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WJYCLl <sah.t: 

THE STABILITY AND EXISTENCE RANGE OF THE 
ZIRCONIUM-URANIUM EPSILON PHASE 

Frank A. Rough, Alfred E. Austin, 
Ar thur A. Bauer , and J. Robert Doig 

Data which show the intermediate zirconium-uranium epsilon 
phase to be a thermodynamically stable phase are presented and the 
zirconium-uranium constitutional diagram is shown. 

The effect of oxygen and nitrogen on zirconium-uranium alloys, 
and on epsilon-phase alloys in particular, is shown. Ternary zirconium-
uranium-oxygen diagrams are presented. 

A two-phase beta zirconium-plus-epsilon region extends from 
about 44 to 57 or 58 w/o uranium. The solubility limits of the epsilon 
region narrow with decreasing temperature. At 550 C these limits are 
estimated to be about 45 and 53 w/o uranium. 

Isotherm temperatures on either side of the epsilon phase show 
a difference of 14 C. Thermal-analysis data, which are believed the most 
reliable data obtained in indicating absolute temperatures, show these 
temperatures to be 593 and 607 C on the zirconium- and uranium-rich 
sides of the epsilon phase, respectively. 

Less than 500 ppm oxygen is soluble in the epsilon phase. 
Maximum solubility occurs at some composition between 50 and 55 w/o 
uranium. 

A change in rate of thermal expansion of the epsilon phase at low 

temperatures suggests the possibility of some structural change. The 

nature of this change is unknown. 

INTRODUCTION 

Zi rcon ium-uran ium alloys have long been considered for use a s 
reac tor fuels because of the low the rma l -neu t ron c r o s s section of z i rconium. 
Of par t icu la r in te res t recent ly has been the z i rconium-50 w/o uranium alloy, 
in which there has been evidence of an in termedia te phase . 

However, this alloy was rega rded with uncer ta inty because i ts s t a 
bility was questionable, the in termedia te epsilon phase having been r e 
p o r t e d " ) as a t ransi t ion pha j^^^0*E decomposit ion of beta z i rconium to 

(1) References at end of report. 
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the t e rmina l a lpha-uranium and a lpha-z i rconium phases . Recent invest iga
tions of the phase re la t ionships between zi rconium and uranium dioxide(2) 
have indicated that this decomposition, r a the r than being an indication of 
epsilon instabil i ty, occurs as a r e su l t of oxygen contamination, oxygen s ta 
bilizing the two alpha phases with r e spec t to the epsilon phase . 

In o rde r to c lear up the repor ted d i sc repanc ies in z i rcon ium-uran ium 
alloy constitution and behavior , an investigation was undertaken for WAPD 
to de te rmine if the epsilon phase is indeed stable, and if it i s , to de te rmine 
its existence range with r e spec t to t empera tu re and composit ion. 

EXPERIMENTAL PROCEDURES 

For this investigation, al loys ranging in composit ion from 40 to 60 w/o 
uranium were p repa red . These included a number of alloys with varying 
oxygen contents and a few alloys with varying nitrogen contents . 

Specimens were p r epa red and examined using var ious methods . 
Specimens, heat t r ea ted under var ious conditions, were examined m e t a l -
lographical ly and by X- r ay techniques. The rma l - ana ly s i s data were ob
tained and a number of al loys were examined with a h igh- t empera tu re X - r a y 
c a m e r a . 

Alloy P r e p a r a t i o n 

In o rde r to investigate the thermodynamic stabili ty of the epsilon 
phase, a powder compact of approximate ly z i rconium-50 w/o uranium com
position was p r epa red by degassing a compact consist ing of uranium and 
zirconium hydride powders . The uranium powder was p repa red by hydr id-
ing and dehydriding biscui t uranium; the z i rconium hydride was p repa red 
from c rys ta l bar z i rconium. Zi rconium hydride r a the r than z i rconium 
powder was used as the s tar t ing ma te r i a l in an at tempt to minimize con
tamination during handling. 

The powders were mixed, compacted, and t r ans f e r r ed to a vacuum 
furnace under an argon a tmosphe re . The compact was then heated to the 
des i red annealing t empera tu re of 538 C over a 3-day per iod. The t empera 
ture was inc reased in 28 or 55 C in terva ls from 150 to 538 C to pe rmi t 
gradual degassing, the p r e s s u r e never being pe rmi t t ed to exceed 50 x 10"-' 
mm of m e r c u r y . There was no evid,eryi/e of hydrogen evolution on heating 
above 425 C, indicating that the dejrf^fylding p /yogss was essent ia l ly com
plete below this t empera tu re* ^ , 

oof 
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Alloys containing 40, 45, 50, 55, and 60 w/o uranium were p repa red 
from biscuit uranium and zirconium of three different oxygen leve ls : 
c rys ta l bar z irconium containing about 50 ppm oxygen; no rma l sponge z i r 
conium containing about 1000 ppm oxygen; and sponge zirconium to which 
oxygen was added to bring its oxygen level to about 3000 ppm. The alloys 
were double mel ted by consumable-e lec t rode a r c -me l t i ng techniques. The 
final ingots were forged and rol led at t e m p e r a t u r e s between 790 and 840 C 
to the shapes des i red . 

Additional alloys containing 46, 48, 52, and 54 w/o uranium were 
p repa red from crys ta l bar z irconium by a tungs ten-e lec t rode a r c -me l t i ng 
technique. These were cast into w i r e - b a r form, sealed under argon in 
cold-rol led steel tubes, and rol led at 815 C to 1/4-in. rod. 

Two se r i e s of z i rconium-49 w/o (27 a/o) uranium alloys containing 
up to 20 a /o oxygen or up to 18 a /o ni trogen were p repa red by a r c melting 
biscuit uranium and c rys ta l bar z i rconium with ei ther fused UO2 or com
pacted UN powder. The actual ni trogen composit ions a r e believed to be 
lower than those intended, due to loss of UN by spat ter ing during mel t ing. 
This spat ter ing was not observed with the fused UO2. 

Nominal composit ions, which a r e r e f e r r ed to throughout this repor t , 
a re l is ted in Table 1 along with compositions determined by ana lys i s . 

Heat Trea tment 

The dehydrided z i rcon ium-uran ium powder compact was annealed in 
a vacuum furnace at 538 C for 14 days and furnace cooled. The p r e s s u r e 
was maintained at 10~5 mm m e r c u r y during this per iod. 

The two s e r i e s of a r c - m e l t e d alloys of base z i rconium-49 w/o (27 a /o) 
uranium composition with additions of up to 20 a /o oxygen and 18 a /o n i t r o 
gen, respect ively , were homogenized 20 hr at 1095 C. Samples were sub
sequently annealed for 100 hr at 550 and 660 C, respect ive ly , and water 
quenched. The samples were annealed in a vacuum furnace under a p r e s 
sure of 10 -4 m r n m e r c u r y . 

Specimens containing 45, 46, 48, 50, 52, 54, and 55 w/o uranium, 
p repared from crys ta l bar z i rconium, were annealed for 4 and 8 weeks at 
550 C, and for 10 weeks at 300 and 400 C. 

In addition, a s e r i e s of specimens containing 45, 50, 55, and 60 w/o 
uranium, p repa red with zirconium with oxygen levels of about 50, 1000, 
and 3000 ppm, was annealed 1 hr at 800 C, water quenched, and reannealed 
3 weeks at 550 C and water quenched. All of these specimens were laid on 
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T A B L E 1. Z IRCONIUM-URANIUM A L L O Y COMPOSITION 

Norr 
Z r 

60 
55 
55 
55 
50 
50 
50 
45 
45 
45 
40 
40 
40 
54 
52 
48 
46 

d n a l 
U 

40 
45 
45 
45 
50 
50 
50 
55 
55 
55 
60 
60 
60 
46 
48 
52 
54 

C o m p o s 
N 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

d t ion, w / o 
O 

0. 003 
0 . 0 0 2 7 5 
0. 055 
0. 165 
0 . 0 0 2 5 
0 . 0 5 0 
0. 150 
0 . 0 0 2 2 5 
0. 045 
0. 135 
0. 002 
0 . 0 4 0 
0. 120 
0 . 0 0 2 7 
0. 0026 
0 . 0 0 2 4 
0 . 0 0 2 3 

N o m i n a l C< 
Z r 

73 
72 
7 0 . 5 
68 
6 5 . 5 
63 
72 
7 1 . 5 
70. 5 
69 
67 
64 

U 

27 
26 
24. 
22 
19. 
17 
26 
25 . 
24. 
23 
21 
18 

Z r 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

a m p o s 

5 

5 

5 
5 

A n a l y z e d C 

i t ion 
N 

_ 

-
-
-
-
-
2 
3 
5 
8 

12 
18 

U 

4 0 . 5 
4 6 . 0 

-
-

4 9 . 9 
5 0 . 2 

-
5 5 . 8 

-
-

6 1 . 2 
5 9 . 8 

-
-

4 7 . 6 
5 1 . 5 
5 3 . 9 

, a / o 
O 

_ 

2 
5 

10 
15 
20 
-
-
-
-
-
_ 

o m p o s i t i o n , 
N 

0 . 0 0 4 
0 . 0 0 3 

-
-

0 . 0 0 5 
0 . 0 0 5 

-
0 . 0 0 3 

-
-

0 . 0 0 5 
0 . 0 0 7 

-
-
-
-
-

w / o 
O 

_ 

-
-
-
-

0. 061 
0 . 1 7 8 0 

-
-
-
-

0 . 0 6 9 
-
-
-
-
-
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tantalum foil and sealed in evacuated Vycor tubes . Zi rconium chips placed 
in a bulb at one end of the tube were heated to get ter the res idual gases in 
the tube, the bulb being sealed off p r io r to heat t r ea tment . 

Thermal -Grad ien t Technique 

In o rder to investigate the existence range of the beta z i r con ium-p lus -
epsilon region, specimens were annealed in a furnace producing a gradient 
in t empera tu re of about 550 to 650 C over a 5-in. length. The specimens 
were subsequently examined to determine the p resence of a two-phase region 
appearing near the cent ra l portion of the specimen. 

The 40, 45, 46, 48, 50, 52, 54, 55, and 60 w/o uranium alloys were 
studied by this method. Initially, rod samples , furnace cooled from 800 C, 
were a l te rna te ly cold swaged and annealed at 550 C, finally being machined 
to 1/8-in. -d i ame te r rod about 5 in. long. Additional specimens of the 45, 
50, 55, and 60 w/o uranium alloys were la ter machined from rod quenched 
from 800 C. 

Due to the furnace-tube s ize, it was possible to heat t r e a t only two 
specimens at a t ime . These were f i r s t wrapped in tantalum foil and were 
then sealed in an evacuated Vycor tube which was ge t te red by zi rconium 
chips. Thermocouples were fastened to the Vycor tube at 1-in. in te rva l s 
along i ts length and comparat ive m e a s u r e m e n t s were made of their position 
with r e spec t to the spec imens . Tempera tu re was r ecorded on a six-point 
r e c o r d e r . The as sembly was then inse r ted in a wire-wound furnace in 
which the spacings were adjusted to produce a gradient in t empera tu re of 
about 100 C over a 5-in. length. The specimens were held at t empera tu re 
for 1 week and were water quenched. 

An at tempt was made to de termine if the t e m p e r a t u r e s , as indicated 
by the thermocouples placed on the outside of the Vycor tube in which the 
specimens were contained, were the t rue specimen t e m p e r a t u r e s . A Vycor 
tube was p repa red with thermocouple leads extending into the tube, the 
thermocouple being spot welded to a dummy specimen. Readings taken on 
this thermocouple were compared with readings taken on a thermocouple 
placed outside the tube at the same depth in the furnace. The thermocouple 
readings were found to show reasonable agreement , the inner thermocouple 
attached to the dummy specimen reading a maximum of 2 C below the outer 
thermocouple . 

This compar ison does not, however, take into account the tantalum 
foil in which the specimens were wrapped. It may be expected that the foil 
will act as a radiat ion shield, thereby further reducing the actual specimen 
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t empera tu re below that shown by the indicating thermocouple . Upon this 
bas i s it is felt that the specimen t e m p e r a t u r e s a r e m o r e than 2 C below the 
measu red values, although the exact differences between the two a r e un
known. 

Metal lography 

All specimens for metal lographic examination were mounted in 
Bakelite or Castoli te and were wet ground through 600-gri t paper . In o rde r 
to develop sat isfactor i ly etched s t ruc tu re s , severa l polishing and etching 
techniques were invest igated. The most consistent ly successful p rocedure 
was to polish on F o r s t m a n n ' s cloth using stannic oxide abras ive and to 
follow this with an e tch-pol ish on bi l l iard cloth using Linde B abras ive and 
a solution consist ing of 200 cm^ water , 10 cm^ n i t r ic acid, and 1 g of 
ammonium bifluoride. 

The specimens were etched with mix tu res of lact ic , n i t r ic , and 
hydrofluoric acids in the ra t ios 30 cm^:30 cm-5: 10 drops or 50 cm^:50 c m ' : 
5 drops . 

The in te rmedia te etch polish was omitted with some specimens and 
sat isfactory s t ruc tu res were obtained. However, this step was re ta ined for 
the major i ty of the spec imens . 

X-Ray Diffraction Techniques 

Three different types of specimens were examined by three different 
types of X- r ay diffraction techniques: bulk alloy specimens were examined 
on meta l lographical ly polished surfaces on an X - r a y diffractometer; s l ive r s , 
cut from these specimens , were examined in a Debye powder camera ; m a 
chined 0. 080-in. -d i ame te r rods were examined in a h igh- t empera tu re X- r ay 
c a m e r a . The bulk meta l lographic specimens were examined on a Genera l 
E lec t r i c diffractometer with CuK alpha radiat ion. Sl ivers from these spec i 
mens , for use in a 57. 3-mm powder camera , were made by grinding and 
then etching in a solution of n i t r ic and hydrofluoric ac ids . Specimens for 
study at elevated t e m p e r a t u r e s were made by machining a 1/4-in. rod to 
0. 080 in. in d iameter , the final rod being etched in a n i t r ic -hydrof luor ic 
acid solution. 

The specimens examined in the h igh- t empera tu re X - r a y c a m e r a were 
annealed 1 hr at 800 C, furnace cooled to 500 C, held 5 hr and furnace 
cooled pr ior to machining. After machining and etching, the specimens 
were placed in the c a m e r a which was then evacuated. Heating was 
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suff ic ient ly s l ow to k e e p the p r e s s u r e b e l o w 4 x lO --3 m m m e r c u r y d u r i n g 
the i n i t i a l o u t g a s s i n g p e r i o d . At t e m p e r a t u r e s of 500 C and a b o v e , the 
p r e s s u r e was k e p t be low 2 x 10~6 m m m e r c u r y . 

The s p e c i m e n t e m p e r a t u r e was m e a s u r e d by m e a n s of a p l a t i n u m -
p l a t i n u m r h o d i u m t h e r m o c o u p l e which w a s a d j a c e n t to the s p e c i m e n . T e m 
p e r a t u r e w a s c a l i b r a t e d by c o m p a r i n g the l a t t i c e e x p a n s i o n of a t a n t a l u m 
s p e c i m e n with d i l a t o m e t r i c t h e r m a l - e x p a n s i o n d a t a . w ) T e m p e r a t u r e s t a 
b i l i ty was ±1 C for 2 to 3 - h r X - r a y e x p o s u r e s . The s p e c i m e n s w e r e h e l d 
a t t e m p e r a t u r e 1/2 h r b e f o r e an X - r a y e x p o s u r e w a s begun . 

T h e r m a l A n a l y s i s 

In o r d e r to e s t a b l i s h the t e m p e r a t u r e d i f f e r e n c e s b e t w e e n the i s o 
t h e r m s on e i t h e r s ide of the e p s i l o n p h a s e , a c o m p a r a t i v e d i f f e r e n t i a l -
t h e r m a l - a n a l y s i s t e c h n i q u e w a s e m p l o y e d to c o m p a r e the t r a n s f o r m a t i o n 
t e m p e r a t u r e s in z i r c o n i u m - 4 0 , 50, 55 , and 60 w / o u r a n i u m a l l o y s . 

S p e c i m e n s for a n a l y s i s c o n s i s t e d of two h a l v e s of 1 /2 - in . - d i a m e t e r 
r o d s of d i f fe ren t c o m p o s i t i o n s , j o ined t o g e t h e r to r e - f o r m a l / 2 - i n . -
d i a m e t e r s p e c i m e n . E a c h half w a s 3 / 4 in . long. The t e m p e r a t u r e -
m e a s u r i n g t h e r m o c o u p l e was i n s e r t e d in a hole d r i l l e d b e t w e e n the two 
s p e c i m e n s , whi le the d i f f e r en t i a l t h e r m o c o u p l e s w e r e i n s e r t e d in h o l e s 
d r i l l e d into e a c h of the h a l v e s . 

S p e c i m e n s c o n s i s t i n g of 40 and 50, 40 and 60, 50 and 60, 50 a n d 55 , 
and 55 and 60 w / o u r a n i u m s a m p l e s w e r e p r e p a r e d . T h e y w e r e h e a t e d a t 
a r a t e of 1 -1 /2 C p e r m i n and da t a w e r e o b t a i n e d on an X - Y r e c o r d e r . 

E X P E R I M E N T A L R E S U L T S AND DISCUSSION 

Upon the b a s i s of da ta o b t a i n e d in t h i s i n v e s t i g a t i o n , the z i r c o n i u m -
u r a n i u m c o n s t i t u t i o n a l d i a g r a m h a s b e e n c o n s t r u c t e d a s shown in F i g u r e 1. 

Da ta a r e p r e s e n t e d which : 

(1) Show the e p s i l o n p h a s e to be s t a b l e . 

(2) I l l u s t r a t e the t e r n a r y - a l l o y b e h a v i o r of e p s i l o n - p h a s e 
a l l o y s , oxygen and n i t r o g e n a d d i t i o n s c a u s i n g the 
e p s i l o n p h a s e to d e c o m p o s e . 
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(3) Indicate the existence range of the epsilon phase with 
r e spec t to t empera tu re and uranium, zirconium, and 
oxygen composi t ions . 

Thermal changes noted during the h igh - t empera tu re X - r a y studies 
a lso a r e p resen ted . 

Eps i lon -Phase Stability 

X- r ay diffraction examination of the specimen of compacted z i rconium 
and uranium powders following the 14-day anneal at 538 C revea led the p r e s 
ence of alpha zirconium, alpha uranium, and epsilon. Relative intensi t ies 
of these phases were weak, medium, and strong, respec t ive ly . The alpha 
phases a r e p re sen t as the resu l t of incomplete reac t ion . Also, the a lpha-
zirconium latt ice was found to be expanded as a r e su l t of oxygen and n i t r o 
gen contamination, which prec ludes the possibi l i ty of obtaining epsilon 
alone. 

The formation of the epsilon phase from the e lements without f i r s t 
forming the h igh- t empera tu re beta phase shows that epsilon is a t h e r m o -
dynamically stable phase , and is not a t rans i t ion phase in the decomposit ion 
of beta to the t e rmina l a lpha-uran ium and a lpha-z i rconium phases . 

Fu r the r evidence for the stabili ty of the epsilon phase is p resen ted in 
la ter sect ions of this r epo r t . 

Metal lographic evidence for the stabili ty of the epsilon phase is shown 
by the gradient specimens in which beta appears above and epsilon appears 
below about 600 C, while over a smal l t empera tu re in terval epsilon ex is t s 
in equi l ibr ium with the beta phase . 

Verification for the existence of this two-phase region over a smal l 
t empera tu re interval was obtained during h igh - t empera tu re X- r ay s tudies . 
On repeated cycling through this region, beta and epsilon were consis tent ly 
found above and below it, respect ively , which is further evidence for the 
stability of the epsilon phase . 

Thermal data a lso testify to the revers ib i l i ty of the be ta - to -eps i lon 
t ransformat ion, with z i r con ium-r i ch alloys t ransforming at a slightly lower 
t empera tu re than u r a n i u m - r i c h a l loys . 

The s t ruc tu re of the epsilon phase has not been fully determined; 
however, from available data it appea r s to be e i ther hexagonal or rhombo-
hedra l . During h igh- t empera tu re X - r a y s tudies , the X - r a y diffraction •*-
pa t te rn of the epsilon phase could be bes t indexed on e i ther a p r imi t ive 
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rhombohedral cell or the corresponding hexagonal cel l . Cell dimensions 
of the epsilon phase, a 0 and c 0 , were calculated for the 45, 50, and 55 w/o 
uranium alloys at 575 to 580 C. The calculat ions were made by the leas t 
squares method using back reflection l ines (805), (903), and (815). The 
r e su l t s a r e given in Table 2. 

TABLE 2. VARIATION OF LATTICE CONSTANTS OF EPSILON 
WITH COMPOSITION AT 575 C 

Uranium Content 
(Balance Zirconium), Latt ice Constants 

w/o a 0 c 0 

45 8. 790 ± 0 . 0 0 2 9. 233 ± 0. 010 

50 8. 793 ± 0 . 0 0 2 9. 212 ± 0. 007 

55 8. 779 ± 0. 0004 9. 253 ± 0. 002 

The c 0 dimension is expanded for both the 45 and 55 w/o uranium 
alloys compared with the c 0 dimension of the 50 w/o uranium alloy. The 
a 0 dimension is slightly contracted in the 55 w/o alloy. There is a net 
volume expansion for the 45 and 55 w/o uranium alloys compared with the 
50 w/o alloy. This suggests that the ideal composition of the epsilon phase 
is close to the 50 w/o composition, with solid solution of zirconium and 
uranium, respect ively , on ei ther side of the 50 w/o composition. 

Eps i lon-Phase Decomposition Produced by 
Oxygen and Nitrogen 

The observed decomposit ion of epsilon has been found to occur as a 
resu l t of ei ther oxygen or ni trogen contamination. The effect of oxygen 
on the epsilon phase is shown by the s e r i e s of photomicrographs appearing 
in Figure 2. These photomicrographs were obtained from a s e r i e s of base 
z i rconium-27 a /o (49 w/o) uranium alloys with additions of up to 20 a /o 
oxygen. X- r ay identification of the phases p re sen t and their re la t ive inten
si t ies appear in Table 3. The phases identified a r e a lso shown below the 
photomicrographs . 



IS 

C-v. 
> 

•N 

• s 

N29534 

COMPOSITION: URANIUM, a/o 27 

OXYGEN, a/o 

PHASES IDENTIFIED: f + «Zr 

N29535 

26 

2 

e + aZr 

•v * " * 

N29536 

24.5 

5 

€ + a2 r + ay 

,>*„; •>-yfk ';/y,l • 

N29537 

22 

10 

f + aZr + ay 

- ' 

N29538 

19.5 

15 

°Zr + «U 

' A r-> '•' 
N29539 

17 

20 
aZr + aU 

Ul 

FIGURE 2. MICROSTRUCTURES OF ARC-MELTED ZIRCONIUM-27% a/o (49 w/o) URANIUM-BASE ALLOYS 
WITH INCREASING OXYGEN ADDITIONS 

Cw 

HOMOGENIZED 1095 C; ANNEALED 100 HR AT 550 C AND WATER QUENCHED 
MAGNIFICATION: 250X 



16 

TABLE 3. X-RAY IDENTIFICATION OF PHASES PRESENT IN BASE 
ZIRCONIUM-27 a /o (49 w/o) URANIUM ALLOYS WITH 
OXYGEN AND NITROGEN ADDITIONS 

Intensity ' ' 
to Base Al loy ' a ) , a /o 

Alloy 
2 oxygen 
5 oxygen 

10 oxygen 
15 oxygen 
20 oxygen 

2 ni trogen 
4 nitrogen 

18 nitrogen 

e 

S 
S 
S 
S 
0 
0 
S 
S 
M 

a Z r 

0 
M F 

M 
S 
S 

MS 
M F 

M 
S 

aU 

0 
0 
F 

M F 
MF to M 

M F 
0 
0 

M F 

(a) The base alloy is zirconium-27 a/o (49 w/o) uranium. 
(b) Relative intensities of phases are designated as follows: S - strong, M - medium, MF - medium faint, 

F - faint. 

Metallographic examination of specimens p repared from the same 
se r i e s of alloys but annealed at 660 C indicated essent ia l ly the same r e su l t s 
with the exception that the epsilon phase was replaced by the h igh- tempera tu re 
beta phase . 

Upon the bas i s of these data and data obtained during the investigation 
of the phase re la t ionships occurr ing between zirconium and uranium 
dioxide' ', the t e rna ry z i rconium-uranium-oxygen d iagrams for these t e m 
p e r a t u r e s a r e shown in F igu re s 3 and 4. The solubility of oxygen in the 
epsilon and beta phases is much lower than is shown in these d iag rams , the 
d iagrams being constructed p r ima r i l y to provide a descr ipt ion of the phase 
re la t ionships in this region. 

It is c lear from these d iagrams that oxygen will cause the epsilon 
phase to decompose. With increas ing amounts of oxygen, alpha zirconium 
and alpha uranium f i rs t appear in conjunction with epsilon; when sufficient 
oxygen is absorbed, the equil ibrium phases a r e the two alpha phases only. 

Data were obtained which show that ni trogen has the same r e s t r i c t i ve 
effect on the epsilon phase . Z i rconium-27 a /o (49 w/o) uranium alloys with 
ni trogen additions of between 0 and 18 a /o ni trogen were examined after 
having been annealed for 100 hr at 550 or 660 C. The m i c r o s t r u c t u r e s of 
these alloys were s imi la r to the ones shown for the oxygen-containing al loys 
in Figure 2. X- r ay data obtained on specimens from the s e r i e s annealed at 
550 C a r e given in Table 3. However the uranium and nitrogen contents of 
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these alloys a re believed to be high because of l o s se s of uranium ni t r ide 
powder experienced during melt ing. Consequently, these r e su l t s a r e not 
viewed as being quantitatively accura te . However, they do show the same 
sequence of epsilon decomposit ion occurr ing with ni trogen additions as 
occurs with oxygen addit ions. 

Existence Range of the Epsi lon Phase 

Data indicating the existence range of the epsilon with r e spec t to t em
pera tu re and composition have been obtained. 

Tempera tu re of I so the rms 

The t empe ra tu r e s of the i so the rms were de termined by a number of 
techniques and, while var ia t ions in the absolute t empe ra tu r e were obtained, 
the r e su l t s were consis tent in indicating that u r a n i u m - r i c h alloys t ransform 
at a t empera tu re about 14 C higher than z i r con ium- r i ch a l loys . 

The absolute t e m p e r a t u r e s obtained by the rmal ana lys is a r e regarded 
as more rel iable than those obtained ei ther from the t empe ra tu r e -g r ad i en t 
specimens or by h igh- t empera tu re X- r ay ana lys i s . Tempera tu re ca l ib ra 
tion is a likely source of e r r o r in these las t two methods . 

Thermal Analys is . Typical curves obtained by the comparat ive 
d i f fe ren t ia l - thermal -ana lys i s technique a r e shown in F igure 5. The begin
ning of t ransformat ion was indicated by a sharp deflection in the curves 
obtained on the major i ty of specimens analyzed. These deflections a r e 
produced by differences in t empera tu re between the differential t h e r m o 
couples. 

The direct ion of deflection is significant, indicating which of the 
specimens is at a higher t empera tu re and, therefore , denoting which spec i 
men is undergoing t ransformat ion at a pa r t i cu la r t e m p e r a t u r e . For instance, 
in the heating curve shown for the z i rconium-40 and 60 w/o uran ium s a m 
ples , the 40 w/o alloy t r ans fo rms initially as the 60 w/o alloy continues 
heating. A deflection to the left i s therefore obtained indicating that the 
60 w/o uranium sample is the hot ter of the two samples . Finally, the 
60 w/o alloy begins to t rans form and its t empera tu re r ema ins fair ly con
stant. The t rans formed 40 w/o sample now becomes the hot ter of the two 
samples , causing a deflection to the r ight . The di rec t ions in which the 
deflection occurs and their significance in t e r m s of higher or lower sample 
t empe ra tu r e s had been p rede te rmined in t e s t s of the differential t h e r m o 
couples. 
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It should be noted that only a smal l t empera tu re difference exis ts b e 
tween the z i rconium-50 and 60 w/o uranium alloys for the s t a r t of t r a n s 
formation on cooling, whereas on heating the difference is s izable . The 
r e v e r s e effect is observed for the 40 and 50 w/o uranium specimens , a 
small t empera tu re difference being observed on heating and a l a rge r differ
ence being observed on cooling. These re la t ive differences a r e in te rpre ted 
to mean that the 50 w/o uranium alloy t r ans fo rms over a t empera tu re range 
which is in termedia te to the two i so therm t empera tu re s shown for the 40 
and 60 w/o uranium al loys . 

Table 4 contains a summary of the the rmal data obtained. These 
values have been averaged, both heating and cooling values for the 40 and 
60 w/o uranium samples , and the heating and cooling values separa te ly for 
the 50 and 55 w/o uranium samples . The average values a r e plotted in 
Figure 6. A t empera tu re difference of about 14 C between the i so the rms 
on ei ther side of the epsilon phase is indicated with the t ransformat ion 
t empera tu re s gradually increas ing a c r o s s the epsilon phase as the uranium 
content is inc reased . 

TABLE 4. RESULTS OF COMPARATIVE DIFFERENTIAL 
THERMAL ANALYSIS ON ZIRCONIUM-40, 50, 
55, AND 60 w/o URANIUM ALLOYS 

Uranium Content of Alloys 
in Specimen, w/o 

Beginning of Transformat ion , C 
Heating Cooling 

40 ve r sus 60 w/o uranium 
40 
60 

590 
604 

596 
607 

50 versus 60 w/o uranium 
50 
60 

597 
605 

604 
605 

40 versus 50 w/o uranium 
40 
50 

590 
593 

597 
604 

50 versus 55 w/o uranium 
50 
55 

595 
602 

604 
611 

55 versus 60 w/o uranium 
55 
60 

603 
610 

605 
611 
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Tempera tu re -Grad ien t Specimens. Examination of a s e r i e s of spec i 
mens containing 40 to 60 w/o uranium annealed under conditions producing 
a gradient in t empera tu re of about 550 to 650 C over a 5-in. length revea led 
a two-phase region near the center of the rod consisting of beta and epsilon 
in all specimens containing 45 to 55 w/o uranium. Typical m i c r o s t r u c t u r e s 
obtained from the cent ra l port ion of such a rod a r e shown in F igure 7. F r o m 
thermocouples placed outside the tube containing the spec imens , the t e m 
pera tu re gradient over the specimen length was de termined and the width of 
the two-phase region with r e spec t to t empera tu re was es t imated by m e t a l 
lographic examination. In addition, i so therm t e m p e r a t u r e s were indicated 
in the 40 and 60 w/o specimens by the pronounced differences in etching 
cha rac t e r i s t i c s of the beta and epsilon phase s . 

The re su l t s of these examinations a r e plotted in F igure 8. While 
there is some sca t te r of points, a definite t rend is indicated which is sub
stantially the same as that obtained by the rmal analys is ; that of a gradually 
increas ing t empera tu re of t ransformat ion a c r o s s the epsilon phase with 
increas ing uranium content. The t empera tu re difference between i so the rms 
is 14 C. 

An additional check on this t empera tu re difference was obtained from 
specimens of the 40 and 55 w/o alloys which were annealed together under 
the same t empera tu re -g rad i en t conditions. The values obtained for the 
i so the rms were 611 and 625 C, respec t ive ly . These values a r e not shown 
in Figure 8 since they a r e so high as to suggest some g r o s s e r r o r in m e a s 
urement . However, they do indicate a difference of 14 C between the two 
i s o t h e r m s . 

Due to t empera tu re -ca l ib ra t ion difficulties, the values obtained by 
this method a r e believed to be higher than the t rue values , the the rma l 
analys is values being r ega rded a s m o r e nea r ly c o r r e c t . 

H igh-Tempera tu re X-Ray Diffraction. The t empe ra tu r e of t r a n s 
formation of epsilon to beta was de termined from the appearance of the 
X- ray diffraction pa t te rns taken at t e m p e r a t u r e . The beta phase has i ts 
diffraction pat tern essent ia l ly super imposed upon p a r t of the epsilon 
pa t te rn . However, by m e a s u r e m e n t of smal l shifts in back-ref lec t ion 
lines and observat ion of re la t ive intensi t ies of epsilon l ines to eps i lon-p lus -
beta l ines , the p resence of both phases could be detected. 

The phases identified at t empera tu re a r e l is ted in Table 5. Beta and 
epsilon were found to coexist both on heating up to and cooling down from 
the beta region. A minimum of about 11 C between the i so the rm on ei ther 
side of the epsilon phase is indicated by these data since the abili ty to 
detect small amounts of e i ther beta or epsilon is unknown. 
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A marked difference between these r e su l t s and the r e su l t s obtained 
by other techniques is the indicated maximum t ransformat ion t empera tu re 
for the 50 w/o uranium alloy. Since agreement exis ts between the data 
obtained both by the rma l analys is and by the the rmal -g rad ien t technique 
as to the gradual inc rease in t ransformat ion t empera tu re of the epsilon 
phase with increas ing uranium content, it is felt that the t empera tu re 
shown for the 50 w/o uranium specimen may be in e r r o r as a r e su l t of pos i 
tioning of the thermocouple . This point may bear further study. However, 
these data do show essent ia l ag reemen t with the data obtained by the other 
techniques in indicating a smal l t empera tu re interval for the coexistence of 
both beta and epsilon. 

The alpha zi rconium and alpha uranium presen t in the 45 and 55 w/o 
uranium al loys, respect ive ly , was produced during the initial heat t r e a t 
ment of the specimen rods , subsequent heating per iods in the X- ray c a m e r a 
being insufficient to red isso lve these phases to produce equi l ibr ium. 

TABLE 5. TEMPERATURES OF THE EPSILON-TO-BETA 
ZIRCONIUM TRANSFORMATION IN 45, 50, 
AND 55 w/o URANIUM ALLOY AS DETERMINED 
IN THE HIGH-TEMPERATURE X-RAY CAMERA 

Uranium Content, 
w/o Tempera tu re , C P h a s e s Identified 

45 578 e + t r ace a Z r 
583 e + JS + t race a Z r 
588 ]3 + t race e + t r ace a Z r 
604 j3 + t race a Z r 

50 590 e 
594 e 
597 jB 
598 /3 

55 579 e + aU 
583 e + aU 
587 e + jS + aU 
590 JS + t r ace e + aU 
592 |3 + aU 
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Composition Range With Tempera tu re 

The composition range of the epsilon region has been es t imated upon 
the bas is of metal lographic examination of a s e r i e s of t empe ra tu r e -g rad i en t 
specimens, ranging in composition from 40 to 60 w/o uranium, and of an 
additional s e r i e s of specimens containing 45 to 55 w/o uranium annealed at 
t empera tu re s of 300, 400, and 550 C. 

All specimens containing 45 to 55 w/o uranium, when annealed under 
conditions producing a gradient in t empera tu re of about 550 to 650 C over 
a 5-in. length, contained a two-phase region over their cent ra l port ion. 
Below this two-phase region, s ingle-phase epsilon was observed, while 
above this region, beta, with varying amounts of second phase, was found. 

The 40 w/o uranium specimen, annealed under the same conditions, 
did not exhibit this two-phase region, while two 60 w/o spec imens , p r e 
pared under different conditions, produced different r e s u l t s . 

One 60 w/o specimen initially furnace cooled from 800 C and then 
a l te rna te ly cold swaged and annealed at 550 C before being annealed in a 
t empera tu re gradient, exhibited at leas t two phases over its length, with 
a th ree -phase region being produced at the cent ra l port ion. Since three 
phases were observed, where normal ly only two should occur, an additional 
60 w/o uranium specimen was annealed at 800 C and water quenched before 
being annealed under t empera tu re -g rad i en t conditions. This specimen 
showed only alpha uranium with epsilon and beta over i ts length with no 
in termedia te two- or th ree -phase region. 

It was therefore concluded that the p r e t r e a t m e n t given the f i r s t spec i 
men had resu l ted in precipi ta t ion of alpha uranium, thereby enriching the 
ma t r ix m a t e r i a l in z i rconium sufficiently to place it in the composit ion 
range where the two-phase be ta -p lus -eps i lon region is s table . The 1-week 
gradient t r ea tmen t was insufficient to redissolve the uranium and produce 
a m a t r i x of the intended g ros s composit ion. By quenching from 800 C, a 
homogeneous alloy is produced and equil ibrium precipi ta t ion of alpha 
uranium along i ts length then o c c u r s . 

Resul ts obtained with the 40, 45, and 55 w/o uranium alloys were 
also rechecked after t r ea tment at 800 C followed by a water quench. How
ever, these alloys all showed the same r e su l t s a s were obtained after the 
initial p r e t r ea tmen t . Upon the bas i s of these r e s u l t s , as shown in F igure 8, 
the be ta -p lus -eps i lon region is es t imated to extend from about 44 to 57 or 
58 w/o uranium. 

An additional observat ion worth noting was made on the 60 w/o 
uranium specimen. Alpha uranium and beta z i rconium or gamma uranium 
were observed up to a t empera tu re of about 642 C, while above this 
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t empera tu re only the beta z i r con ium-gamma uranium solid solution was ob
served. This provides an additional point on the solubility l imit of the alpha-
p lus -gamma uranium phase region. 

Metal lographic examination of the s e r i e s of specimens containing 45 
to 55 w/o uranium annealed at t e m p e r a t u r e s of 300, 400, and 550 C indi
cates that the epsilon phase extends from about 45 to 53 w/o uranium at 
550 C. The 45, 46, 48, 50, and 52 w/o uranium samples all appeared to 
be essent ia l ly single phase after being annealed 8 weeks at 550 C, while 
the 54 and 55 w/o samples were two phase . The samples annealed for 10 
weeks at 300 and 400 C indicated that the 45 w/o sample contained two 
phases while it was questionable whether the 52 w/o alloy contained one or 
two phases . The 46 through 50 w/o uranium samples were single phase . 

These r e su l t s indicate that the epsilon phase na r rows with decreas ing 
t empera tu re , very rapidly init ially on the u r a n i u m - r i c h side and only gradu
ally on the z i r con ium- r i ch s ide. 

In an a t tempt to de te rmine the solubility l imi ts of the epsilon phase 
more closely, these same specimens were examined by X- ray diffraction 
methods, along with additional specimens of the 45, 50, and 55 w/o uranium 
composition which had been annealed for 3 and 4 weeks, respect ively , at 
550 C. The in terp lanar spacings of the 50 w/o uranium specimens , annealed 
for the var ious per iods of t ime, were found to show g r e a t e r fluctuations than 
the var ia t ions de termined for change in composit ion from 45 to 55 w/o u r a 
nium. This fluctuation in spacings a lso exceeded the e r r o r of m e a s u r e m e n t . 
A var ia t ion in sharpness of the X - r a y l ines was also observed. 

The in terp lanar spacings of quenched samples were all g r ea t e r than 
the values obtained for specimens cooled slowly in the h igh- t empera tu re 
X- ray c a m e r a . The spacings obtained on quenching may be dependent upon 
the low- tempera tu re change in ra te of latt ice expansion of the epsilon phase , 
the fluctuations reflecting different quenching r a t e s for the various spec i 
mens . This low- tempera tu re change is d i scussed in a l a te r section. Con
sequently, the r o o m - t e m p e r a t u r e cell dimensions of epsilon in quenched 
alloys could not be de termined sufficiently well in o rder to indicate solubility 
l imi t s . 

Composition Range With Oxygen 

Mic ros t ruc tu r e s of a s e r i e s of spec imens , annealed for 3 weeks at 
550 C and containing 45 to 60 w/o uranium, p r epa red from zirconium of 
three different oxygen levels a r e shown in Figure 9. The zi rconium used 
in the prepara t ion of these al loys was: c rys ta l bar z i rconium containing 
about 50 ppm oxygen; normal sponge zirconium containing about 1000 ppm 
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oxygen; and sponge zirconium to which oxygen was added to bring i ts oxygen 
content up to about 3000 ppm. 

It is apparent from these photomicrographs that oxygen dras t ica l ly 
cons t r ic t s the epsilon region and it is concluded that the solubility of oxy
gen in the epsilon phase is l e s s than 500 ppm. Upon this bas i s it is a lso 
concluded that it is impossible to produce a completely s ingle-phase alloy 
using sponge z i rconium as the base m a t e r i a l . 

Close metal lographic examination of these specimens revea l s that 
alpha uranium and alpha zi rconium a r e p resen t along with epsilon in the 55 
and 60 w/o spec imens p r e p a r e d from sponge z i rconium containing 3000 ppm 
oxygen and that these same three phases probably appear in the specimens 
p repa red from normal sponge. It, therefore , appea r s that maximum solu
bility of oxygen in the epsilon phase occurs at some point between the 50 and 
55 w/o uranium composi t ions . 

Examination of a number of these same alloys in the h igh- t empera tu re 
X - r a y c a m e r a at 575 to 580 C produced essent ia l ly the same r e su l t s and 
conclusions. Inc reased amounts of alpha zi rconium and alpha uran ium in 
the sponge z i rconium-45 and 55 w/o uranium alloys indicated a const r ic ted 
epsilon region, as did the p resence of alpha zirconium in the 50 w/o u r a 
nium alloys p repa red from sponge containing 3000 ppm oxygen. 

The lat t ice constants of the epsilon phase at 580 C in the 50 w/o u r a 
nium alloy were found to have changed as a r esu l t of oxygen content. The 
c 0 value had inc reased from 9. 212 ± 0. 007 to 9. 260 ± 0. 003 A, while a 0 had 
dec reased from 8. 793 ± 0. 002 to 8. 779 ± 0. 007 A, between the c rys ta l b a r -
base and the sponge base containing 3000 ppm oxygen zi rconium al loys . 
These changes in lat t ice constant a r e g r ea t e r than can be accounted for on 
the bas i s of uranium enr ichment to 55 w/o . Since the 55 w/o uranium alloy 
made from sponge zirconium has an appreciable amount of alpha uranium 
presen t , the oxygen-sa tura ted epsilon phase must contain l e s s than 55 w/o 
uranium, although more than 50 w/o u ran ium. The additional shift in lat t ice 
p a r a m e t e r therefore indicates some solubility of oxygen in the epsilon phase . 

Oxygen was found to have no effect on the t e m p e r a t u r e s of the i s o 
t h e r m s , as indicated by the t ransformat ion t e m p e r a t u r e s de te rmined for the 
sponge-base z i rconium-45 and 55 w/o uranium spec imens . The eps i lon- to -
beta t ransformat ion occu r r ed at essent ia l ly the same t e m p e r a t u r e s in these 
alloys as in the c rys ta l b a r - b a s e a l loys . However, the 50 w/o uranium 
specimen p r epa red from sponge containing 3000 ppm oxygen t r ans fo rmed 
at the same t empera tu re as the 45 w/o uran ium specimen p repa red from 
normal sponge z i rconium. 

These r e su l t s fur ther indicate that maximum solubility of oxygen in 
the epsilon phase occurs at some composit ion between 50 and 55 w/o uran ium. 
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Alloys which a r e z i rconium r ich with r e spec t to this unique composit ion 
t rans form at the lower t empera tu re i so therm, while u r a n i u m - r i c h alloys 
with r e spec t to this composition t rans form at the higher t empera tu re i s o 
the rm. 

Tempera tu re Dependence of Eps i lon-Phase 
Latt ice P a r a m e t e r s 

The 50 w/o uranium alloy was studied, during cooling in the high-
t empera tu re X- ray camera , in o rde r to de termine if changes occur in the 
epsilon phase at low t e m p e r a t u r e s . Data were obtained on the 50 w/o 
uranium alloy p repa red from crys ta l bar z i rconium at 580, 480, 380, and 
300 C, and at room t empera tu re and on the 50 w/o alloy p r epa red from 
sponge zirconium at 580, 480, 380, 280, and 180 C, and at room t e m p e r a 
tu re . 

No definite phase changes were observed but the X - r a y diffraction 
pa t te rns obtained at 180 C and room t empera tu re al l showed diffuse back 
reflection l ines . Calculated lat t ice constants , plotted in F igures 10 and 11 
indicate a break near 280 C. The change in ra te of expansion and the 
diffuseness of X - r a y diffraction l ines a r e indicative of some low- tempera tu re 
change in the epsilon s t ruc tu re . The nature of this change is uncer ta in , but 
it could be a reorder ing of the epsilon phase, the diffuseness observed being 
the resu l t of incomplete reac t ion . 

The thermal -expans ion coefficient of the beta phase in the c rys ta l bar 
z i rconium-50 w/o uranium alloy was de termined to be 1. 54 x 10 -5 per C 
from 600 to 712 C by m e a s u r e m e n t of unit cell d imensions . 

SUMMARY 

It has been found possible to form the epsilon phase , by diffusion at 
540 C, from uranium and zirconium powders . The abili ty to form epsilon 
under these conditions es tab l i shes the stabili ty of the epsilon phase . In 
addition, meta l lographic h igh- t empera tu re X- r ay and the rmal data testify 
to the stabili ty of the phase . 

Epsilon has been found to decompose to alpha zi rconium and alpha 
uranium as a r e su l t of i ts t e rna ry alloy behavior with oxygen and /o r n i t r o 
gen. With increas ing amounts of oxygen, alpha zi rconium and alpha u r a 
nium f i r s t appear in conjunction with the epsilon phase . When sufficient 
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oxygen is added, alpha uranium and oxygen-r ich alpha z i rconium exist 
together in equi l ibr ium. 

The rma l -ana lys i s data and metal lographic data, obtained on spec i 
mens annealed under conditions producing a gradient in t empera tu re over 
their length, indicate a t empera tu re difference of 14 C between the i so the rms 
on ei ther side of the epsilon phase . The the rma l - ana lys i s data, which a re 
believed to provide the bes t indication of absolute t empera tu re , show the 
t empera tu re s of the i so the rms to be 593 and 607 C for z i r con ium-r i ch and 
u ran ium- r i ch alloys, respec t ive ly . High- tempera ture X- ray data a r e in 
substantial agreement as to the difference in t empera tu re between i s o t h e r m s . 
However, while the other techniques indicate a gradual i nc rease in t e m p e r a 
ture of t ransformat ion a c r o s s the epsilon phase, the X- r ay data indicate a 
maximum t ransformat ion t empera tu re for the 50 w/o alloy compared with 
the 45 and 55 w/o a l loys . 

Upon the bas is of metal lographic examination of specimens annealed 
under conditions producing a t empera tu re gradient over their length, the 
be ta -p lus -eps i lon region is es t imated to extend from about 44 to 57 or 58 w/o 
uranium. Metal lographic examination of specimens annealed at lower t e m 
pe ra tu re s indicate that the epsilon region na r rows with decreas ing t e m p e r a 
ture ; at 550 C the l imi ts a r e es t imated to be about 45 and 53 w/o uran ium. 

Metallographic examination of a s e r i e s of eps i lon-phase alloys con
taining var ious amounts of oxygen indicates that maximum solubility of 
oxygen in the epsilon phase is l e s s than 500 ppm. These same specimens , 
as well as h igh- t empera tu re X - r a y data, indicate that maximum solubility 
of oxygen in the epsilon phase occurs at some composition between 50 and 
55 w/o uranium. 

A low- tempera tu re modification of the epsilon phase is suspected 
from the change in ra te of lat t ice expansion of the epsilon phase at low t e m 
p e r a t u r e s . This change was observed during cooling in the h igh- t empera tu re 
X- r ay c a m e r a . The nature of this modification is uncer ta in . 
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