , they would open up, causing 
swelling and poss ib le sticking of the control rods . 

The f i r s t sect ion extruded at Chicago Extruded Metals was 
given a 12-1 /2% min imum cold draw in three s t eps . The specified camber 
of +0.015 in. over a 55 in. length was not held. 

The f i r s t sect ion extruded at Revere had only a 3 -7 /8 in. span, 
compared with approximately 4 - 7 / 8 for a l l other sec t ions . It happened that 
the specified camber was m e t on the p a r t after s t r e t che r s traightening, d r a w ­
ing, and hand s t ra ightening. On the second attenapt at Reve re , with a 4 - 7 / 8 in. 
c r o s s , too heavy a draw was used, resul t ing in a wavy surface on some of the 
fins. 

After the work on the 75% s i lve r -25% cadmium alloy was 
t e rmina ted in favor of the 67% s i lve r -30% cadmium-3% copper alloy, no 
further a t tempts w e r e made to obtain c lose to lerances by drawing. However, 
a l l of the modified alloy sect ions w e r e given a light draw, called a forming 
draw, to insure that the 90 -degree angle between fins was not changed when 
the hot sect ion was cooling on the run-out table. 

4. Machining 

After it was rea l ized that close dimensional to lerance and 
good s t rength could not be obtained consistently by cold drawing, it was 
decided to u s e alloying additions to obtain s t rength, and machining to obtain 

• • • • • • • • • • • » « • . . O i ^ .JL ' ^ .̂EW ^ ^ 

• * • • • • • • • • • •• • •• • • 
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the n e c e s s a r y dimensional t o l e r ances . Straddle milling was selected as the 
m o s t promising method. The 55 in. length required a r a the r la rge milling 
machine which was located at the Rock Island Arsena l . All subsequent 
c r o s s e s w e r e extruded overs i ze and s t radd le milled to s i ze at Rock Island. 
This method resul ted in the elimination of the extrusion defect and s a t i s ­
factory to le rances were held. 

B. Cladding Experinaents 

After development of the extrusion and s t raddle milling techniques, 
the only remaining major p rob lem in the fabrication of control rods was cladding 
the s i l v e r - c a d m i u m c r o s s e s . Cladding was neces sa ry to prevent cor ros ion of 
the control rods in 600F liquid water and to prevent dissolution of cadmium 
into the wa te r , where it might be d isseminated through the reac tor co re . The 
following cladding m a t e r i a l s and methods were investigated: 

1. Soldering Stainless Steel with Easy-F lo 

Stainless s tee l was the p re fe r red cladding ma te r i a l and 
Type 347 was "considered n e c e s s a r y because welding was involved. E a s y -
Flo s i lver solder was spray coated onto a flat plate of Type 347 s ta in less 
s tee l which had been sand blasted. A plate of 75% s i lve r -25% cadmium 
alloy was clamped to the s i l ve r - so lde red surface and the sandwich heated 
to above the flow point of the so lder . After cooling, the sandwich broke 
a p a r t when dropped, apparent ly due to s e v e r e oxidation of the s i lver solder 
during the spray-coa t ing opera t ion. No at tempt was made to develop this 
method fur ther . 

2. Soldering Nickel with E a s y - F l o 

A one- inch long sect ion was assembled with a thin foil of 
E a s y - F l o s i lver solder between the shee t nickel cladding and the extruded 
c r o s s . A poor bond was obtained, probably due to an inadequate fixture for 
clamping the a s sembly together at the soldering t empera tu re , 

3- Diffusion Bonding with Gold 

A s m a l l flat p la te of Type 347 s ta in less s t ee l was plated with 
approximate ly 0.001 in. of gold by Gilber tson and Son of Chicago. This 
amotint is an unusually heavy gold plate and was r a the r rough. A s imi l a r 
gold layer was plated onto a p iece of s i lver-cadmixim alloy, and the two 
me ta l s then w e r e clamped together with the gold l aye r s in contact. After 
heating at 13 50F for s eve ra l hours a fair ly good bond was obtained. 

Next, an a t tempt was made to clad a shor t section of the 
extruded c r o s s , approximately 1 in. long, using 0.030 in. Nickel "A" instead 
of Type 347 s t a in less s t ee l . For such a shor t length, it was s imple to bend 

tj-A-Jt- Ol'i 
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the gold-plated nickel to conform to the outside of the gold-plated extruded 
c r o s s . Four s ta in less s t ee l t r i angula r - shaped b a r s were machined to fit 
into the four angles of the c r o s s , and a heavy s tee l r ing was placed around 
the assenably. P r e s s u r e was applied by means of heavy se t sc rews to force 
the nickel into contact with the c r o s s . After heating at 1350F, it was found 
that the two gold l aye r s had bonded, except in the c o r n e r s . 

A second exper iment was made on a s ix- inch length and gave 
the s a m e resu l t - good bond except in the c o r n e r s . At this s tage it became 
apparen t that bonding a full-length control rod by the gold-bonding method 
would r equ i r e a complicated fixture and much developraent work. The ideal 
f ixture would be one in which hydraulic p r e s s u r e could be applied to a l l 
su r faces of the c r o s s a t 13 50F. Such development work did not s eem to be 
justified for an a l t e rna te naethod, so the gold diffxision bonding was not d e ­
veloped further . 

4. Spray Coating of Sta inless Steel 

A heavy deposi t (over 1/16 in.) of s ta in less s tee l was sprayed 
onto a 4 in. sect ion of extruded c r o s s . The deposit had a smooth surface , 
but was porous ; adhesion was so poor that the s teel cladding broke away from 
the s i l v e r - c a d m i u m alloy when the specimen was dropped. 

5. Nickel Plating 

Due to the difficulty in applying a uniform p r e s s u r e to al l 
sur faces of the c r o s s to s e c u r e a good bond, it was decided to concentrate 
effort on electroplated claddings, as a s imple r fixture and equipment would 
be requ i red . The specifications requ i red a cladding 0.030 in. thick which 
would r e s i s t c o r r o s i o n in 600F oxygenated water . The only meta l which 
seemed p rac t i ca l to plate to a thickness of 0.030 in., and which might r e s i s t 
co r ros ion , was nickel , so work was concentrated on nickel plating of c r o s s e s . 

Small sect ions of extruded c r o s s e s were sent to the Plating 
Engineering Company of Milwaukee, Wisconsin. This company specia l izes 
in heavy nickel plating and had l i t t le t rouble in applying an adherent plate . 
It quickly became apparen t that the geomet ry of the pa r t made it impossible 
to apply a uniform coating 0.030 in. thick, and that it would be neces sa ry to 
apply a much g r e a t e r th ickness to ce r t a in a r e a s , followed by machining 
down to 0.030 in. The major difficulty was that of throwing 0.030 in. of 
nickel into the c o r n e r s ( l / 8 in. radius) between a r m s of the c r o s s . 

The f i r s t a t tempts at plating a full-length control rod made 
use of n i c k e l a n o d e s i n t h e fo rm of l / 2 in. rounds, 1 in. rounds, and sheet 
bent into angles . All resul ted in a heavy buildup of nickel a t the points 
c lo se s t to the anodes , and only a thin coat in the corners, . 

b ^ J- f J A &y 
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T h e n e x t a t t enap t w a s w i t h f lat n i c k e l a n o d e s , cu t f r o m 1/4 in . 
N i c k e l "A" s h e e t , and so l oca t ed t h a t t h e anode b i s e c t e d t h e a n g l e of the two 
a r m s of t h e c r o s s . T h e edge of t h e a n o d e c l o s e s t to the c r o s s w a s b e v e l e d 
in an a t t e m p t to d i r e c t n a o r e c u r r e n t into the c o r n e r . T h i s m e t h o d fa i led in 
t h a t s m a l l s l i v e r s of a n o d e m a t e r i a l fe l l into the gap b e t w e e n a n o d e and c r o s s , 
c a u s i n g a b r i d g e , o r s h o r t i n g ou t , b e t w e e n anode and c r o s s . 

S e v e r a l f u l l - s i z e c r o s s e s w e r e p l a t e d , w i t h m u c h diff iculty 
f r o m t r e e fo rnaa t ion . A n o d e s of g r a p h i t e w e r e nex t a t t e m p t e d to e l i m i n a t e 
t h e t r e e f o r m a t i o n . T h e n i c k e l w a s supp l i ed f r o m the b a t h wh ich w a s r e ­
p l e n i s h e d w i th n i c k e l s a l t s . T h e w e t t i n g a g e n t in the b a t h d e t e r i o r a t e d due 
to c h l o r i n e d i s c h a r g e a t t h e a n o d e , c a u s i n g a b l a c k s l i m e to b e d e p o s i t e d in 
t h e c o r n e r s of the c r o s s . T h i s s l i m e a c t e d a s an i n su l a t i ng l a y e r , pe rna i t t i ng 
on ly a th in d e p o s i t of n i c k e l . 

A t the t i m e the p r o j e c t w a s t e rna ina t ed i t w a s thought t ha t 
t h e b e s t c h a n c e of s u c c e s s l ay in u s i n g 1/4 in, lead a n o d e s , a low c h l o r i d e 
W a t t s b a t h w i t h p e r o x i d e bu t no w e t t i n g agen t , and a Koro s e a l - l i n e d s t e e l 
t ank . 

6, N i c k e l - T i n Al loy P l a t i n g 

C o r r o s i o n t e s t i n g a t 6 0 0 F of the n i c k e l p l a t e d e s c r i b e d in 
t h e p r e c e d i n g s e c t i o n i n d i c a t e d t h a t n i c k e l a l o n e would no t r e s i s t c o r r o s i o n 
in o x y g e n a t e d w a t e r . It w a s d e c i d e d to modify s p e c i f i c a t i o n s to c a l l for a 
c l add ing of 0 .028 in . of n i c k e l p l u s 0.002 in. of a m o r e c o r r o s i o n - r e s i s t a n t 
n a a t e r i a l . T h e n i c k e l - t i n a l loy (65% t in) deve loped by the T i n R e s e a r c h 
I n s t i t u t e w a s c o n s i d e r e d to be t h e m o s t s u i t a b l e m a t e r i a l for the s u r f a c e 
c l a d d i n g . Spec inaens w h i c h had b e e n p l a t e d o v e r s i l v e r - c a d m i u m w e r e 
o b t a i n e d and c o r r o s i o n t e s t e d . C o r r o s i o n da ta a r e g i v e n in the Append ix . 
I t w a s though t h a t t h e n i c k e l - t m a l l o y would b e s a t i s f a c t o r y for s e r v i c e 
a t 6 0 0 F , e s p e c i a l l y a f t e i | [ ' M a r K ^ | d e s i g n w a s modi f ied to a l low h y d r o g e n a t e d 
cool ing w a t e r . ****°'"''™* 

C. I n s p e c t i o n P r o b l e m s 

I n s p e c t i o n of t h e b a r e e x t r u d e d c r o s s e s w a s a s i m p l e p r o b l e i n , 
a s e tch ing t h e s u r f a c e e a s i l y r e v e a l e d m e t a l l u r g i c a l d e f e c t s . Af ter p la t ing 
w i t h n i c k e l , t h e p r o b l e m of i n s p e c t i o n w a s m o r e diff icul t . U l t r a s o n i c t e s t ­
ing w a s u s e d to s e a r c h for a r e a s of p o o r bond. T h e m a j o r p r o b l e m , w h i c h 
w a s n e v e r conap le te ly s o l v e d , w a s m e a s u r i n g t h e t h i c k n e s s of the n i c k e l 
p l a t e . A s m e n t i o n e d a b o v e , t h e p l a t i n g o p e r a t i o n p r o d u c e d a c ladd ing w h i c h 
v a r i e d f r o m 0.010 in . in t h e c o r n e r s to 0.070 in. o p p o s i t e the a n o d e . T h e 
p l a t e w a s m a c h i n e d down by s t r a d d l e nail l ing to an o v e r - a l l a r n a t h i c k n e s s 
of 0.182 to 0.187 in. By t h i s m e t h o d t h e r e w a s no a s s u r a n c e t h a t t h e r e w a s 
t h e sanae anaount of n i c k e l on e i t h e r s i d e . B e c a u s e no s a t i s f a c t o r y n o n ­
d e s t r u c t i v e m e t h o d e x i s t e d for m e a s u r i n g t h e t h i c k n e s s , i t w a s n e c e s s a r y 
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to m a s k off s m a l l a r e a s on top, bottom, and center of the c r o s s to use as 
locating pads in the s t radd le -mi l l ing operat ion. In a second plating operat ion 
the mil led sur face was masked off and the locating pads filled in with nickel . 
A second s t radd le -mi l l ing operat ion then cleaned up the sur face . This method 
would be p rac t i ca l only if faci l i t ies w e r e available close by for the plating, 
s t raddle mil l ing, and inspection. 

D. P r o c e d u r e s Used in Four Attempts to Make Ful l -Size Control Rods 

Each at tempted p rocedure was an^ improvenaent over the p r e c e d ­
ing a t tempt . The rods w e r e designated by XD numbers , as they were ex ­
pe r imen ta l . The four cont ro l rods a r e shown in Fig. 3. 

X D - 1 : The f i r s t a t tempt used an extruded c r o s s of 75% s i l v e r -
25% cadmium, cold drawn to s ize . It was plated with 
nickel using round anodes. The excess nickel was 
removed by a planing operat ion at Argonne. The c r o s s 
was scrapped when the planing cut ter dug through the 
nickel into the s i l ve r . 

XD-2: The second a t tempt also used an extruded c ro s s drawn 
to s ize , of the s a m e composition as XD-1 . Instead of 
planing, the excess nickel was removed by grinding at 
the Quality Hardware Company in Chicago. Due to lack 
of a naethod for locating the s i l ve r - cadmium alloy in the 
nickel cladding, the nickel was again cut through, expos ­
ing the co re . It was thought that grinding generated heat 
enough to warp the a r m s of the c r o s s , causing them to 
buckle up agains t the grinding wheel . Grinding was 
abandoned. 

XD-3 : The thi rd a t tempt was with an alloy of 67% s i l v e r -
30% cadmium, 3% copper . The alloy was extruded overs ize 
and s t raddle mil led a t the Rock Island Arsena l to remove 
the extrusion defect. The c ro s s was precipi tat ion hardened 
at 600F, to make it m o r e r e s i s t a n t to distort ion in handling, 
and plated with nickel , using a special ly designed fixture 
and "A" nickel anodes . The nickel formed t r e e s from 
anode to cathode. The c r o s s was renaoved from the bath, 
the t r e e s ground off, and the c r o s s repla ted. After plating, 
the nickel plate was s t raddle milled down to 0,185 in,; 
however, the mil l ing cut through the nickel on two fins, 
due to inability to locate the s i l ve r - cadmium core , 

XD-4: The final a t tempt was made with the s ame alloy as in 
XD-3, s t r add le mil led to give a good b a r e c r o s s . The 
nickel plate was applied in two s teps , leaving locating 



cr-

HL ^'•iJx^f— 

X 

CO 
6 

Q 
X 

CVJ 
a 

Q 
X 

A 

Q 
LU 
Q 
ZD 
Cd 
I— 
X 
LU 

Q 
• < . 

1 

o CO 1 
_J 

o LU 
CD -iC 
— o Ll_ — 

•z. 

Q 
LU 
1— 
LU 
_l 
Q_ 
S 
O 
o 

00 
Q 
O 
cc 

1 

o Cd 
\-
•z. 

o 
o 
s ID 
-^ 
•^ 
Q 
<t 
O 
1 
cc LU 
> 
_J 
— > 
CO 

• •• 
• ••• 
• • • • 
• • 
• •• * 
• « • • 
• • 

« • 
• • • 
• • • 

• ••• 

• • • 

*• •• 
• • • 

Q 
X 



20 
J 

pads a t top, center , and bottom after the f i r s t s tep . The 
nickel cladding was successfully milled to final d imensions . 
Work was underway to develop a method for attaching a 
s ta in less s tee l shoe on the bottom and an adapter on the 
top, when the pro jec t was terminated, 

E . Recommended P r o c e d u r e for Production 

The p rocedure recommended for production of nickel-clad, e x ­
truded, c r o s s - s h a p e d control rods is essent ia l ly the same as was attempted 
on XD-4. The detai ls of m a t e r i a l , d imensions , and p rocedure a r e given on 
drawing NR-6506-F. The suggested, but unproved, p rocedure for attaching 
the adapter and shoe is to s i lver solder them to the ba re c r o s s , then to 
nickel plate over the soldered joint, so that only nickel and s ta in less s teel 
a r e exposed. The ent i re c r o s s should then be given a light overplate of the 
t in-n ickel alloy, 

IV. PRODUCTION OF ZPR CONTROL RODS 

In the Spring of 1952 the need a r o s e for a set of s i lve r -cadmium-copper 
c r o s s - t y p e cont ro l rods to be used in the Zero Power Reactor at Argonne. 
The extrusion technique was sufficiently well developed so that it was 
specified for fabricat ion of the ZPR r o d s . The alloy composition included 
nickel and a luminum as hardening agen ts . The bi l lets w e r e cas t by Goldsmith 
B r o t h e r s , scalped at Argonne, and extruded at Revere . The extruded rods 
w e r e s t r add le mil led at Rock Island Arsena l and equipped with fittings at i)n 
Argonne. No difficulties w e r e experienced in the production of these control ' * 
r o d s . The a r m s w e r e th icker than those of thJ^Mark i j rods , which sinaplified î  ' 
the extrusion by lowering the extrusion ra t io . FxJTT"3etails of d imensions , ,̂, '* 
m a t e r i a l , and p rocedu re a r e given on drawing NR-6705-C. 

V. PHYSICAL AND MECHANICAL PROPERTIES OF SILVER-CADMIUM 
ALLOYS 

A. Theory of Alloying and Selection of Solutes 

The phase d i ag ram for the si lver-cadmixim systein-^ is shown 
in Fig . 4 as co r r ec t ed according to the work of L. Muldawer, et al.'* The 
composi t ion of 75% s i lve r -25% cadmiuna was selected original ly as a c o m ­
p r o m i s e between the increased neutron absorpt ion and lowered melting 
point resul t ing f rom increased cadnaium content. The alloy is excessively 
soft and weak, and is incapable of being hardened by heat t r ea tment . The 
only poss ib le naethod of hardening the alloy is by cold drawing; as mentioned 
in Section I I I -A-3 , this proved imprac t i ca l due to warpage of the a r m s of 
the c r o s s . There fore , the binary 75% s i lve r -25% cadmium alloy can only 
be used in applicat ions where very l i t t le s t ruc tu ra l s t rength is needed. 
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Alloying additions may be of two c l a s s e s : one which fornas solid 
solutions having p rope r t i e s super ior to the binary solid solution, and the 
other which fo rms a second const i tuent which makes the alloy susceptible 
to heat t reatnaent . 

Palladivim and gold each fo rm continuous solid solutions with 
s i lve r , and these may forna a t e rna ry solid solution up to a limiting anaount 
of cadmiuna. Indium and pal ladium w e r e added to some alloys to form a 
qua te rnary solid solution. The addition of gold, palladiuna, or indium was 
p r i m a r i l y for the purpose of improving the cor ros ion r e s i s t a n c e , so that a 
p ro tec t ive cladding would not be needed. These th ree elements also 
s t rengthened and hardened the s i l ve r - cadmium alloy. 

E lements which were added p r imar i l y to naake the alloy s u s c e p ­
t ible to heat t reatnaent were copper , alumintim, and nickel, with the enaphasis 
on copper . The e lements w e r e selected because their binary phase d iagrams 
with s i lver show lirnited solubility in s i lver and a sloping solvus line, in ­
dicating a potent ial age-hardening alloy. 

B. Solid Solution Alloys 

1. Binary 75% Si lver-25% Cadmium Alloys 

In designing a control rod it is nece s sa ry to consider the 
t he rma l expansion of both the c o r e alloy and the cladding ma te r i a l . These 
data a r e shown in F ig . 5. The t h e r m a l conductivity was determined, but 
is p resen ted in a Bat te l le Memor i a l Insti tute r epo r t and is not reproduced 
he r e . The t ens i l e s t rength and modulus of elast ici ty a r e shown in F igs . 6 
and 7, respec t ive ly . The Rockwell ha rdness l ies in the range 10-22 R p in 
the extruded condition and in the range 60-75 R p after a 12% cold-drawing 
operat ion. The m i c r o s t r u c t u r e is tha t of a solid solution very s imi la r to 
alpha b r a s s ; a typical m i c r o s t r u c t u r e is shown in Fig. 8. 

The response of the b inary s i lver-cadnaium alloy to work 
hardening and annealing is shown in F i g s . 9 and 10. These graphs show 
behavior typical of a solid solution alloy. 

2. T e r n a r y Solid Solution Alloys 

Alloys shown in the following tabulation w e r e investigated 
to deternaine the i r physical p rope r t i e s and cor ros ion r e s i s t a n c e : 

Composition, % 
Identification 

Niimber 

1553 
1559 
2550 
2562 

Si Llv 

^ ^ • ' ' • • ' f 

e r -Cadmium 

67-30 
65-30 
50-30 
50-20 

Pal ladium 

3 
6 

20 
20 

Indivim 

—— 
— 
— 
10 
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NEG. NO. 10466 

F IG . 8 
MICROSTRUCTURE OF 75% SILVER-

25% CADMIUM ALLOY ANNEALED 2 HOURS 
AT 650 F AFTER 20% REDUCTION 

BY COLD ROLLING. 25QX 
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It was found that the al loys containing 3 and 6% palladium 
w e r e of the solid solution type, s t ronge r and m o r e co r ros ion res i s t an t than 
the binary a l loys , but not sufficiently enough to justify the cos t of the p a l -
laditim. The 20% palladivun alloys showed a response to heat t r ea tment 
which proved they w e r e not of the solid solution type, at leas t not at al l 
t e m p e r a t u r e s . Alloy No. 2550, after water quenching from 1500F, had a 
Rockwell B ha rdnes s of 63, which was ra i sed to 90 by aging at 650F for 
64 h r . 

No extrusion work was at tempted on the palladivun-bearing 
a l loys , though the re is l i t t le doubt that extruded shapes could be made . 

Elevated t e m p e r a t u r e tensi le t es t s made at Battelle on the 
indium-bear ing alloy showed a range of ul t imate tensi le s t rength from 
52,300 ps i a t room t e m p e r a t u r e to 25,600 psi a t 700F. 

The t e r n a r y s i lve r -cadmium-pa l l ad ium phase d iagram is 
not yet de te rmined . Two of the limiiting binary systemis, s i lve r -cadmium, 
and si lver-palladivim, a r e well known, and the pal ladium-cadmi\ im sys t em 
was recent ly published.^ 

C. S i lver -Cadmit im Alloys Susceptible to Heat T rea tmen t 

1. S i lve r -Cadmium-Copper Alloys 

The phase d iag ram for this sys tem has been published" and 
a t rans la t ion is on file at the Argonne National Labora tory l ib ra ry . An in ­
vest igat ion of physica l and mechan ica l p roper t i e s was made because the 
t e r n a r y alloy appeared super io r to the b inary alloy for use in extruded 
control r o d s . 

To gain ext rus ion exper ience , th ree t e rna ry alloys con­
taining 3, 6, and 9% copper , with cadmitim held at 30% > were extruded into 
I - I / 1 6 in. round rod. It was learned that copper lowers markedly the 
solidus t e m p e r a t u r e and introduces a ho t - shor t t empe ra tu r e range not found 
in the binary alloy. The m i c r o s t r u c t u r e of the th ree alloys is shown in 
Fig . 11 . It was found that the copper -bear ing alloys w e r e responsive to 
heat t r ea tment , and this is i l lus t ra ted by the data in Table I. 

The ha rdness values in the table a r e an average of at l eas t 
five m e a s u r e m e n t s . Four conclusions w e r e drawn from the data in the table: 

a. All t h r e e alloys exhibit a s imi la r r e sponse to heat t r e a t ­
ment , but va ry in degree of response , with so l i t t le r e ­
sponse in the 6 and 9% copper alloys as to make heat 
t r e a tmen t of l i t t le value. 
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b . The 3% copper alloy can be hardened to near ly as high 
a Rockwell value as can the 6 and 9% copper al loys. 
There fo re , work was discontinued on the 6 and 9% cop ­
per a l loys . 

c . A water quench is unnecessary for any of the alloys as 
adequate ha rdness can be obtained by aging the extruded 
nnaterial . Quenching a control rod is undesi rable b e ­
cause of the danger of dis tor t ion. 

d. Aging at 600F for 2 h r . is a p rac t i ca l and adequate 
t r e a tmen t in fabricating control r o d s . 

Table I 

E F F E C T OF HEAT TREATMENT ON ROCKWELL HARDNESS 
OF SILVER-CADMIUM-COPPER ALLOYS 

Heat T r e a t m e n t 

1. As extruded 
2. Water quenched from 1120F 
3. No. 2 plus 65 h r . a t 510F 
4. As extruded plus 18 h r . a t 51 OF 
5. Water quenched from 900F 
6. No. 2 plus 1 h r . a t 6 l 0 F 
7. No. 2 plus 42 h r . a t 61 OF 
8. As extruded plus 18 h r . a t 600F 
9. As extruded plus 6 h r , at 700F 

10. As extruded plus 2 h r . a t 600F 

Alloy Compos 

1549 
3% Cu 
30% Cd 

Rockw 

64 
41 
88 
82 
65 
63 
84 
87 
81 
84 

1550 
6% Cu 
30% Cd 

ition 

1551 
9% Cu 
30% Cd 

ell F Hardness 

81 
66 
91 
86 
78 
92 
89 
85 
83 
86 

85 
72 
93 
86 
81 
93 
90 
89 
86 
89 

2. Complex S i lve r -Cadmium Alloys 

It was decided to add s m a l l amounts of nickel and aluminxim 
to the alloy containing 3% copper in an a t tempt to further harden the alloy, 
and to i n c r e a s e i ts r e sponse to heat treatnnent. T h r e e 5 in. OD billets w e r e 
extruded into I - 1 / 1 6 in. ro\ind rod to invest igate the effect of nickel and 
alviminum on the extrusion c h a r a c t e r i s t i c s of the alloy. The three b i l le t s , 
whose composi t ion is shown in Table II, extruded quite well . The bil let 

• ••• • • « •• •• « ••• • ••• •• 
• •• • • • • • • • •• • • « • • 
• • • • ••• • • • * • • • • 

hiC-JL 
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with the higher a luminum content showed a g rea te r susceptibi l i ty to hot -
s h o r t n e s s , indicating that aluminvim should be limited to 0.4% maximum. 
The complex al loys responded to heat t r ea tment essent ial ly the same as 
did the t e r n a r y a l loys . 

Table II 

E F F E C T OF HEAT TREATMENT ON ROCKWELL HARDNESS 
OF COMPLEX SILVER-CADMIUM ALLOYS 

Heat T r e a t m e n t 

1. As extruded 
2. No. 1 plus 138 h r . a t 410F 
3. No. 2 plus 72 hr . a t 600F 
4. No. 3 plus 137 h r . a t 700F 

Alloy Compositio] 

A-2054 A-2055 
30% Cd 30% Cd 
3% Cu 3% Cu 

0.45% Al 0.42% Ni 
ba l . Ag bal. Ag 

a 

A-2056 
30% Cd 
3% Cu 

0.66% Al 
bal. Ag 

Rockwell F Hardness 

74 70 
99 97 
85 92 
83 87 

72 
97 
88 
84 

F r o m the data in Table II it was concluded that smal l amounts 
of nickel and aluminvim genera l ly inc reased the hardness of s i l v e r - c a d m i u m -
copper alloy, and that nickel tends to r e s i s t softening of the alloy after e x ­
tended per iods at t e m p e r a t u r e s in the range 600 to 700F. Because of the 
poss ibi l i ty that the t e m p e r a t u r e of r e a c t o r control rods might r i s e to 
600 or 700F due to an accident ,n ickel is recommended as an alloying a d d i ­
tion. 

The tens i le p rope r t i e s of the complex alloys a r e given in 
Table III, as they w e r e repor ted by Battel le .9 The specimens were m a ­
chined from b a r s in the a s -ex t ruded condition. It is apparent that a nickel 
addition of 0.42% gave the highest yield and tensi le s t r eng ths , and yet had 
adequate ductil i ty. The t he rma l expansion and the rmal conductivity of the 
copper -bea r ing alloys was not de te rmined . 

As the o v e r - a l l r e s u l t of the studies on complex s i l v e r -
cadmium al loys , the specification shown in Table IV was s e t up as the 
recommended composi t ion for extruded s i l ve r - cadmium shapes . The r e c ­
ommended heat t r e a tmen t is 2 h r . a t 600F. The specification is tentat ive, 
as the projec t was te rmina ted before a |Ma r k l j c o ntr o 1 rod was fabricated 
to this specif icat ion. The probabil i ty is g rea t that the above specification 
is c o r r e c t s ince a se t of ZPR contro l rods was successfully produced to a 
s i m i l a r specification. 

• • • * • • • • • • • • • • • • • • • 
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Table III 

TENSILE PROPERTIES OF COMPLEX SILVER-CADMIUM ALLOYS 
(Bar Specimens^ 

Specimen 
Number 

A-2054 

A-2055 

1 A-2056 
* 

Tes t 
Temp. , 

F 

Room 
600 

Room 
600 

Room 
600 

0.2% 
Yield 

Strength, 
ps i 

17,800 
16,100 

27.400 
20,400 

20,400 
19,600 

Ult imate 
Tens i le 

Strength, 
ps i 

43,200 
21,600 

45,500 
25,500 

44,200 
24,400 

Elongation 
in 2 In., 
P e r Cent 

48.2 
30.2 

35.8 
35.2 

34.9 
56.5 

Reduction 
in Area , 
P e r Cent 

67 1 

49 

53 

Table IV 

RECOMMENDED COMPOSITION FOR 
EXTRUDED CONTROL RODS 

Element 

Cadmium 
Copper 
Aluminvim 
Nickel 
Silver 

Weight - P e r Cent 

29 to 31 
3 to 4 

0.2 to 0.4 
0.3 to 0.5 
Balanc e 
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APPENDIX 

Cor ros ion Data 

During the course of the m a t e r i a l s development p rog ram descr ibed 
in this r epor t , a considerable number of cor ros ion t e s t s were made . These 
t e s t s were la rge ly at 500F and 600F in oxygenated water and were intended 
as screening t e s t s to indicate the potential uses of the various m a t e r i a l s . 
The tes t data were r epor t ed in in ternal ly dis t r ibuted corros ion r e p o r t s , and 
in monthly and qua r t e r ly p r o g r e s s r e p o r t s . Pa r t i a l data from internal ly 
dis t r ibuted r e p o r t s a r e given in Table V. 

Data on the s ta t ic co r ros ion tes t ing of nickel plated and ba re binary 
s i l ve r - cadmium alloys were published in ANL-4519.10 Data on the dynamic 
co r ros ion test ing of s i l ve r -cadmium-pa l l ad ium alloys were published in 
ANL-4898.H F r o m the la t te r data it may be concluded that si lver-cadm.ium 
al loys containing 15 and 20% palladium a r e unsuited for use in 500F ox­
ygenated water but have potential u ses in hydrogenated and degassed wa te r . 

F r o m the data in Table V, it appears that increas ing amounts of 
copper i nc r ea se the weight change r a t e , and that the alloys in the p rec ip i t a ­
tion hardened conditions have higher weight change r a t e s than do those in 
the extruded condition. 

'.•C_ 



Table V 

CORROSION DATA 

Sanple No. 

and Composition 

A-1546A. 75% Ag-
25% Cd alloy. 

A-1549. 30% Cd-
3% Cu-Ag alloy. 
Age hardened. 

A-1550. Same as 
above but 6% Cu. 

A-1551. Same as 
above but 9% Cu. 

A-2055. 66-1/2% Ag; 
30% Cd; 3% Cu; 
1/2% Ni alloy. 
Cleaned in 10% 
HNO3. 

A-205SH. Same as 
above but pre­
cipitation 
hardened. 

A-2584B. 66% Sn-
34% Ni alloy 
plated (.001) on 
75% Ag-2S% Cd 
sample by Tin 
Research Institute. 

Time 
Hr 

552 

402 

402 

402 

339 

339 

1824 

Temp., 

F 

600 

600 

600 

600 

600 

600 

600 

Condi tions 

Deaerated, dis­
tilled water 
plus 30 cc/1 0^ 
dissolved in 
water at start 
of test. 

Same as above 

Same as above 

Same as above 

Same as above 

Same as above 

Same as above 

pH 

Before 

7.2 

6.9 

7.0 

7.2 

7.7 

7.6 

6.9 

After 

7.2 

7.1 

7.0 

7.2 

* 

7.6 

6.2 

Water Resis., 

ohms 
Before 

71,000 

77,000 

24,000 

107,000 

75,000 

106,000 

185,000 

After 

22,000 

24,000 

10, 000 

30,000 

* 

40,000 

20.000 

Weight 

Change, 

mg/cm^/mo 

+0.925 

l)+0.246 
2)-0.290 

1)+0.615 
2)-2.02 

1)+1.05 
2)+0.815 

+0.226 

-1.13 

-1.26 

Connments | 

Gray-brown coating. Small, 
loose, white powder and 
pitting. 

Yellowish-gray-powdery 
coating. Black deposit 
around area of contact. 

Sanples covered with loose, 
pinkish-brown powder. Some 
silvery crystals on surface. 

Powdery, light-purple coat­
ing except for dark yellow-
brown at area of contact. 

Black and gray tarnish on 
flat face. Cylindrical 
surface white. 

Powdery, white coating. 
Silvery deposit. Black 
streaks at contact with 
autoclave. 

Dull black coating with 
M̂ iite spots on «ie 
surface. 

•Autoclave dry at end of tes t . 

' 1 
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