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Dimensional Changes in Uranium 
Under Thermal Cycling 

By L. R. Kelman 

Argonne National Laboratory 

Report ANL-FF-54 

ABSTRACT 

Uranium undergoes permanent dimensional changes when thermal 
cycled in the alpha-temperature range without passing through any phase 
transformations. This deformation is attributed to the anisotropy of ther- 
mal expansion inherent in noncubic metals. Alpha uranium, which is 
orthorhombic, is especially susceptible because of i t s  high anisotropy of 
thermal expansion. Uranium rods prepared by a wide variety of fabri-  
cation an'd heat-treat methods were thermal cycled between 100°C and 
550°C. Observations were made on the effects of fabrication technique, 
heat treatment, and thermal cycling on the dimensions, surface roughen- 
ing, microstructure, and preferred orientation of these rods. 

INTRODUCTION 

This investigation was started about I,% years 
ago a s  a study of the effects of thermal cycling 
upon the warp of 8-in. long, 0.364-in. .diameter 
rolled uranium rods then under consideration f o r ,  
use  in reactor rod assemblies for  the CP-4 pile.' 
It soon became evident that permanent dimen- 
sional changes other than warp resulted f rom 
thermal cycling. It was found that heating and 
cooling of rolled uranium rods in the alpha tem- 
perature range (without passing through any phase 
transformations) resulted in a permanent increase 
in length with a corresponding decrease in diam- 
eter,  and that continued thermal cycling of these 
rods resulted in continued elongatiori wit11 no in- 
dication of an appreciable change in ra te  of 'elon-' 
g a t i ~ n . ~  

Previous investigators have noted very small 
dimensional changes a s  a result  of heating and 

cooling in the alpha temperature range. Battelle 
Memorial Institute was the f i r s t  to note anoma- 
lous dilatometric behavior of uranium which they 
attributed to the anisotropy of the They 
were actually heating through the alpha-beta 
transformation, but obtained some indications that 
uranium undergoes permanent deformation in the . 
high alpha region. Further experiments were 
made to check this point, but dimensional changes 
on heating and cooling through the transformation 
plus surface roughening of the specimens con- 
fused the r e s ~ l t s . ~ * ~ ~ ~ ~ ~  They also studied causes 
of surface roughening: but in no case  did they 
attribute dimensional instability o r  surface rough- 
ening to plastic deformation during heating and 
cooling in the alpha range. 

In a study of the dimensional changes during 
annealing of 8-in. long W-slugs, Foote and Van 
Echoefound that annealing alpha-rolled slugs in 
the alpha region resulted in an increase in length 



and a decrease in diameter and that onone o r  two point at this lower temperature resulting in plas- 
subsequent anneals these dimensional changes tic deformation in the opposite direction. Re- 
continued in the same  direction a t  approximately peating this cycle results  in s t r e s s  reversals  
the same  rate. Although they claimed that the s imi lar  to  those occurring when alternate external 
changes in dimensions increase with increasing tensile and compressive s t r e s ses  a r e  applied. 
t ime and temperature of annealing, their data Because of this analogy, Boas and Honeycornbelo 
show a definite temperature effect but noappreci- named the phenomenon "thermal fatigue." This 
able time effect. One of their 8-in. long. slugs I 

elongated 12.9 mils on annealing four hours a t  
585°C and 7.6 mils on a subsequent anneal of 24 (+I 
h r  a t  465°C. Several slugs were given three suc- 
cessive anneals a t  465°C for t imes of 6, 6, and 
16 hr ,  and on each anneal the specimens elon- 
gated approximately 5 mils. They found that, on 
the average, diameter changes were such a s  to 
just compensate for the elongation, giving a con- 
stant density. Annealing gamma-extruded slugs 
a t  465°C resulted in small  but e r ra t i c  dimen- 
sional changes. They offered no mechanism ex- 
plaining elongation of alpha-rolled slugs on an- 
nealing in the alpha region. 

In a recent se r i e s  of papers Boas and Honey- 
COmbelo,ll,li,ls h 

t 
ave shown that plastic deforma- $ 

W 
tion occurs when certain noncubic metals a r e  r e -  K 

F 
peatedly heated and cooled. They attribute this v, 

deformation to the anisotropy of thermal expan- 
sion inherent in  these metals. They f i r s t  noted 
that the surface of tin-base bearings roughened 
on heating and cooling whereas lead-base bearings 
showed no signs of surface roughening. They then 
thermal cycled the noncubic metals, tin, zinc, and 
cadmium along with a cubic metal, lead, and found 
that only lead was  unaffected by this cyclic treat-  
ment of 30°C-150°C. In the noncubic metals they 
observed deformation marks, a roughening of the (-1 
smooth surfaces of the specimens with accentua- 
tion of grain boundaries, and migration of grain I 
boundaries a s  a resul t  of thermal cycling. 

Fig. 1 -Deformation wlth thermal cycling in anisotropic metals 
F rom their t e s t  results  they proposed the from Boas and Honelrcombe." 

mechanism diagrammatically shown .in Fig. 1 in , .  . 

which the s t r e s s  between adjacent grains of dif-, 
ferent orientations is plotted against temperature mechanism assumes a definite yield point and is 
of a thermal cycle. On heating, thermal expansion very muchsimplified because it does not consider 
resul ts  in a s t r e s s  between adjacent which the effect of t ime on the creep of metals such a s  
is proportional to  the increase in  temperature uranium. 
until plastic deformation begins. Further heating An interesting consequence of this phenomenon 
results  in plastic deformation which relieves any is that, no matter how s t r e s s  f r e e  an anisotropic 
further s t r e s s  except fo r  the slight increase in  metal may be a t  an  elevated temperature, cooling 
s t r e s s  due to  work hardening. On cooling, elastic after annealing will result  in new stresses.  
deformation in the r eve r se  direction occurs until Therefore, polycrystalline aggregates of aniso- 
zero  s t r e s s  is reached a t  some elevated tempera- tropic metals cannot be obtained in a stress-free 
ture. Fur ther  cooling results  s e s  in the condition a t  room temperature by casting o r  an- 
opposite direction whic the yield neali was f i r s t  suggested by C. H. Deschla 



-- -- 

DIMENSIONAL CHANGES IN URANIUM UNDER THERMAL CYCL 

in  1923 during a controversy over the possibili- 
t ies of grain growth on annealing noncubic casl 
metals without prior plastic deformation. He 
pointed out that anisotropy of Ulermal expansion 
gave r i se  to plastic deformation during cooling of 
the casting and on heating to the annealing tem- 
perature. 

Boas and Honeycombe" studied factors influ- 
encing plastic deformation of noncubic metals on 
thermal cycling. They found that ra te  of cycling 
had a negligible effect and also that no plastic 
deformation occurred in lead from which they 
concluded that i t  is unlikely that nonuniform ex- 
pansion due to temperature gradients was r e -  
sponsible for  the observed deformation. They 
also found that the number and intensity of defor- 
mation lines a s  well a s  the extent of surface 
roughening increased with increasing number of 
thermal cycles, and also with the temperature 
range of cycling. Deformation d individual grains 
in a polycrvstalline aggregate occurred regard- 
l e s s  of grain size,  but a single crystal  of t a d -  
mium showcd no evidence of deformation. They 
a lso  found some indication that l e s s  plastic de- 
formation occurred in individual grains of a 
specimen possessing a preferred orientation than 
in a specimen of randomly oriented grains. How- 
ever, they made no measurements of the overall 
dimensions of the specimen. 

Estimates of the magnitude of ,stresses pro- 
duced during the heating of a noncubic metal have 
been made by Boas and H o n e y c ~ m b e ~ ~ ~ ' ~  and 
L a s ~ l o . ' ~  These calculations indicate that plastic 
deformation on thermal cycling is more dependent 
on the anisotropy of thermal expansion than on 
the anisotropy of Young's modulus o r  the cri t ical  
shear  s t ress .  

Boas and ~ o n e y c o m b e ~ ~ ~ ' ~  have also shown that 
the presence of hard second phases such a s  CuSn 
and SnSb in tin-base bearing alloys considerably 
reduces the deformation on thermal cycling, 
whereas deformation in tin-base alloys consisting 
only of a solid solution was almost a s  severe a s  

Crystallographic 
direction 25" to 300°C 25" to 600°C 

Two of the coefficients a r e  fairly large and posi- 
tive whereas one is actually negative. 
~ e x p a s d a e a I P h r d  

~ I P S _ b " - & e n s i ' v e = w a - r p k ~ a E e 1  
~ n h g + m d P d ' i w s + m W & - a a g ~ f i b m a y =  
~lugs=to=stick=in$he-cooling"tabes"andLwhi~N 
~thereforeYr]results~in:a~serious~operating~hazard~~ 
The similarity in dimensional changes of uranium 
due to  thermal cycling and that due to pile ex- 
posure suggests a common tause. A consideration 
of the localized heating and cooling when fission 
occurs leads one to a plausible mechanism which 
appears to  be related to the thermal cycling 
mechanism already discussed. For  example, 
Siegel1° has estimated that in natural uranium in 
a flux of 1013 neutrons/cm2/second, each fission 
fragment produces lattice vibrations which in 
effect r a i ses  the temperature of lo7 atoms to 
1500°K. During any one second, a total fraction 
of 4 X of the metal has been s o  heated for 
short  intervals of time,,and-du~ing~POO-da.fs"%x* 

-&th-anfor&pi.l~rrreach.the 
~ e ~ o A e a t e d ~ a b o u ~ 3 3 0 0 ~ ~ ~ ~ ~  Even 
though there should be no relation between radia- 
tion and thermal cycling, a thorough investigation 
of thermal cycling effects is warranted. Uranium 
will be subjected to an appreciable number of 
heating and cooling cycles on starting up and 
shutting down the pile and to a very large number 
of small thermal cycles a t  pile operating tem- 
peratures. Finally, there is practical a s  well as 
fundamental interest  in the problem of obtaining 
stress-free,  dimensionally stable uranium and 
other anisotropic metals. 

PROCEDURE 

in pure tin. Since i t  was desired to apply the results of this 
The phenomenon investigated by Boas and investigation toward the design of the CP-4 fuel 

Honeycombe and the mechanism they propose to  rodsz0 the specimen dimensions and the thermal 
explain their findings appear to be related to the cycling setup were designed to simulate CP-4 
dimensional instability of uranium when thermal conditions. 
cycled. Alpha uranium is orthorhombic and highly 
anisotropic in thermal expansion. High tempera- Fabrication and Heat Treatment of Specimens 
ture  x-ray Uiffraction measurements a t  Battelle 
~ e m o r i a l -  I n s t i t ~ t e ' ~ ~ ' ~  gave the following mean Uranium rods were prepared by a wide variety 
coefficients of expansion: of fabrication and heat t reat  methods resulting in 



a considerable variation in preferred orientation 
and grain size. In most cases alpha-rolled 1%-in. 
diameter Hanford slug metal was used for  starting 
material. The methods of fabrication included 
casting, swaging, and extruding in the alpha and 
in the gamma temperature ranges, and rolling in 
the high alpha region and, a t  300°C (below the 
recrystallization temperature range). The heat 
treatments used included annealing a t  575°C to 
recrystallize slightly above the maximum cyciing 
temperature; beta annealing for  2 hr a t  7 2 5 0 ~  to 
eliminate preferred orientation but with extreme 

, grain coarsening; and fast-beta treating by dipping 
in a lead pot a t  725O'C, holding for a short  time, 
and then water quenching in an attempt to obtain a 
fine-grained, randomly oriented structure. Also 
studied were some coarse-grained, highly or i -  
ented uranium rods prepared by the strain-anneal 
method21922 and a highly oriented plate rolled a t  
300°C. 

Preparation of Specimens for Cycling 

The same  procedure was used to prepare all 
rods  fo r  cycling. The rods were  fabricated to 
approximately % in. diameter a t  which s ize  some 
of them were given a desired heat treatment. 
They were then machined to 0.384 in. diameter 
and either 4-in. o r  2-in. lengths. At this stage 
they were electropolished and deep etchedz3 and 
their  macro grain structures were noted. 

The rods were then annealed in a stainless 
steel  container filled with NaK as a heat transfer 
medium for  2 hr a t  575°C and furnace cooled. 
NaK has been used throughout these experiments 
a s  a heat transfer medium because i t  does not 
alloy with the bare  uranium rods, i t  is liquid in 
the range of temperatures used for  this study, i t  
is a fairly good thermal conductor, and its high . - - 
coefficient of thermal expansion produces con- 
vection currents that help to eliminate thermal 
gradients. The annealing temperature was arbi-  
t rar i ly  chosen a s  575"C, which is 2 5 " ~  higher 
than the maximum cycling temperature. Thus 
dimensional changes which might be caused by 
recrystallization, grain growth, and possibly by 
transformation of unstable phases in the fabri- 
cated rods were eliminated prior to cycling. 

Thermal Cycling of Specimens 

The rods were thermal cycled under conditions 
whichroughly simulate pile conditions. They were 
supported freely in a vertical position with 20 
mils clearance in retaining rings a t  each end of 

INERT VACUUM 
ATMOSPHERE 

'RING SEAL 
FLANGE 

TAINLESS 
ONTAINER . 

NaK LEVEL TUBE 

THERMOCOUPLE 
WELL 

URANIUM RODS 

INDUCTION 
EATING COIL 

v 

Fig. 2 -Thermal Cycling set-up. 

the rods. Hence, the rods stand on end and a r e  
f r e e  to elongate and warp without restraint  other 
than that produced by their own weight. This a s -  
sembly was held in a stainless steel  container 
filled with NaK a s  a heat transfer medium a s  
shown in Fig. 2. The conbiner was heated by 
induction using a 20 kva Ecco converter. By lo- 
cating thermocouples in the center of a rod and 
a t  several points along the length of a 10-in. col- 

Following the anneal, the rods were centerless umn of NaK, i t  was found that heating from 100°C . 

ground to 0.364 in. diameter and the ends were to 550°C in 5 min gave i.10 appreciable thermal 
ground square to eliminate warp due to  annealing. gradients. Cooling from 550°C to 100°C by means . . . 
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of several fans took from 20 to 25 minutes. The 
upper temperature of 550°C was arbitrari ly 
chosen. It is somewhat higher than the maximum 
temperature initially contemplated in  the center 
of the CP-4 pile fuel rods. The lower temperature 
was fixed a t  100°C a s  a temperature which could 
be reached in  a reasonable t ime by a i r  cooling. 

'I'O cleter~llil~e the effcct of small. temperature 
fluctuations a t  elevated temperatures, a few rods 
were cycled between 500°C and 550°C. Heating 
and cooling each took about 2% min for this test. 

Inspection and Measurement of Rods 

In most cases,  three duplicate rods were cycled 
fo r  each type of fabrication and heat treatment. 
Specimens for  metallographic study of micro- 
structureand x-ray diffraction study of preferred 
orientation were cut from one rod after various 
numbers of cycles. The other two rods  were used 
a s  duplicate specimens for  length, diameter, su r  - 
face  roughening, and warp studies. Lengths and 
diameters were measured with a hand microm- 
e te r  after 50, 100, 300, 700, and in some cases  
1500 cycles. Measurements a t  the beginning of 
the tes ts  were fairly accurate, but warp and su r -  
face roughening precluded accurate measurements 
of some rods a s  cycling progressed. Surface 
roughening was noted visually, and recorded by 
means of full s i ze  photographs, but no attempts 
were made to  quantitatively measure the size, 
shape, o r  number of bumps. Warp measurements 
were made with the rod supported on V-blocks 
using a Federal  dial gage graduated in 0.0001 -in. 
divisionsand eccentricity was taken to be half the 
total run -out. 

Specimens were prepared for preferred orien- 
tation determination by machining to  t rue  cylin- 
d e r s  a r d  then electroetching a 0.005-in. layer 
from the surface. X-ray photograms were taken 
using copper K-alpha radiation, with 0.025-in. 
pinhole, 5-em specimen to film distance, 3-cm 
pinhole to specimen distance, and one hour ex- 
posure. The settings used were: (1) the beam 
perpendicular to  the rolling direction; (2) the 
beam a t  18 degrees to the rolling direction. The 
specimens were rotated about their own axes a t  
1 rpm to get an integrated picture. The sharpness 
of the texture was measured by the length of the 
Debye a r c  of the (002) plane which indicates the 
degree of scatter  of the "C" axis f rom the mean 
orientation. For  further details see  references 24 
and 25. 

DISCUSSION OF RESULTS 

No attempt is made in this report  to thoroughly 
discuss every specimen that has been cycled in 
the course of this investigation. However, the 
elongation data of most of the specimens a r e  tabu- 
lated and discussed briefly to show how they fit 
i n t ~  the general cycling program. Representative 
specimens a r e  discussed in detail to i l luslralr  
the effects of fabrication technique, heat t rea t -  
ment, and thermal cycling on elongation, surface 
roughening, microstructure, and preferred orien- 
tation of the specimens. Within the accuracy of a 
hand micrometer in measuring rods which did not 
warp and whose surfaces did not bump o r  oxidize 
during cycling, diameter changes were such a s  to 
just compensate for  the length changes. Diameter 
measurements included large e r r o r s  due to s u r -  
face roughening of many rods and due to surface 
oxidation of some rods and a re ,  therefore, not 
given. Some density determinations were made 
which will be discussed later. Warp determi- 
nations a r e  not reported because i t  is thought that 
the amount of warp was strongly influenced by the 
way the specimens were supported during the test. 
This is especially t rue  in the case  of rods which 
elongated s o  much that their upper ends were well 
above the retaining ring. Also, the 4-in. long 
specimens warped considerably more than the 
2 -in. long specimens. Photographs of some of the 
rods after cycling (see Figs. 5 and 6a) give an 
idea of the extent of warp. 

Rolled Rods -Alpha Annealed 

Uniformity and Reproducibility 

Uranium rods  that have been rolled in  the 
alpha temperature range by a variety of methods 
have been thermal cycled up to  1500 times be- 
tween 100°C and 550°C. The length changes of 
these rods a r e  tabulated in Tables 1, 2, and 3 
where the results  a r e  arranged according to the 
type of rolling. The only heat treatment these 
rods were given before cycling was a 5'75°C an- 
neal which is slightly above the maximum cycling 
temperature. 

Hot-Rolled Rods. -When this investigation was 
started, the standard method fo r  alpha rolling 
uranium was to  heat to 600°C and then rol l  to. 
finished s i ze  without returning the rods to the 
furnace. The rods tend to become hotter a s  roll-  
ing proceeds, s o  they a r e  held in a i r  between 



Table .l -Elongation of standard alpha-rolled uranium rods due 
to thermal cycling between 100'C and 550°C 

Per cent elongation 5 x 100 ' Elongation 
Rod . Lo coefficient 

Rod length Due to Number of cycles (N) 1 dL 
Fabrication and heat treatment No. (in.) anneal 100 300 700 1500 m' . 

I 5 4 
575°C annealed 8 4 

9 4 

40 4 
575'C annealed 41 4 

42 4 

Hanford slug -575'C annealed 997 4 

575OC ,annealed-5 days 
15 4 

in liquid nitrogen 
16 4 
17 4 

4 4 
725°C annealed 6 4 

10 4 

600°C rolled, 15 rnin a t  725'C 
between passes, 75% reduction from 83 4 
std alpha-rolled rod, 575OC annealed I"" 84 4 

'Rod cut up for samples at various stages of cycling. 
'tRod cycled 2200 times between 500°C and 550°C before further cycling between 100°C and 550°C, 

but recorded elongations are corrected for the elongation that occurred on 500°C-550°C cycling. 
tCoefficients too small to be measured accurately. 

Table 2 -Elongation of 600°C-soak-rolled uranium rods due 

. . to thermal cycling between 100°C and 550°C 

Per cent elongation 3 x  100 Elongatlon 
Rod LO coefficient 

Rod length Due to Number of cycles (N) 1 dL --. 
Fabrication and heat treatment* No. (in.) anneal 100 300 700 1500 L dN 

53 4 0.00 1.79 ( t )  (t) ( t )  180 
30 min a t  600°C after every pass, 55 4 0.00 1.77 4.48 9.75 20.22 130 

575OC annealed : 57 4 -0.03 1.75 4.41' 8.80 17.04 120 

30 min a t  600°C after every pass, 
54 4 

not annealed 

69 4 0.00 2.24 6.91 14.48 
15 min a t  600°C after every 2 passes, 

, 0.02 6.40 13.24 
575°C annealed 71 4 0.04 1.45 5.60 11.60 

15  min a t  600°C after every 2 88 4 -0.05 0.13 0.48 0.89 14 
2 min a t  717"C, water quenched, 89 4 -0.03 0.20 0.63 1.62 24 
575OC annealed 90 4 -0.05 0.15 0.64 0.99 16 

15 min a t  600°C after every 2 passes, 91 4 -0.04 0.36 0.99 1.80 28 
2 min a t  68I0C, water quenched, 92 4 -0.04 0.19 0.50 0.90 15 

, . 575OC a ~ e a l e d  93 4 -0.03 0.35 0.94 1.86 28 

'All rods reduced 75% by 600°C soak rolling from standard alpha-rolled rod. 
tRod cut up for samples at various stages of cycling. 
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passes until they appear to be about 600°C. Non- 
uniformity in rolling texture and grain s i ze  along 
the. length of standard alpha-rolled rods results  
f rom this poor temperature control, and there a r e  
indications that the rods a r e  sometimes hezted 
through the alpha-beta transformation. 

The erra t ic  structure of these rods was r e -  
flected in their  behavior when thernral cycled 

I?), were subnierged in liquid nitrogen (-195.8"C) 
fo r  5 days in an effort to L~~ansform any retained 
beta phase. The cold treatment resulted in no 
perceptible changes in dimensions and the cycling 
results  were erratic. 

A 4 -in. length of a standard alpha -rolled W -size 
slug received from Hanford (No. 997 from G ma- 
torial  of hil.let No. 1735) was found to elongate 

Table 3 -Elongation of cold-rolled uranium rods due to thermal cycling between 100°C and 550°C 

Per cent elongation *X 100 Elongation 
Rod Lo coefficient 

' Rod length Due to Number of cycles (N) 1 dL 10e - -. 
Fabrication and heat treatment No. (in.) anneal 50 100 300 700 1500 L dN 

Room temp rolled- 18% reduction 
from std alpha-rolled rod, 
575'C annealed 

300°C Soak-rolled -75% reduction 
from std alpha-rolled rod, 
575°C annealed 

. 300°C Soak-rolled -89% reduction 
from std alpha-rolled rod, 
575°C annealed 

300°C Soak-rolled-89% reduction 
from std alpha-rolled rod, 
575°C annealed 

300°C Soak-rolled-89% reduction 
from std alpha-rolled rod, 
725'C annealed 
575°C annealed 

300°C Soak-rolled-89% reduction 
from std alpha-rolled rod, 
% min at  725"C, water quenched, 
575OC annealed 

300°C Soak-rolled -75% reduction 
from std alpha-rolled rod; 
2 min a t  723"C, water quenched, 
575°C annealed 

*Rods cut up for samples at various stages of cycling. 
*Coefficients too small to be measured accurately. 

(Table 1). Three s e t s  of specimens con~is t ing  of 
3 supposedly duplicate specimens in each se t  - 
(5, 8, and Q), (40, 41, and 42), and (15, 16, and 
17) -showed large variations in elongation. In 
general it was found that the rods which elongated 
the least (8, 41, and 15) had the roughest surfaces 
aft'er cycling and had the largest  grain size. One 
s e t  of the stanQrd alpha-rolled rods,  (15, 16, and 

12.0% in 700 cycles which is about the same elon- 
gation a s  the similarly fabricated small  diameter 
rods 5, 8, and 9. 

In an effort to obtain reproducibility of struc- 
ture  in rolled uranium rods, several  rods were 
rolled a t  600°C and soaked in a furnace at&t 
temperature between passes. Better reproduci- 
bility in structure and in growth on cycling was 



ROD NO. HISTORY 

- 5 5  600°C SOAK-ROLLED, 5 7 5 ' ~  ANNEALED 
- 

5 5 0  SPECIMEN MACHINED FROM NO. 5 5  AFTER 4500 CYCLES 
4 9  300°C ROLLED (75% REDUCTION), 575OC ANNEALED 
4 9 0  SPECIMEN MACHINED FROM N0.49  AFTER 1500  CYCLES 
45-48 300°C ROLLED (89% REDUCTION), 575OC ANNEALED 
5 4 300°C ROLLED ( 7 5 %  REDUCTION), FAST-BETA TREATED, 

575°C ANNEALED - - 
5!A SPECIMEN MACHINED FROM N0.54 AFTER 4500 CYCLES 
4 0 STANDARD ALPHA-ROLLED, 725°C ANNEALED 
22 CAST 
90 SWAGED ( 3 0  TO 5 0 %  REDUCTION), 575°C ANNEALED 
740-4 ALPHA EXTRUDED, 5 7 5 ' ~  ANNEALED 

- - 

- - 

- - 

- - 

Fig. 3-Per cent elongation of uranium roils due to cycling between 10O0C and 55O0C. 

0 
0 2 0 0  400 6 0 0  8 0 0  1 0 0 0  1 2 0 0  4400 1 6 0 0  ! 0 0 0  

NUMBER OF CYCLES 



Fig. 4-True elongation of uranium rods due to cycling between 10O0C and 500°C. 
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ROD NO. HISTORY 

.44 - 5 5  600°C SOAK-ROLLED, 5 7 5 ' ~  ANNEALED - 
5 5 8  SPECIMEN MACHINED FROM NO. 5 5  AFTER 1 5 0 0  CYCLES 
4 9  300°C ROLLED (75Qo REDUCTION), 575OC ANNEALED 
4 9 8  SPECIMEN MACHINED FROM N0 .49  AFTER I 5 0 0  CYCLES 

'40 - 15-18 300°C ROLLED (89% REDUCTION), 575OC ANNEALED 
- 

51 300°C ROLLED (75% REDUCTION), FAST-BETA TREATED, 
575OC ANNEALED 

.36  - 51A SPECIMEN MACHINED FROM N0.51 AFTER 1500 CYCLES 
- 

10 STANDARD ALPHA ROLLED, 725% ANNEALED 
22 CAST 
9 8  SWAGED ( 3 0  TO 5 0 %  REDUCTION), 575OG ANNEALED 

.32 - 740 -1  ALPHA EXTRUDED, 5 7 5 ' ~  ANNEALED 
- 
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achieved by this method (Table 2), but the method 
is cumbersome, t ime consuming, and not always 
successful. The use of a liquid-metal bath to keep 
the rods  a t  constant temperature during rolling 
might make this a feasible production technique. 

The' effect of the anneal before cycling was ex- 
amined by annealing one s e t  of 600°C -soak-rolled 
rods  (53, 55, and 57) and not annealing an identi- 
ca l  se t  of rods  (54, 56, and 58). These rods a l l  
elongated between 8.8% and 10% in 700 cycles 
regardless of whether o r  not they were annealed 
pr ior  to  cycling. 

Cold-Rolled Hods. -Rolling below the uranium 
recrystallization temperature was another possi- 
ble method of obtaining reproducible rolling r e -  
sults. One attempt was made to roll  a t  room 
temperature, but only 18% reduction was attained 
before fracture occurred. However, cycling of 3 
of these rods (1, 2, and 3) resulted in almost 
identical elongations in 700 cycles (Table 3). 

Rolling a t  300°C with a 5-min soak a t  300°C 
between every ,other pass to insure maintaining 
the proper,  temperature during rolling resulted in 
rods  of very uniform grain structure and strong 
preferred orientation which reacted similarly to  
thermal cycling. Also, this method of rolling r e -  
sults  in considerably less  oxidation of the ura-  
nium than does 600°C rolling which is an impor- 
tant consideration in the rolling of uZs5. It was, 
therefore, decided to use 300°C-soak-rolled rods 

' 

for  the major part  of this investigation. 

and the resulting expression, In L/L,, is plotted 
against the number of cycles, a t rue  r a t e  of 
growth is obtained.2e The slope of the curve gives 
a coefficient of elongation on cycling representing 
theincrease in length per unit length inone cycle. - 
Coefficients of elongation, henceforth referred to 
a s  kappa (K), were obtained in this manner for al l  
rods cycled and a r e  includcd in  a l l  tables showing - . 
growth on cycling. Warp and surface roughening 
were not appreciable near the beginning of the 
cycling tests,  but, a s  can be seen f rom the cycled 
rods shown in Figs. 5 and 6, they introduced large 
e r r o r s  in length measurements in the latter 
stages of the cycling tests. Therefore, in drawing 
the curves, more  weight was given to the earl ier  
points. In a l l  tests,  length measurements after 
50 o r  100 cycles were sufficient to predict fairly 
accurately the r a t e  of elongation on further cy- 
cling. 

Study of the data in Tables 1, 2, and 3 and of 
Figs. 3 and 4 shows that, in general, the greater 
the reduction in  a rea  during rolling, the greater 
the ra te  of growth. Further,  rods rolled,at lower 
tempcratures seem to grow a t  higher rates. A 
rod (15-18) that h8d been rolled a t  300°C to an 
89% reduction in a r e a  showed the greatest ra te  
of. elongation on cycling-K = 370 x lo-' o r  ap- .. . 
proximately 30% elongation in  700 cycles (Table 
3). Continued cycling to 1500 cycles of rods (47, 
49) that had been 300°C rolled to 75% reduction . - 
resulted in  a s  much a s  64% elongation (K = 320 x 
10"). These rods  a r e  shown in  Fig. 5 after cy- 
cling. Specimens approximately Yz in. diameter x 

Elongation 1 in. long were machined f rom thase cycled rods 
and were recycled 700 times. The recycled rods 

The amount of longitudinal growth on thermal elongated a t  about the same ra te  as did the origi- 
cycling Was found to increase directly a s  the nal rods (Figs. 3 and 4). 
number of cycles. In Figs. 3 and 4 a r e  plotted To emmine the possible effect of the dimen- 
elongation data f o r  a t  least  one rod of every type sions of the rods  on elongation due to  cycling, 
that was cycled. A plot of Per cent elongation 0.364-in. diameter rods of lengths of % in., % in., 
based.on the original length against number of I / ,  in., 1 in-, a& 2 in., shown in  ~ i ~ .  , 7, were 
cycles, a s  shown in Fig. 3, shows an apparent machined f r o m  the sanie highly oriented 30O0C- 
acceleration of elongation a s  cycling Proceeds. rolled rods and thermal cycled together. The test  
This type of plot does not represent the instan- results  (Table 4) show that varying the length of . 

taneous growth of the rods and, therefore, gives these rods  had no appreciable effect on the amount .' 

a fa lse  r a t e  of growth. If the instantaneous change of growth after 300 cycles. 
in length, dL/L, is integrated b e b e e n  the original Within the accuracy of the measurements of 
length, L,, and the instantaneous length, L, length and diameter, density appeared to be un- 

affected by thermal cycling. Density determina- 
tions made before and after 1500 cycles of rod 49 

L d L - h -  
7 -  L.. 

which elongated 64% (K = 320 x 10 '~)  indicated a 
a s e  in density. The method consisted 
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CHANGES IN URANI* UM)E 

"cast 60O0C rolled 8OO0C 
72SeC anneal soak- 
for 2 hr rolled 

*Cast slugs were cycled 1100 times. 

Fig. 5 -UrPnium rods fabricated by various methods after 1600 cycles between lDO°C and 550%. Approx. 1 X 



Ffg. 8a-300°C-rolled rods al various thermal hiatorlea after 700 cycles betareen lW°C and 850'C (from 
M-4315). 1X 

Group I-Annealed 2 hr at 676'C 
Group II-Annealed 2 hr at 72SoC, then 2 hr at 575'C. (@low-beta treatment). 
Group XII-# min dip in lead pot at 72S°C ond Wer quenched, then annealed 2 br at 57S°C, (fast- 

beta treatment). 

G r o w  I Group n O r o 4 ~  RI 

rig. 6 B - ~ s t r u d u r e S  of the rods ahom ii~ Fig. W before cycling (from M-4383). 1 X 



uf aceuratcly weighing and measuring %-in. di- pointed out, the nonuniformity in rolli~lg texture 
ameter by %-in. long polished cylinders. Checks and grain size of hot rolled uranium r d v  was 
of duplicate specimens showed a decrease in den- reflected in the erratic elongation results on cy- 

-- sity of 0.17 g/cc due to thermal cycling. Making cling. The rolled rods with the least preferred 
. . orientation elongated the least. At the same time, 

2h. lin. %in. %in. %in. 

Fig. 7 -Specimens used to study the eiiect ai rod dimensions on 
growth due to cycling. Rods were 0.364 in. diameter and 2 in., 
1 in., % in., % in. and %in. long (from M-4267). 1 x 

. * 

Table 4-Effect of rod dimensions on growth of 
300°C rolled uranium rods when cycled 300 times 

between 100% and 550°C 

Elongation 
coefficient 4) 

Rod dimensions (in.) Elongation I&. lw Length Diameter (per cent) L dN 

these rods had the largest grain size of all the 
rolled rods, and their surfaces were roughened 
slightly nn cycling. Typical surface appearance 
of rolled and annealed rods after cycling is shown 
in Fig. 5 (47, 49 and 55, 57) and in Fig. 6a (Group 
1). 

Preferred Orientation 

It is well known that plastic deformation of 
metals produces texture in which the individual 
grains take up preferred orientations withrespect 
to the direction of working. Three general types 
of preferred orientation have been found in rolled 
uranium rods depending upon the temperature of 
rolling and the amount of reduction. The mean 
orientation textures are  a s  shown in Table 5. 

From Table 5 it may be seen that the c-axis is 
radial to the rod axis while the b-axis orientation 
varies with amount and temperature of cold work. 
Room temperature rolling is characterized by a 
b-axis orientation parallel to the rolling direction. 
The least amount of working occurs with 60O0C- 
soak rolling where the (110) pole tends to line up 
with the rolling direction, placing the (010) (b- 
axis) as much a s  45 degrees from the rolling 
direction in the most oriented condition. The 
texture produced by 300°C rolling is character- 
ized by a duplex orientation of the axis which 
orients in the rolling, direction and also at  an 

to the rolling direction. This texture may 
by a major and minor mean orien- 

tation with a scatter a s  may be seen from the 
pole figures (Fig. 8). 

Major texture:,c-axis radial with a scatter of 
15 degrees towar'd the rod axis and b-axis at  31 
degrees ffom the rolling direction with a scatter 
of 15 degrees to and away from the rolling direc- 
tion. liberal allowances for possible errors in each 

step of the density measurement procedure, the Minor texture: c-axis same a s  above, and b- 

calculated maximum and probable errors were axis parallel to the rolling direction with a scatter 

0.039 and 0.038 g/cc. of about 10 degrees away from the rolling direc- 
tion. 

Surface Roughening 
Thermal cycling was found to sharpen the pre- 

ferred orientation texture as may be seen from 
In general, uranium rods rolled in the alpha the x-ray data in Table 6. The scatter of the (001) 

temperature range and then annealed at  575% pole decreases from 15 degrees dark and 19 de- 
remained smooth on cycling. As was previously grees light to 10 degrees dark and 15 degrees 



Table 5 -Preferred orientations in rolled uranium rods 
- - 

Radial Rolling direction 
Rod X-ray Scatter 
No. No. Fabrication Pole Dark Light Pole Scatter ..% 

. . 

1 453 18% Reduction-room temp (001) 20 32 (010) 48 

1-4 633 89% Reduction-300°C, (001) 15 25 (010)f 30 
duplex (001) 15 25 (010) 10 

*(010) pole 35 degrees from rolling directlon. 
t(0lO) pole 31 degrees from rolling direction. 

Table 6-The effect of 700 thermal cycles on the preferred 
orientations of 300°C -rolled uranium rods 

Rod X-ray Degree of scatter (poles) 
Heat treatment No. No. 001 010 110* 

575°C anneal 

35 L 
Before cycling 1-4 633 15D 19 L 45 20D 

45 

After cycling 5-8 634 
20 

lo 40 15 L 

D -dark intensity. L -light intensity. *Duplex structure. 

light after 700 cycles. The decrease may be due 700 cycles a s  shown in Fig. 9d. Cycling 1500 
to better ordering of the lattice upon cycling inas- times of rods 47 and 49, which were similar to 
much a s  the width of the lines decreases a s  well those shown in Fig. 9, resulted in a somewhat 
a s  the length of arc. A similar decrease in scat- larger grain size. However, 700 more cycles of - 
ter was noted on other rodsa"d, in some cases, specimens machined fromthese 1500-cycled rods L?.'..U--~ - 
indication of preferred orientations of the b-axis resulted in no further change in the microstruc- 
occurred where none could be detected previous ture. 
to cycling. There was some evidence that grain size or %& 8 4r L - 

some other unknown factor contributes to the rate . 
Microstructure of growth on cycling. For example, standard 

The effect of thermal cycling on the micro- alpha-rolled rod 41 grew 9.00% (K = 160 X 10") 
structure of a 300°C -rolled and 515OC-annealed and rod 42 grew 20.25% (K = 270 X 10'~) in 700 
rod (1 -4) is shown in Fig. 9. The fine grain cycles, a s  shown in Table 1. These were supposed 
structure resulting from the recrystallizing an- to have been duplicate specimens frym the same 
neal wasnot appreciably changed after 100 cycles, rolled rod, and x-ray diffraction studies showed 
was slightly coarsened after 300 cycles, and was no appr cliff erence in preferred orientation. 
appreciably coarsened to a mixed grain size after Howe 41 was found to have about twice 



DIMENSIONAL CHANGES IN UlUNWM UNDER T H E W  CYCLING 

MAJOR PREFERRED MINOR P$EFERRED (002)  
ORIENTATION ORIENTATION 

RD 

Fig. 8-Pole figures of 900°C-rolled and 575 OC-annealed rod No, 1-4 showing a  duple^ preferred orien- 
tation. (X-ray specimen No. 893) 

the grain siee of rod 42. This same apparent 
grainsiee effect was found in another set of rods, 
and numerous tests by Schwope, et al,n have been 
interpreted by them to show the same effect. To 
divorce the grain size effect from the effect of 
preferred orientation, very coarse -grained, highly 
oriented specimens were cycled along with speci- 
mens laving similar preferred orientations but 
comparati rely finer grains. The coarse-grained 
specimens were obtained from the gage length 
and the finer grained specimens from the ends of 
the tensile bars shown in Big, 10 prepared by the 
strain-anna method.al*tP The coefficients of 
thermal expansbn of these specimens, as  meas- 
ured by Bchwope and coworkers at Battelle Me- 
morial Institute, are given in Table 'I along with 
the elongation on cycling. 

The coarse grains were larger than that of any 
d the rods cycled during this investigation as  

shown in Fig. lla. Nevertheless, they elongated 
15.2% (K = 200 x lo4) and 13.8% (K = 180 x 10-9 
in 700 cycles. The finer grained rods were 
slightly less anisotropic than the coarse-grained 
rods and grew 21.0% (K = 270 x 10-9 and 22.0% 
(I(: = 280 X lo'") in 700 cycles. This greater elon- 
gation may reflect a grain size effect, however, 
the resulti of this test confirm previous indica- 
tions that the degree of preferred orientation is 
the major factor influencing therate of elongation 
on thermal cycling. The extreme surface rough- 
ening of the coarse-pined specimens may ac- 
count for the lower' rate of elongation d the 
coarse than the fine-grained specimens. The 
grain siee in the coarse-grained specimens was 
large compared to the diameter of the specimens. 

The microstructures of the coarse and fine- 
grained specimens before and after 700 cycles 
are shown in Fig. 11. Cycling of the coarse- 



(d) TOO cyclea 
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DIMENSIONAL CHANGES IN URANIUM UNDER THERMAL CYCLING 19 

grained specimen resulted in the development of , whichreacted to cycling in much the same manner 
small similarly oriented grains clustered inareas a s  the 300°C -rolled, 575°C -annealed rod (1 -4) 
approximately thesame s b e  as the original large shown in Fig. 9. 
grains (Fig. llb). Further discussionof this grain - . . Rolled Rods -Beta Heat Treated 

Fig. 10-Strainaeal tensile bars used to compare the effect of 
cycling on coarse and fine-grained urantum of similar prderred 
orientation (from M-4344). 1 x 

structure which was developed on cycling will be 
reserved for a later section concerned with the 
thermal cycling of other coarse-grained speci- 
mens. The finer grained specimen actually had a 
mixed grain structure before cycling (Fig. l l c )  

Elongation 

Early teot results inclicat~d that the elongation 
of rolled uranium rods on thermal cycling was a 
function of the degree of preferred orientation and 
that any treatment which produced a random ori- 
entation would minimize the tendency to elongate. 
To examine this possibility, several standard 
alpha-rolled rods (4, 6, and 10) and 300°C-rolled 
rods (21-24, 25-28, 31-34, and 35-38) were an- 
nealed for 2 hours at 725°C and slow cooled. As 
shown in Tables 1 and 3, their tendency to grow 
on cycling was practically eliminated by the beta 
anneal. However, the anneal produced extremely 
large grains as  shown in Fig. 15a and the rods 
were badly warped and twisted and had rough 
gnarled surfaces after cycling a s  shown in Fig- 
ures 5 and 6a. 

Another possible method of obtaining a random 
structure in rolled uranium rods consisted of 
heating into the beta temperature range between 
passes while rolling at  600°C. Rods 82, 83, and 
84 were rolled at  600°C with a 15-min soak at  
725°C after every two passes. A more random 
structure was obtained, and the elongation on 
cycling was about half of that found %in standard 
alpha-rolled rods a s  shown in Table 1. 

It was apparent from the above tests that a 
fine-grained random structure was desirable to 
minimize both growth and surface roughening on 
cycling of uranium rods. Therefore, a method 
was sought whereby the grain growth could be 

- 
Table 7 -Thermal expansion coefficients and elongation on cycling of coarse and fine 

grained specimens of similar orientation 
- 

Elongation 
Thermal expansion coef Elongation (per cent) coefficient 

Tensile Grain X 1Oe/"C' No. of 100 to 550°C cycles 1 dL 10a --. 
barNo. size II R.D. LR.D. 58 100 300 700 L dN 

1 Coarse 4.8 17.3-20.3 1.11 2.03 5.80 15.2 200 
Fine 6.05 19.0-19.2 1.65 2.78 7.96 21.0 270 

2 Coarse 4.05 19.1-19.8 0.97 2.21 5.07 13.8 180 
Fine 5.8 18.0-18.3 1.69 2.82 8.11 22.0 280 



(a) Before cycling @) 700 cycles 
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(c) Before cycling (d) 700 cycles 
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minimized during a beta heat treatment. An ap- 
proach to the desired results was obtained by 
heating rapidly into the beta temperature range 
by dipping into a lead pot at 725OC, holding for a 
short time (2 minand H min were tried) and water 
quenching. 

Several highly oriented rods were given this 
fast beta heat treatment, and in all cases, the 
growth on cycling was drastically reduced. A 
2-min fast beta treatment of a rod (51) similar 
to the ones that grew a s  much a s  64% in 1500 
cycles (IC = 320 x 10-7 resulted in only 2.7% 

faceroughening on cycling and the grain structure 
of all rods examined during this investigation. 
The coarser the grain structure, the greater the 
surface roughening. This criterion can be used to 
predict whether or not a rod wi l l  roughen on cy- 
cling. Metallographic sections through suiface 
bumps (Figs. 12 and 13) show that large clustered 
areas of small grains aredirectly associated with 
the bumps. Although inspection under low magni- 
fication gives a general idea of the size of clus- 
ters, it is often difficult to relate one cluster to a 
surface bump. As shown in Figs. 12a and 12b, 

Table 8-Effect of multiple fast-beta treatments and beta temperature on 
growth of uranium rods when cycled 700 times between 100°C and 550°C 

Elongation (per cent) 
Fast-beta treatments Number of cycles 

Rod No. Number Temp (OC) 50 100 300 700 

elongation in the same number d cycles (K = 13 X 

loa) a s  shown in Figs. 3, 4, and 5. In another 
case, a '/r-min fast beta treatment decreased the 
tendency of the highly oriented rods shown in 
Fig. 6a to grow from 31.8% (K = 370 x 103 to 
1.24% (K = 18 x 10-3 in 700 cycles. 

Since highly oriented rods that had been fast 
betatreated still showed a slight tendencyto grow 
on cycling, a study was made to determine the 
effectsof successive fast beta treatments. Highly 
oriented 30O0C-rolled rods (75% reduction) were 
given 1, 2, 4, and 8 fast beta treatments to ap- 
proximately 720°C for 2 min. Also, one d these 
rods was given one fast-beta treatment to 744°C. 
Growthresults are  givenin Table '8. It is apparent 
that more than one fast beta treatment did not 
decrease the tendency for rods to elongate on 
cycling. The higher temperature fast beta treat- 
ment resulted in slight if any improvement in 
tendency to grow. 

Surface Roughening 

Comparison d Fig. 6a with Fig. 6b shows the 

rotation of the stage under polarized light causes 
groups of grains within a cluster @ shift to adja- 
cent clusters resulting in new apparent cluster 
boundaries. The cluster behaves mechanically 
like a k rge  grain. This was found to be the case 
even after rods had been cycled many times. For 
example, cycling coarse-grained castings 1700 
times resulted inthe extremely fine-grained clus- 
tered structure shown in Fig. 18b. However, 
specimens that were machined from the cycled 
cast rods and then recycled 700 times surface 
roughened a s  badly a s  the original rods. 

The surfaces of all fast beta treated rods 
showed a slight tendency to roughen after a large 
number of cycles which can be attributed to the 
coarsening of the grain structure a s  shown in 
Pigs. 6b and 16a. 

.,:t 

Pref'erred Orientation 

The effect of heating alpha-rolled uranium rods 
into the beta region is two-fold: (1) the preferred 
orientation is almost completely removed, and 
(2) the grain size is increased and a new type of 

general relationship-between the amount as fLclusteringss appears. The 
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Table 9 -Thermal expansion coefficients of uranium rods representing 
the heat treated 300°C-rolled uranium rods shown in Fig. 6a 

- - 

Thermal expansion coef Elongation 
X 106/"C coefficient 

Rod 1IR.D. IR.D. 1 dL I@ --. 
Heat treatment No. Length Diam $1 Diam #2 L dN 

Annealed 2 hrs  at 575OC 1-4 4.9 16.5 17.1 280 
11-14 5.4 16.1 16.4 360 

Annealed 2 hrs  at  725"C, then 21-24 12.9 16.0 15.2 24 
annealed 2 hrs  a t  575°C 31-34 14.3 11.9 13.4 50 

% min a t  725"C, water quenched, 41-44 13.2 15.4 12.1 (*) 
then annealed 2 hrs a t  575°C 51-54 12.6 14.6 12.6 18 

'Coefficients too small to be measured accurately. 

ter a s  shown by the greater uniformity of the 
Debye rings (Figs. 14d and 14f). 

As an average measure of preferred orienta- 
tion, dilatometric measurements of the, anisotropy 
in the coefficients of thermal expansion of speci- 
mens representing the 300°C-rolled and heat- 
treated rods, shown in Fig. 6, were made by 
Schwope and co-workers at  Battelle Memorial 
Institute. The expansion coefficients along the 
length of the rods (the rolling direction) and 
across two diameters (perpendicular to the rolling 
direction) a r e  given in Table 9 along with average 
elongation coefficients on thermal cycling. These 
results indicate that the high anisotropy of the 
annealed rolled rods a s  well a s  their tendency to 
grow on cycling was greatly reduced by the slow 
and fast beta treatments. 

Microstructure 

The effect of thermal cycling on the micro- 
structures of the slow beta treated and fast beta 

grains were apparent throughout the structure, 
Fig. 15c, and after 700 cycles they were so 
prominent that i t  was difficult to determine the 
original large grains. However, a t  low magnifi- 
cation, it was apparent that the new grains were 
still clustered in areas of about the same size a s  
the original grains. Study of these new grains 
formed by cycling indicates that, even though they 
became inore randomly oriented within patches 
as cycling progressed, their size was not much 
affected by cycling and they appeared simultane- 
ously across entire areas rather than at  grain 
boundaries. This suggests that they were not 
formed-by nucleation and growth. 

Water quenching a 300°C-rolled rod (41-44) 
after a 30-sec dip in a lead pot a t  725'C and then 
575°C annealing resulted in the confused looking 
structure shown in Fig. 16a. The boundaries of 
large areas were extremely jagged, and rotation 
under polarized light revealed numerous sub- 
grains of various sizes and orientations clustered 



(a) 676°C meal-before cycling 

Ffg. I*-c -Cornparism d x-ray difhction stmetwe6 md rniwoSWm&mes before &d after aycllag d 
rode shoaa in Flg. 8s. Ph&x&mpphe Mdu pchrirrad Ught a& 18QX X-ray ~~ ax. 

within these arm. There was no apprmiable The aboee-describad subgrain structure was - 
in this structure after 100 cycles, but also found after cycling coar9e*gmined uranium 
~quimed subpains were easily distin- formed bp the straini~~neal method as shown in 

gutshed a c m s  e n w e  areas after 300 cycles. Fig. ilb. The maxtmtm temperature during the - 
Further cycling accent+ateB W s  new artructbre ~ a i n a n n d  process wss &50°C snd the are- 
to give the fine-grained cluste~ed structure shown structure of the specimen batore cycling as well 
in Fig. 1Bd. BS x-ray diffraction studies showed no indications 

Further cycling aZ uranium rods similar Co the of a subgrain struokrra The formation d thn, 
slow beta treated and fat beta treated rds  dis- substructure seen tn cycled rods is, therefore, 
cussed above did not cause rurp hrthet' change in not dependent upon priw heating of &e manlum tPB.if' mlCTOs-We This WM mident f~0z-1~ tke tnto the beta region. Fig. llbi also shawa thtP far- 
mfmewminat*on after 700 cycles of specimms mation uf similarly ortented parallel rows af sub- 
which had been machined from rods that had al- gr the large clustered areas. These 
ready undergone 1500 cycles. parallel to rows of inclusions, but 
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(35-38) (31-34) 
(d) Slow beta treated-after 700 cycles 

(4 1 -44) 
(e) Fast beta ueated-before cycling 

(41 -44 
(f) Fast beta treated-after 700 cycles 

Fig. 14d-f -Comparison of x-ray diffraction structures and microstructures before and after cycling of 
rods shown in Fig. 6a. Photomicrographs under polarized light at 150% X-ray photograms 2x. 

they a re  lined up 'parallel to deformation lines. 
The subgrain structure described has been 

shown to form on cooling from the beta tempera- 
ture region. Slow cooling from 725OC resulted in 
fairly large subgrains so closely oriented that 
careful metallographic technique was required to 
bring them out under polarized light (Fig. 15a). 
Water quenching from 725°C resulted in smaller 
subgrains which were easily observed under 
polarized light because af the greater scatter 
between adjacent subgrains (Fig. 16a). A test was 
made to determine whether or not the substruc- 
ture could be formed by a single cooling from the 

beta-alpha transformation. A uranium specimen 
containing. both the coarse and fine-grained parts 
d a strain-annealed tensile bar similar to those 
shown in Figs. 10 and 11 and known to be free of 
the subgrain structure, was dipped in a lead pot 
at  633OC for Y2 min and then quenched in water. 
The quenched specimen showed no signs of a sub- 
structure, and the only change in the microstruc- 
ture was a slight increase in the number af 
straight deformation lines. 

There is a marked similarity between the con- 
ditions which form subgrains in uranium and the 
conditions necessary to produce veining in alpha 

high alpha region without cooling throu 

02% 



M ~ O @ W & S  (d) 100 cycles 



DIMENSIONAL CHANGES UNDER THERMAL CYCLING 27 

(c) 300 cycles (d) TOO cyclea 

Fig. 16n-d -The effect d thermal cycling batween 1W0C and 550% on the microstructure cd a 3OO0C- 
~ l l e d  rod (4144) that had been fast-beta treated. Polarized light at 150x. 
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Table 10-Elongation of cast,'swaged, and extruded uranium rods due 
to thermal cycling between 100°C and 550% 

L-Lo Per cent ~lnngation- X 100 Elongation 
Lo coefficient 

Due to Number of cycles (N) 
anneal 50 100 300 700 L dN 

Rod 
length 
(in.) 

Rod 
No. Fabrication and heat treatment 

Cast -575°C-annealed 

Cast-2 min a t  723.~t,  
575% annealed 

Swaged tapered castings, 
30% to 50% reduction- 
575% annealed 

Swaged &stings, 50% reduction 
(by LA)-575'C annealed 

Swaged castings, 50% reduction 
(by LA), 2 min a t  72S°C, 
water quenched-575% annealed 

Alpha extruded (by MIT), fine- 
grained -575'C annealed 

Alpha-extruded (by MIT), coarse- 
grained -575°C annealed 

Alpha-extruded (by MIT), coarse- 
grained-2 min a t  72S°C, 
water quenched, 575'C annealed 

'Rod No. cycles ?Cycled 100 times between 100' and 550°C and then 2200 
No. 0090 1100 times between 500' and 550°C before fast beta treatment. 
22 -0.05 0.1s 0.001 %Rod cut up for samples at various stages of cycling. 
as 0.10 o.sa 0.1s TtCoefficients too small to be meaaured accurately. 

- 
are compared in Table 13 with the elongation of 
similar rods when cycled between 100°C and 
550°C. The rate of elongation on cycling between 
100°C and 550°C is seen to be approximately 100 
times as great a s  when cycled between 20°C and 
300°C. 

# -  * +',.J. ' Time-Te~perature Relationships 

Also, very high thermal gradients can be induced 
by fast heating and cooling in this equipment, and c 

their effects a re  under investigation. 

SUMMARY 
I 

The similarity in dimensional changes of ura- 
nium due to thermal cycling and that due to pile 
exposure suggests a common cause. This, to- 
gether with the practical and fundamental interest 

For all previously described thermal cycling 
tests a saw-tooth type of cycle was used with no 



bi the problem of obtaining stress-free, dimen- The degree of preferred orienWon was the 
si~nall9 stable uranium and other anisotropic major factor influencing the rate of elon@tion d 
metals has motivated this iavestigation d ther- rolled uranium rods on cycHng. There wene same 
rnal cycling effects. indications that gra@ s b e  a r  aorneother unknown 

Uranium mas prepared by a wide variety of factor influenced the Fate ob pow&, but these 
fsb-eon and heat treat: m e M s  were thermal had minor effects, Fast heating into the beta . t 

ogcled between 100°C and 560°C in a vertical temperature range followed by water quenchitkg 

MEAN PREFERRED 
ORIENTATION 

Fig. 20-Pole figures of alpha-exhuded and 575OC-annealed urmium rod No. 740. (X-ray specimen No. 622) 

position under conditions roughly simulating CP -4 
pile conditions. Rolled uranium rods elongated 
when thermal cycled, and their diameter changes 
were such a s  to just compensate for the length 
changes. In general, the greater the reduction in 
area during rolling and the lower the rolling tem- 
perature, the greater the rate of growth. The 
amount of longitudinal growth increased directly 
a s  the number of thermal cycles with no indica- 
tion of change in rateof growth after 1500 cycles. 

/ 

Rods rolled at  300°C elongated as  much a s  64% in 
1500 thermal cycles between 100°C and 550°C. 

9 

almost completely removed preferred orientation 
in rolled uranium rods and greatly decreased the 
tendency for growth on cycling. However, a mod- 

- 
erate to coarse-grained structure resulted from 
this treatment, and the rods roughened slightly 
on cycling. Highly oriented rods that were given 
a fast beta heat treatment still had a slight tend- 
ency to elongate on cycling, and a s  many a s  eight 
such treatments on the same rod did not remove 
this tendency to elongate. 

Thermal cycling of coarse-grained uranium 
rods resulted in rumpled and sometimes badly -. 

a 
a 

' , .a 
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bumped surfaces whereas fine-grained rods re-  and were directly associated with surface bumps. 
mained smooth on cycling. The conditions which cause the formation of a 

A substructure of similarly oriented grains substructure in uranium are  very similar to the 
clustered within larger grains was noted in ura- conditions necessary to produce veining in alpha s 

+ nium that had been heated into the beta regionand iron. 
I I also in uranium that had been thermal cycled in Specimens prepared by other fabrication meth- 

the alpha region. Slow cooling after annealing in ods which caused prderred orientation also elon- i1 

- 
I P 

M E A N  PREFERRED 
ORIENTATION 

Fig. 21-Pole figures of swaged and 575OC-annealed uranium rod No. 9s. (X-ray specimen No. 622) 

- the beta region resulted in subgrains that were 

C 
very closely oriented, but a fast beta heat treat- . ment resulted in considerably greater scatter of 
adjacent grains within each cluster. This sub- 
structure was not developed by water quenching 
from 033°C of a coarse-grained uranium speci- 
men prepared by the strain-anneal technique. 
However, the subgrains were found in a l  medium 
and coarse-grained uranium after thermal cy- 
cling, and the scatter between adjacent subgrains 
increased a s  cycling progressed. These clustered 
areas behaved mechanically as  individual grains 

gated on thermal cycling. These included alpha- 
extruded rods, swaged rods, and rolled plate. 

. 
Small thermal fluctuations at elevated tempera- 

tures caused elongation of oriented uranium rods. 
The rate of elongation on cycling between 500°C 

8 

and 550°C was considerably less than that due to 
cycling between 100°C and 550°C. Thermal cy- 
cling between 20°C and 300°C also caused these 
rods to elongate but at  a slower rate than when 
cycled between 100°C and 550°C. 

From the results of this investigation, it is ap- 
parent that a randomly oriented, fine-grained 



Table 11 -Dimensional changes of 300°C-rolled uranium plate due 
to thermal cycling between 100°C and 550°C 

Elongation 
Exp Elongation (per cent) coefficient 

Sample c o d  Number of cycles --. 
Mrection 

dL 10, 
No. x 1@/OC 50 100 300 700 L dN 

d 

Parallel rolling 2.44 5.03 15.7 44.1 500 
direction 1 2.50 4 . 9  15.4 43.0 470 

Perpendicular rolling -1,38 -2.49 -6.99 -14.6 -230 
direction 1 l g7  - 1 . 3  -2.62 -7.04 -14.0 -240 

Perpendicular rolling -0.72 -2.10 -6.16 -16.0 -210 
plane I 16d -0.79 -1.93 -5.86 -na -200 

Table 12 -Growth of uranium rods due to small thermal cycles 
a t  elevated temperatures 

100-550°C (100 cycles) 500-550°C (2200 cycles) 

Elongation Elongation 
coefficient coefficient 

Fabrication and Rod Elongation La. Elongation 'a. l~ 
heat treatment No. (per cent) L dN (per cent) L dN 

Standard alpha- 
rolled 

Standard alpha rolled -0.04 (*) 0.06 (*) 
and 725°C-annea1d (1: -0.02 (*) 0.05 (*) 

-0.04 (*) 0.00 
Cast and 575OC- 

(*I F' 0.00 (*I 0.00 
annealed 

(*) 
20 0.00 (*I 0.00 (*I 

*Coefficient too small to be measured accurately. 

Table 13 -Growth of uranium rods due to low temperature cycling 

100-550°C (100 cycles) 20-300°C (2000 cycles) 

Elongation Elongation 
coefficient comcient 

Fabrication and Rod Elongation La. Rod Elowtion I&, 
heat treatment No. (per cent) L dN No. (per cent) L dN 

2.84 280 2A 0.543 2.7 
575OC -annealed 5A 0.495 2.4 

6A 0.493 2.4 

725 OC annealed, 0.31 31 
then 575OC- 0.26 26 3A 0.020 (*) E 0.52 annealed 56 4A 0.024 (*) 

Fast -beta treated, 0.22 22 
12 1A (*I - then 575OC- 0.12 f 0.06 

0.000 

- 3 . d  
annealed 06 

M A  

' ' . *Coefficients too small to be measured accurately. '3 

hamrind
Line
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structure is desirable to minimize both growth 3. BMI Progress Report on Metallurgy of Tuballoy toUni- 

and surface roughening of uranium on thermal versity of Chicaw, CT-1477 (A-2085), pp. 21-25, Mar. 
1, 1944. 

cycling* The desired results are approached by 4. BMI Progress Report on Metallurgy of Tuballoy to Uni- 
a fast beta treatment of 300°C-rolled rod. versity of chicago,c~-l57l (A-2239), pp. 39-51,~pr. I, 

1944. 
BMI Progress Report on Metallurgy of Tuballoy to Uni- 
versity of Chicago, CT-1697 (A-2427), pp. 80-91, May 1, 
1944. 
BMI Progress Report onMetallurgy of Tuballoy to Uni- 
versity of Chicago, CT-1795 (A-2624), pp. 123-139, 
June 1, 1944. 
BMI Progress Report on Metallurgy of Tuballoy to Uni- 
versity of Chicago, CT-1937 (A-2820), pp. 165-169, 
July 1, 1944. 
BMI Progress Report on Metalhrgy of Tuballoy to Uni- 
versity of Chicago,CT-2144, pp. 219-220, Sept. 1,1944. 
F. Foote and A. Van Echo, Dimhsional Changes in 

FLg. 22-Rolled uranium plates after 700 cycles between 100DC W-shgs During CT-2m6* WC-FF-256* 

and 550°C. The speeimene were square before cycling (from Mw 79 1945* 
M-4312). lx. 10. W. Boas and R. W. K. Honeyeombe, #Thermal Fatigue 

of MetalssD~ Nature 153. 494 (Apr. 22. 1944) 154,338 
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