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THE REACTION OF HYDROGEN WITH 
ZIRCONIUM-1 AND -25 w/o URANIUM ALLOYS 

Harold E, Bigony, J„ Rober t Doig, J r . ^ and Horat io H, K r a u s e , J r . 

Hydrogen-absorption isotherms were measured over the range 535 to 835 C for 
zirconium-l w/o and -25 w/o uranium alloys. X-ray diffraction studies were made over 
approximately the same temperature range for the zirconium-l, -25, and -50 w/o uranium 
alloys. 

In general, the alloys resemble the zirconium-hydrogen system, modified by the 
presence of uranium. With 1 w/o uranium, the phase boundaries of the zirconium-hydrogen 
system are shifted to slightly lower hydrogen contents. With 25 w/o uranium, the first 
"two-phase^ region shifts to a hydrogen content 20 a/o greater than in the zirconium-
hydrogen system, while the second "two-phase" region is unchanged. The eutectoid 
temperature is increased from 547 to 601 C. 

Heats of solution of hydrogen in the alloys were found to range from -25.9 to 
-47.9 heal per mole for the 1 w/o alloy, and from -30.7 to -50.6 kcal per mole for the 
25 w/o alloy. 

The X-ray diffraction data support the interpretation that,'as hydrogen is absorbed, 
the alloys break down to form uranium and zirconium, and the latter absorbs the hydrogen. 
The entire ternary isotherms could not be deduced from the data. However, three aspects 
appear certain: (1) the extent of the phase fields along the zirconium-hydrogen binary at 
I w/o uranium, (2) the existence of alpha zirconium, alpha uranium, and ZrHx three-phase 
fields at low temperatures, and (3) the existence of fields containing beta uranium and 
ZrHx at higher temperatures for both the 25 and SO w/o alloys. 

I N T R O D U C T I O N 

This study has been concerned with the phase re la t ionships in the t e r n a r y sys tem 
z i r con ium-uran ium-hydrogen . A high concentrat ion of hydrogen a toms can be achieved 
by hydriding z i rconium to composi t ions approaching ZrH2. This p r o p e r t y makes z i r ­
conium hydride a useful mode ra to r for nuc lear r eac to r s^ especia l ly s ince the z i rconium 
provides s t r u c t u r a l s t reng th with low neut ron c r o s s sect ion. A fueled m o d e r a t o r can 
be obtained by incorpora t ing f iss ionable u ran ium in the z i rconium hydr ide . With this 
concept of a fueled mode ra to r in view^ the absorpt ion of hydrogen by two z i r con ium-
uran ium-a l loy composi t ions was m e a s u r e d . The effect of a smal l amount of u ran ium 
on the z i rconium-hydrogen sys t em was de te rmined with a 1 w/o u ran ium alloy. The 
effect of a re la t ive ly l a rge u ran ium content was studied in the 25 w/o uran ium alloy. 

There is adequate information in the l i t e r a t u r e on the t h r e e b inary s y s t e m s 
involved. Libowitz , et a l . ^'^^ has shown that u ran ium fo rms the single hydride^ UH3^ 
at t e m p e r a t u r e s below 650 C, The z i rconium-hydrogen sys t em includes seve ra l 
hydride phases ^ of which the del ta hydride^ having a composi t ion in the range Z r H j 5 to 

References at end of text. 
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ZrHi -J s i s of the g r e a t e s t i n t e r e s t for mode ra to r p u r p o s e s . The z i rconium-hydro gen 
sys tem has been desc r ibed in numerous p a p e r s . (2-10) The u r an ium-z i r con ium sys tem 
has also been studied in deta i l . ( H ) However , t h e r e has been only one repor ted study 
on the t e r n a r y sy s t em. Gulbransen and his assoc ia tesCl^ , 13) obtained data on the 50 w/o 
u ran ium alloy. Thei r chief concern was the poss ib le co r ro s ive effects of hydrogen on 
such alloys in a p r e s s u r i z e d - w a t e r r e a c t o r . 

In the p r e s e n t inves t igat ion, the hydrogen-absorp t ion data have been supplemented 
by h igh - t empe ra tu r e X - r a y diffraction. By this means the so l id - s ta te reac t ions indi ­
cated by the hydrogen-solubi l i ty data could be identified. F u r t h e r m o r e , X - r a y e x a m i ­
nation of the samples at the abso rp t i on - i so the rm t e m p e r a t u r e is des i r ab le in a sys tem 
where t r ans fo rma t ions can occur even on rapid cooling f rom elevated t e m p e r a t u r e s . 
The high diffusivity of hydrogen makes this sys tem pa r t i cu l a r l y suscept ible to such 
changes , so quenching of samples was avoided in this work. Selected alloys with hy­
drogen contents nea r the t e rmina l phases and the eutectoid composi t ion were examined. 

EXPERIMENTAL PROCEDURES 

The hydrogen-absorp t ion i s o t h e r m s w e r e m e a s u r e d over the t e m p e r a t u r e range 
535 to 835 C for both the 1 w / o and 25 w/o uran ium a l loys . Nine alloy composi t ions 
w e r e se lec ted for X - r a y study? z i r con ium-base alloys containing 1, 25 , and 50 w/o 
u r a n i u m , each with 10, 30, and 50 a /o hydrogen. The a tomic percentage of hydrogen 
was based on the z i rconium por t ion alone in o r d e r that the r e su l t s could be compared 
with the study of the z i rcon ium-hydrogen sys tem made by Vaughan and Br idge . (8) The 
10 and the 50 a /o hydrogen contents co r respond to posi t ions nea r the t e rmina l phases in 
the z i rcon ium-hydrogen s y s t e m , and the 30 a /o hydrogen addition approximates the 
eutectoid composi t ion. 

Ma te r i a l s and Fab r i ca t ion Techniques 

The z i rconium used in th is work was iodide me ta l and the u ran ium was center 
cut f rom biscui t s tock. Both 1 w / o and the 50 w / o uran ium alloy w e r e double mel ted 
by consumable -e lec t rode a r c - m e l t i n g , as p a r t of l a r g e batches p r e p a r e d for other 
s tud ies . The 25 w/o uran ium alloy was p r e p a r e d by a tungs ten-e lec t rode a r c -me l t i ng 
method. The alloys w e r e hot ro l led at 1500 F , c leaned, and cold rol led to a final 
th ickness of 0. 125 in. 

P u r e hydrogen for the i s o t h e r m d e t e r m i n a t i o n s , and a lso for hydriding the alloys 
used in the X - r a y s tudy, was obtained by the t h e r m a l decomposi t ion of uran ium hydr ide . 
Tables 1 and 2 give the composi t ions of the alloys and the hydr ides used in this p r o ­
g r a m , as obtained by vacuum-fusion analys is and spec t rograph ic ana lys i s . 
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TABLE 1. COMPOSITION OF ZIRCONIUM-URANIUM ALLOYS 
PREPARED FOR THE STUDY 

Consti tuent 
Z i r c o n i u m - l w / o 

Uranium 

Analyzed Impur i ty Content of Alloy Shown, ppm 
Zi rcon ium-25 w/o 

Uranium 
Zirconium-50 w/o 

Uranium 

Oxygen 
Hydrogen 
Nit rogen 
Silicon 
I ron 
Lead 
Magnesium 
Nickel 
Aluminum 
Copper 
Calcium 
Tungsten 
B a r i u m 
Bery l l ium 
Boron 
Phosphorus 
Manganese 
Molybdenum 
Vanadium 
Sodium 
Cobalt 
Cadmium 
Chromium 
Zinc 
Tin 

360 
8 
10 

250 
1500 
10 
5 
50 
100 
100 
100 
N. d, (a) 

10 
5 
1 

N. d. 
30 

N. d. 
N. d. 
N. d. 
500 

N. d. 
20 

N. d. 
N. d. 

443 
32 
20 
100 
400 
2 

30 
20 

<10 
60 
60 

<200 
<0. 2 
<0. 2 
10 

<200 
2 
10 
<5 
<80 
<5 
<0. 2 
10 
40 
50 

311 
21 
30 
120 
600 

2 
3 
30 
10 
80 
<2 

N. d. 
3 

<0. 2 
0. 1 

N. d. 
5 

N. d. 
N. d. 
N. d. 
400 
N. d. 
10 

N. d. 
N. d. 

(a) N, d, indicates constituent not determined. 

TABLE 2. HYDROGEN CONTENT OF HYDRIDED ALLOYS 
USED IN X-RAY DIFFRACTION STUDY 

U r a n i u m , 
w / o 

1 
1 
1 

25 
25 
25 
50 
50 
50 

Hydrogen 
Concent ra t ion , 

w / o 

0. 127 
0.505 
1.05 
0. 10 
0.38 
0.77 
0.061 
0. 285 
0.515 

Hydrogen Concentrat ion pe r 
Zi rconium Atom, a /o 

10 .4 
31.7 
49 .3 
10.8 
31 .6 
4 8 , 4 
10.0 
34. 1 
4 8 . 4 
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Apparatus 

The hydrogen-absorp t ion a p p a r a t u s , shown in F igu re 1, consis ted of th ree self-
contained un i t s . The f i r s t unit provided a source of, and s to rage faci l i t ies fo r , pure 
hydrogen, which was obtained by the t he rma l decomposi t ion of uran ium hydride. The 
second unit provided p r e c i s e me te r ing of hydrogen at a known t e m p e r a t u r e , for del ivery 
to the reac t ion sy s t em. The th i rd unit was a cons tant -volume sect ion in which the 
reac t ion of hydrogen with the z i r con ium-uran ium alloy o c c u r r e d at a control led t e m ­
p e r a t u r e (±3C). The equi l ibr ium p r e s s u r e s of hydrogen were m e a s u r e d in this section 
a l so . 

The X - r a y s tudies w e r e made with a h i g h - t e m p e r a t u r e X - r a y diffraction c a m e r a 
of Hume-Rothery design. This c a m e r a had a 9 -cm d iamete r and employed the 
S t raumanis film set t ing. A fine Chromel -AIumel thermocouple within the furnace 
cavity and adjacent to the sample s e rved to m e a s u r e and control t e m p e r a t u r e . The 
sample t e m p e r a t u r e was ca l ib ra ted against the thermocouple emf through a s e r i e s of 
l a t t i ce -cons tan t m e a s u r e m e n t s on pure s i lve r . 

Exper imen ta l Methods 

The absorpt ion of hydrogen by the z i r con ium-uran ium alloys was m e a s u r e d i s o -
t h e r m a l l y , using the constant-volume sect ion of the sy s t em. An Autovac gage was used 
to m e a s u r e p r e s s u r e s below 2 m m , and a l a r g e - b o r e m a n o m e t e r was used for higher 
p r e s s u r e s . A ca the tometer was employed for the manome te r r ead ings . Poss ib le con­
taminants such as m e r c u r y and stopcock g r e a s e w e r e excluded f rom the reac t ion ves se l 
by means of a -78 C t r a p . The alloy samples w e r e placed in an Inconel container to 
prevent poss ib le reac t ion with the mul l i te tube in which the hydriding was effected. 

At each t e m p e r a t u r e success ive additions of hydrogen w e r e made and the equi l ib­
r i um p r e s s u r e s m e a s u r e d . Equi l ibr ium was r eached in minutes at t e m p e r a t u r e s above 
700 C, but s eve ra l hours were r equ i r ed at lower t e m p e r a t u r e s . Additions of hydrogen 
w e r e continued until the amount of hydrogen absorbed pe r g r a m of z i rconium approx i ­
mated 60 a / o . The volume of hydrogen taken up by the sample was de te rmined as the 
difference between that added and the volume remain ing in the reac t ion sys t em at 
equi l ibr ium. Cor rec t ions w e r e made for the differences in manifold t e m p e r a t u r e s 
encountered during the expe r imen t s . 

F o r the X - r a y work , " w i r e " samples w e r e p r e p a r e d by shear ing 0. 010-in. sheet 
of the d e s i r e d u r a n i u m - z i r c o n i u m - a l l o y composi t ion, keeping the width a s close to the 
th ickness a s poss ib le , A smiall ba tch of these w i r e s was then hydrided at 800 C to the 
d e s i r e d hydrogen content along with a smal l block of the same alloy to br ing the sample 
weight to a feas ible va lue . The hydr ided m a t e r i a l of each composi t ion was then sea led 
in an evacuated Vycor capsule and homogenized at 1000 C. 
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S-l through s-7 - Ofle-way stopcocks 
PHb - Puie-hydrogen storage 
IHS - Impure-hydrogen storage 
M-1 and M-2 - Manometer 

VP - To vacuum pumps 
ML - To McLeod gage 
AG - To Autovac gage 
OM - Open-end manometer 

Furnace Details 
A - Traosite ends 
B - Stainless steel lemperature-

equalizing cylinder 

C - Flberfrax insulation 
D - Alimdum support tube 
E - Insulation 
F - Inconel capsule and specimen 

FIGURE 1. HYDROGEN-ABSORPTION SYSTEM 
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Individual w i re sect ions chosen for s t ra igh tness and des i r ab le c r o s s - s e c t i o n a l 
shape w e r e cut to d e s i r e d length and etched in a n i t r i c ac id-hydrof luor ic ac id-water 
solution to remove the inevitable sca le that occurs on closed heating. The br ight s a m ­
ple was then r in sed in 1:1 n i t r i c ac id to r emove any g reen deposit that might have 
formed during etching. 

Each alloy was examined at t e m p e r a t u r e leve ls about 100 C a p a r t , s ta r t ing at 
e i ther 400 or 500 C, and extending to 800 C. The 400 or 500 C level was p receded by 
r o o m - t e m p e r a t u r e examinat ion, and the sample was somet imes r e - examined at room 
t e m p e r a t u r e after the e l eva t ed - t empe ra tu r e excurs ion . Each X - r a y photogram was 
obtained by a 2-hr exposure to unf i l tered nickel radia t ion . 

The 800 C examination was se ldom cons idered useful because of apparent r e a c ­
tion with the cap i l la ry wal l . The diffraction photograms at that t e m p e r a t u r e level in ­
dicated the p r e s e n c e of u ran ium dioxide , c r i s toba l i t e f rom devitr i f icat ion of the si l ica 
cap i l l a ry , and an unknown co r ro s ion product . These effects w e r e somet imes noted to 
a mild degree at 700 C a l so . In m o s t c a s e s of the 800 C examinat ion, the si l ica 
cap i l la ry spl i t open during escposure. 

RESULTS AND DISCUSSION 

The abso rp t ion - i so the rm method provides a ve ry useful approach to the study of 
a ga s - so l i d sy s t em. Inflection points in the i s o t h e r m s locate phase bounda r i e s , and a 
plot of log P v e r s u s 1/T (Arrhenius plot) p e r m i t s calculat ion of heats of solution and 
es t imat ion of the eutectoid t e m p e r a t u r e . The shape of the i s o t h e r m s depends only on 
those phases which affect the hydrogen absorp t ion , r a t h e r than a l l phases p re sen t . 
Consequently, the i s o t h e r m s in this study a r e t r e a t e d with a view to the effect of u r a ­
nium on the phase boundar ies of the z i rcon ium-hydrogen sys t em. The actual phases 
p r e s e n t were then identified by h i g h - t e m p e r a t u r e X - r a y diffraction. 

Z i r c o n i u m - l w / o Uran ium Alloy 

I so the rms for the 1 w/o u ran ium alloy were run at s ix t e m p e r a t u r e s , covering 
the range 534 to 802 C. The X - r a y diffraction s tudies on this alloy w e r e made at room 
t e m p e r a t u r e and f rom 500 to 800 C. The genera l effect of the addition of the uran ium i 
to shift the phase boundar ies of the z i rcon ium-hydrogen sys t em to slightly lower hy­
drogen p e r c e n t a g e s , as shown in F i g u r e 2, The eutectoid t e m p e r a t u r e is a lso lowered 
f rom 547 to 541 C. 

Hydrogen-Absorpt ion I s o t h e r m s 

The i s o t h e r m s de te rmined for the z i r c o n i u m - l w / o uranium; alloy a r e shown in 
F i g u r e 3 . Solid solution of hydrogen in the alloy is r e p r e s e n t e d by the init ial por t ions 
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Z'Ha,2 ZrHo.28 ZrHo_44 ZrHo.6, ZrH|.o ZrHigs ZrHg.o 

900 

Hydf@y©fia o/o 

FIGURE 2. PHASE DIAGRAM OF THE ZIRCONIUM-HYDROGEN SYSTEM, WITH 
MODIFICATIONS PRODUCED BY THE SUBSTITUTION OF 1 w/o AND 
25 w/o URANIUM 
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of all the c u r v e s , which show a rap id change of p r e s s u r e with the volume of hydrogen 
absorbed . The inflection points of the curves r e p r e s e n t phase bounda r i e s , and the 
t rans i t ion f rom alpha z i rconium to a mul t iphase region is indicated by the f i r s t such 
point on each curve . The ve r t i ca l por t ions of the c u r v e s , which indicate hydrogen u p ­
take at constant p r e s s u r e , show the extent of the mul t iphase regions as given in the 
phase d i ag ram of F i g u r e 2. 

The i so the rm at 534 C has a ve ry sha rp inflection, followed by an a lmost ve r t i ca l 
por t ion , as the mul t iphase region i s t r a v e r s e d . The slight change in p r e s s u r e that does 
occur in the mul t iphase regions m a y be due to changes in la t t i ce p a r a m e t e r s of the z i r ­
conium and i t s h y d r i d e s , as noted by Vaughan and Br idge . (°) As these p a r a m e t e r s 
change with hydrogen absorp t ion , the d issocia t ion p r e s s u r e of the hydride phase will 
change a l so . The second inflection in the 534 C i s o t h e r m indicates the t rans i t ion to the 
single hydrogen-absorb ing p h a s e , de l t a - z i r con ium hydr ide . Because th is i so the rm l ies 
below the eutectoid t e m p e r a t u r e , only two phase boundar ies a r e c r o s s e d . 

The four i s o t h e r m s at 626, 6 5 1 , 703 , and 755 C have s imi l a r shapes . After the 
p r e s s u r e - s e n s i t i v e init ial por t ion , t he re is an inflection, followed by a shor t ve r t i ca l 
por t ion. The mul t iphase region is del ineated by the ve r t i c a l sect ion. The second in­
flection point is followed by another p r e s s u r e - s e n s i t i v e reg ion , as hydrogen is taken up 
by a single phase . The second ve r t i ca l por t ion r e p r e s e n t s another mul t iphase reg ion , 
consis t ing of delta z i rconium hydr ide , gamma U Z r , and alpha u ran ium. The t rans i t ion 
back to sol id-solut ion format ion is not as sharply defined as the o ther t r ans i t i ons . At 
the higher content of hydrogen, u ran ium prec ip i ta t ion f rom the alloy br ings about 
changes in the alloy composi t ion which affect the r a t e of hydrogen absorpt ion. 

The 802 C i s o t h e r m differs sl ightly f rom the o t h e r s , in that the inflections at 
low hydrogen absorpt ions a r e not ve ry pronounced. However , when the data a r e plotted 
on the phase d i a g r a m , a n a r r o w mul t iphase region a p p e a r s . Extrapola t ion indicates 
that above 840 C, this mul t iphase region would not exis t . The r e m a i n d e r of the i s o ­
t h e r m is the s a m e as the o t h e r s . 

The phase boundar ies which a r e indicated by these i s o t h e r m s r e p r e s e n t slight 
shifts f rom those of the z i rconium-hydrogen s y s t e m , and show that no unexpected 
change r e su l t s f rom smal l u ran ium addi t ions . The hydrogen-absorp t ion data from 
which the phase boundar ies w e r e de te rmined a r e s u m m a r i z e d in Table 3. 

X-Ray Diffraction Study 

The X - r a y examination of the 1 w / o al loy containing 10 a / o hydrogen showed that 
f rom room t e m p e r a t u r e to 600 C, alpha z i rconium and t r a c e s of the cubic z i r con ium-
hydride phase were p r e s e n t . The absence of the gamimia solid solution of u ran ium and 
z i rconium at 600 C was unexpected, s ince both the u r an ium -z i r con i um eutectoid at 
593 C and the z i rconium-hydrogen eutectoid at 547 C a r e below this t e m p e r a t u r e . This 
r e su l t was checked by a second X - r a y examinat ion and was found to be reproduc ib le . 
However , at 700 C the sainple did show the p r e s e n c e of the body-cen te red-cub ic gamma 
solid solution. The value of BQ for this phase was found to be 3 . 62 A. The format ion 
of the gamma solid solution between 600 and 700 C indicates that within this t e m p e r a t u r e 
range the solubili ty of hydrogen in alpha z i rconium is exceeded. An unidentifiable 
p h a s e , which has been designated as Unknown A, was detected in modera t e intensi ty 
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TABLE 3. PHASE BOUNDARIES IN THE ZIRCONIUM-1 w / o URANIUM-
ALLOY HYDRIDE SYSTEM 

Phase 
Boundary 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

Hydrogen Absorpt ion 

Alloy 

2 . 4 
7 . 6 

114.0 
176.6 

4 . 5 
14.5 

112.5 
176.9 

5 . 9 
18.6 

103.4 
168.5 

6 . 7 
25.6 
95 .9 

162.0 

6 . 7 
28.6 
88 .6 

156.0 

cm-3 p e r g 
> 

I 
Zirconium 

2 . 4 
7 . 6 

115.0 
178.4 

4 . 6 
14. .6 

113.6 
178.7 

5 . 9 
18.8 

104.4 
170. 2 

6 . 8 
25.8 
96 .8 

163.6 

6 , 8 
28.9 
89 .5 

157.6 

802 C 

755 C 

703 C 

651 C 

626 C 

534 C^a) 

i yd rogen , a /o 
in z i rconium 

1.92 
5 .82 

48 .35 
59 .21 

3.61 
10.62 
48 .04 
59.26 

4 .58 
13.27 
45 .94 
58.08 

5 .24 
17.35 
44.07 
57. 11 

5 .24 
19,04 
42. 15 
56,19 

Hydrogen P r e s s u r e , 
cm of m e r c u r y 

0.0614 
0. 132 

13.3 
14.8 

0.078 
0. 116 
4 . 0 
4.65 

0.075 
0.086 
1. 12 
1. 19 

0.053 
0.057 
0.285 
0. 285 

0.0395 
0.0405 
0. 137 
0. 140 

1 
2 
3 
4 

6,3 

170.8 

6.4 

172.5 

4.95 

58.4 

0.0073 

0.0136 

(a) Only two phase boundaries were detected at this temperature. 
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at 700 C, This s ame m a t e r i a l was obse rved in seve ra l samples at 700 and 800 C, and 
is bel ieved to be a surface contamination resul t ing from a reac t ion with the s i l ica con­
t a ine r . This unknown phase r e m a i n s when the sample is cooled to room t e m p e r a t u r e . 

With 30 a /o hydrogen, the alloy cons is t s of alpha z i rconium and the f a c e - c e n t e r e d -
cubic z i rconium hydride (delta hydride) at room t e m p e r a t u r e and at 500 C. At 600 C the 
body-cen te red-cub ic gamma solid solution appea red , as the r e su l t of reac t ion of alpha 
z i rconium and hydride above the eutectoid t e m p e r a t u r e . Alpha z i rconium was sti l l d e ­
t ec t ab le , indicating e i ther incomplete r eac t ion , or that the sample was below the solvus 
surface on the a lpha-z i rcon ium side of the t e r n a r y eutectoid. At 720 C the reac t ion was 
comple te , only the gamma solid solution remaining in evidence. The la t t ice constant of 
the gamma phase i n c r e a s e d f rom 3, 62 A at 10 a /o hydrogen to 3. 66 A at 30 a / o , indica t ­
ing that hydrogen en t e r s in te r s t i t i a l ly into the body-cen te red-cub ic z i rconium la t t i ce . 

Resul ts for the 50 a /o hydrogen alloy also indicated that a eutectoid exis ts between 
500 and 600 C. At 600 C t h r e e phases were observed: gamma solid solution, delta z i r -
coniumi hydr ide , and alpha z i r con ium, the l a t t e r probably as the resu l t of incomplete 
reac t ion . At 700 C the sample was above the solvus t e m p e r a t u r e in the s ing le -phase 
gamma field. The la t t ice constant i n c r e a s e d f rom 3, 66 A at 30 a /o hydrogen to 3. 698 A 
at 50 a /o hydrogen. 

Table 4 shows the in tens i t ies of the phase pa t t e rns observed for the 1 w/o uran ium 
alloy. The intensi ty is indicative of the quanti ty of a given phase that is p r e s e n t , but the 
amount p r e s e n t is not n e c e s s a r i l y propor t iona l to the in tensi ty . 

Heats of Solution 

The heats of solution of hydrogen in the alloy w e r e deterixiined from the Arrhen ius 
plots of the i s o t h e r m data (log P v e r s u s 1/T), F i g u r e 4 shows such a plot for the 1 w / o 
alloy. The average AH va lue s , calculated f rom the s lopes of the i s o c h o r e s , range from 
-25 .9 to -47 ,9 kcal p e r mole for the var ious regions of the phase d i ag ram. Table 5 
p r e s e n t s the data for the five regions that a r e del ineated by the i s o t h e r m s which a r e 
comparab le to the following p a r t s of the z i rcon ium-hydrogen sys tem: (1) alpha solid 
solut ion, (2) a lpha-beta two-phase reg ion , (3) beta solid solution, (4) be ta -de l ta two-
phase reg ion , and (5) delta solid solution. 

The eutectoid t e m p e r a t u r e as de te rmined f rom the Ar rhen ius plot is 541 C, as 
compared to 547 C for the z i rconium-hydrogen sys t em, 

Z i rcon ium-25 w / o Uranium Alloy 

Thi r teen hydrogen-absorp t ion i s o t h e r m s covering the range 572 to 835 C w e r e 
run on the 25 w/o uran ium alloy. The X - r a y diffraction pa t t e rns were taken at room 
t e m p e r a t u r e and at 500, 600, 700, and 800 C, The effect of the uran ium on the 
z i rconium-hydrogen sys tem in this case is apprec iab le below 40 a /o hydrogen. The 
two-phase region of the z i rcon ium-hydrogen s y s t e m , which cons is t s of alpha plus beta 
z i rconium hydr ide , is shifted to much higher hydrogen con ten t s , as shown in F i g u r e 2. 
S imi l a r ly , the eutectoid shifts to a higher a tomic pe rcen tage of hydrogen, and i ts t e m ­
p e r a t u r e boundary r i s e s f rom 547 to 601 C. 
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TABLE 4, PHASES DETECTED BY X-RAY DIFFRACTION EXAMINATION 
OF THE HYDRIDED ZIRCONIUM-1 w / o URANIUM ALLOY 

Hydrogen < 
a /o in zir 

10 
10 
10 
10 
10 

30 
30 
30 
30 
30 

50 
50 
50 
50 
50 

Content, 
conium 

T e m p e r a t u r e , 
C 

26 
500 
600 
700 
800 

27 
500 
600 
720 
815 

28 
515 
600 
700 
815 

Intensi t i 
a - Z r 

S 
S 

s 
s 
0 

s 
vs 
MS 
0 
0 

M 
M 
M 
0 
0 

es of P h a s e 
7 -UZr 

0 
0 
0 

M 
0 

0 
0 

s 
vs 
vs 

0 
0 

M F 

vs 
s 

P a t t e r n s Ob served!3-) 
Z r H x 

V V F - V F 
V V F - V F 
V V F - V F 

0 
0 

M 
MS 
F 
0 
0 

MS 
S 
M 
0 
0 

Unknown A 

0 
0 
0 

M F 
S 

0 
0 
0 
0 

M F 

0 
0 
0 
0 

M F 

(a) S = strongs M = mediums F = faint, V = very, 0 = absent. 
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FIGURE 4. ARRHENIUS PLOT FOR THE ZIRCONIUM-
1 w/o URANIUM ALLOY 
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TABLE 5. HEATS OF SOLUTION OF HYDROGEN IN THE ZIRCONIUM-1 
w / o URANIUM ALLOY 

Zi rconium-Hydrogen P h a s e 

Volume of Hydrogen 
Absorbed , 
cm3 p e r g 

-AH, 
kca l p e r mole 

Average -AH, 
kcal pe r mole 

Alpha solid solution 

Alpha-beta two-phase region 

Beta solid solution 

Be ta -de l t a two-phase region 

Del ta solid solution 

10 
15 
20 
25 

30 
40 
50 
60 
65 
80 
80 
90 
100 

110-140 

170 
180 

25.9 

30,5 
29.4 
30. 1 
27.9 

29.6 
30.7 
31,8 
32.5 
33.0 
32.5 
34.6 
35,9 
39.9 

47,9 

42. 4 
40.0 

25.9 

29.5 

33.4 

47.9 

41. 2 
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Hydrogen-Absorpt ion I so the rms 

The i s o t h e r m s for the 25 w/o uran ium alloy consti tute a family of curves closely 
resembl ing each o the r . Seven of the 13 i so the rms which w e r e m e a s u r e d a r e plotted in 
F igu re 5. I so the rms in te rmedia te between each adjacent pa i r were omit ted to reduce 
the complexity of the plot. The i s o t h e r m s at 572 C (not shown) and at 601 C a r e the 
only ones that do not c r o s s four phase boundar ies . The data for all the isothermis d e ­
t e rmined for the 25 w/o alloy a r e s u m m a r i z e d in Table 6. 

When the i s o t h e r m s for the 25 w / o u ran ium alloy a r e compared with those for the 
1 w/o al loy, significant differences a r e noted. The region of solid solution of hydrogen 
in alpha z i rconium is much b r o a d e r in the 25 w/o al loy. The mul t iphase region is much 
m o r e c lear ly defined in the 25 w / o alloy. The f i r s t two inflection points a r e shifted to 
higher values of hydrogen content. This shift makes the a r e a between the second and 
th i rd phase boundar ies decidedly n a r r o w e r , because the th i rd and fourth phase bound­
a r i e s , encompass ing the reg ion in which delta z i rconium hydride p r e d o m i n a t e s , a r e 
p rac t i ca l ly unchanged f rom the 1 w/o alloy. 

The ve r t i ca l por t ions of the 25 w/o alloy i s o t h e r m s , r ep resen t ing hydrogen 
uptake at constant p r e s s u r e , show p rac t i ca l ly no var ia t ion of p r e s s u r e , whereas the re 
was a slight drift to higher p r e s s u r e in the case of the 1 w/o alloy. 

X-Ray Diffraction Study 

The 25 w/o u ran ium alloys p r e s e n t e d m o r e exper imenta l difficulties than the 1 w/o 
a l loys , because l a r g e g ra in s ize in the alloys r e su l t ed in spotty diffraction p a t t e r n s . 
Consequently, re la t ive in tens i t ies were m o r e difficult to e s t i m a t e , and it became 
n e c e s s a r y to examine additional samples to be s u r e that the en t i re pa t t e rn was detected. 

With 10 a /o hydrogen, at room t e m p e r a t u r e , gamma solid solution of uran ium and 
z i rconium was p r e s e n t . In addit ion, t h e r e was detected a phase which was e i ther delta 
UZr2 or an omega- type phase with the same s t r u c t u r e , (Omega phase occur s as the 
single phase in quenched z i r conium-molybdenum and zir conium-niobium alloys and in 
quenched zir con ium-uran ium alloys containing 10, 15, 25 , or 75 w/o u ran ium. In 
zir con ium-uran ium alloys it decomposes into alpha z i rconium and delta UZr^ upon an­
neal ing. The s tandard diffraction pa t t e rns of omega and delta a r e a lmos t ident ical , ) 
The diffraction pa t t e rn obse rved for these samples indicated omega r a t h e r than de l ta , 
but an exact differentiat ion could not be made . At 500 C this phase was the only one 
obse rved , except for faint evidence of z i rconium hydr ide . However , at 600 C, the 
omega phase had decomposed to alpha z i r con ium, alpha u r a n i u m , and gamma solid 
solution. At 700 C, only alpha z i rconium and gamma solid solution w e r e found. The 
phases detected in the 10 a /o hydrogen alloy w e r e what would be expected f rom the 
u r a n i u m - z i r c o n i u m phase d i ag ram. 

The 30 a /o hydrogen alloy at room t e m p e r a t u r e and at 515 C contained no omega 
or delta phase . Ins tead , alpha z i r con ium, alpha u r a n i u m , and z i rconium hydride were 
found. At 620 C, these same t h r e e phases w e r e p r e s e n t , plus the gamma phase . At 
720 and 815 C, the gamma phase was split into two por t ions having the la t t ice constants 
3, 68 and 3 . 64 A, respec t ive ly , A new p h a s e , which has been designated as Unknown B 
a lso appeared at 720 C. These r e su l t s w e r e verif ied in t h r e e different samples at the 
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FIGURE 5, HYDROGEN-ABSORPTION ISOTHERMS FOR THE ZIRCONIUM-
25 w/o URANIUM ALLOY 
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TABLE 6. PHASE BOUNDARIES IN THE ZIRCONIUM-25 w / o URANIUM-
ALLOY HYDRIDE SYSTEM 

P h a s e 
Boundary 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

Hydrogen Absorp t ion , 

Alloy 

40.6 
48 .8 
93 .8 

136. 1 

36 .5 
46.9 
89 .9 

130, 2 

36. 2 
50 .8 
88 ,3 

129.8 

35 .2 
55 ,8 
87. 2 

130.0 

33 .9 
54,0 
84 .3 

129.6 

34 .3 
56 .1 
84 .5 

129.6 

cm-^ p e r g 
Zi rconium 

54, 2 
65 .0 

125. 1 
181,5 

48.6 
62. 5 

119.8 
173.6 

48 .3 
67 .7 

117.7 
173. 1 

46 .9 
7 4 . 4 

116. 2 
173.3 

45 .2 
72 .0 

112.4 
172.9 

45 .3 
74 .8 

112.7 
172,8 

835 

803 

a/ 

C 

R 

776 C 

748 _C 

730 C 

716 C 

Hydrogen, 
o in z i rconium 

30.59 
34,61 
50 .44 
59 .63 

28.35 
33.73 
49.37 
58. 55 

28. 20 
35.53 
48 .93 
58. 48 

27 .64 
37 .71 
48 .61 
58 ,51 

26.90 
36 ,95 
47.78 
58.45 

26.93 
37 ,84 
47 .84 
58 ,44 

Hydrogen P r e s s u r e , 
cm of m e r c u r y 

5.00 
5. 00 

26.85 
28,30 

2.90 
2.90 

12.90 
13. 25 

1.84 
1.84 
6.70 
6.75 

1.06 
1. 19 
3.36 
3.50 

0.84 
0 .84 
2. 19 
2. 26 

0 .634 
0 .634 
1. 484 
1.520 
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T A B L E 6. (Cont inued) 

P h a s e 
B o u n d a r y 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

H y d r c 

A l l o y 

3 4 . 0 
58 . 1 
8 1 . 2 

1 3 1 . 0 

3 4 . 6 
5 8 . 8 
7 7 , 3 

1 2 7 . 5 

3 1 . 6 
5 7 . 5 
7 3 . 5 

1 2 8 . 4 

3 1 . 0 
5 7 . 7 
7 1 . 8 

1 2 7 . 3 

3 1 . 6 
5 6 . 5 
6 5 . 0 

1 2 4 . 0 

3 0 . 0 
— 
__ 

123, 2 

2 3 . 2 
— 
_« 

123. 1 

g e n A b s o r p t i o n j 
cm-* p e r g 

Z i r c o n i u m a / 

4 5 . 3 
7 7 . 5 

1 0 8 . 3 
1 7 4 , 7 

4 6 , 1 
7 8 . 4 

103 . 1 
1 7 0 , 0 

4 2 . 2 
7 6 . 7 
9 8 . 0 

1 7 1 . 3 

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

1 6 9 . 7 

4 2 . 2 
7 5 . 3 
8 6 . 7 

1 6 5 , 0 

4 0 . 0 
— 
— 

164. 2 

3 0 . 9 
— 
__ 

164. 1 

710 C 

690 C 

676 C 

650 C 

627 C 

601 cCa) 

57 2 C^a) 

H y d r o g e n , 
o i n z i r c o n i u m 

2 6 . 9 3 
3 8 . 6 8 
4 6 . 8 5 
5 8 . 7 1 

2 7 , 2 8 
38 . 95 
4 5 , 6 2 
5 8 . 0 4 

2 5 . 5 5 
3 8 . 4 3 
4 4 . 3 6 
58 , 22 

25 . 15 
38 . 50 
4 3 . 7 8 
58 . 00 

25 . 55 
38. 00 
4 1 , 3 7 
5 7 . 3 2 

2 4 . 5 6 
— 
__ 

57 . 21 

2 0 . 0 9 
- -
__ 

57, 18 

H y d r o g e n P r e s s u r e , 
c m of m e r c u r y 

0 . 5 5 6 
0 . 5 8 8 
1.24 
1.35 

0 . 3 9 5 
0. 398 
0 . 6 7 0 
0 , 6 9 2 

0 , 2 7 3 
0 . 3 0 1 
0 . 4 5 5 
0 . 5 0 7 

0. 161 
0. 164 
0. 235 
0. 248 

0. 104 
0. 104 
0. 122 
0. 127 

0 . 0 5 9 
- -
__ 

0 , 0 5 9 

0 . 0 2 4 
- -
- -

0 . 0 2 4 

(a) Only two phase boundaries were detected at these temperatures. 
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700 C leve l . It is suspected that the two different gamma phases w e r e of high hydrogen 
and low hydrogen contents , respec t ive ly . The high-hydrogen phase is probably the 
en la rgement of the gamma field of the z i rconium-hydrogen eutectoid, and the phase of 
low hydrogen content is probably a s imi l a r effect at the z i r con ium-uran ium eutectoid. 
Unknown B may be a complex u r a n i u m - z i r conium hydr ide . 

The 50 a /o hydrogen alloy showed alpha u ran ium and z i rconium hydride at room 
t e m p e r a t u r e and at 515 C. At 600 C, the gamima phase also appeared . At 700 C, weak 
pa t t e rns of beta u ran ium and z i rconium hydride were obse rved , together with a s t rong 
gamma phase pa t t e rn . 

The unidentified pa t t e rn designated as Unknown A in the 1 w/o uran ium alloy also 
appeared at 815 C with the 25 w/o al loy. It i s bel ieved to be due to reac t ion of the s a m ­
ple with the quar tz capsule . Some faint pa t t e rns of UO2 were also obse rved , p a r t i c u ­
l a r l y with the 50 a /o hydrogen alloy. Slight surface contamination with oxygen would 
account for the UO2. Table 7 shows the X - r a y diffraction r e s u l t s in t e r m s of p h a s e -
pa t t e rn in tens i t i e s . 

Heats of Solution 

The heats of solution of hydrogen in the 25 w/o uran ium al loy, as de te rmined 
f rom an Arrhen ius plot of the i s o t h e r m da ta , do not differ g rea t ly f rom those found 
with the 1 w/o u ran ium alloy. Table 8 gives the AH values for the five regions of the 
i s o t h e r m s , all of which have counte rpar t s in the zir conium-hydrogen sy s t em. The 
values found for corresponding regions a r e a few k i loca lor ies pe r mole higher for the 
25 w/o uran ium alloy. The range of values in this case is from -30 . 7 to -50 . 6 kcal per 
mole . The Ar rhen ius plot f rom which the values w e r e obtained is p r e sen ted as 
F igu re 6. The eutectoid t e m p e r a t u r e de te rmined f rom the plot is 601 C, as compared 
to 541 C for the 1 w/o u ran ium al loy, and 547 C for the z i rconium-hydrogen sys tem. 

Zi rconium-50 w/o Uranium Alloy 

This sys tem was examined by Gulbransen and his associa tes(12,13)^ but the i r 
X - r a y studies were made on quenched s a m p l e s , so the re has been uncer ta in ty as to 
the exact na ture of the phases p r e s e n t a t the higher t e m p e r a t u r e s . Consequently, X-
ray diffraction pa t t e rns of the 50 w/o uran ium alloy were taken over the range 500 to 
800 C. 

A 50 w/o uran ium alloy f ree of in t e r s t i t i a l impur i t i e s such as hydrogen would 
consis t of the in te rmeta l l i c compound U Z r 2 , designated as the delta phase . This was 
a lso found to be the case for the alloy with 10 a / o hydrogen at room t e m p e r a t u r e . How­
e v e r , at 500 C medium-faint pa t t e rns of alpha z i rconium and alpha uran ium appea red , 
although a l a rge amount of the delta UZr2 remained . At 600 C, the delta phase d i s ­
appeared complete ly , and the a lpha-z i r conium and a lpha-uran ium phases were c o r ­
respondingly i nc rea sed in intensi ty . Despite the difficulty in dist inguishing between 
smal l amounts of gamma and delta phase (the delta pa t t e rn resemibles m e r e l y a 
super la t t i ce pa t t e rn of the g a m m a ) , a minor amount of gamma phase was detected. 



20 

TABLE 7. PHASES DETECTED BY X-RAY DIFFRACTION EXAMINATION OF TIffi HYDRIDED ZIRCONIUM-25 w/o 
URANIUM ALLOY 

Intensities of Phase Patterns ObserYedC*) Lattice Parameter of 
Hydrogen Content, Temperature, Unknown Cubic Gamma 
a/o in zirconium C a-Zr a~U &> ot SUZr2 y "UZr ZrH^ A B UO2 Phase, A 

10 26 0 0 S MS 0 0 VVF W F 3.56 
10 600 VF 0 S 0 VF 0 VVF 0 
10 600 MS VF O S 0 0 VF 0 3,631 
10 700 VF 0 0 S 0 0 VVF 0 3,639 
10 815 0 0 0 S 0 M MF 0 3.615 

600 
600 
700 
815 

26 
515 
620 
720 

VF 
MS 
VF 
0 

s 
s 

MS 
0 

0 
VF 
0 
0 

F 
F 
M 
F 

30 26 S F 0 0 M 0 0 0 
30 515 S F 0 F M 0 VVF 0 
30 620 MS M 0 MF MS 0 F 0 3.68 
30 720 O F 0 Sand VVF VF M 0 3,68 and 

M W 3,64 
30 815 0 0 0 S and 0 VS 0 0 3.68 and 

M W 3,64 

50 26 O F 0 0 S 0 VVF 0 
50 515 O F 0 0 S 0 0 VF 

0 
0 
0 
0 

F 
F 

MF 
FC<=) 

50 600 0 MF 0 M MS 0 VVF VVF 3.68 
50 700 0 FCC) 0 S MF 0 VVF VF 3,712 

(a) S = strong, M = medium, F = faint, V = very, 0 = absent. 
(b) Duplex gamma phase observed, 
(c) Beta uranium rather than alpha uranium. 
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TABLE 8. HEATS OF SOLUTION OF HYDROGEN IN THE 
ZIRCONIUM-Z5 w / o URANIUM ALLOY 

Zirconium-Hydrogen P h a s e 

Volumie of 
Hydrogen Absorbed , 

cm^ p e r g 
-AH, Average -AH, 

kcal p e r mole kcal p e r mole 

Alpha solid solution 

Alpha-be ta two-phase region 

Beta solid solution 

Be ta -de l t a two-phase region 

Del ta solid solution 

10 
15 
20 
30 

40-50 

60 
70 
80 

100-120 

130 
130 
140 

28 .4 
30.6 
31 .3 
32 .5 

35. 2 

37.9 
39. 2 
40. 3 

47.6 
53.7 

45.6 
49 .8 
46 .3 

30.7 

35. 2 

39. 1 

50.6 

47 .2 
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a. 

0.0012 00010 

I 
TCK) 

FIGURE 6, ARRHENIUS PLOT FOR THE ZIRCONIUM-
25 w / o URANIUM ALLOY 
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At 700 C^ the gamma phase p redomina ted , but a cons iderable quantity of alpha z i r c o ­
nium was also p r e s e n t , with poss ib ly a t r a c e of alpha u ran ium. The re su l t s for this 
alloy show that hydrogen at a concentra t ion of 10 a /o (based on the z i rconium present ) 
reduces the s tabi l i ty of the delta compound. At the higher hydrogen concentrat ions the 
delta phase was not obse rved at a l l . These facts a r e a ver i f icat ion of s imi la r r e s u l t s 
obtained by Gulbransen and a s s o c i a t e s , (13) The effect of hydrogen on the stabi l i ty of 
the delta phase is the re fo re comparab le to the effect of oxygen and n i t rogen on the 
u r an ium-z i r con ium sys t em, (1^) The del ta phase i s possibly a nonequil ibr ium s t r u c t u r e 
produced by the t r ans fo rma t ion of the gamma phase . 

At 30 a /o hydrogen the alpha z i rconium intensi ty was reduced a lmos t to zero^ the 
alloy consis t ing essen t ia l ly of alpha u ran ium and the f ace - cen t e r ed -cub i c z i rconium 
hydr ide (delta hydr ide) . These phases were p r e s e n t f rom room t e m p e r a t u r e to 620 C. 
The d i sappearance of the alpha z i rconium phase indicates that the hydrogen combines 
with the z i rconium in p re fe rence to u ran ium. At 720 C, the alpha u ran ium and mos t of 
the hydride had r eac t ed to form the gamma solid solution, indicating a eutectoid b e ­
tween 600 and 700 C for this alloy. 

With 50 a /o hydrogen, alpha u ran ium and the f ace - cen t e r ed -cub i c z i rconium 
hydride (delta hydride) a r e the only phases p r e s e n t f rom room t e m p e r a t u r e through 
620 C. The re la t ive intensi ty of the hydride pa t t e rn was g r e a t e r than in the 30 a /o 
hydrogen alloy. At 720 C, the alpha u ran ium apparent ly was rep laced by beta u ran ium. 
The gamma solid solution was not obse rved in this alloy. 

The unidentified p h a s e , previous ly designated as Unknown A, appeared in the 
50 w/o uran ium alloy a l so . Unknown A again was noted at 720 and 800 C, while ex ­
t r e m e l y faint evidence of other unknowns was seen at all t e m p e r a t u r e s . Some UO2 
was obse rved with the 30 and 50 a /o hydrogen s a m p l e s . Table 9 gives the re la t ive 
in tens i t ies of the phase pa t t e rns observed for the 50 w/o uran ium alloy. 
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TABLE 9. PHASES DETECTED BY X-RAY DIFFRACTION EXAMINATION OF THE HYDRIDED 
ZIRCONIUM-50 w/o URANIUM ALLOY 

Hydrogen Contents 
a/o in zirconium 

10 
10 
10 
10 

30 
30 
30 
30 
30 

50 
50 
50 
50 
50 

TeiBperaturej 
C 

28 
500 
600 
700 

28 
515 
620 
720 
815 

28 
515 
620 
720 
800 

a-Zr 

0 
MF 
M 
M 

Oto VF 
0 to VF 
0 to VF 

0 
0 

0 
0 
0 
0 
0 

Intensities 

o-U 

0 
MF 
MS 
VF 

MS 
M 
M 
0 
0 

MF 
M 
M 
MF(C) 

0 

S-UZr2 

VS 
S 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

of Phase Patterns ObservedC^! 

y-UZr 

0 
0 

MF 
S 

0 
0 
0 

MS 
U 

0 
0 
0 
0 
0 

ZrHx 

0 
VF 
0 
0 

M 
M 

MS 
F 
0 

MS 
S 
S 
S 

s 

Unta 
A 

0 
0 
0 
M 

0 
0 
0 

VF 
MS 

0 
0 
0 

VF 
S 

own 
Other 

VVF 
VVF 
VVF 
VVF 

VVF 
VVF 
VF 
VF 
VF 

VF 
0 
0 

VF 
VF 

U02 

0 
0 
0 
0 

0 
F 
F 

pCb) 
S 

0 
VF 

VVF 
VF 
F 

Lattice Parameter of 
Cubic Gamma 

Phase, A 

». 
— 

3.61 
3.608 

. . 
_» 
raSD 

3.696 
3.710 

>. 
mm 

— 
..-
m-^ 

1 

(a) S = strongs M = mediums F = faint, V = very, 0 = absent. 
(b) Faint patterns fcr both UO and UO2 were obtained. 
(c) Beta uranium. 
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