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DEVELOPMENT OF TECHNIQUES FOR ROLLING URANI 

-. 

ABSTRACT 

Uranium can be ro l led  from cas t  metal or! forged ingot t o  sheet 

s a t i s f ac to ry  f o r  cupping, deep drawing, and s imilar  fabr icat ion pro- 

cedures by a combination o f  hot breakdown i n  the neighborhood of 6W°C 

and warm f inishing a t  225' t o  325OC. 

r o l l i n g  alone and by warm ro l l i ng  alone. 

secure a uniform, controlled grain s ize  by hot ro l l i ng  only and warm 

r o l l i n g  i s  time consuming because of the  l imited reduction per pass 

obtainable. The combination of hot and warm ro l l i ng  afforaledthe best  

and most prac t ica l  method t o  secure good qual i ty  sheet i n  t h e  qusltity 

required . 

Sheet may a l so  be obtained by hot 

However, it i s  d i f f i c u l t  t o  

The percent reduction by hot working does not appear t o  be 

c r i t i c a l ,  but a t  least 60 percent warm reduction i s  desirable t o  obtain 

complete and controlled grain s i ze  by recrys ta l l iza t ion  w i t h  high duc- 

tility and strength properties. 

Except f o r  research investigation, ro l l i ng  of uranium below 

In  t h e  temperature range considered (below 

one t o  two per- 

225OC is not recommended. 

225OC), reduction is d i f f i c u l t  and must b 

cent i f  edge cracking i s  t o  be avoided. 

Hot ro l l i ng  of unplated uranium fram the  as-cast or as-forged 

surface i s  recommended, using a bath of 35 percent Li2C03 plus 65 per- 

cent K2CO3 f o r  a heating medium. No fur ther  preparation other than 
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I washing the  salt  from the  hot ro l led  surface i s  required before warm 

rol l ing,  and a bath of Meltemp No. 7 o i l  i s  recanmended f6r warm 

ro l l ing .  

Work r o l l  speeds and temperatures a r e  not c r i t i c a l ,  and 

moderate t o  l i g h t  redcctions per pass are recommended f o r  easiest 

r o l l i n g  and best  r e su l t s .  Alternate cross-rolling i s  recammended 

during hot breakdown, but continuous ro l l i ng  i n  one d i rec t ion  during 

warm f in i sh ing  i s  sat isfactory.  

S ta r t ing  with an as-cast t e n s i l e  strength averaging 60,000 

p s i ,  a s -ro l l ed  sheet  up t o  230,000 p s i  has been thus produced, with 

elongation averaging 5-8 percent and t e n s i l e  t o  y ie ld  strength r a t i o s  

averaging 75 percent. 

Uniform, equi-axed grains  are produced upon annealing, and 

grain s i zes  can be controlled b&.c$oice of annealing temperature and 

time. < 

-. 
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INTRODUCTION 

The present report  covers work thus f a r  completed i n  an 

investigation of procedures by which uranium metal can be ro l l ed  t o  

p l a t e  o r  sheet. 

t h e  var iables  concerned i n  the ro l l i ng  process. 

t h e ,  a method has  been established by which sheet possessing good sur- 

face and mechanical properties can be ro l led  from cas t  metal or from 

forged ingot. 

Additional work remains i n  respect t o  examination of 

However, a t  t he  present 

In  cer ta in  cases, it i s  recognized t h a t  addi t ional  data are 

required t o  substant ia te  present information. 

metal when undergoing defomation has  presented some r e s u l t s  not f u l l y  

understood and fu r the r  examination of the processes i s  required. 

The behavior of the  

A study of casting procedures with a view towards improvement 

Like- of the  metal s t ruc ture  i n  the  ingot t o  be rolled should be made. 

wise, the  e f f ec t s  which impurit ies may impart t o  t h e  finished sheet 

should be investigated. 



. 

The major purpose of t he  r o l l i n g  program was t o  inves t iga te  

methods and techniques by which uranium sheet possessing good forming 

cha rac t e r i s t i c s  might bes t  be obtained. 

Metals Used 

The uranium metal used i n  t h e  program thus far was of two 

types: . 

1. Normal uranium - t h e  normal mixture of the  isotopes of 

uranium metal, known as tuballoy, containing approxi- 

mately 630 p a r t s  per mil l ion of carbon. A t yp ica l  

spectrographic ana lys i s  is as follows: 

Element Parts Per Million 

Carbon 630 ' 

I ron 80 

Si l icon  

Calcium 

70 

10 

Copper 7 

Aluminum 5 

Chromium 3 

Magnesium 3 

Manganese 2 

sodium 2 

Boron 0.1 

Vanadium L l O  

6 



Parts Per Million (Cont'd) 
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Nickel (5 ~ 

Cobalt < 5 (not detected) 

Li thium < 0.1 (not detected) 

Beryllium < 0.1. (not detected) 

The presence of columbium, which may or  may not be of importance, w a s  

not reported. 

2. High pur i ty  uranium - the  normal mixture of uranium 

isotopes, i n  which t h e  carbon content is kept low 

(around 100 ppm, as compared to  630 ppm i n  normal U). 

Other elements are present i n  approximately the  same 

amounts as i n  the normal uranium, 

For t h e  first ser ies  of experiments, t h e  metal. was cas t  i n t o  
. I  

pla tes  (see Figure 1), whose dimensions after cropping were 18 by 

6 by 3/4 inches. The method of casting these ingot p la tes  was as 

follows : 

Scrap metal was heated in a graphite crucible t o  1325OC and 

held i n  t h e  l iqu id  s t a t e  a t  temperature f o r  one-half hour under a 

vacuum ranging from 500 t o  lo00 microns i n  order t o  eliminate dissolved 

gasses. A graphite pouring rod which closed the pouring gate i n  the 

bottom center of t he  crucible, w a s  then mechanically ra ised and t h e  

molten tuballoy cas t  i n t o  a graphite mold s i tua ted  d i r ec t ly  under t h e  

crucible.  The graphite molds were coated on the inside with M g O  and 

7 
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FIG. 1 - PHCTOGRAFH OF AN AS-CAST URAPX"i INGOT, 

DIMINSIGNS 18 BY 6 BY 3/4 INCHES (AFTEII 

CROPPING). 

IDENTIFICATION.  

MARKINGS ON PLATE ARE FOR 
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were preheated t o  an average temperature of 9OO0C by cast ing time, the 

top of t h e  mold being a t  approximately l l O O ° C  and the  bottom around 

700OC 

The melting and casting of t he  metal was performed i n  an 

evacuated e l e c t r i c  induction furnace. 

cooled slowly i n  the furnace t o  300' or 4OO0C (or  down t o  room temper- 

a ture  i f  cooling took place overnight). 

mold quenched i n  water, after which t h e  casting w a s  extracted. 

After pouring, t he  metal was 

The furnace was opened and the 

For casting plates,  t h e  graphite, mold was made i n  two halves 

held together by a c i rcu lar  sleeve. 

cast ing extracted, and t h e  mold reused f o r  subsequent castings. 

The mold could be opened, t h e  
Q 

In  order t o  evaluate the  properties of sheet ro l led  from - 
b 

d i f f e ren t  portions of an ingot plate,  each p la te  was sectioned by 

sawing, as indicated i n  Figure 2 and t h e  sections numbered fo r  identi-  

f i c a t i o n  purposes as shown i n  the sketch below. 

Y- 
O 
CL e :i (D 

I - 

Numbering! of Cast Plate No. 1 

Sections of t h e  p l a t e  were numbered consecutively from t h e  

10 
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F I G .  2 - AS-CAST U"IUM INGOT SHOWN AFTER SECTIONING 

INTO LENGTHS FOR USE AS ROLLING STOCK WITH 

0.505 INCH T E N S I U  SPECIMENS ALREADY MACHINED 

FROM TOP, MIDDLE, AND BOTTOM SECTIONS. 

IS SHOWN AT LEFT. 

CROP 
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bottom of the  casting t o  the top. Where only h a l f  of one section was 

used, such as 1/2 of sect ion 1-2, t he  halves were numbered "All and ItBIl 9 

viz., 1-2A and 1-2B. 

The As-Cast P la te  

Before rolling r e s u l t s  could be evaluated, it was necessary 

-- 

t o  know the  propert ies  of the  as-cast metal used f o r  rolling stock. 

Metallographic studies were made, t e n s i l e  specimens were pulled, and 

a l l  castings were radiographed t o  check f o r  soundness. Only sound 

castings were ro l led ;  unsound castings were rejected.  

Figures 3, 4 and 5 are photomacrographs taken a f te r  machining 

as-cast Plate No. 2 t o  a smooth surface, and etching i n  a solut ion of 

n i t r i c  acid. These pictures  show the typ ica l ly  coarse as-cast grain 

s t ruc ture  on t h e  f l a t  sides and on the  cross sect ion of t h e  plate.  

t h e  p la tes  used f o r  ro l l i ng  showed s imilar  as-cast grain structure.  

All 
1 

Figures 6 and 7 show some typica l  photomicrographs of t h e  as- 
/ 

cas t  grain s t ructure  of t h e  normal and high puri ty  tuballoy used. 

It can be seen t h a t  t h e  grain s t ruc ture  for  both t h e  normal 

and high pur i ty  tuballoy i s  qui te  similar.  

i s  a l so  fairly similar, but  a s ign i f icant  difference i n  t h e  s i z e  of the  

carbides can be noticed. 

The d is t r ibu t ion  of carbides 

As might be expected, t h e  carbides i n  the high pur i ty  sample, 

which contains a much lower carbon content than normal tuballoy, a r e  

J 

smaller i n  size. 

13 



F I G .  3 - PHOTOMACROGRAPH SHOWING AS-CAST GRAIN STHUCTUFU 

OM FLAT SIDE OF NOW! URAlVILT4 INGOT PLATE AT 2X. 

14 
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FIG. 4 - PHO'IOMACROGRAF" SHOWING AS-CAST GRAIN STRUCTURE 

ON FLAT SIDE OF A NORMAL URANIUM PLATE. 

16 
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F I G .  5 - PHOTOMCROGRAPH SHOWING AS-CAST GRAIN STRUCTURE 

ON CROSS SECTION OF THE TOP OF A CAST INGOT CF 

NORMAL UEiANIUH. MAGNIFICATION APPROXIMATELY 2X. 
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PLATE NO. 5131-2-1 MAGNEICATION: 25aX 
NO ETCH; POLARIZED LIGIIT. 

PlwLTE NO. J131-2-2 MAGNIFICATION: loQx 
NO ETCH; WIGHT FIEID. 

FIG. 6 - BS-CAST GRAIN STRUCTufiE bill CBRBlDE DISTRIBUTION CiF 
N O W  URANIUM METAL. 
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PLBTE NO. Jl.31-1-2 JUGNIFICBTION: 25aX 
No ETCH; POLARIml LIGHT. 

PLBTE NO. 5131-1-1 WNIFICBTION: lOOX 
NOETCHj BRIWl!FBIDm 

FIG. 7 - PHOTOMICROCRBPHS W AS-CAST STRUCTURE BND CARBIDE DIS- 
TRIBUTION CLP TYPICAL HIGH PURlTY URANIUM mAL. 

21 



A se r i e s  of photomicrographs was taken of the  bottom, middle 

and top regions 01 a n o m a  uranium ingot p la te  t o  determine i f  there  

has any s ignif icant  var ia t ion in grain structure,  carbide d is t r ibu t ion  

or  amount and d is t r ibu t ion  of inclusions and porosity a t  these locations. 

The photograph of Figure 8 shows the  ingot p la te  (Ingot Plate No. 1 )  t o  

be f a i r l y  homogeneous frcm top t o  bottom. The t e n s i l e  data l i s t e d  below 

a l s o  shows absence of any s igni f icant  var ia t ion i n  properties due t o  

posi t ion i n  t h e  ingot. 

Sections 1, 5 and 8 of each ingot p l a t e  were machined t o  

provide 0.505 inch t e n s i l e  specimens to determine if any variation i n  

t h e  as-cast t e n s i l e  properties occurred r e l a t ive  t o  section posit ion 

i n  each casting. Table I presents data from t e n s i l e  tests made on 

bars taken from a number of normal and high pur i ty  uranium plates.  

TABLE I 

Tensile Data f o r  Normal and Hiph Puri ty  Cast Uranium 

Spec . 
No . 
1-1 

1-5 

1-8 

3-1 

.3-5 

3-8 

Compo- 
s i t i o n  

Normal 

I1 

II 

II  

It  

I1 

Tensile Yield Strength 
Strength,0.2% Offset, 

p s i  psi 

64,200 26,500 

88,800 36,700 

72,000 20,800 

67,500 36,900 

78,500 22,100 

70, 500 26,600 

% E -  Ratio Nodulus of 

2" Gauge x 100 x l 
longat ion Y/T 

17.2 0.40 26 

13 03 0.W 27 

19.5 0.29 20 

6 03 0.55 -- 
19.0 0.28 25.4 

8.5 0.38 24 

- 
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PLATE NO. J86-1-1 
BOTTON OF INGOT PLATE 

PLATE NO. J86-1-2 
BOTTOM OF INGOT PLATE 

PLATE NO. J 86-2-1 
MIDDLE O F  INGOT PLATE 

PLATE NO. 586-3-1 
TOP OF INGOT PLATE 

F I G .  8 - PHOTOMICROGRAPHS O F  THE AS-CAST' STRUCTURE OF NORMAL URANIUM 
METAL FROM BOTTOM, MIDDLE AND TOP O F  A N  INGOT PLATE. 
FIELD, STANDARD URANIUM ETCH. 

BRIGHT 
MAGNIFICATION 250X. 



Tensile Data For Normal and High P u r i t y  Cast Uranium (Cont'd) 

Spec. Compo- Tensile Yield Strength % E- Ratio Modulus of 
No. s i t i o n  Strength, 0.2% Offset, longation Y/T E l a z  . - p s i  psi  2'1 Gauge x 100 x 10 

471 Normal 65,000 30,500 7.5 0.48 23 03 

78,500 21,200 16.0 0.27 190 5 4-5 I t  

0. 49 25 4-8 11 67,500 33 , 100 - 
70, 000 33,200 7.5 0.47 27 5-1 II 

71, NO 20,300 0 0.28 21, l  5-5 I I  

5-8 79,200 20, loo 14.0 0.25 22.8 11 

8-1 High Purity 53,000 21,600 7.5, 0.U 24 

58,000 19,600 10.0 0.39 28 

45,606 16,800 8.5 0.42 19 

I t  9-1 

9-5 

9-8 

I t  

'I 53,700 23,200 6.5 0.43 23 II  

Hardness readings were also taken on a l l  as-cast p la tes  and 

The as-cast hardness of both normal and sec t ions  p r io r  t o  ro l l ing .  

h i g h  pur i ty  tubal loy was found consis tent ly  t o  be i n  the neighborhood 

24 
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Equipment Used 

4-High Standard Mill 

For the  first series of experiments i n  which uranium w a s  

warm ro l led  a t  temperatures below i t s  r ec rys t a l l i za t ion  range, a &-High 

Standard r o l l i n g  m i l l  (Figure 9)  was used. 

2.5 inches i n  diameter and 8 inches long w i t h  backing-up r o l l s  8 inches 

i n  diameter and t h e  same length a s  t h e  work r o l l s .  

by a 30 horsepower, AC motor giving a constant speed of 62 R P M  on t h e  

work r o l l s  and a constant del ivery speed of 40.5 feet/minute. 

could be run both forward and i n  reverse. 

This m i l l  has wurk r o l l s  

The mill i s  driven 

The mill 

A reversible  m i l l  i s  des i rab le  because specimens would oc- 

casional ly  t e a r  while passing through the  r o l l s ,  o r  even s t a l l  the  m i l l  

on very heavy reductions. 

backed out w i t h  no d i f f i cu l ty .  

I n i t i a l l y ,  no provision was made f o r  heating t h e  work rolls. 

The m i l l  could then be reversed and t h e  piece 

However, experience using another mill having heated r o l l s  indicated 

t h a t  heated r o l l s  gave sheet w i t h  improved surface qual i ty .  

cided t o  heat t he  r o l l s  on the  4-High Standard mill. 

e l e c t r i c  s t r i p  heaters were in s t a l l ed  along the  exposed circumference 

of the  top  and bottom back-up r o l l s  (see Figure 9 ) ,  enabling work r o l l  

temperatures up t o  100°C t o  be at ta ined.  

It was de- 

To t h i s  end, 

The r o l l s  were raised and lowered by hand using two hand 

wheels on two screws connected t o  t h e  top back-up ro l l .  The top work 

25 
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FIG. 9 - /.+-HIGH STANDARD ROLLING MILL 
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r o l l  i s  held snug up against  the top back-up r o l l  by means of  two springs. 

The bottom work r o l l  and back-up r o l l  are stationary.  

w a s  s a t i s f ac to ry  on t h i s  s m a l l  m i l l .  

This arrangement 

I n  conjunction with t h e  4-High Standard m i l l ,  a s ta in less  

s teel  tank, i n  which Calrod h e r s i o n  heaters were placed, was used as 

a bath t o  h e a t  t h e  metal preparatory t o  rol l ing,  Figure 10, The 

temperature of t h e  bath was controlled by a De Khotinsky Thermo-Regulator. 

DC 550 s i l icone  o i l  was first used a s  a heating medium. 

was l a t e r  replaced by Meltemp No. 7, a high flash-point o i l  suggested 

This material 

by the Argonne Laboratories and marketed by Metal Lubricants Company of 

Chicago. 

The screen w a s  placed3mmediately above t h e  immersed Calrod heaters t o  

The metal beingheated rested on a s t a in l e s s  steel screen. 

prevent contact between the  metal and heaters, which contact would re- 

sult i n  loca l  overheating. 

t o  an exhaust fan and placed over the tank t o  draw 6ff t h e  fumes present 

when e i the r  DC 550 o r  Meltemp No. 7 was brought up t o  temperature. 

A hood, as shown i n  Figure 9, was connected 

Ordinary blacksmith tongs were used t o  remove the metal from 

the  heating bath and place it on the  r o l l i n g  t a b l e  p r io r  t o  delivery 

i n t o  t h e  ro l l s .  

On several  occasions, the uranium metal caught on f i r e  while 

passing through the  rolls. T h i s  occurred when a f i n  o r  leading edge 

caught on the  r o l l  t a b l e  o r  mill housing. 

of Gl powder was placed convenient t o  the r o l l i n g  m i l l  and used t o  

For t h i s  contingency, a can 

smother t h e  flames. 

28 
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FIG. 10 - BATH FOR I E A T I N G  SPECIMENS I N  OIL. USED 

IN CONJUNCTION WITH &-HIGH STANDARD MILL. 





2-High B l i s s  fill 

For hot breakdown of the as-cast p la tes  a t  high alpha tempera- 

tu res  above the recrys ta l l iza t ion  range (500-625OC), a 2-High Bliss m i l l  

was used, Figure 11. 

20 inches long. 

was possible t o  vary r o l l  speeds by neans of a rheostat  control. 

tachometer w a s  attached t o  the drive sha f t  t o  measure r o l l  speeds d i -  

r e c t l y  i n  WN. 

jog control, though t h i s  l a t t e r  was found t o  be unnecessary. 

r o l l s  on t h i s  m i l l  were heated by rows of infra-red heat lamps placed 

This mill has work r o l l s  8 inches i n  diameter and 
I 

The m i l l  i s  powered by a 25 horsepower DC motor. It 

A 

The mi l l  w a s  revers ible  and a l so  had forward and reverse 

The work 

i n  two semi-circles along the  top half  of the top work r o l l  and along 

t h e  bottom half  of t h e  bottom work r o l l ,  Figure 11. 

up t o  100°C could thus be obtained. 

Roll temperatures 

The r o l l s  were i n i t i a l l y  ra ised and lowered by hand using the  

la rge  hand wheel seen on the  r i g h t  s ide  of t h e  mil l ,  Figure 11, 

t h i s  was a tedious operation, a one-half horsepower motor was geared t o  

t h e  hand wheel so t h a t  t h e  r o l l s  could be raised and lowered mechanically, 

Since 

An e l e c t r i c  res is tance pot furnace, shown i n  Figures 11 and 12, 

having a cast  i ron pot 6 inches i n  diameter and 14 inches deep, was used 

t o  preheat t he  metal f o r  ro l l ing .  A chromel-alumel thermocouple placed 

outside the  furnace pot approximately one inch from the heating elements 

was connected to t h e  control ler  seen on the  top  of t h e  stand. A second 

chromel-alumel thermocouple, using a nickel  protection tube closed a t  

i, 

L 
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FIG.  11 - 2-HIGH BLISS ROLLING MILL. THE STRIPED D I S C  

V I S I B L E  I S  PART OF EQUIPMENT SITUATED I N  THE 

BACKGROUND. 

." . I .. . . 
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FIG. 12 - ELECTRIC POT FURNACE USED FOR HEATING SALT BATH. 
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FIG. 13 - 4-HIGH LOEtJY ROLLING MILL 
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t h e  bottom end, was connected t o  a reco-ar seen on the  stand below 

the  control ler .  

heating elements instead of d i r e c t l y  i n  t h e  bath, very l i t t l e  over- 

With the  temperature control  couple placed near the 

shooting o r  undershooting was experienced and qui te  uniform control 

could be thus maintained (within f 2 O C  a t  6OO0C with no specimens i n  

t h e  bath) . 
With' intermit tent  heating of metal during the course of ro l l i ng  

down t o  size,  some lowering of bath temperature occurred. 

i n  t he  control ler  temperature, heat input t o  t h e  furnace was increased 

By an increase 

and the bath temperature could-be maintained reasonably w e l l .  

A length of eight inch f l ex ib l e  duct was run from t h e  exhaust 

system t o  the stand and used t o  draw off any fumes from t h e  bath. 

No provision was made t o  mount an exhaust hood over the m i l l  

housing, though t h i s  would be desirable  so as t o  withdraw fumes occurring 

during ro l l i ng  operations,, especially when ro l l i ng  "2511 metal. 

LcJewg 4 -High Mill 

For ro l l i ng  and f i r i sh ing  of uranium sheet wider than approxi- 

mately six inches, t h e  small 4-High Standard mi l l  could not be used, 

For t h e  wider sheet, a la rge  4-High Loewy ro l l i ng  m i l l  was available,  

Figure 13. This mill had work r o l l s  3 3/4 inches i n  diameter, back-up 

ro l l s  18 inches i n  diameter, and a 20 inch r o l l  face. 

The work rolls were driven separately by two synchronized 

75 horsepower, AC induction motors operating through separate gear boxes. 
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This  arrangement gave a constant work r o l l  speed of 100 RPM and a 

constant del ivery speed of 96 feet/minute. Experience showed t h a t  t h i s  

speed was too great when ro l l i ng  cadmium, copper, and similar s o f t  metals, 

causing tear ing  and wrinkling of t h e  sheet. 

would be too f a s t  f o r  ro l l i ng  uranium sheet. Th i s  d id  not prove t o  be 

t rue ,  and uranium sheet was ro l led  qui te  s a t i s f a c t o r i l y  a t  t h i s  speed. 

Th i s  m i l l  and the  Bliss 2-High mi l l  were equipped with la rge  %rash 

It was feared the  mi l l  

switchest1 on both the  feed and delivery sides of t he  mill. These 

"crash s#itchestl could be used t o  stop the r o l l s  i n  an emergency, and 

proved valuable on several occasions. 

An e l e c t r i c  motor was used to r a i s e  and lower the top  back- 

up r o l l ,  and t h e  mill was provided w i t h  a hydraulic system operated by 

an e l e c t r i c  motor and a compressor t o  snug t h e  top work r o l l  up against  

t he  back-up ro l l .  

The m i l l  could not be reversed, and d i d  not have any exhaust 

provision over t he  m i l l  housing, both of which would have been desirable  

features  . 
I n  connection with the  &-High Loewg m i l l ,  a s t a in l e s s  s t e e l  

table  on r o l l e r s  was designed f o r  mobility, Figure 14. It contained 

- adeep-well tank, l i n e s  with C a l r o d  immersion heaters f o r  heating the  

s i l i cone  and l a t e r  the  Heltemp No. 7 o i l  used as a heating medium. 

De Khotinsky thermo-regulator was used t o  control the temperature of 

A 

c 

t h e  bath. 
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F I G .  14 - CLOS3-W SHOMNG WORKING SUHFACE OF MOBILF; 

STAINLESS STEE;L TABLE WITH BUILT-IN HEATING 

TANK. USED WITH LOW &-HIGH MILL. 

WOODEN "PUSHER" FOR FORCING &TAL INTO THE 

R O U S  IS AT LEFT ON TABLE; 
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The t a b l e  could be used as a feed t a b l e  and provided a s izable  

working surface. 

t ab le ,  it enabled t h e  operator t o  ge t  t h e  ro l led  sheet i n t o  t h e  mill 

w i t h  a minimum of delay. 

from los ing  too much heat before entering the  r o l l s ,  espec ia l ly  on 

thicknesses below 0.050 inch, where t h e  heat loss could reduce t h e  metal 

temperature rapidly. 

As t h e  t a b l e  could be rol led up f lu sh  against  t he  m i l l  

This w a s  advantageous as it prevented t h e  sheet 

As a precaution i n  case of f i r e ,  f i r e  extinguishers were s i tu -  

a t ed  convenient t o  both t h e  Loewy and Bliss m i l l s .  

As can be seen i n  Figure 14, a n  arrangement for  lowering ana 

r a i s i n g  specimens i n  and out of the  o i l  bath was designed. 

nism was advantageous i n  working with la rge  and heavy sheet specimens, 

This mecha- 

and a considerable a id  i n  removing specimens from the bath because t h e  

Meltemp No. 7 o i l  w a s  so opaque t h a t  specimens immersed i n  it could not 

be seen when beneath t h e  surface of the  bath. 

Heating Media f o r  Warm Rollinq 

DC 550 Sil icone O i l  

S i l icone o i l  w a s  o r ig ina l ly  used i n  the  warm r o l l i n g  of U-235 

stock a t  Los Alamos*, and t h i s  pract ice  was continued f o r  warm r o l l i n g  

i n  t h e  beginning of t he  present rolling program. Due t o  t h e  high cost  

of t h i s  o i l ,  about $55 a gallon, and t h e  f a c t  t h a t  it had a closed cup 

f l a s h  point of only 314OC, it was decided t o  search f o r  a cheaper and 

~ ~ 4 ~ ~ s ~ ~ ~ ~ , f g ~ - ~ ~ ~ - € Q ~ ~ ~ ~ ~ ~ - - - -  ....................... _--_ __,___-__ 

*Report LA-720, Series  B, dated 29 December, 19@, pg. 13. 



Meltemp No. 7 

Argonne Laboratories reported the  use of Meltemp No. 7, a 

high f l a sh  point o i l  produced by Metal Lubricants Company of Chicago. 

This was t r i e d  and found superior t o  Sil icone f o r  the  following reasons: 

Though the  consistency of Meltemp No. 7 a t  room temperature 

1. 

2. 

3. 

4. 

Its closed cup f l a s h  point of 347OC enabled warm ro l l i ng  

t o  be done i n  t h e  range fram 325 t o  3l+OoC, a s  compared t o  

a top temperature of 30O0C w i t h  si l icone. 

p l a s t i c i t y  of uranium metal a t  the  higher temperature range 

enabled la rger  sheet t o  be rolled and la rger  reductions t o  

be at ta ined with no apparent increase i n  r o l l  pressure. 

Meltemp No. 7 was approximately f i f t y  times cheaper than 

Silicone and l e s s ' ca re  was required, s ince o i l  losses  

during ro l l i ng  were not nearly a s  la rge  an item of expense. 

Meltemp No. 7 stuck t o  the work r o l l s  and formed a t igh t ,  

gunmu. f i lm  which appeared to  increase the t 'bitett  of t he  

r o l l s  and f a c i l i t a t e  rol l ing.  

The surface of uranium sheet produced w a s  very smooth and 

even, although s i l icone  was j u s t  as good i n  t h i s  respect.  

The increased 

made it more d i f f i c u l t  t o  handle, and so i led  clothes and shoes more than 

d id  s i l icone,  it was nevertheless f e l t  t o  be superior t o  s i l i cone  f o r  

general warm ro l l i ng  usage. 
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Heating Media f o r  Hot Rollinq 

Selecting a sa t i s fac tory  heating medium f o r  ro l l i ng  i n  the  

high alpha range around 6OO0C presented a more serious problem. Uranium 

oxidises rapidly a t  these temperatures unless careful ly  protected, and 

an idea l  medium f o r  hot ro l l i ng  must not only protect t h e  surface of 

t h e  uranium metal from oxidation, but  must not adhere so t i g h t l y  tha t  

it can not be stripped o r  washed off  easily, must not a l l o y  with the 

uranium metal, must not gum the wrMng r o l l s ,  nor be excessively lubri-  

ca t ing  so the  work r o l l s  s l i p  on t h e  surface of t h e  metal, and should 

not be too expensive, too toxic, or too dangerous t o  handle. 

Inert Atmospheres 

In  the  ea r ly  pa r t  of the  forging program a t  Los Alamos, speci- 

mens f o r  forging were heated i n  an e l e c t r i c  muffle furnace flushed with 

anatmosphere of argon. 

phere i n  the  furnace su f f i c i en t ly  i n e r t  t o  prevent severe oxidation of 

unplated uranium samples. 

oxidation of plated samples occurred with the  resu l tan t  l o s s  of  metal. 

The use of an i n e r t  atmosphere in which t o  preheat fo r  ro l l i ng  was not 

used. 

It was found very d i f f i c u l t  t o  keep the  atmos- 

It w a s  a lso  found that moderate t o  heavy 

Lead Bath 

Heating in a bath of molten lead was t r ied ,  with generally 

unsat isfactory resul ts .  

Before ac tua l ly  using t h e  lead bath t o  preheat samples f o r  

ro l l ing ,  a se r i e s  of preliminary experiments was run a s  part of the  
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forging program. 

(see i l l u s t r a t i o n  on r i g h t  s ide  of Figure l5), were heated i n  a lead 

bath at 600°C.for f i f t e e n  minutes, wi th  t h e  following coatings: 

Uranium slugs, 1 inch in diameter and 3 inches long 

1. Uncoated, oxidized Tu. 

2. 

3. 

4. 

5. Coated with Aquadag. 

As was t o  be expected, the Ag and Cu plated specimens showed 

The specimen on the  l e f t  of Figure 15 is  

Tu f resh ly  etched with n i t r i c  acid. 

Coated with 0.003 inch Cu plate ,  

Coated with 0.003 inch Ag plate.  

very heavy adherence of lead. 

t h e  Ag plated specimen and shows extremely heavy adherence of Pb; t h a t  

next t o  it i s  t h e  Cu plated specimen, which also shows excessive Pb 

adherence. 

t o  a bare, uncoated uranium specimen. 

The t h i r d  figure fmm the  l e f t  shows the  spotty lead adherence 

In  addition t o  st icking t o  t h e  Cu and Ag coatings, the  lead 
I 

tended t o  d i f fuse  through these coatings, and alloy with the uranium 

metal underneath, especially a t  cracks and minor discont inui t ies  i n  the 

base uranium meta l ,  

of Figure 16, which shows t he  dark lead diffused through the  oopper 

This diffusion e f f ec t  can be seen by examination 

p l a t e  i n t o  t h e  uranium base metal ( l i g h t  area), 

There was a l so  appreciable adherence of Pb on the  uncoated, 

oxidized sample and on t h e  f resh ly  etched sample of uranium, with t h e  

oxidized bar showing least adherence of lead t o  t h e  uranium surface, 
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FIG. 15 - PLATE J82-D-1. 

RIGHT - SAMPLE c[F U"m SLUGS USED FOR LEX) 
ADHERENCE TESTS. 

LEFT - SILVER PLATED URANIUM SPECIBAEN SHOWING 
EILTREMELY HEAVY LEBD ADHERENCE. 

SECOND F'ROM U F T  - COPPER PLATED URANIUM SPECIA#SN 
SHOWING EXCESSIVE LEAD ADHERENCE. 

THIRD FROM LEFT - TJNPLdU'H), "BAEU3" URBNNBB SPECIMEN 
SHOTTJING lRREGULAR LEAD ADHERZNCEL 
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FDC. 16A - PLATE J854-1. CU PLA!l’ED URANIUM 
HE- TO 6oooC IN LEAD (0.003 INCH CU). 
DIFFUSION OF LEU) (DARK MIEB) THROUGH THE CU 

FPCHBWT: 3 PARTS ACETIC ACID, 1 PART % HDFtOGEN 
PEROXlDE. MBC. 25OX. 

SHOW 

PLATE INTO URBNIUM BASE METAL (LIGHT AREA). 

FIG. 16B - PLBTE J83-D-1. URBNrmd (LIGHT AREA) 
HEBTH) I N  LEdD A!l’ 600°C,  S H O l I N G  LEAD DIFFUSION 

1 PART 9$ HPDROGEN PEROxmE. 
mo URANm METAL. ETCHAmr 3 PARTS ACETIC ACID; 

MAG. 1o(Ix. 
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The uranium sample, uncoated but immersed i n  Aquadag pr ior  t o  

heating i n  the  Pb bath, showed negligible adherence of lead, as long as 

t h e  graphite coat was continuous. A continuous coat of graphite i s  d i f f i -  

c u l t  t o  a t t a in ,  and any s m a l l  area not coated permits adherence of Pb 

and Pb alloying. 

I n  addition, Aquadag would be impractical t o  use i n  r o l l i n g  

of U-235 or  high pur i ty  uranium, as t h e r e  would be an opportunity f o r  

carbon contamination during hot r o l l i n g  operations. 

I n  addition t o  the  above, lead i s  very d i f f i c u l t  t o  s t r i p  from 

This uranium i n  an  acid bath, and la rge  amounts of base m e t a l  a re  l o s t .  

metal loss would be unsatisfactory from an accountabili ty standpoint. 

Nevertheless, two separate specimens of normal uranium were 

ro l l ed  using a molten lead bath a8 t h e  preheat medium.  

were cut from as-cast p la tes  of normal uranium. 

but not plated. 

Both samples 

The surface was machined 

The B l i s s  2-High m i l l  was used t o  r o l l  both samples. 

The first specimen, 1-6A, was 2 3/4 by 2 7/8 by 0.725 inches 

and was reduced t o  136 mils i n  four  passes a t  60OoC. 

c u l t  t o  remove the Pb films adhering t o  the  sheet after rol l ing.  

It was very d i f f i -  

The second specimen, 1-6B, of dimensions ident ica l  t o  1-6A, 

was ro l led  down t o  20 m i l s  i n  twelve passes a t  600OC. 

generally unsatisfactory f o r  the following reasons: 

Rolling was 

1. The stock was d i f f i c u l t  t o  get  i n t o  the  r o l l s .  The t h i n  

film of molten lead acted as a lubricant and reduced t h e  

b i t e  of the rolls. 
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2. On heavy reductions, t h e  r o l l s  s t a r t ed  t o  s l i p  a f t e r  t h e  

... 

however, r o l l i n g  uranium which has an oxidized surface o r  is coated with 

specimen had entered. Power and momentum were lost and 

the  specimen s t a l l e d  midway i n  t h e  r o l l s  and had t o  be 

backed out. 

3.  The severe edge cracking t h a t  occurred was though5 t o  be 

caused by t h e  Pb which occasionally covered only cer ta in  

areas  of t h e  specimen. 

t he  specimen was covered with lead, but  gripped and pulled 

where no lead w a s  present, 

sult i n  uneven s t r e s ses  on t h e  sheet and could cause t h e  

severe edge cracking noticed, 

The surface of t he  sheet a f t e r  f i n a l  r o l l i n g  w a s  rough and 

spongy and contained t i g h t l y  adhering fi lms of lead dis- 

t r ibu ted  unevenly over t h e  surface, Figure 17. 

The r o l l s  tended t o  s l i p  where 

Such r o l l i n g  ac t ion  would re- 

4. 

Bat te l le  Memorial I n s t i t u t e  has reported metal losses  ranging 

up to 

r o l l i n g @  These losses are large f r o m  an accountabi l i ty  standpoint; 

16 percent i n  using Pb and Pb-Sn baths t o  preheat metal fo r  

Aquadag might be sa t i s f ac to ry  f o r  la rge  pieces which a r e  t o  be subse- 

quently machined and where weight losses a r e  not an important fac tor .  

For the  present r o l l i n g  program, the  use of Pb baths was 

L '  
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FIG. 17 - PLATE 593-A-2. PHOTOGRAPH OF uRANIU?d SIIEET R O W  FROM 
725 MILS TO 29 NILS AT 630% USING IEAD M T H  AS A W- 
ING MEDJJJU. THE LIGHT GRBY BND-MUTE ANUS ARE TIGHTLY 
ADHERING FILIVlS aF UAD WHICH HAVE DISTRIBUTED T H E W L V E S  
UNEVENLY OVER THE URANIUM SHEET. 
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Chloride Sa l t  Baths 

-The behavior of chloride salt  baths f o r  heating around 6OO0C 

w a s  a l s o  investigated as par t  of the forging program. 

K C 1  and L i C l  - A eutec t ic  m i x t u r e  of Kcl and LiC1, with 

melting point a t  36OoC, was prepared and a uranium sample immersed i n  

t h e  melt a t  6OO0C f o r  f i f t e e n  minutes. Weight loss was 0.6 percent and 

a thin,  black, nonadherent oxide coating was formed. 

BaClz-LiCl i n  quant i t ies  t o  give t h e  eu tec t ic  mixture was 

a lso  t r i e d  as a salt bath. A uranium sample was heated i n  t h i s  bath 

f o r  f i f t een  minutes a t  60OOC. The weight loss  of metal was l e s s  than 

0.1. percent. A specimen of uranium heated i n  the  bath f o r  two hours a t  

6W°C showed evidence of a surface reaction. A tendency f o r  t he  bath 

t o  boil 'was a l so  considered a s  evidence of a reaction between the  metal 

and s a l t s .  

KC1-NaC1-BaC12 - A combination of the  three  chlorides i n  the  

r a t i o  25% KC1, 20% NaC1, and 55% B C l z  was also investigated a s  a possi- 

b l e  bath. This  eutect ic  mixt'ure caused the  formation of a thin,  t i g h t l y  

adhering coat on the  surface of unplated uranium when t h e  metal w a s  

immersed i n  t h e  bath f o r  f i f t e e n  minutes a t  7OO0C. 

The corrosive act ion of the  chloride salts on rolls, tools ,  

sa l t  pot, etc.; t h e  poss ib i l i t y  of a t tack  on uranium; and the question 

of t o x i c i t y  of the  chlorides caused this par t icu lar  type of salt  bath 

t o  be abandoned. 
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- I n  the Knolls' Atomic Power 

+he use of a mixture of 35% L12C03 and 65% 

K2CO3 f o r  heating uranium metal was described. Th i s  eu tec t ic  mixture 

has  a melting point of 51OoC and i s  not recommended f o r  use above 70OoC. 

Preliminary t e s t s  i n  which copper plated uranium specimens 

were immersed i n  the  above carbonate s a l t  ba th  f o r  f i f t e e n  minutes a t  

6OO0C showed no a t tack  on the copper plate,  as opposed t o  a severe 

a t t ack  of t he  copper when t h e  specimens were t rea ted  i n  chloride baths, 

Accountability t e s t s  showed t h a t  uranium specimens placed i n  

t h e  carbonate bath f o r  f i f t e e n  t o  sixty minutes a t  6OO0C l o s t  less than 

0.5 percent i n  weight w i t h  t he  average loss being about 0.2 percent. 

The metal loss was es sen t i a l ly  oxide retained i n  the  bath, 

The uncoated uranium specimens, when removed from th6 bath, 

had a thin, t i g h t l y  adhering, continuous film on t h e  surfaceo T h i s  

film was estimated t o  be about O.COO1 inch i n  thickness 'and considered 

t o  be an oxide. No d i r e c t  ana ly t ica l  tests were made t o  prove the 

coating t o  be an oxide. 

coating was not a carbide; thus t h e  assumption of an oxide coating 

seemed reasonable. 

However, chemical t e s t s  indicated t h a t  t h e  

In  view of t he  above experimental r e s u l t s  using the carbonate 

bath, it was decided t o  use the  bath as a preheating medium f o r  uranium. 

An as-cast uranium p la t e  6 by 3 by 0.eW inches was obtained 

and reduced t o  60 mils i n  thickness. 

cussed below, were generally good. 

The r e s u l t s  from t h e  t e s t ,  dis-  

I 
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1. 

2. 

3.  

4. 

5 .  

6. 

7. 

8. 

The s a l t  heated evenly without bo i l ing  or  spa t te r ing  up 

t o  65OoC. 

Around 600 t o  65OoC, t he  molten ss1.t was f l u i d  enough so 

t h a t  most of it ran  off the  specimen when t h e  specimen 

w a s  removed from t h e  bath. 

The t h i n  film of sal t  remaining on t h e  specimen was 

usual ly  spread evenly over t h e  surface of t h e  specimen, 

and did not tend t o  gather i n  pools. 

The surface f i lm of salt did not reduce the  f r i c t i o n  

between the r o l l s  ana the  stock, as did lead. 

If heated work rolls a re  used, ana the  ro l l ed  specimen 

kept hot enough - no time delay from the bath to t h e  r o l l s  - 
the  s a l t  remains l i qu id  on t h e  surface of t h e  specimen while 

passing through t h e  r o l l s  and does not mar o r  p i t  t h e  

sheet surf ace. 

After ro l l ing ,  t he  frozen sal t  can be e a s i l y  removed from 

t h e  sheet by washing i n  warm w a t e r .  

When immersed i n  t h e  salt  bath, a thin,  t i g h t  oxide coat 

i s  formed on t h e  metal. This coat r o l l s  down smoothly 

and evenly and does not f l ake  o r  chip of f .  

surface of t h e  ro l led  sheet was excellent. 

The carbonate s a l t s  a r e  not toxic, give off v e r y l i t t l e  

The f i n a l  

fumes a t  6OO0C, and are comparatively cheap. 
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As a result of the  above observations, it was decided t o  use 

t h e  mixture of 65% K2CO3 and 35% LizCO3 f o r  a l l  hot ro l l i ng  of uranium 

metal. I n  the  future,  references t o  "salt bath" in t h i s  report  w i l l  

r e f e r  t o  the  eutect ic  carbonate mixture described above. 

As i s  t rue  of a l l  salt baths, the- carbonate salt  bath must 

be handled with care, precautions being taken not t o  immerse moist o r  

damp specimens, tongs, o r  foreign materials i n  the  bath. 

t ec t ion  of personnel should be i n  e f f ec t  a t  a l l  times. 

Suitable pro- 

The general procedure used i n  ro l l i ng  uranium was t o  preheat 

a l l  samples on t h e  top  surface of the  furnace i n  order t o  dry thoroughly 

before immersing i n  the  bath. 

d r i p  or  splash i n t o  the  bath, and the bath should always be st-irred 

gent ly  and carefully. 

Care must be taken not t o  allow water t o  

When ad*ng fresh salt t o  the  bath, it i s  advisable t o  add 

t h e  well s t i r r e d  mixture of dry K2CO3 and Li2C9 when the  bath is cold, 

and allow t h e  addition t o  dissolve as the bath comes up t o  temperature. 

If f resh sal t  must be added while t h e  bath i s  hot, s m a l l  amounts should 

be placed i n  t h e  molten salt, and dissolved slowly before adding addition- 

a l  salt, as some spat ter ing occurs when t h e  addition i s  made. 

Preparation of Stock -for Rollinq 

Plat ing Materials 

I n  working with uranium and especial ly  with U-235, it had 

been customary t o  p la te  e i the r  si lver or copper on the  metal t o  prevent 
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excessive oxidation lo s ses  during ro l l ing ,  forging, and other  forming 

operations. A se r i e s  of a c c o u n t a b i l i t y t e s t s  was made a s  pa r t  of t h e  

forging program t o  determine the  eff ic iency of these protect ive coatings.+ 

The tests showed t h a t  more uranium m e t a l  w a s  l o s t  i n  etching 

p r io r  t o  plat ing and i n  s t r ipp ing  after plating, than was lost by r o l l i n g  

o r  forging uncoated specimens heated i n  t h e  salt  bath and afterwards 

s t r ipp ing  t h e  t h i n  oxide formed. 

As par t  of these t e s t s ,  uranium specimens were plated with 

0.001 inch nickel,  with 0.0003 inch nickel, and with 0.0003 inch nickel  

on t o p  of which 0.003 inch copper was added. 

a t  6OOOC, 700% and cycling between the  high alpha and t h e  low gamma 

temperatures indicated t h a t  some diffusion of t h e  p l a t e  m e t a l  i n t o  t h e  

uranium may have taken place, bu t  t h e  photomicrographs ‘taken were very 

inconclusive. 

plates ,  when heated i n  a drying over, adhered t o  t h e  uranium base m e t a l  

during forging j u s t  as w e l l  as did copper and nickel  p l a t e s  diffused a t  

6OO0C i n  vacuum f o r  one hour p r i o r  t o  forging. 

Diffusion of these specimens 

Forging r e s u l t s  indicated t h a t  both copper and nickel  

Rolling experiments with plated specimens were as follows: 

1. Si lver  P la te  - Extensive r o l l i n g  operations on U-235 

coated with s i l v e r  showed ra the r  poor adherence of t he  

*The results of these t e s t s  w i l l  be incorporated i n  a report  on t h e  
Forging Program. 
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s i l v e r  plate.* Cast bars 8 by 2.375 by 0.250 inches were 

plated with 0.003 inch of s i lve r  and warm ro l l ed  a t  25OoC 

on the  4-Xigh Standard m i l l  t o  0.940 inch i n  thickness. 

The s i l v e r  p l a t e  peeled i n  patches. Annealing p r io r  t o  
I 

ro l l i ng  and/or a l i g h t  skin pass t o  lIset1t the  p la te  before 

rol l ing,  did not improve adherence. From t h i s  experience, 

it was f e l t  t h a t  less metal would be l o s t  by ro l l i ng  with- 

out the  silver plate,  although the greater  par t  of metal 

losses  due t o  s t r ipping of the  p la te  a re  recoverable i n  

the s t r i p p Q g  bath. 

The adherence of the s i lver  i n  patches caused uneven 

surface on the sheet. 

two passes on t h e  bare unplated metal a f t e r  s t r ipping t h e  

It was necessary to  make one o r  

s i l v e r  t o  secure sheet having a sa t i s fac tory  surface. 

Copper P la t e  - Copper p la t ing  was a lso found t o  be poor 2. 

from t he  standpoint of adherence and protection. 

bar of normal uranium 1, by 2.5 by 0.8 inches was plated 

with O.OO3 inch copper. 

A cast  

No anneal or diffusion of t he  

p l a t e  p r io r  t o  ro l l i ng  was given. 

i n  t h e  carbonate s a l t  bath ed on the  

Bliss 2-High m i l l  with work r o l l s  at lW0C fmm 0.800 inch 

The metal was heated 

*Preparation of U-235 sheet f o r  G. E. Discs. 
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down t o  0.029 inch, a 96 percent reduction i n  thickness. 

Almost complete separation and peeling of the  copper 

p la te  from t h e  uranium resu l ted  during the  reduction. 

Another specimen of normal uranium rod 0.625 inch i n  

diameter and 2 inches long was plated with 0.003 inch of 

copper and upset i n  two planes by forging. The copper 

p l a t e  peeled extensively during forging. The forged 

sect ion was heated t o  62OoC and ro l l ed  on t h e  Bliss 2-High 

m i l l  w i t h  heated work r o l l s .  A reduction i n  thickness was 

made from 0.257 t o  0.939 inch, a f t e r  which p rac t i ca l ly  no 

p l a t e  remained on t h e  sheet. 

A t h i r d  experiment t o  study t h e  protect ive e f f ec t  of 

copper p l a t e  on uranium was carried out. An as-cast normal 

uranium bar 3 by 2 3/4 by 5/8 inches was plated with 0.002 

inch of copper, heated t o  625OC i n  the  sal t  bzth and ro l led  

on the  Bliss 2-High m i l l .  I n  s p i t e  of a special  e tch given 

t h e  uranium t o  acquire be t t e r  adherence of t h e  copper plate ,  

the  p l a t e  s t a r t ed  peeling on the  s i x t h  pass at  a thickness 

of 0.173 inch, and peeled off en t i r e ly  on the  seventh pass 

, 

a t  0.137 inch thickness. 

3.  Nickel and Copper Plate - A s  t h e  e lec t ropla tes  of copper 

ami s i l v e r  d id  n o t .  adhere t o  uranium during ro l l ing ,  it 

was thought t h a t  similar p l a t e s  t rea ted  t o  d i f fuse  t h e  
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p la t e  i n t o  the  uranium might adhere successfully. 

A specimen of as-cast, normal uranium 2 3/l ,  by 2 3/4 by 

0.68 inches was given a coat of nickel approximately 

0.0003 inch thick. 

plated Over the  nickel and the  bar heated i n  vacuum a t  

A 0,003 inch thickness of copper was 

750°C f o r  forty-eight hours t o  thoroughly diffuse the 

plate .  

duced on the B l i s s  2-High m i l l  using cold work r o l l s ,  

The bar was then heated i n  salt t o  6 l O O C  and re- 

from 0.680 t o  0.065 inch, a reduction of ninety percent 

i n  thickness. As can be seen in Figure 18, approximately 

f i f t y  percent of the  p la te  had peeled of f ,  

where the p l a t e  d id  adhere, it appeared t o  s t i c k  very 

t i g h t l y  and afford good protection, and there i s  a possi- 

b i l i t y  t ha t  t h i s  plat ing and diffusion procedure can be 

In some places 
, 

improved t o  work successfully. 

Unplated Surface 

A se r i e s  of accountabili ty checks made on unplated specimens 

showed l e s s  metal l o s s  than had been the experience w i t h  plated speci- 

mens. Hot ro l l i ng  of some ten  unplated, as-cast uranium samples showed 

t h a t  excellent sheet surface can be produced without a plated protective 

coat. Weight losses, a s  measured by weighing careful ly  before ro l l i ng  

and a f t e r  ro l l ing  w i t h  thorough removal of adhering salt, were a maxi- 

mum of 0.5 percent. Over the  t o t a l  number of samples rol led,  the  
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FIG. 18 .. PLBTE NO. 5-117-1. SECTION OF ROILED URANNM SAHEEX. 
ORIGulJAL SPEC-N HAD 0.3 MIL NICKEL P W E ,  THEN 3 
XES COPPER PLATE ANI 'US DIFFUSION TREBTED FOR 48 
HOURS QT 75OoC IN VACUUM. 
NESS (Hm ROLLING AT/610°C) HAS CAUSED THE PLATE TO 
PEEL B U Y  FROM THE URBNNM, 

A 90% REDUCTION IN THICK- 
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weight loss of metal averaged 0.2 percent per sample. 

I n  view of these r e su l t s ,  a l l  hot and warm r o l l i n g  of uranium, 

outs ide of t he  experiments c i t ed  above, has been done with unplated 

specimens . 
Machined Surface 

On several  samples, the  as-cast surface of t h e  bar w a s  

machined p r io r  t o  r o l l i n g  t o  see if t h i s  would improve surface propert ies  

of the  ro l led  sheet. 

specimens having i n i t i a l l y  a machined surface or an  "as-casttt surface, 

Comparison of t h e  surfaces of ro l led  sheet, the 
' 

showed no noticeable difference i n  properties.  

t h a t  machining of t he  as-cast surface pr ior  t o  r o l l i n g  was unnecessary. 

It was therefore decided 

Techniques Used i n  Hot Rolling of Uranium 

The following techniques were evolved as being the  most 

su i t ab le  methods f o r  the  sa t i s fac tory  hot reduction of as-cast uranium 

b i l l e t s ,  consistent with t h e  equipment avai lable  f o r  these experiments, 

P r io r  Anneal 

Pr ior  annealing of t he  as-cast uranium was done t o  determine 

i t s  ef fec t  upon hot ro l l i ng .  I n  one instance, two samples of uranium, 

one normal and one high purity,  each taken from iden t i ca l  sec t ions  of 

similar castings,  were immersed i n  t h e  sa l t  bath a t  6OO0C f o r  f o r t y  

minutes p r io r  t o  ro l l ing .  

one high pu r i ty  and th ree  normal uranium, from d i f f e ren t  sections of 

cast ings,  were immersed i n  sal t  a t  65OoC f o r  one-half hour before ro l l ing .  

I n  a second case, fou r  smal'l as-cast samples, 
I 
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In  none of t h e  above experiments w a s  there a s ign i f icant  

difference i n  response t o  ro l l i ng ,  a s  compared t o  uranium samples which 

received no heat treatment pr ior  t o  ro l l ing .  Reduction per pass and 

t o t a l  reductions were approximately the  same, and samples behaved ident i -  

ca l ly ,  regwdless  of pr ior  annealing. 

I n  e f fec t ,  hot ro l led  samples were subJect t o  in te rmi t ten t  

annealing during the  course of ro l l ing ,  a s  each sample was heated t o  

r o l l i n g  temperature, passed through t h e  r o l l s ,  and then immediately 

replaced i n  the  salt, bath t o  bring the  somewhat cooled sample up t o  

r o l l i n g  temperature. 

p r i o r  annealing t o  behave d i f f e ren t ly  upon r o l l i n g  than one which had 

Thus, t he re  was no reason f o r  a sample which had 

no p r io r  annealing. 

Size and Shape of Specimens f o r  Rol l ing 

Specimen s i z e  was not c r i t i c a l ,  being determined o n l y  by t h e  

amount of sheet or ro l led  stock desired, by t h e  capacity of the  mill 

being used, and by l imi ta t ions  imposed by t h e  s i z e  of t h e  s a l t  pot. 

The B l i s s  2-High m i l l  w a s  used f o r  all hot r o l l i n g  operations 

described i n  t h i s  report  because of the  large, 8 inch diameter work rolls 

--. . 

and the la rge  angle of nip or Ifbitell. 

samples had been used, there  is no reason t o  bel ieve t h a t  t h e  other  mills 

avai lab le  ( the  l a rge r  & H i &  Loewy o r  the  smaller 4-High Standard) would 

not have proven s a t i s f  sctory f o r  hot r o l l i n g  operations. 

I f  thinner,  as-cast uranium 
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As-cast specimens 6 by 3 by 0.800 inches, 3 bj 3 by 0.800 

inches, and 3 by 1.5 by 0.800 inches were rol led sa t i s f ac to r i ly ,  as were 

even l a rge r  forged specimens up t o  one inch i n  thickness. 

Only f la t  stock was rolled, a s  only s t r a i g h t  r o l l s  were availa- 

ble.  The geometry of t h e  specimens, other than always being f la t ,  w a s  

not considered as a variable,  f o r  square bars,  rectangular bars, and 

bars  wi th  convex edges a l l  rol led w i t h  equal ease. No difference i n  

r o l l a b i l i t y  was apparent as a function of shape. 

M i 1 1  capacity and i t s  r e l a t ion  to b i l l e t  s i z e  w i l l  be de- 

scribed i n  d e t a i l  i n  t he  chapter on reductions per pass and t o t a l  

reduction. 

Time t o  Temperature 

The r a t e  of heating of uranium metal i n  molten s a l t  was 

investigated as  pa r t  of t he  forging program. 

was tapped i n  a cylinder of uranium 3 inches long and 1 inch i n  diameter. 

A chromel-alumel thermocouple was inser ted through t h e  center of a 

uranium plug screwed in to  t h e  hole. The assembly was placed i n  the  

bath of molten salt a t  6OO0C, and curves of time versus temperature 

recorded. 

t h e  center of t h e  1 inch diameter uranium cylinder t o  a r r i v e  a t  the  

6OO0C temperature. 

A one-quarter inch hole 

Results showed t h a t  four t o  f ive  minutes were required f o r  

Although f i v e  minutes was considered to be adequate time for  

heating i n  the  salt  bath p r io r  t o  r o l l i n g  of specimens up t o  1 inch i n  
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thickness, it was general pract ice  t o  preheat a t  l e a s t  t e n  and of ten  

f i f t e e n  minutes before r o l l i n g  t o  assure thorough heating. 

Rolling Temperatures 

Specimens were ro l led  hot a t  temperatures ranging from 55OoC 

t o  640Oc. 

over t h i s  range of temperature, qua l i t a t ive ly  no appreciable increase 

i n  ease  of r o l l i n g  o r  ease of  defcmation could be noticed. A s  equipment 

f o r  determining r o l l  pressures w a s  not avai lable ,  no quant i ta t ive  f igures  

t o  compare temperature e f f e c t  upon ease of r o l l i n g  can be presented. 

Although the p l a s t i c i t y  of uranium i s  considered t o  increase 

It is  f e l t  t h a t  r o l l i n g  temperature i s  not c r i t i c a l ,  so long 

as  t h e  temperature i s  i n  t h e  high alpha range ( 5 5 0 - 6 2 O O C ) .  Rolling 

temperature might be more important where production i s  needed. 

t h a t  case, heavy reductions per pass might be des i rab le  and it would be 

I n  

necessary t o  study t h e  e f f e c t  of temperature upon deformability. 

A l i s t i n g  of r o l l  pressures (Bat te l le  Memorial I n s t i t u t e  

Progress Report f o r  December, 1949) shows a decrease i n  closed-pass r o l l  

pressures of 10 t o  60 percent i n  going from 500 t o  60°C r c l l i n g  temper- 

a ture ,  with t h e  average reduction i n  r o l l  pressures being about 30 

percent. 

The la rge  var ia t ions  i n  r o l l  pressures due t o  geometry tend 

t o  show t h a t  precise r o l l i n g  temperetures would not be important, as 

long as one s tays  well above the r ec rys t a l l i za t ion  temperature, as t h e  

c 

var i a t ions  i n  r o l l  pressures due t o  small temperature var ia t ions  would 
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be l e s s  than those due t o  geometry of the  stock and the  reduction per 

pass taken. 

A 6OO0C s a l t  bath temperature was therefore used a s  a convenient, 

median f igure and a l l  heating was done a t  t h i s  standardized temperature 

t o  eliminate t h e  temperature f ac to r  as a variable i n  hot roll ing.  

Time Between Extraction from the Sa l t  Bath and Inser t ion in to  Rolls 

The time elapsed between removal of t h e  specimen from the  

s a l t  bath and s t a r t  of ro l l i ng  was & thought c r i t i c a l ,  due t o  the f a c t  

that f a i r l y  la rge  b i l l e t s  were used which retained t h e i r  heat f o r  an 

appreciable period of t i m e .  

f o r  a 6 by 3 by 0;800 inch uranium sample was obtained. 

alumel thermocouple was inser ted through a copper plug in to  t h e  in t e r io r  

To tes t  t h i s  assumption, a cooling curve 

A chramel- 

of the  plate of uranium and t h e  hole sealed with an insulat ing ceramic 

material. The specimen was heated t o  6 W o C  i n  salt  and allowed to  cool 

i n  air. A tenperature versus time curve f o r  the cooling was obtained 

on a Speedomax.recorder. This specimen cooled from 537OC t o  382OC jh 
two minutes, twenty-five seconds, a temperature drop of approximately 

65OC per minute f o r  t h e  0.800 inch thickness used. 

considered wise t o  get the ro l l i ng  stock in to  the r o l l s  with a minimum 

of elapsed time, usually within ten seconds a f t e r  extraction f r o m t h e  

bath, which included two tothree seconds holding t i m e  over the  s a l t  

bath t o  allow excess molten salt  t o  drain off .  

It was nevertheless 
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This r a t e  of cooling was more important i n  w a r m  rolzing of 

t h i n  gauge stock. I n  several  instances where material  could not be fed 

i n t o  the r o l l s  within a reasonable length of time (approximately t h i r t y  

seconds or  l e s s ) ,  it was f e l t  t h a t  too much heat was l o s t ,  since it 

became very d i f f i c u l t  t o  force t h e  specimen in to  t h e  r o l l s ,  and the  

piece was reheated before rol l ing.  

salt pot to  ro l l ing  could be roughly determined a s  follows: 

The time limit t o  t h e  delay from 

The freezing point of the carbonate salts used, 51OoC, provided 

an excellent qua l i ta t ive  gauge of the surface temperature of the specimens. 

As long as t h e  s a l t  on the  surface of thediock remained completely 

molten, it was considered t o  be hot enough f o r  rol l ing.  

s t a r t ed  t o  freese on t h e  surface, the metal was considered too cold f o r  

r o l l i n g  and was returned t o  t h e  bath f o r  reheating. 

Roll  Temperatures 

Once t h e  salt  

As previously mentioned, the Bliss 2-High mill was equipped 

with banks of infra-red heat lamps to heat t he  work ro l l s ,  and work 

r o l l  temperatures up t o  100°C could thus be attained. 

Specimens were ro l led  at v+rious work roll temperatures 

s t a r t i n g  a t  room temperature, a p p r d a t e l y  23OC, up t o  100°C. 

It w a s  noticed t h a t  the work rol l  temperature was not  c r i t i c a l  

i n  hot ro l l ing .  

lar whether cold work r o l l s  or heated work r o l l s  were used. 

however, t h a t  when heated work rolls were used, the  temperature of t h e  

Sheet surface and edges and ease of reduction were simi- 

It was found, 
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surface of . the  metal a f t e r  passing through t h e  r o l l s  was higher by 
I 

almost exactly t h e  temperature difference between the  heated and cold 

work rolls; as  compared t o  stock ro l led  with cold work ro l l s .  

It was concluded tha t ,  although heated work rolls were de- 

s i r a b l e  i n  preventing a temperature drop during ro l l ing ,  and possibly 

f a c i l i t a t e d  ease of reduction s l i g h t l y  f o r  t h i s  reason, they were not 

necessary f o r  hot ro l l ing .  

Actually, i f  large amounts of uranium metal were t o  be hot 

ro l l ed  on a production bas is  a t  temperatures around 60O0C, t he  rolls 

might become heated from continuous contact with t h e  hot metal, and 

some provision f o r  cooling the  work r o l l s  might have t o  be made t o  

prevent a temperature r ise of uranium metal during deformation in to  t h e  

b r i t t l e  beta region (around 660OC), where the  metal would crack up during 

rol l ing.  

Consideration had been g i v e n t o  a method f o r  c i rcu la t ing  hot 

o i l  through the hollow centers of t h e  work r o l l s  on the Bliss m i l l  t o  

obtain r o l l  temperatures i n  excess of 100°C. The experiments indicated 

t h a t  temperatures higher than loO°C would have no par t icu lar  advantage, 

so plans t o  heat the  work rolls by i n t e r i o r  means were abandoned. 

Roll Speeds 

Since the B l i s s  mill used f o r  hot r o l l i n g  was equipped with 

a rheostat  control which enabled the  operator t o  vary r o l l  speeds, t he  

effect  of such varied r o l l  speeds on hot r o l l i n g  of uranium was studied. 

6 6  
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u Very slow speeds o f ' 5  W E  were f i r s t  t r ied ,  and I 
d t he  

3 

I m i l l  t o  s t a l l  on moderately heayy reductions per pass. Roll  speeds of 
I 
I 
! 20, 25, 30, 35, on up t o  60 RPEl were then  t r i ed ,  and though a l l  were 

successful as f a r  a s  redhcing t h e  metal was concerned, a r o l l  speed of 

approximately 30 RPM was found most sa t i s fac tory .  

30 HP motor had enough momentum t o  p u l l  the hot metal through the  rolls 

a t  reductions of up t o  12 or 15 percent per pass, and the  speed of the  

rolls was s t i l l  not so great as t o  present a hazard t o  t h e  safe ty  of 

t h e  operator. 

i 

A t  t h i s  speed, t he  

i n  a l t e r n a t e l y  lon&udinal and transverse d i rec t ions  where possible. 

The dimensions of t he  pot used f o r  t h e  sa l t  bath, 12 inches 

deep and 6 inches i n  diameter, l imited the  amount of t ransverse rolling 

t h a t  could be done on t h e  piece t o  about four o r  f i v e  passes. After 

t ha t ,  t h e  piece was too  wide t o  f i t  i n t o  t h e  s a l t  bath. 

Tensile t e s t  specimens taken p a r a l l e l  to ,  a t  45 degrees to ,  
' 

and perpendicular t o  the direct ion of rol l ing,  showed consis tent ly  

s imi l a r  r e s u l t s  f o r  sheet cross-rolled only two o r  t h ree  times, as wel l  

I 

67 



. .  I 
! 

a s  on sheet cross-rolled f ive  or  six times. 

modified Olsen tes t  showed t h a t  two or three cross-rolls were ,suff ic ient  

Cupping tests based on a 

I t o  produce sheet without detectable direct ional  propert ies ,  This proce- I 

, dure - cross-roll ing f o r  only as long a s  the piece would conveniently 

f i t  i n  t h e  s a l t  bath - was adopted as standard procedure. A l l  remaining 

passes were then made i n  the  longitudinal. d i rect ion.  

Reduction per Pass 

n t h e  Bat te l le  Memorial I n s t i t u t e  

hot reductions of 10, 20, 33, 40 

les of uranium metal were reported. Although reductions up 

t o  50 percent o r  more per pass should be possible on la rge  b i l l e t s  by 

hot ro l l ing ,  metallographic studies,  which w i l l  be presented i n  l a te r  

chapters of t h i s  report ,  ind ica te  t h a t  heavy reductions per pass are 

not  necessary t o  produce a finished, recrys ta l l ized  uranium sheet having 

uniform, equi-axed grains. It thus appears t h a t  heavy s ingle  reductions 

might have an economic advantage, but  a r e  not necessary t o  produce 

f in i shed  sheet having sa t i s t ac to ry  propert ies ,  

On t he  Bliss m i l l  used f o r  hot r o l l i n g  i n  these  experiments, 

t h e  30 HP driving motor l imited t h e  reduction per pass on a 3 inch width 

of  metal from a maximum of 10-12 percent reduction per pass a t  0.800 t o  

1.00 inch i n  thickness, up t o  20-25 percent reduction per pass a t  0.250 

t o  0.400 inch i n  thickness. On one occasion, 73 percent reduction was 

obtained i n  a single  pass. 
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In  t h e  ea r ly  work, it was thought advisable t o  obtain maximum 

reductions per pass i n  the  hope tha t  more thorough breakdown of the as- 

cas t  s t ruc tu re  would be accomplished. However, metallographic examination 

of sheet produced i n  l a t e r  experiments showed t h a t  completely recrystal-  

l i zed  metal. containing no apparent t r aces  of t he  as-cast s t ruc tu re  could 

be obtctined with comparatively moderate reductions per pass ( i n  t h e  

neighborhood of 10 t o  20 percent), as long as t h e  t o t a l  reduction was 

suf f ic ien t .  

Thus, although it was e a r l i e r  decided t o  devise some meane 

of mechanically pushing the  hot metal i n t o  t h e  r o l l s  t o  obtain maximum 

reductions, it was f i n a l l y  agreed t h a t  the  use of wooden pushers, one 

of which can be seen i n  Figure'14, was sa t i s fac tory ,  i n  t h a t  su f f i c i en t  

deformation per pass could be thus obtained, and t h e  r o l l  t a b l e  would 

be l e f t  c lear  of any mechanical contrivance. 

Tapering of the  r o l l i n g  stock i n  order t o  f a c i l i t a t e  feeding 

in to  the rolls was a l s o  found unnecessary. 

occurred a f t e r  hot reductions of 40 t o  50 percent. 

Thus far, no experiments have been done t o  determine t h e  

minimum percent of hot reduction required t o  a t t a i n  

i n  t h e  worked metal. 

r ec rys t a l l i za t ion  
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I n  t h e  present work, t h e  i n t e re s t  was not pointed toward 

s,ructural  s tudies  of t h e  worked m - t a l ,  but was e s sen t i a l ly  'direct-d 

toward the  development of methods t o  obtain ro l led  sheet having good 

drawing and forming character is t ics .  

gated were: 

s t ructure ,  and t h e  e f f ec t s  of cold work and annealing temperatures on 

The main f ac to r s  t o  be invest i -  

procedures t o  e f f ec t  t he  hot breakdown of t h e  as-cast 

t h e  properties of t h e  finished sheet. 

With these considerations i n  a n d ,  t h e  t o t a l  reduction i n  hot 

ro l l i ng  was not found t o  be a c r i t i c a l  variable. 

97 percent down t o  65 percent by hot rolling gave sheet whose structure, 

after cold rol l ing,  d i d  not appear t o  have di rec t iona l  properties nor 

t r aces  of t h e  as-cast structure.  

T o k l  reductions from 

Actually, t h e  t o t a l  reduction hot would be determined by 

other considerations, such as t h e  s i ze  of t he  work r o l l s  used f o r  hot 

breakdown. Experience indicates  t h a t  t h e  la rger  t he  work r o l l s  used 

i n  hot breakdown, t h e  more d i f f i c u l t  i s  the reduction a t  small thick- 

nesses, since t h e  eff ic iency of la rge  work r o l l s  i s  small. Using the  

8 inch diameter work r o l l s  of the Bliss 2-High mill, it was found d i f f i -  

cu l t  t o  reduce hot below approximately 0.050 inch thickness, giving a 

l imi t ing  minimum r a t i o  of sheet thickness t o  r o l l  diameter of about 

1:lOO fo r  hot reduction, or  1:200 a t  t h e  most. 

The t o t a l  reduction hot would a l s o  be determined by the  

diameter of t he  w r k  rolls used i n  cold rol l ing,  since i f  very small 
I 
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work r o l l s  were used, heavy gauge sheet would be d i f f i c u l t  t o  enter i n t o  

t h e  r o l l s ,  t he  angle of nip o r  amount of "bite" being small on such r o l l s .  

If l a rge r  work r o l l s  were available,  hot r o l l i n g  could be stopped earlier, 

and t h e  heavier gauge sheet cold rolled.  

reduction more d i f f i c u l t  i f  very t h i n  gauge sheet was required. 

O f  course, t h i s  would make 

If sheet of good foncabi l i ty  and physical charac te r i s t ics  i s  

needed, t h e  most important consideration i n  where t o  stop hot r o l l i n g  

would be the  amount of cold work required by the  sheet before the f i n a l  

thickness i s  reached. To elaborate, metallographic s tud ies  show t h a t  

a t  l e a s t  60-70 percent cold work and preferably more, i s  desirable  t o  

obtain sheet t ha t  can be eas i ly  and f u l l y  recrys ta l l ized  t o  a given 

grain s i z e  by control of annealing time and temperature. Thus, i f  sheet 

O.Ol+O inch th i ck  were required, it would be necessary t o  stop hot r o l l i n g  

at, 0.100 inch o r  above t o  obtain the  necessary reduction by cold work 

needed f o r  recrystal l izat ion.  However, i f  sheet 0.010 inch th i ck  were 

needed, hot ro l l i ng  down t o  0.035 inch would be sa t i s f ac to ry  (and much 

faster than cold reduction from 0.100 down t o  0.035 inch) and a suf f ic ien t  

amount of cold work introduced in to  t h e  sheet t o  obtain ccmplete recrystal-  

l i z a t i o n  by cold r o l l i n g  from 0.035 inch t o  0.010 inch. 

Finishing Temperatures 

The above techniques, c a p r i s i n g  hot r o l l i n g  a t  6 W C  w i t h  

work r o l l s  heated around 8OoC resu l ted  i n  f in i sh ing  t a p e r a t u r e s  (as 

measured on t h e  surface of t he  r o l l e d  sheet immediately a f t e r  each pass 

71 



. -  

w i t h  a Pyrocon instrument) ranging from 500 t o  55OoC f o r  specimens over 

0.400 inch i n  thickness down t o  350-40O0C f o r  specimens around 0.200 

inch thick. The i n t e r i o r  of the  r o l l i n g  stock can be presumed t o  be 

somewhat higher i n  temperature than the  surface. 

th icker  specimens, whose surface area t o  weight r a t i o  was small, l o s t  

A s  was expected, t h e  

less heat than did thinner specimens where t h i s  r a t i o  was larger .  

Handling time i n  ge t t ing  the  piece back i n t o  t h e  bath after 

each pass f o r  reheating was considered t o  be unimportant, a s  long as 

done with reasonable dispatch. 

heat between passes, and thus d id  not require  much time f o r  reheating. 

Thinner specimens, which l o s t  more heat between passes, d id  not require 

as much time t o  reheat t o  temperature, since they came up t o  temperature 

Thick specimens l o s t  comparatively l i t t l e  

more rapidly than th ick  sections. 

quired t o  change r o l l  se t t ings  and record da ta  was considered ample 

Thus, t he  one minute in t e rva l  re- 

time f o r  reheating t o  bath temperature between passes. 

The actual  r ise i n  tempereture of t h e  metal during r o l l i n g  

caused by in t e rna l  f r i c t i o n  resu l t ing  from the  work of deformation was 

masked by radiat ion losses a t  the  surface. An experiment t o  determine 

temperature r i s e  during ro l l i ng  was performed. 

couple was inser ted through a copper plug i n t o  the i n t e r i o r  of a sample 

A chrcmel-alumel thermo- 

of normal uranium 0.800 by 3 by 6 inches and the 'ho le  plugged with 

insulat ing ceramic material. After heating t o  600°C i n  salt, the  ends 

of t h e  thermocouple leads were connected t o  a Speedamax electronic  
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recorder, and the  piece ro l led  on the 2-High Bliss mill w i t h  work rolls 

heated t o  70°C and r o l l  speed of 25 RPM. 

On the  first pass i n  which 5 percent hot reduction was effected, 

t he  temperature r i s e  a t  the  i n t e r i o r  of t h e  piece was 6 O C .  

second pass, the  temperature rose 7OC while the piece was being reduced 

During t h e  

53 percent. 

I n s  t it u t  e$J 

The f igures  check similar data reported by Bat te l le  Memorial 

An in te res t ing  aspect  of t he  temperature r i s e  observed during 

r o l l i n g  was t h e  f a c t  t h a t  t h e  temperature rose and returned t o  the  

ambient temperature w i t h i n  one-tenth of one second. This time in t e rva l  

corresponds t o  t h e  time during which t h e  rolls exerted pressure on t h e  

surface area above the thermocouple. 

Techniques Used i n  Warm Rolling of Uranium 

All the  warm ro l l i ng  and warm f in i sh ing  of hot ro l l ed  uranium 

metal below i t s  recrys ta l l iza t ion  range was done on ei ther  the  4-High 

Standard or t h e  4-High Loewy ro l l i ng  m i l l  previously described. The 

small Standard mill was used f o r  sheet up to  6 inches wide and, where 

,sheet of greater width was required, t h e  la rger  Loeuy m i l l  was used. 

In  a l l  other respects, t h e  two mills were qui te  similar i n  performance 

and efficiency. 
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Intermediate Annealing; , 

As might be expected, intermediate annealing or heat treatment 

a f t e r  hot ro l l i ng  should present no advantage, since the  metal i s  i n  

t h e  recrystal l ized condition a f t e r  hot ro l l i ng  i s  completed. 

experiments, i n  which intermediate annealing of hot ro l led  specimens i n  

s a l t  a t  6OoC f o r  one-half hour was carr ied out, confirmed t h i s  f a c t .  

Hot ro l led  specimens which received no intermediate anneal were found 

t o  warm r o l l  as eas i ly  and e f f i c i en t ly  as those specimens which had 

received an annealing treatment. 

abandoned as a step between hot and warm rol l ing.  

Several 

Intermediate annealing was thus 

However, as an intermediate s t ep  i n  warm ro l l i ng  at thick- 

ness88 of 0.020 inch and less ,  intermediate annealing was found t o  be 

d e f i n i t e l y  desirable  and i n  some instances necessary. 

I n  warm ro l l i ng  of l i g h t  gauge sheet, the uranium m e t a l  becomes 

increasingly work hardened u n t i l  a point i s  reached a t  which the defor- 

mation pressure required t o  fur ther  reduce t h e  sheet i s  equal t o  ac tua l  

r o l l  pressures available,  and the  r o l l s  s t a r t  yielding e l a s t i c a l l y  as 

t h e  sheet passes through, and spring back with very l i t t l e  or no reduction 

accomplished. 

mill, t h i s  point was usually reached a t  a sheet thickness around 0.015 

With the  2.5 inch diameter work r o l l s  of the  Standard 

t o  0.020 inch thickness. Beyond t h i s  thickness, a la rge  number of 

passes (20 t o  30) was required t o  fur ther  reduce sheet down to  0.010 

or 0.005 inch. 

anneals a t  these t h i n  gauges. 

The following experiments show t h e  value of intermediate 
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Two samples o f  normal uranium, warm ro l led  70 percent down t o  
t 

0.020 inch, required nine and eleven passes respect ively f o r  fu r the r  

reduction t o  0.010 inch with no intermediate anneal. A similar sample 

of normal uranium, k s r m  ro l led  70 percent t o  0.020 inch, was given an 

intermediate anneal a t  55OoC f o r  one-half hour i n  the  sal t  bath, and was 

then reduced t o  0.010 inch on the  same Standard m i l l  i n  only th ree  passes. 

An 85 percent cold worked specimen required twenty-three passes 

t o  secure a reduction fram 0.010 t o  0.005 inch without anneal, while a 

specimen with intermediate annealing was reduced from 0.910 t o  0.905 

inch i n  six passes. 

A method of obtaining very t h i n  sheet i s  pack r o l l i n g  of t w o  or  

more shee ts  of uranium. 

sheets  of 0.905 inch uranium, which were spot  welded by e l e c t r i c a l  

Figure 19 shows the  r e s u l t s  of pack r o l l i n g  two 

res i s tance  i n  ten  places along t h e  leading edge, annealed i n  vacuum a t  

6OO0C f o r  30 minutes, and then warm ro l led  a t  3 3 5 O C  down t o  0.003 inches 

in twelve passes, reheating between each pass. 

Although this experiment was successful, other similar experi- 

ments i n  which sheets, spot welded and l a p  welded on t h e  leading edges, 

were reduced down t o  0.001 inch proved general ly  unsuccessful. The packed 

shee ts  t o r e  and wrinkled badly, and i t  was necessary t o  shear a f t e r  each 

pass t o  keep the s i d e  edges of the  sheets  l ined up. This caused excessive 

metal  losses .  

Another s e r i e s  of experiments w a s  attempted where a t h i n  sheet 

of copper was inser ted  between each pa i r  of uranium sheets,  and t h e  assembly 
then  pack ro l led  a t  30OoC. 
uranium sheet  again undergoing severe wrinkling, and surface and edge 

This technique was a l s o  unsuccessful, with t h e  

cracking. 75 
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F I G .  19 - TWO 0.005 INCH URANIUM SHEETS SPOT WELDED ON 

LEADING EDGE, ANNEALED, AND WARN RI)LLEIl AT 

335OC DOWN TO 0.003 INCH. 
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The following experiment was a l so  attempted. Sheets of 

uranium of var-ving thickness, 0.010, 0.012, 0.015 and 0.020 inch,were 

firmly sealed inside a s t a in l e s s  s t e e l  sheet envelope, closed a t  t he  

f ront  and back edges, and open a t  the sides.  

ro l l ed  a t  300OC. The f i r s t  few passes were sat isfactory,  but a f t e r  t h a t  

t h e  s t a in l e s s  envelope curled severely and t h e  uranium sheet  was no 

The assembly was then 

longer held f i rmly i n  posit ion sa t i s f ac to ry  f o r  ro l l ing .  

sheet then t o r e  and wrinkled, and r o l l i n g  was generally unsatisfactory.  

The uranium 

Good r e s u l t s  were obtained i n  an experiment where a sheet of 

U-235 matal 0 .02  inch th ick  was required. S ta r t ing  w i t h  a s m a l l  sect ion 

of cast ing 0.250 x 2 x 6 inches, the metal was rol led d i r e c t l y  from the  

as-cast s t a t e  down t o  0.005 inch sheet from a Meltemp bath a t  300°C. 

It was thought t h a t  heating such t h i n  sheet would be of no value because 

it would be in s tnn t ly  ch i l led  t o  r o l l  temperature upon enter ing t h e  ro l l s .  

It was therefore  decided t o  r o l l  t he  0.005 inch sheet a t  room temper- 

a tu re  on t h e  k-High Standard m i l l  using work r o l l s  heated t o  100°C. 

No intermediate anneals were used, and t h e  metal edge cracked 

s l i g h t l y  during r o l l i n g  so that shear&g was necessary every 25 t o  30 

passes. A t  one point, t he  s ides  were sheared by hand following t h e  

general contour of t h e  cracks so tha t  t h e  two s ides  of t he  specimens 

were both convex i n  contour instead of s t r a igh t  and pa ra l l e l  as formerly. 

After t h a t ,  it was  possible t o  t a k e  approximately 400 addi t ional  passes 

with.absolutely no fur ther  edge cracking, and the  metal reduced t o  0.001 

. ,  78 



. 

inch thickness with good surface and no pin-point holes i n  evidence. 

It can thus be seen t h a t ,  should t h i n  uranium sheet  or  f o i l  

be required i n  large amounts, one'of t he  spec ia l  mills f o r  ro l l i ng  t h i n  

sheet (such as the Sendzimir, the Steckel or  t he  Y - m i l l )  would be desira- 

ble .  If none of these m i l l s  were available,  intermediate annealing a t  

approximately every 0.005 inch reduction below the e f f i c i en t  operation 

of t he  mill used would be advisable. 

Preparation of Sheet f o r  Warm Rolling 

Other than removing salt adhering t o  t h e  sheet from t h e  hot 

r o l l i n g  operations, using warm water and a s t e e l  o r  brass  wire brush 

and then drying thoroughly, no par t icu lar  prepration of hot ro l l ed  

sheet  f o r  warn ro l l i ng  was found necessary. 

The thin,  t i g h t l y  adhering oxide film formed on t h e  surface 

of t he  uranium metal by t h e  salt  bath remained continuous throughout 

t h e  hot ro l l i ng  and warm r o l l i n g  procedures and afforded excel lent  pro- 

t ec t ion  from oxidation and mechanical losses.  Overall loss of metal 

during t h e  en t i r e  r o l l i n g  operation remained under 0.5 percent, as 

mentioned before. 

On several  occasions a f t e r  hot ro l l ing ,  the oxide f i b  w a s  

s t r ipped in a n i t r i c  acid bath in order t o  examine the sheet surface. 

The hot ro l led  surface a t  la, 24.X and 48X ,magnification was always 

found good, free from macro and micro cracks, and was qui te  su i t ab le  f o r  

warm ro l l ing .  After good qua l i ty  sheet w a s  produced cons is ten t ly  by hot 

and w a r m  ro l l ing ,  the  prac t ice  of examining the sheet surface under the 
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viewing scope a f t e r  hot r o l l i n g  was considered unnecesssry. 

Rolling Tenperatures 

In  preparation for warm ro l l ing ,  the  sheet was heated i n  a 

Meltemp No. 7 o i l  bath attemperatures ranging frcm 3G0° t o  34OoC, the 

higher temperatures usual ly  being considered preferable. 

0.1OQ up t o  0.200 inch in ' th ickness  was heated i n  t h e  o i l  bath f o r  

Sheet from 

approximately f i v e  minutes, which was considered suf f ic ien t  time t o  

reach bath temperature. The sheet was reheated between passes. 

Thinner gauge stock f r o m  0.100 down t o  0.010 inch was given 

less time i n  t h e  bath and usually reheated between passes f o r  one minute 

o r  even l e s s ,  depending on thickness. It was considered t h a t  t h i n  sheet 

around O.Cl0 inch would reach bath temperature within a matter of a f e w  

seconds . 
Handling Time 

Handling time is more important i n  warm r o l l i n g  than i n  hot 

A t  th in  gauges the  sheet tends t o  lose heat qu i te  rapidly i n  ro l l i ng .  

a i r  a f t e r  extraction. from the o i l  bath, and prompt inser t ion  i n t o  t h e  

r o l l s  was made pa r t  of standard procedure. 

The mobile heating t ab le  shown i n  Figure 14 helped i n  speedy 

handling, as it  could be wheeled up t o  the  feed t a b l e  of t h e  4-High 

Loeuy m i l l  and the  sheet could then be handled with a minimum of elapsed 

time. 

Handling time to return t h e  sheet t o  t h e  o i l  bath f g r  reheating 

af ter  each pass was not c r i t i c a l ,  s ince t h e  t h i n  sheet heated t o  temperature 
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quickly, and 1 t t l e  time would ,e l o s t ,  such as might occur i n  how 

r o l l i n g  where a heavy section, once cooled of f ,  would require  f i v e  minutes 

o r  more t o  again reach ro l l i ng  temperature. 

Suff ic ient  time was taken a f t e r  each pass t o  record f in i sh ing  

temperatures of t h e  sheet, measure i t s  thickness and t h e  increase i n  

length and width, and check surface and edges careful ly .  

Work Roll TemperRtures . 

Evidence i n  respect t o  the  e f f ec t  of heated work r o l l s  on t h e  

surface texture  of warm ro l l ed  sheet is inconGusive thus  f a r .  

nary experiments on sheet osarm ro l led  on t h e  Standard &High mill with 

Prelimi- 

cold work r o l l s  resu l ted  i n  f i n e  surface cracks, many of the cracks hair-  

l i k e  and v i s i b l e  only under the viewing scope a t  L2X magnification or 

be t t e r .  After s e v e r d  such observations, t h e  r o l l s  on the  4-High Standard 

m i l l  were equipped w i t h  e l e c t r i c a l  res is tance s t r i p  heaters,  which enabled 

work r o l l  temperatures up to 100°C t o  be at ta ined.  

With the  work r o l l s  thus heated, t h i n  gauge sheet of both 

normal and high puri ty  uraniiun was produced which possessed excellent 

surface qualit ies of smoothness and freedom from macro and micro cracks 

under the viewing scope. It was therefore  believed t h a t  heating t h e  

work r o l l s  prevented c h i l l i n g  of t h e  surface of  sheet being warm ro l l ed  

and thus prevented formation of the f i n e  cracks previously noted. 
, .  

However, several  dozens of similar r o l l i n g  experiments on the  

l+-High Loewy'mill, which had no provision f o r  heating t h e  work ro l l s ,  
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a l s o  produced sheet of good surface and edge qua l i t i e s  down t o  0.003 

inch i n  thickness. 

It may be, therefore,  that heated work r o l l s  a r e  beneficial  

i n  warm rol l ing,  cer ta inly as  f a r  a s  keeping surface temperatures higher 

and increasing ease of reduction a r e  concerned. 

goal i s  concerned, that of producing sheet of good surface qua l i t y  and 

But as f a r  a s  the f i n a l  

good forming character is t ics ,  heated work r o l l s  do not appear t o  be 

necessary. 

Roll Speeds 

Both of the  &High mills on w h i c h  warm rol l ing w a s  done w e r e  

equipped w i t h  constant speed AC motor drives, and it was not possible 

t o  vary roll speed t o  determine i t s  effect .  

del ivery speeds, 40.5 and 98 f e e t  per minute, and though the  l a t t e r  speed 

was feared t o  be too  fas t ,  uranium sheet ro l l ed  eas i ly  and well without 

undue tearing, wrinkling, or edge cracking, and f i n a l  sheet properties 

were sat isfactory.  

Both mills gave f a i r l y  high 

Whether o r  not slower r o l l  speeds would give greater  

ease of deformation or r e su l t  i n  more uniform deformation and be t t e r  

sheet properties i s  questionable. Frun present experience, slower r o l l  

speeds do not appear t o  of fe r  any sdvantage. 

Rolling Direction 

As uranium has d i rec t iona l  properties associated w i t h  i t s  

crystallography, it was considered advisable i n  ea r ly  warm ro l l i ng  

experiments t o  cross-rol l  t h e  sheet when possible. Howeve?, it was 
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l a t e r  shown t h a t  uranium sheet  warm ro l l ed  i n  one d i rec t ion  did not 

show any d i r ec t iona l i t y  a f t e r  annealing a s  indicated by perfect  C-shaped 

breaks i n  t h e  Olsen cup t e s t  and by excellent deep drawing performance, 

a s  shown i n  Figure 36. 

i n  one d i rec t ion  avcided t h e  "dishing" and wrinkling which occirred 

occasionally on cross-rolling, it was decided t o  adopt a standard pro- 

cedure of r o l l i n g  sheet i n  one d i rec t ion  only. 

Reduction per Pass 

On the  bas i s  of these r e su l t s ,  and since r o l l i n g  

Reduction per pass in warm r o l l i n g  i s  of ten l imited by t h e  

size of t h e  mill and r o l l  pressures avai lable .  

r o l l  pressures are available,  or  on r o l l i n g  sheet t h a t  i s  not very wide 

where r o l l  pressures can g rea t ly  exceed deformation pressures required, 

However, even where l a rge  

it was found most desirable  t o  take comparative1.y small reductions per 

u n i t  pass; around 10 percent per  pass on mater ia l  of 0.100 inch thick- 

ness and up t o  15  o r  1€! percent per pass on thinner  sheet. The necessi ty  

for taking small reductions per pass was borne out by severs1 experiments 

i n  which heavier reductions - in one instance 32 percent and i n  another 

40 percent - were taken. I n  both instances, t he  metal deformed with 

explosive violence, t h e  surface became corrugated l i k e  an old-fashioned 

washboard, and severe edge cracking occurred. 

It was presumed t h a t  i n  heavy reductions the  metal cannot 

flow forward toward the  f r e e  surface fast enough, and p i l e s  up on i tself .  

Excessive r o l l  pressures a l s o  caused metal t o  flow t o  t h e  sides more 
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than normally, with resu l tan t  edge cracking, 

A similar  phenomenon occurred when hot ro l l i ng  an as-cast 

bar of normal uranium d i r ec t ly  down to  sheet on t h e  Bliss 2-High m i l l .  

I n  hot reducing fram 0.045 t o  0.029 inch i n  one pass, a reduction of 

.36 percent, the  metal deformed with explosive violence. The appearance 

of the  sheet i s  shown i n  Figure 20. 

In  most instances during warm rol l ing,  su f f i c i en t  r o l l  

pressures were not avai lable  t o  a t t a i n  the  reduction per pass of 10 t o  

15 percent desired.  

quired are available,  deformation per pass should nevertheless be l i m i t -  

ed t o  10 o r  15 percent t o  avoid t h e  phenomena described above. 

Total  Reduction 

Where r o l l  pressures much i n  a c e s ' s  of those re-' 

Unlike hot rol l ing, the t o t a l  reduction accamplished during 

warm r o l l i n g  i s  an  important factor .  Recrystal l izat ion s tudies ,  which 

w i l l  be given i n  succeeding paragraphs, show t h a t  a d e f i n i t e  minimum 

amount of reduction i s  necessary to  secure complete r ec rys t a l l i za t ion  

upon annealing. 

Depending on t h e  individbal metal, impurities, etc., t h i s  

minirnwn amount of cold work va r i e s  from roughly 75 percent required f o r  

complete recrys ta l l iza t ion  a t  50O0C down to  approximately 60 percent 

required a t  600 and 650%. 

Thus, knowing t he  f i n a l  thickness of sheet required, hot 

r o l l i n g  must be stopped a t  a thickness great  enough t o  allow a t  least 
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FIG, 20 - EXBMPLES (IF W - I U M  SlHEET ROLLQ) WITH EXC!?!?IVE 
D I P O W I O N  PER PASS. NOTE FAILURE IN*EVENLY 
SPACED, WASHBOARD PATTEKV. BIIBCNIFICATION APPROX- 
liYwmLY 2x. 
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60 t o  75 percent o r  more warm reduction, if rec rys t a l l i za t ion  and 

m a x i m u m  Fhys icd  propert ies  of t h e  f i n a l  sheet a re  important. Of 

course, i f  sheet of  low propert ies  o r  nuclear propert ies  only  i s  re- 

quired, t h e  above f igures  on t o t a l  reduction need not apply. 

Summary of Techniques i n  Rolling 

To summarize br ie f ly ,  the eas i e s t  and bes t  procedure thus far 

developed for  hot breakdown and warm f in i sh ing  of uranium metsl  t o  sheet 

i s  as follows: 

Hot Breakdown of As Cast Ingot or Forged Bar 

1. R o l l  convenient s i z e  bar o r  b i l l e t .  N o  prior anneal or  

surface preparation necessary f o r  as cast ingots  prepared i n  smooth 

graphite p l a t e  molds. 

and forged t o  p l a t e  s u i t e b l e  f o r  r o l l i n g  should be carefu l ly  inspected 

f o r  laps,  fo lds ,  and s i m i l a r  imperfections which may be imparted by 

poor f o r g h g  technique. 

2. 

Metal c a s t  i n  cy l indr ica l  o r  corrugated molds 

Use a heating medium t o  provide rollingtemperatures around 

600°C . Li2 C03 - K2C03 (35-65) found best  thus f a r .  

3. Roll temperatures - may be a t  room temperature, or heated 

i f  thought desirable  t o  obtain higher ambient r o l l i n g  temperatures and 

somewhat grea te r  ease of reduction. 

4. Rol l  speeds - not c r i t i c a l .  Depend on m i l l  available,  

s i z e  of b i l l e t s  r o l l e d , a d  spec i f ic  requirements. 

5. Rolling d i rec t ion  - two or t h ree  transverse passes are 
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believed nece's 

not required. 

avoid dir t i o n a l i t y  i n  f i  ished sheet.  More 

6 .  Reduction per pass - 10 t o  1 5  percent suf f ic ien t .  Larger 

reduction i s  sa t i s fac tory  i f  m i l l  capacity i s  available.  

7. Total reduction - breakdown hot as f a r  a s  f eas ib l e  de- 

pending on roll efficiency, but leaving sheet thick enough t o  allow 

60 t o  75 percent warm reduction, so complete and uniform recrystal-  

l i z a t i o n  can be  obtained. 

(No intermediate anneal between hot and w a r m  r o l l i n g  required. 

Merely wash sa l t  from surface o r  clean of f  other heating media used. 

No other surface preparation necessary) . 
Warm Rollinq 

1. Roll a t  a temperature a s  high as possible below recrystal-  

l i c a t i o n  range, around 300-350°C, i n  o i l  o r  s imilar  medium f o r  ease of 

reduction and good surface and edge properties.  Warm r o l l i n g  around 

225OC i s  a l s o  sa t i s fac tory ,  but more d i f f i c u l t ,  and gives higher t e n s i l e  

propert ies  . 
2. Roll  temperatures - may be cold or  heated, as desired. 

Heated r o l l s  preferable f o r  t h i n  gauge sheet t o  prevent surface cracks 

occurring when t h i n  gauge sheet i s  suddenly ch i l led  by cold work r o l l s .  

3. Roll speeds - apparently not c r i t i c a l ,  may be fast or  

slow as desired.  

4. Rolling d i rec t ion  - continuous longi tudinal  passes sa t i s -  

factory.  Transverse warm r o l l i n g  not necessary, as cross r o l l i n g  during 
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’hot breakdown appears t o  eliminate d i r ec t iona l i t y  i n  f inished sheet.  

5. Reduction per pass - do not exceed 10 t o  20 percent per 

u n i t  pass t o  avoid washboarding of surface and edge cracking. 

6. Total  Reduction - a t  least 60 and preferably 70 t o  80 

percent warm reduction necessary i f  controlled r ec rys t a l l i za t ion  and 

maximum properties f o r  fabr ica t ion  are required. 

7. Intermediate annealing - may be necessary a t  t h i n  gauges 

a f t e r  sheet becoms work hardened and deformation pressures exceed 

ava i lab le  r o l l  pressures. , 

8. Handling time - process sheet from heating bath t o  r o l l s  

as r ap id ly  a s  i s  convenient t o  prevent l o s s  of heat enroute. 

Several dozens of tests using the  above techniques Pave con- 

s i s t e n t l y  produced good qual i ty  sheet f r e e  from surface and edge defects,  

snd possessing no d i rec t iona l  propert ies  as evidenced by good deep 

drawing charac te r i s t ics ,  perfect  C-shaped breaks in t h e  ‘02scn clip test ,  

and substantiated by x-ray crystallographic studies.  

/ 
Annealing time 2nd temperature have been stuldard3.md a t  

575OC fcr twenty raimi.-t;es i n  t h e  s a l t  bath of 65% Tdi$03 and .3:::$ IQCOg. 

This annealing procrxiure consis tent ly  gives uniform, equiam-d grains 

whose average d i m e t e r  i s  15-20 nih-ons.  This gr,?-iIi s i z e  appe0:x-s t o  

give t h e  best corn35 nation of strengkh and d u c t i l i t y  for dsep d ~‘r‘a-iing, 

cupping, stratchirxg, and other means a l  fabricat ion,  



Propert ies  of Rolled Uranium Sheet 

Using the techniques cut l ined above, ro l l ed  u r a i u m  sheet 

possessed good surface (Figure 21) and edge properties.  

t i e s  and charac te r i s t ics  a r e  noted. 

Hardness 

Other proper- 

The hardness of bo th  normal and high pur i ty  uranium i n  t h e  

as-cast  s t a t e  was found tcaverage 57 Rockwell t tAtl .  This value was 

confirmed by upwilrds of one hundred hardness readings on forty-eight 

separate  specimens. 

As w a s  t o  be expected, the  hardness of uranium increased w i t h  

increasing amounts of cold work. Figure 22 shows the  re la t ionship  be- 

tween t h e  two variables, s t a r t i n g  with 57 Rockwell IcAtt i n  t h e  as cas t  

condition and increasing t o  a maximum of 73 Rockwell t tkt l  a t  92 percent 

warm reduction. 

The hardness of uranium drops off i n  typ ica l  fashion a f t e r  

Figure 23 shows a s e r i e s  of hardness annealing warn ro l l ed  specimens. 

readings taken on two samples of normal uranium. One sample was hot 

ro l l ed  90 percent, then  warm ro l led  70 percent; t h e  other  sample was 

hot  ro l l ed  93 percent, then warm ro l led  60 percent. 

of each ro l led  sheet were then  annealed a t  various temperatures f o r  a 

period of t h i r t y  minutes. 

Separate specimens 

.Star t ing w i t h  an  as-rolled hardness value of 66 RA f o r  t he  

specimen warm r o l l e d  70 percent, t he  course of r ec rys t a l l i za t ion  and 
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FIG, 21 - SURE'ACE OF NORMAL TUBALLOY SHEXT 3-6A-2 AT 1 O L  
I"IIARM ROLLED 9% WITH BiLARM WORK ROLLS, 
IS SMDOTH, WITH COMPLETE FREEDOM FROM CRACKS, 

SURFACE 

SUB, RIDGES, BND OTEIER IMPERFECTIOS. 
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Fig. 22. HARDMESS OF NORMAL URANIUM SBMPLES AS A FUNCTION OF 

PERCENT REDUCTION BY WARM ROLLING AT 30OoC. SBMPLES 

ALPHA-ANNEUED P R I O R  TO WARM ROLLING. ALL READINGS 

TAKEN PERPENDICIJLAR TO PLANE OF ROLLING. 
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ANNEALING TfPYIPERATURS 'C 

Pig. 23. NOW& UIUM SAllPLES ASCAST, HOT EbDLLED 
ANP W A R 4  ROLLED AS INDICATED, "EM ANNEALED 
I N  VACUUM FOR 30 MINUTES AlfD F"ACE COOLED 

o - Hot Rolled %, Warm Rolled 70% 

x - Hot Rolled 938, Warm Rolled 60% 
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gra in  growth i s  evidenced by t h e  consistent lowering of hardness values 

a s  higher annealing temperatures were mployed, f ina l ly  reaching 53 RA 

a f t e r  annealing fo r  t h i r t y  minutes a t  65OoC i n  vacuum. 

values  f o r  the  specimen warm ro l led  only  60 percent, show an  almost 

i den t i ca l  pat tern,  s t a r t i n g  a t  66 RA f o r  the  as-rolled specimen and 

decreasing t o  56 RA f o r  a specimen annealed i n  vacuum a t  65OoC f o r  

t h i r t y  minutes. 

The hardness 

The hardness of hot ro l l ed  uranium d i d  not increase mater ia l ly  

a f t e r  20 percent hot reduction had been exceeded. 

was probably associated w i t h  r ec rys t a l l i za t ion  and softening of the  

m e t a l  a t  the temperature concerned. 

of a normal uranium specimen a t  various percentages of hot reduction. 

This hardness e f f ec t  

Table I1 below gives t h e  hardnesses 

Rolling was done a t  6OO0C fran a sal t  bath, and t h e  specimen w a s  heated 

f o r  periods up t o  10 minutes between each pass. 

reduced as the  specimen became thinner. 

The heating time was 

The hot r o l l i n g  caused the metal 

t o  be i n  a p a r t i a l l y  recrys ta l l ized  s t a t e  between each pass. 

r ec rys t a l l i za t ion  occurred i s  substantiated by the hardness readings, 

Table 11, which remain fa i r ly  uniform up’to 95 percent hot reduction. 

Figure 24 is a photomicrograph of t h e  specimen taken a t  74 percent hot 

reduction and shows t h a t  t h e  metal was e s sen t i a l ly  recrystal l ized,  being 

That 

s t ra ined  but l i t t l e  i n  the  d i rec t ion  of ro l l ing .  
\ 

The hardness valuesbelow were taken after quenching in to  

Each value represents  an water within 30 seconds a f t e r  each pass. 
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Fig. 24 250X 
Plate  265-1-1. E lec t ro ly t ic  po l i sh .  
Noma1 uraniun under golnrized l ight.  
Hot ro l led  74% a t  600 C. Quenched i n t o  
water within 30 seconds a f t e r  each pass. 
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average of 10 or  more hardness readings a l l  taken on t h e  f l a t . s i d e  of 

t he  uranium sanple normal t o  the plme  of ro l l ing :  

Table I1 

Hardness a s  Related t o  Amount of Hot Reduction 

Percent Bot Reduction Hardness Rockwell "Att 

0 ( A s  Cast) 54.0 

4 54.5 

11 58.2 

16 59.1 

23 57.7 

27 59.5 

39 58.2 

47 58.1 

5 4 58.8 

60 59.4 

67 59.3 

74 59.2 

80 58.4 

85 

88 

92 

95 

60.0 

59.5 

60.5 

60.7 
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Carbid.es and Carbide Distribution 

As c m  be seen from a l l  photomicrographs i n  the  following 

sections,  and i n  par t icu lar  f r o m  Figure 25, a l l  uranium metal, both 

normal and high purity,  contains carbides a s  inclusions i n  a matrix of 

uranium m e t a l .  A sample of uranium was mounted under a microscope and 

a series of hardness readings taken on the carbides imbedded i n  the  

surface by the use of a standard Tukon hardness t e s t e r .  

readings obtained averaged from 800 t o  900 Vickers, a s  compared with 

57 Rockwell I8Arr or approdmstely 200 Vickers f o r  the  uranium matrix. 

That these carbides a re  b r i t t l e ,  as w e l l  as very hard, can be seen i n  

The hardness 

Figure 25,  where ca re fu l  examination shows t h e  two la rge  patches of 

carbides v i s i b l e  t o  be 81cracked18 or broken up by the  r o l l i n g  process. 

The s i ze  and d is t r ibu t ion  of cilrbides i n  normal versus high 

pu r i ty  uranium metal i s  worthy of note. 

l u rg i ca l ly  or  chemically between normal and high purity uranium i s  the  

The only difference metal- 

percent of carbon i n  the analysis;  normal uranium containing around 

630 par t s  per mil l ion of carbon, while high pur i ty  uranium averages 

about 100 par t s  per  mill ion of c a r b n .  The carbides formed a s  a r e s u l t  

of the p-esence of carbon tend to f rac ture  and become elongated i n  t h e  

d i rec t ion  of rol l ing.  Figures 26 and 27 show t h e  difference i n  the  

number and s ize  of t h e  carbides present i n  two samples of normal and 

high puri ty  uranium. 

similar shaped cast b i l l e t s  and ro l led  under iden t i ca l  conditions. 

The samples were taken from iden t i ca l  sect ions of 
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FIG. 25 - NORMAL UXANIuBd SHEET HOT € D U D  I N  SALT ( 6 0 0 O C )  
680 TO 49 M I I S ,  9% REDUCTION, WAREd ROLLZD IN 
SILICONE (280 C) 49 TO 20 MILS, 6% FEDUSTION, 

100OX. UNETCHED SURFACE SHO'NS "CRACKED CARBIDES". 
ANNEALED 30 KOWTES AT 650 C e  MAGNIFICATION 
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Figure 26A shows a t ransverse sec t ion  of normal uranium hot 

The photomicrograph i s  r o l l e d  90 percent. snd warm ro l l ed  72 percent. 

t h a t  of a typ ica l  cold worked s t ruc ture  elongated i n  t h e  r o l l i n g  di-  

rect ion.  Another normal uranium sample, Figure 26B, was hot ro l l ed  

92 percent and warm ro l l ed  o n l y  4 percent. 

l i z e d  during hot r o l l i n g  and the  8 percent cold reduction has not yet  

T h i s  sample w a s  recrystal-  

d i s tor ted  o r  broken up t h e  uniform, equi-axed grains formed during.  

recrys ta l l iza t ion .  A photograph of the  carbide d i s t r ibu t ion  i n  t h e  

normal uranium samples i s  shown i n  Figure 26C. 

i s  No.  5*, considerably larger than  the No. 8 average carbide s ize  of 

t h e  high purity sample shown i n  Figure 27.4. But the  number of carbides 

Average carbide s i z e  

present, Figure 26C,is of t h e  sane order of magnitude as the  nuxber of 

carbides i n  the  high pu r i ty  metal, Figure 27B, thus giving a s ign i f icant ly  

l a rge r  volum of carbides per u n i t  mass of uranium i n  the normal sample 

as opposed t o  t h e  high pu r i ty  sample. 

The same condition i s  a l s o  i l l u s t r a t e d  i n  Figure 28, which 

shows micrographs of normal and high pu r i ty  samples taken frm similar 

posi t ions i n  t h e  c a s t  ingot and warm ro l led  a t  300°C under iden t i ca l  

conditions t o  a 97 percent reduction. 

The micrograph of the  normal specimen, Figure 28A, shows con- 

s iderably l a rge r  carbide inclusions than a r e  shown i n  t h e  high pur i ty  

specimen, Figure 28B. 

*For discussion on or igin of carbide s izes ,  see Appendix A.  

Both of these pictures  were taken p a r a l l e l  t o  ..................................................................... 
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F I G .  26B - PLATE NO. 5164-201. 

3-6B-1, NORMAL PURITY U HOT ROLLED 92%, WABH 

MAG. 250x0 
LONGITUDINAL SECTION. NO ETCH; POLARIZED LIGHT. 

ROLLED 8%. GRAINS AVERAGE 0.010 MM BY 0.025 MM. 
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FIG. 2 6 C  - PIATE JU6-2-2. MAG. 1OOX. TRANSVERSE 
SECTION. NO ETCH; BRIGHT FIELD. 3-2B-3. AVERAGE 
CARBIDE SIm #5 .  
TOGETHER WITH D I V I D I N G  L I N E  RUNNING HORIZONTALLY 
ACROSS MICROGRAPH. 

TW FLAT SPECIMENS MOUNTED 

r 
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F I G .  27B - PLATE 5116-1-1. W .  1OOX. T U -  
VERSE SECTION. 
8-2B-3. AVERAGE CARBIDE SIZE #8. 

NO ETCH; POLBRIZED LIGHT. 
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FIG. 284 - PLAl'E NO. J12&2-2. SAMPLE 3-6A-2. NORMAL PURI!l'Y 
URANIUM WARM R O D  97%, 3OO0C, AS ROLLFD. LOCI- 
TlJ'LlINAL SECTION, NO E2CH; POLARIZED LIGHT. NOTE 
THZ GREBTILR SIZE AND VOulME OF CARBIDE INCLUSIONS, 
AS COMPkRH) WITH TKE SIMILAR HIGH PURITY S M L E  EJ3II)W. 
U N I F I C A T I O N  25OX. 

FIG. 28B - PLBTE NO. 5128-4-2. SAMPLE 8-7C-2. HIGH PURITY 
U I U M ,  UFUA R O D  97$, 3OO0C, AS ROIUD. IL)NcI- 
TUDINAL SECTION. NO ETCH; POURIZQ] LIGHT. MAGNI- 
FICATION 25OX. 



t h e  d i rec t ion  of r o l l i n g  and t h e  carbides can be seen elongated and. 

s t rung out p a r a l l e l  t o  t he  d i rec t ion  of ro l l i ng .  

s i z e  of carbides between normal and high pur i ty  uranium i s  similarly 

t r u e  f o r  a l l  comparisons made thus  f a r  i n  these experiments. 

The difference i n  tne  

In  some cases, t h e  difference in carbide s i z e  or  number and 

d i s t r ibu t ion  w a s  not. as s t r ik ing  as i n  the  micrograFhs selected above. 

In  a f e w  se r ies ,  very l i t t l e  difference i n  carbide s i z e  could be noted 

between t h e  normal and high pu r i ty  metal. 

ascribed t o  t h e  f a c t  k h a t  t h e  region examined was not truly representa- 

t i v e  of t h e  sample; perhaps an area o f  unusually high densi ty  of carbides 

T h i s  s i z e  s imi l a r i t y  might be 

on t h e  hish pu r i ty  sample, o r  conversely, an area of unusually low densi- 

t y  of carbides i n  the normal uranium sample. 

A s - f e r  as could be determined, t h e  amount of carbides normally 

present i n  normal and high pur i ty  samples did  not a f f e c t  r o l l i n g  pro- 

cedure, surface condition, o r  other  gross propert ies  of the  samples 

checked. 

Recrystal l izat ion and Annealing of Rolled Uranium Samples 

It was thought t h a t  the s i z e  or d i s t r ibu t ion  of carbides might, 

however, influence t h e  r ec rys t a l l i za t ion  propert ies  of uranium i n  t h a t  

t h e  r a t e  of r ec rys t a l l i za t ion  or  grain s i z e  may be affected by the 

presence of impurities. 

Theoretically, one might suppose t ha t  t he  l a rge r  number of 

carbides of ten associated w i t i ?  high puri ty  uranium, even though smaller 
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i n  s ize ,  should afford a greater  number of s i t e s  f o r  nucleation, and 

t h a t  r ec rys t a l l i za t ion  would start e a r l i e r  and progress fu r the r  i n  high 

pu r i ty  samples. Although one s e r i e s  of micrographs could be used t o  

support t h i s  hypothesis, other s e r i e s  showed vo difference i n  recrystal-  

l i z a t i o n  propert ies  of normal versus high pur i ty  uranium, and some actu- 

a l l y  showed normal uranium rec rys t a l l i z ing  f a s t e r  than s imi la r ly  t r ea t ed  

high pur i ty  samples. 

This l a t t e r  behavior can a l s o  be explained by t h e  assumption 

t h a t  the  l a rge r  s ized carbides found in normalturanium cause greater  

s t r a i n  i n  t h e  surrounding uranium matrix and r e s u l t  i n  high energy areas  

which t r i g g e r  nucleation. 

Figures 29 and 30 show the  r ec rys t a l l i za t ion  behavior of 

normal and high pur i ty  uranium both ro l led  and annealed together under 

i d e n t i c a l  conditions a t  d i f f e ren t  annealing temperatures. 

Figure 29 i s  a s e r i e s  of photamicrographs of a normal uranium 

specimen hot  ro l l ed  90 percent, warm ro l l ed  72 percent, and sections 

annealed a t  500, 550, 600, 650, and 7OO0C in vacuum f o r  t h i r t y  minutes. 

Figure 29A shows r ec rys t a l l i za t ion  well  s ta r ted ,  though t h e  banded, worked 

s t ruc tu re  i s  s t i l l  i n  evidence. After annealing a t  55OoC, Figure 29B, 

r ec rys t a l l i za t ion  i s  almost complete, and t h e  grains have grown s l i g h t l y  . 
A t  6OO0C f o r  t h i r t y  minutes, Figure 29C, r ec rys t a l l i za t ion  is  complete 

and the grains have grown till t h e  average diameter i s  0.015 mm. 

sec t ion  annealed a t  65OoC, Figure 29D, shows grain growth reaching an 

average grain diameter of 0.020 mm. 

A 

The sect ion annealed a t  7OO0C f o r  
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F I G .  29A - PLATE 5127-12-1. MAG. 250X. LONGI- 

3-2B-33. NORMAL PURITY URANIUM HOT ROLLFS 908, 
W ROLLED n%, A"XD AT. 500' FOR h HOUR. 
R E C R Y S T W I Z B T I O N  IBLL STARTED. A W E  WIN 
DIAhETm 0.0075 MM. 

TUDINAL SECTION. NO ETCH; POLARIZED LIGHT. 

FIG. 29B - PLBTE 5127-10-2. MAG. 25OX. LONGI- 
TUDINAL, SECTION. 
3-23-313. NORMAL PURITY URANIUM HOT R O D  90$, 
WARM ROLLED 72$, A"EALF;D AT 55OoC FOR + HOUR. 

NO ETCH; POLARIZED LIGHT. 

RECRYSTALLIZATION AISrlDjT COMPLETE. A W E  GRAIN 
DIBMETER 0.0075 MBd. 
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F I G .  2 9 C  - PIATE 5135-1-2. MAG. 2 5 0 X .  MNGITUDINAL 
SECTION.  NO ETCH; POIARIZED LIGHT. 3-2B-3C, NORMAL 
PURITY URANIUM HOT ROLLED SO%, WARM R O W  72%, 
ANNEALED AT 60O0C FOR 4 HOUR. 
0.015 MM. 

AVERAGE GRAIN DIAMETER 

F I G .  29D - PLATE 5127-8-2. MAG. 250X.  LONGITUDINAL 
SECTION.  NO ETCH; POLARIZED LIGHT. 3-2B-3B, NORMAL 
PURITY URANIUM HOT ROLLED 9&, WARM ROLLED 728, 
A N N E X E D  AT 650% FOR 4 HOUR. 
COMPLEI'E. 

RECRYSTALLIZATION 
AVERAGE GRAIN DIAMETER 0.020 MM. 
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one-half hour, Figure 29E, shows t h e  enormous grains  t h a t  occur, 

presumably due t o  heating i n t o  t h e  beta range. 

For purposes o f  comparison, high p u r i t y m e t s l  w a s  t r ea t ed  i n  

prec ise ly  t h e  same manner as t h e  normal tuba l loy  described i n  t h e  para- 

graph immediately above. 

3OA, no r ec rys t a l l i za t ion  i s  evident i n  t h e  high pu r i ty  sample, though 

Annealed at 5OO0C for  one-half hour, Figure 

r ec rys t a l l i za t ion  was w e l l  under way i n  i ts  corresponding normal sample. 

A t  55OoC, Figure 3OB, r ec rys t a l l i za t ion  i s  almost complete, and t he  grains 

have grown t o  a s i ze  of 0.0075 mm, and same s ize  as i n  t h e  corresponding 

normal sample, 

A t  600 and 65OoC, Figures 30C and 30D respectively,  recrystal- 

l i z a t i o n  i s  complete, bu t  grain growth i s  not a s  great a s  i n  t h e  corre- 

sponding normal samples, t h e  gra in  s i zes  being 0.010 m a t  65OoC, as 

compared t o  0,020 m f o r  the normal metal. These r e s u l t s  do not conform 

t o  theory, f o r  grain growth should increase as the  annealing temperature 

i s  raised, and t h e  high pu r i ty  sample exhibi ts  t h e  same grain s i z e  a t  

t h e  600 and 65OoC annealing tanperatures. There may be some in t e rna l  

e f f ec t  which influenced the grain s i z e  and which i s  not present ly  under- 

stood. Upon annealing a sample a t  7OO0C, l e rge  grains were formed, 

Figure 3OE, s imilar  t o  those of the norha1 sample. 

From a comparison of grain s i z e  w i t h  annealing temperature f o r  

both normal and high pu r i ty  samples, it appears t h a t  grain s i z e  increases 

l i n e a r l y  with annealing temperature, and one i s  provided with a very 

valuable technique, t h a t  of control l ing grain s i ze  by control of annealing 
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F I G .  29E - P I A T E  5149-1-3. MAG. 2 5 0 X .  SECTIONED ALONG A 
% RADIUS. NO ETCH; POLARIZED LIGHT. 3-2B-3A, NORMAL U HOT 

R O D  90%, WARM ROUED 72%, ANNEALE;D AT 7OO0C FOR 3 HOUR. 
AV. GRAIN DIAMETER 0.200 MM. 

F I G .  3 0 A  - P I A T E  5127-5-2. MAG.'250X. TRANSWRSE SECTION. 

R O U E D  9&, WARM ROLI.&D 72%, A"E;ALF;D AT 500°C FOR 1 HOUR. 
NO RECRYSTALLIZATION. 

NO ETCH; POLARIZED LIGHT. E L ~ E L ~ E ,  HI% PURITY UHANIUM HOT 
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F I G .  3 0 B  - PLATE 5127-4-2. MAG. 2 5 0 X .  LONGITUDINAL SECTION. 
NO ETCH; POLARIZED LIGHT. 8-2B-3D. HIGH PURITY U HOT ROLLED 
9&, WARM ROLLED 72%, ANNEALED AT 55OoC FOR & HOUR. 
RECRYSTALLIZATION ALMOST COMPLETE. AVERAGE GRAIN DIAMETER 
0.0075 MM. 

F I G .  3OC - PLATE 5116-3-1. MAG. 2 5 0 X .  TRANSVERSE SECTION. 
NO ETCH; POIARIZED LIGHT.  8-2B-3C. HOT BREAKDOWN YO;%, 
WARM F I N I S H  72;%, HI-PURITY U ANNEALED 6OOOC 4 HOUR. 
GRAIN DIAMETER 0.010 MM. 

AVERAGE 

, 
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FIG. 3aD - PLATE 5127-2-1. MAG. 250L MNGI 
TUDINAL SECTION. 
8-2B-33. HIGH PmITY URANIUM HOT R O W  9 4 ,  
W U d  ROLJSD n%, ANifEXLED AT 650% FOR 8 HOUR. 

m 0.010 MJ!d. 

NO EXCH; P O M I Z E D  LIGHT. 

REcI iysTALLIZATION COWLETE. AWUUCE GRAIN D I U - *  

FIG. 3oE - PLATE JU9-2-2. MAG. 25pL. S C -  
TIONED ALONG A RADIUS. 
LIGHT. 8-2B-3A. HIGH PURITY U I U ~  HOT 
ROLLED 9058, WARM ROILED Z$, ANNUID AT 7OO0C 
FOR HOUR. AVERBGE GRgIN DIBi6ETW 0.300 

NO-ETCH; POLAiiIZED 
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temperature. 

uranium (with 60 percent being a rough minimum), it is possible t o  

secure a desired g r a i n  s i z e  by proper choice of annealing t h e  and 

Thus, if a suf f ic ien t  amount of cold work i s  given 

temperature. 

A similar series of micrographs showing r e c r y s t d l i z a t i o n  i s  

shown i n  Figure 31. 

hot ro l led  92 percent, then warm r o l l e d  60 percent. 

graph, Figure 3 1 A ,  shows the s t ruc ture  a f t e r  hot r o l l i n g  92 percent a t  

6 0 0 ~ ~ .  

complete, and evidence of t h e  worked s t ruc tu re  remains. The second 

micrograph, Figure 3lB, shows t h e  severely worked s t m c t u r e  remaining 

a f t e r  60 percent warm r o l l i n g  was done. 

minutes caused no recrys ta l l iza t ion ,  Figure 31C, nor did annealing a t  

4 7 5 O C ,  Figure 3lD, or a t  5OO0C, Figure 31E, for  t h i r t y  minutes. 

not u n t i l  55OoC had been r eached, Figure 31F, tbt rec rys t a l l i za t ion  

occurred, showing how a decrease i n  t h e  amount of cold work displaced 

r ec rys t a l l i za t ion  t o  higher annealing temperatures. 

Figures 3lG and 3 l H  respectively,  r ec rys t a l l i za t ion  is complete, and 

grain growth has been under way, resu l t ing  i n  an average grain diameter 

of 0.035 mm a t  65OoC. 

These pictures  were taken of normal u r m i u m  samples 

The f irst  micro- 

Some rec rys t a l l i za t ion  has  occurred, but it i s  by no means 

Annealing a t  4OOoC f o r  t h i r t y  

It was 

A t  600 and 65OoC, 

When a sample has been annealed a t  70G°C f o r  t h i r t y  minutes, 

Figure 3lJ, t h e  huge recrys ta l l ized  grains  previously noticed have again 

been formed. 
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F I G .  31A - PLATE 105-1-1. KAGNIFICATION 250X. SECTION 

SAMPLE 1-7-B-9, N O W ?  PURITY URANIUM HOT ROLLED (6OOOC) 
P A R A L L n  TO ROLLED SUHFACE. STANDARD URANIUM hYCH. 

92% REDUCTION. RECRYSTALLIZATION STARTED. EVIDENCE O F  
WORKED STRUCTURE REMAINS. 

FIG. 31B - PLATE 106-5-2. MAG. 250X.  SECTION PARALLEL 
TO ROLLED SURFACE. POLARIZED LIGHT. 1-7~8, NORMAL PURITY 
U HOT ROLLED (6OOOC) 92% FUDUCTION. 
60% REDUCTION. SEVERELY WORKED 'STRUCTURE. 

WARM ROLLED (28OOC) 



F I G .  3 l C  - PLATE 106-1-1. MAG. 250X.  SECTION PARALLEL TO 

HOT ROLtED ( 6 0 0 O C )  92% REDUCTION. WARM ROLLED (280%) 60% 
IBDUCTION. 

ROLLED SURFACE. STANDARD U ETCH. 1-7B-7, NORMAL PURITY U 

ANNEALED AT 400°C FOR 30 MINUTES. 
I 

F I G .  3Ul - PLATE 105-7-1. MAG. 250X.  SECTION PARALLEL TO 
ROLLED SURFACE. STANDARD U ETCHANT. 1-7B-6. NORMAL PURITY 
U HOT ROLLED (60OOC) 92% REDUCTION. 
REDUCTION; ANNEALED AT 475OC FOR 30 MINUTES. 
DIAMETER 0.025 MM. 

WARM ROLLED ( 2 8 0 O C )  60% 
AVERAGE GRAIN 
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F I G .  31E - PLATE 105-5-3. MAG. 2 5 0 X .  TRANSVERSE SECTION; 
' STANDARD U ETCH. 1.-7B-5, NORMAL PURITY U HOT ROLLED (6OOOC) 

92% RED. WARM ROLLED ( 2 8 0 O C )  6% RED. ANNEALXD A T  500% 

TION.  
FOR 30 MIN. FIELD SHCWING AREA OF PRACTICALLY NO RECRYSTALLIZA- 

. F I G .  31F - PLATE 106-1-2. MAG. 250X. SECTION PARALLEL TO 
WORKED SURFACE. STANDARD U ETCH. 1-7B-4, NORMAL P U R I T Y  U 
HOT ROLLED (6OOOC) 92% RED. WARM ROLLED ( 2 8 0 0 C )  6% RED. 
ANNEALED AT 550% 30 M N .  GRAIN SI= 0.010 MM. COHPLETE 
RECRYSTALLIZATION. ' 



FIG. 3 1 G  - PLATE 105-6-2. MAG. 2 5 0 X .  SECTION PARALLEL TO 

HOT ROLLED (600OC) 92% RED, WARM ROLLED (280OC) 60$ FED. 
ANNEALED AT 600% FOR 30 M I N .  
RECRYSTALLIZATION. 

ROUED SURFACE. STANDARD U ETCH. 1-7E3. NORMAL PURITY U 

GRAIN S I B  0.015 MM. C0MPLE;TE 

F I G .  3 l H  - PLATE 105-2-2. MAG. 2 5 0 X .  SECTION PARALLEL T O  
ROLLED SURFACE. STANDARD U El'CH. 1-752, NORMAL PURITY U 
HOT ROLLED ( 6 0 o 0 C )  92% RED, WARM ROLLED ( 2 8 0 O C )  60$ RED. 
ANNEALED AT 65OoC FOR 30 MIN. GRAIN SILE 0.035 MM. 
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FIG. 315 - PLATE 106-2-1. MAG. 2 5 a .  SECTION PARALLEL TO 
ROLLED SURFACE. STANDARD U GTCH. 1-7B-1, NORMAL PURITY U 
HOT ROLLED (6OOOC) 928 RED, WARM ROLIED (28OOC) 60% RED. 
ANNEALED AT 7000C FOR 30 MIN. 
0.200 MM. AV. CARBIDE SI2Z #he 

AV. GRAIN D I A .  GREA'PEB THAN 



It can again be observed how uniform, equi-axed grains  of 

control led s i z e  can be obtained by regulating the  amount of cold work i n  

t h e  metal and t h e  annealing temperature. 

Annealing Time 

Although most of the annealing experiments were perfGMned i n  

which the  annealing t ime was held constant a t  t h i r t y  minutes and the  

temperature varied, it w a s  decided to  determine i f  annealing time w a s  

a var iable  and what i t s  importance was .  Samples of high pu r i ty  uranium, 

hot  ro l l ed  90 percent and warm r o l l e d  72 percent, were annealed i n  the  

salt bath at 6WoC f o r  various times ranging f r o m  1 second, 10, 100, 

1000, 1800, t o  5400 seconds, after which the  samples were quenched , in  

water t o  a r r e s t  r ec rys t a l l i za t ion  a t  the time desired f o r  study. 

Figure 32A shows no r ec rys t a l l i za t ion  a t  1 second, and 

Figure 32B complete r ec rys t a l l i za t ion  a t  10 seconds, with grain growth 

continuing UF t o  1800 seconds, Figures 32C,.32D and 32E. 

gra in  growth is evidenced a t  5400 seconds, t he  l a s t  time in t e rva l  studied, 

Figure 32F. 

No addi t iona l  

Hardness readings taken on samples annealed a t  the d i f f e ren t  

times s t a t ed  showed a gradual decrease which para l le led  the increase of 

gra in  s i z e  as one progressed t o  longer annealing times. 

a r e  tabulated i n  graph form i n  Figures 33 and 34. 

The r e s u l t s  
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FIG. 3 2 ~  - PLATE ~1394.2. MAC. 250x. LONGITUDINAL SECTION. 
NO ETCH; P O L A R I Z E D  LIGHT.  8-2E32. H I G H  P U R I T Y  URANIUM HOT 
ROLLED 90$, WARM ROLLED 72%, ANNEALED AT 6OO0C FOR 1 SECOND. 
HARDNESS ROCKWELL B 103. NO RECRYSTALLIZATION. 

r 

F I G .  3 2 B  - P L A T E  Jl39-2-2. MAG. 2 5 0 X .  LONGITUDINAL S E C T I O N .  

SO$, WARM ROLLED 72%, ANNEALED AT 6OO0C FOR 10 SECONDS. 
HARDNESS ROCKWELL B 80. 

NO ETCH; POLARIZED L I G H T .  8-2B-3Y. H I - P U R I T Y  U HOT ROLLED 

AVERAGE G R A I N  D I M E T E R  0.010 MM. 
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FIG. 32C - PLATE 5139-3-2. MAG. 250X. LONGITUDINAL SECTION. 

9 d ,  WARM ROLLED 72$, ANNFALED AT 600% FOR 100 SECOWS. 
NO ETCH; POLARIZED LISHT. 8-2B-3X. HI-PURITY U HOT ROLLED 

HARDNESS ROCKWELL B 78. AV.. GRAIN D I A .  0.0125 MM. 

FIG. 32D - PUTE J139-4-2. YAG. 250X. LONGITUDINAL SKCTION. 

90$, WARM ROLLED 72$, ANNLALEU AT 6OO0C FOR lo00 SECONDS. 
AVERACE GRAIN DIAMhTER 0,015 MM, 

NO ETCH; POLARIZED LIGHT. 8-2&3U, HIGH PURITY U HOT ROLLED 
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F I G .  32E - P L A T E  515'7-2. MAGI 2 5 0 X .  M N G I T U D I N A L  SECTION;  
NO ETCH; POLARIZED LIGHT.  8-2B3. H I - P U R I T Y  U HOT ROLCED 
9@, WARM ROLLEI! 72%, ANNEALED A T  6WoC FOR 1800 SECONDS, 
QUENCHED. HARDNESS ROCKWELL B 74. AV. GRAIN DIAMETER 
0.020 MM. ( T W I N S  THOUGHT DUE TO MliCHANICAL P O L I S H I N G ) .  

F I G .  32F - P L A T E  5139-5-2. MAG. 2 5 0 X .  LONGITUDINAL SECTION.  

9G%, WARM ROLLED 729, ANNEAm AT 600°C FOR 5400 SECONDS. 
HARDNESS ROCKWELL B 29. AV. GRAIN DIAPlETER 0.0120 MM. 

NO ETCH; POLARIZED LIGHT. t3-213-3v. HI-PURITY u HOT  ROLL^ 
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?IC. 33. HIGH PURITY URANIUM SPECIMW ASCAST, HOT ROLLED 90$, WARM R O D  n$, BNNEALED IN SALT 600°C 
AMI QUENCm I N T O  U T E 8  A¶' ROOM TEMPERATURE TO ARRFST GRAIN GROWTH. 
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TENSILE TESTS ON R O U D  SHEET 

Pr io r  Average Average Percent 
Treat- Tensile Yield Elong. Modulus No. of 

Sample ment Reduction Anneal psi 0.2% i n  211 x 106 Samples 

(1, Hot Rolled Sheet) 

N A s  Cast 78% a t  625' A s  Rolled 1 1 1 , 3 O O  u , 2 0 0  27.5 22.3 4 

N A s  Cast 90% a t  625' As Rolled 128,000 51,500 - 17.5 1 

N A s  Cast 90% a t  625' 55OoC - 4 H r .  113,000 W,@O 17.9 25 .C 1 

N As Cast 92% a t  640' A s  Rolled 123,000 47,700 20 17.5 2 

P N A s  Cast 92% a t  640' 600' - fr Hr 114,500 42,300 17 .e 21.7 2 

N As Cast 96% at 610' A s  Rolled 99 200 45,000 19.5 18.7 2 

N As Cast 96% a t  610° 600' - 3 Hr, 93,000 - 8.5 - 1 

E 

(2. W a r m  Rolled Sheet) 

N A s  Cast 96% a t  150' A s  RoUed Results very e r r a t i c .  No r e l i a b i l i t y  3 
Cylindrical  600' - 20 Fin. 70,000 38,000 - 24.5 3 
Mold 

N A s  Cast 96% a t  225' As Rolled 232, OOo 12 5,000 5 22 .0 3 
Cylindrical  600' - 20 Min.120,COO 59,000 - 20.5 2 

N A s  Cast 96% a t  325O As Rolled 215,000 121,000 5.5 21.9 4 
Cylindric a1 600' - 20 Min.115,000 65 , COO - 23.2 5 

Mold 

Mold 
Note: All temperatures e r ~  centigradeo 

r 



TENSILE TESTS ON ROLLED SHEET (CCNT'DL 

Prior  Aver age Average Percent 
Treat- Tensile Yield Elong. Modul s No. of 

psi 0.2% i n  211 x 10' Samples Sample ment Reduct i o n  A I l I l e a l  

(2 . Warm Rolled Sheet (Cont Id) 

N As Cast 96% a t  225O As Rolled 226,600 125,000 6 23 03 4 
Cylindrical  +205% at  Room 600' - 20 Min.104,000 k2,ooo 5 27.2 3 

N As Cast 96% a t  325O As Rolled 209 9 500 116,500 9 25 e 9  2 

Mold Temper a t  ur e 

Cylindrical  plus 
gq, Mold 20% a t  Room 600° - 20 Min.l04,000 43, 500 - 20.6 2 

Temperature 

P tu HP As Cast 97% a t  300° A s  Rolled 218,000 129 , 000 8 23.5 2 
UI I I (3. Hot Rolled Plus W a r m  Rolled Sheet) 

As Cast 90% a t  610' As Rolled 162 , 000 102,500 28 21.5 2 

and AS Cast 90% a t  610° As Rolled 150,000 lG1,500 30 22.e 2 

i n  As Cast 90% a t  610° As Rolled 157,000 102,300 33.5 17.0 2 

One plus 
N 72% a t  285' 

one 
HP 
Spec. 

Each plus (90' t o  Roll. 
Pair 72% a t  285' D i r  . ) 

plus (45' t o  Roll. 
72% a t  285' D i r  . ) 



. .  
Pr ior  
Treat- 

Sample ment Reduction 

I 

I 
1 

TENSILE TESTS ON ROLLED SHEET (CONT'C) 

Average Average Percent 
Tensi le  Yield Elong. Modul. s No. of 

1 

in 211 x 10' Samples I Anneal psi 0.2% 

(3.  Hot Rolled Plus Warm Rolleb Sheet (Cont 'd) 

N 

N 

HP 

. .HP 

A s  Cast 72% at  625O 

87% a t  325' 
plus 

As Cast 72% a t  625' 

87% a t  325' 
plus 

As Cast 83% a t  6OO0C 
plus  

93% a t  320' 

A s  Cast 83% a t  6OO0C 
plus I 

93% a t  320' 

Cylindrical  76% a t  610' 

forged i n  91% a t  330' 
3 planes 

A s  Cast 79% a t  600° 

88% a t  330' 
A s  Cast 75% a t  640° 

90% a t  340' 

ingot plus plus 

plus  

plus 

A s  Rolled 206,000 12 5,000 
AR then scrubbed 

with H2 202,000 126,000 
AR and polished 201,000 129,000 

5 7 5 O  - 20 Min.128,400 53,000 

with H2 125,2CO 57,700 

5750 - 20 Min. 
then scrubbed 

As Rolled 206,000 115,000 

As Rolled 202,000 116, OOO 

As Rolled 208,000 

A s  Rolled 199,800 ' 121,OOO 

575' - 20 Min.115,400 59,000 
575' - 20 Min.127,000 65, COO 

5.8 22.5 5 

4.3 25 .@ 5 
5.5 30.e 3 

4. 5 24.8 5 

4 28.2 5 

- 26.5, 2 

7 23.6 3 

6.5 

6.5 
5 0-5 

23 

30 
51 

. 



(NO'ES:  

specimens, machined according t o  specif icat ions f o r  standard t e n s i l e  

sheet specimens*, and were pulled on a Baldwin-Southwark-Emery 

t e n s i l e  t e s t i n g  machine. 

A l l  t e n s i l e  data were obtained from 0.020 inch th ick  sheet 

All t e n s i l e  specimens were taken p a r a l l e l  t o  t h e  r o l l i n g  

d i rec t ion ,  except where otherwise noted. 

411  as cast  metal was prepared i n  p l a t e  molds previously 

described, except where otherwise noted. 

A l l  w a r m  ro l l ed  sheet specimens l i s t e d  i n  t h e  second sec t ion  

above were ro l led  d i r e c t l y  from cyl indr ica l  ingots severely forged i n  

th ree  planes . ) 
I 

From t h e  above data,  t h e  following observations can be made. 

1. Hot ro l l ed  sheet has  t e n s i l e  propert ies  approximately 

those o f  warm ro l led  sheet  t ha t  has been annealed. This would ind ica te  

considerable r ec rys t a l l i za t ion  a f t e r  hot rol l ing.  

u l t imate  and yield s t rengths  f o r  sheet having the  l a rge r  percentages 

of hot reduction i s  ind ica t ive  of increasing grain growth a f t e r  

The decrease i n  

recrys ta l l iza t ion .  

ho t  r o l l e d  specimens as compared t o  elongations of t h e  warm rol led 

Quite noticeably a r e  t h e  high elongations of t h e  

specimens . 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
*A% Metals Handbook, Cleveland 1948, Page Q, Figure 2. 
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2. Warm rol led sheet shows an almost l i nea r  increase i n  

ult imate and yield s t renghts  s t a r t i n g  around 160,000 ps i  ult imate fo r  

uranium metal warm ro l led  ?O$, and increasing t o  upwards of 200,000 p s i  

ult imate around 90% warm reduction. 

warm r o l l i n g  does not appear t o  a f f e c t ' f i n a l  t e n s i l e  properties.  

Percent of hot reduction pr ior  t o  

3 . Temperatwe of warm r o l l i n g  s ign i f i can t ly  a f f ec t s  t e n s i l e  

properties.  

Rolling i n  t h e  neighborhood of 325OC gives high t e n s i l e  and 

y ie ld  properties,  and good elongations. 

Rolling around 225OC gives highest t e n s i l e  and y ie ld  pro- 

pe r t i e s  (up t o  23O,ClOO p s i  ultimate as r o l l e d )  with s l i g h t l y  lower 

elongations. 

excel lent  (as  good as t h a t  of sheet ro l led  a t  325OC), but r o l l i n g  is  

more d i f f i c u l t  . 
Surface and edges of sheet produced a t  225OC a re  

Rolling below 225OC *(and on down t o  room temperature) i s  not 

p rac t i ca l  f o r  production of any considerable quant i ty  of uranium sheet.  

Rolling is d i f f i c u l t  and arduous, and reductions must be l imited t o  

1 o r  2 percent per pass if severe surface and edge cracking, warping 

and buckling of sheet are t o  be avoided. Sheet produced a t  these low 

temperatures i s  unevenly s t ressed  and non-uniform as i s  shown by very 

e r r a t i c  and inconsistent t e n s i l e  data,  and fu r the r  fabr ica t ion  would 

be d i f f i c u l t  and impractical. 
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Compared w i t h  the above, sheet rol led a t  225OC and above i s  

consis tent ly  uniform, with no noticeable d i rec t iona l  propert ies  a f t e r  

annealing. Even the  as-rolled sheet has l o w  d i rec t iona l  properties,  

Comparison of t e n s i l e  data t&en para l le l ,  a t  45O,  and a t  90' t o  the 

r o l l i n g  d i rec t ion  on both normal and high pu r i ty  as-rolled uranium 

sheet  reduced 72% a t  285OC, shows fairly consistent results i n  all 3 

direct ions.  As l a rge r  percentages of w a r m  reduction were made, t he  

difference i n  strength taken pa ra l l e l  t o  t h e  r o l l i n g  d i rec t ion  became 

grea te r  , 

I+, Variation in carbon content of the m e t d  used fo r  these 

experiments, 0.01% average for high pu r i ty  uranium and 0.96% average 

f o r  noma1 uranium makes no appreciable difference i n  t e n s i l e  propert ies  

As can be seen from t h e  micrographs in t h i s  report ,  t h e  similarity of 

t e n s i l e  r e s u l t s  isi probably due t o  the f a c t  t h a t  t h e  carbides a re  discon 

tinuous, and d is t r ibu ted  evenly and i n  random fashion through the  urani- 

um matrix. The la rge  sized carbides associated w i t h  normal uranium 

apparently have l i t t l e  or  no e f f ec t  on tensile properties,  although 

invest igat ion has indicated that cupping performance and probably 

- d r  awab i l i t  y are adversely affected* . 
5. Mold shape does not appear t o  a f f e c t  f i n a l  t e n s i l e  pro- 

pe r t i e s .  Comparison of da ta  i n  sections 2 and 3 above on sheet r o l l e d  

from both cy l indr ica l  and p l a t e  ingots shows no s igni f icant  difference 
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6. Forging does not, increase t e n s i l e  propert ies  appreciably, 

though a s l i g h t  inc:-ease can be noted. 

7 .  Hydrogen enbrittlement r e s u l t s  i n  no s igni f icant  decrease 

i n  t e n s i l e  properties. 

l y t i c a l l y  scrubbed with !-I2 zas f o r  30 minutes and pulled within 10 

minutes a f te r  extraction from t he  embrit t l ing bath. Average ult imate 

Five specimens reported i n  sec t ion  3 were electro- 

s t renz th  f o r  a l l  specimens was 202,300 psi ,  as  compared with 206,000 

p s i  on 5 speciiiens pul-led as  standards, Yield s t rengths  were t h e  same, 

althouqh t h e  elon,qa%ion of t he  H2 embr i t t l ed  specinens averaged 4.3$ 

as comF2red to 5 . e  for the standard specimens. 

8. Anodic polishina of t e n s i l e  specimens a l s o  showed no 

appreciable change i n  t ens i l e  propert ies  compared with standard s peci- 

mens’on which t h e  th in ,  t i g h t l y  adhering oxide coat was allowed t o  

remain. Ultimate s t rength  was lower, 201,300 p s i  campared t o  206,900 

f o r  t he  standards. But y ie ld  s t renghts  were s l i g h t l y  highcr, 129,000 

versus l25,OOO fo r  t h e  standards, and elon,gat,ions were e s sen t i a l ly  t h e  

same, 5.5% versus 5.8% f o r  t h e  standards. 

9. The high elongations obtained on t h e  hot r o l l e d  sheet, 

and on t h e  f i rs t  three  series of hot and warm ro l led  sheet reported i n  

sec t ion  3 a re  i n  surpr i s ing  contrast  t o  t he  usual elongations of 4 t o  

8 percent reported f o r  both as-rolled and annealed sheet.  This behavior 

i s  not f u l l y  understood a t  present, and addi t iona l  da ta  i s  being gathered 

i n  an  e f f o r t  t o  explain t h i s  phenomenon. 
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APPENDIX A 

CARBIDES IN URANIUM 

C. Gordon Hoffman 
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APPENDIX A 

I 

Carbides i n  Uranium 

The carbide s i ze  standard (Figure 1) used i n  t h i s  and subsequent 

work on uranium i s  patterned after a system developed f o r  s tee l .  

The o r ig ina l  system was based on t h e  equation: 

A - -- 1 a t  a magnification of 1000. 

where A 
2 N  

t h e  area i n  square centimeters 

and N 9 the  carbide s i z e  number. 

Assuming the  carbides t o  be spheres, there  was calculated t h e  

probabi l i ty  of cu t t ing  the  spheres a t  various dis tances  from t h e  center 

by the polished plane,'which r e s u l t s  i n  c i r c l e s  of smaller areas than 

represent t h e  t r u e  s i z e  of the spherical  carbide. The proper proportion 

of the  various s izes  of carbides was incorporated i n  t h e ' r e s u l t i n g  chart, 

Figure 1. 

However, s ince the carbides i n  uranium a r e  much l a rge r  than 

those i n  s t ee l ,  t he  char t  has t o  be used a t  1OOX. Everything remains the  

same except that t h e  ac tuc l  a rea  of a sect ion through a s i z e  0 uranium 

carbide i s  0.91 mm2, as against  0.001 mm f o r  a s i ze  0 i ron  carbide. 2 

It w i l l  be noted from t h e  equation t h a t  the cross sect ional  

area of each carbide s i z e  i s  one-half that of the  preceding s ize .  

The chief impurity i n  uranium, from a metallographic point of 

view, is UC which has a cubic l a t t i c e ,  and which i s  v i s i b l e  under the  
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microscope primarily a s  rectangular pa r t i c l e s  of somewhat lower 

r e f l e c t i v i t y  than the matrix of uranium. Carbon is soluble t o  a negli- 

g ib le  extent i n  alpha uranium a t  room temperature, precipi ta t ing out a s  

UC when present i n  amounts of 0.W6 percent or l e s s ,  As mentioned i n  

t h e  foregoing report ,  carbon is  present i n  normal uranium i n  amounts of 

from 0.06 percent t o  0.08 percent and i n  "high puritytt uranium t o  a 

l e s se r  extent, at  times as  low as 0,003 percent, but usually about 

O.Ol5-O.O2 percent. 

A t  100 diameters 0.06 percent carbon in uranium, as UC, appears 

i n  carbide size and number not unlike a spheroidized SAE1060 s t ee l  a t  

about lOOOX, though of Course t h e  shape i s  usually rectangular (Figures 

2A and 2B). 

Uranium carbide (UC) has a hardness of approximately 850 D.P.H., 

hence it is  not a t  a l l  surpr is ing that it should a l so  be extremely b r i t t l e ,  

and such is t he  case. The following photomicrographs show UC as  found 

i n  cast  uranium (Figures 2A and 2B); hot forged at about 600°C (Figures 

3 A  and 3B); hot ro l led  a t  about 600°C (Figures 4A and 4B); and i n  "warm 

rolledtl uranium rol led  a t  about 30O0C ( F i w e s  5A and 5B). 

These photomicrographs show t h a t  t h e  uranium has ample 

p l a s t i c i t y  a t  about 6OO0C t o  flow around t h e  UC pa r t i c l e s  without exert- 

i ng  much s t r e s s  upon them, though some fractur ing is  found i n  t h e  Ithot 

rolled" material. 

below the  6000C and may approach Itwarm rol l ingt1 i n  character, 

However, during hot r o l l i n g  t h e  temperature drops much 

13 7 

c e 

I. 



. 

FIG. 28 - P l a t e  169-4-2 Msgnificatinn: lOOX 
Electrolytic polish: CH3COOI-I & CrO3. l o t  etched. 
aNormalU uranium as-cast carbides are size #5. 

FIG. 2B - P l a t e  169-2-1 BBagnificationr lOOX 
Electrolytic polish: CH3COOH & CrO . Not etched. 
"High p u r i t y  uranium as-cast carbi a e size #5. 
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FIG. 3A - Plate 788-3 lldagnlficationt 1OOX 
Electrolytic polish: CH3COOH & CrO3. Not etohed, 
nNonnaln uranium hot forged (6OOOC) 7556. Carbide6 
(size 5)  not broken up or s t m g  out, 

FIG. 3~ - Plate 126-3-3 Magnification: lOOX 
Electrolytic polish: CH3COOH & CrOg. Not etched, 
"High purity81 uranium hot forged (600OC) 75%. 
( s ize  6-7) not yet broken up or strung out. 

Carbides 

139 



FIG. .!+A - Pla t e  113-3-2 Magnification: lOOX 
E lec t ro ly t i c  Polish: CH COOH & Cr03. Not etched. 
 n nor malt^ uranium hot rolqed (600OC) 90%. Carbides 
( s i z e  5 )  not broken up much o r  s t rung out, 

r 

FIG. 4B - Pla t e  113-6-2 Magnification: lOOX 
Elec t ro ly t i c  Polish: CH3COOH & C r O  . Not etched. 
"High purity" uranium hot ro l l ed  (6800C) 9e. C a r -  
bides ( s i z e  7) not broken up or s t rung  out  much. 
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FIG. 5 A  - Plate  135-1-1 Magnification: lOOX 
E lec t ro ly t i c  polish: CH3COOH & C r O  . Not etched. 
lfNormalll uranium warm rolled (300°CJ 93%. 
( s i ze  4 )  broken up and strung out  i n  matrix. 

Carbides . 

FIG. 5B - Pla t e  135-8-1 Magnification: l O O X  
E lec t ro ly t i c  polish: CH3COOH & C r O  . Not etched. 
"High purity11 uranium warm ro l l ed  (JOOOC)  93%. 
Carbides ( s i z e  7-8) broken up and s t rung out. 
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A t  temperatures i n  the neighborhood of 3OO0C, uranium i n  being 

worked exer t s  su f f i c i en t  s t r e s s  upon the b r i t t l e  carbides t o  f r ac tu re  

L 

them and upon fu r the r  elongation by r o l l i n g  ca r r i e s  t he  fragments with 

it, re su l t i ng  i n  long s t r ingers ,  a s  shown i n  Figures 5A and 5B. 

This process i s  pictured i n  Figures 6A, 6B and 6C. These 

p ic tures  show the  s t a r t i n g  of f rac ture  (6A), the  general breaking up 

(6B), and carrying along of t h e  fragments i n t o  long s t r ings  (6C). 

These s t r i n g s  consis t  of long voids which contain fragnents of 

carbide a t  i n t e rva l s  (6C). The void i s  par tTal ly  closed up a f t e r  passage 

of the  carbide fragnent, but remains as a discont inui ty  and therefore  

a point of weakness. These s t r inge r s  of carbides can and do cause definite 

weakness i n  t he  uranium and de t rac t  g rea t ly  from the  d u c t i l i t y  and 

drawabil i ty  of the metal. This  has  been discussed i n  p r io r  reports .  
' The r o l e  of carbides and carbide fragments a s  nucleation points  

f o r  r ec rys t a l l i za t ion  has a l s o  been discussed i n  previous reports.  The 

accompanying photomicrographs indicate ,  and it seems probable, t h a t  t he re  

a r e  fewer carbides i n  the "high purityt1 uranium than i n  llnormallt uranium, 
I *  

though at times the re  seem t o  be about t he  same 

somewhat smaller. b 

The f a c t  that %orrnal" uranium usual ly  begins t o  r e c r y s t a l l i z e  

a t  a lower temperature than does the  "high purityt1 uranium is r ead i ly  

explained by nucleation f o r  r ec rys t a l l i za t ion  by t h e  carbides and by 

points  of high s t r a i n  created by f rac tur ing  and s t r ing ing  out of t he  



carbide fragments. 

Much work remains t o  be done on carbides i n  u ran im and t h e i r  

e f f ec t  on working t h e  metal, both as to t h e  metallographic study as 

compared with fabricat ion studies, and i n  preparation of very low carbofi 

uranium, 

w i l l  be pursued to lower carbon contents as such metal becomes available.  

The so lub i l i t y  of carbon in  alpha uranium a t  room temperatures 
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