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DELTA-PHASE ZIRCONIUM HYDRIDE 
AS A SOLID MODERATOR 

J a m e s B . Vetrano 

In a study of the preparation and properties of delta-phase zirconium 
hydride it tias found that large, sound bodies of the hydride can be prepared by 
direct combination of the elements if the rate of the reaction is retarded by limit­
ing the supply of available hydrogen. Specimens up to 1-in. diameter were 
prepared using this technique. 

Because deltafhase zirconium hydride does not readily form eutectics 
uith iron- and nickel-base alloys belou 1800 F these materials may be utilized 
for cladding the hydride. Delta-phase zirconium hydride is unaffected by exposure 
to liquid NaK or to nitrogen gas at temperatures belou 1000 F. 

The hot hardness of delta-phase zirconium hydride is about 130 kg per 
mm at room temperature and 40 kg per mm at 1500 F. The mean coefficient of 
thermal expansion (68 to 1337 F) is 6.5 x 10 per deg F. The thermal conduc­
tivity varies from 5.7 Btu/(ftXhrXF) at 300 F to 5.1 Rtu/fftXhrXF) at 1300 F. 

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

P r i o r to this study it was known in a genera l way that de l ta -phase z i rconium 
hydride is difficult to p r e p a r e in the m a s s i v e form because it c racks and powders when 
the hydrogen is introduced and it cannot be recompacted to a high densi ty. F u r t h e r ­
more^ i ts b r i t t l eness at both room t e m p e r a t u r e and at elevated t e m p e r a t u r e s makes 
machining and hot working near ly imposs ib le . With these difficulties ove rcome , how­
ever , it would make an excellent solid modera to r since it has a high N H . Since the 
delta phase is s table at all t e m p e r a t u r e s , t he rma l cycling should not r e su l t in d imen­
sional changes assoc ia ted with phase changes . The object of this study was to 
de te rmine the p rope r t i e s of de l ta -phase z i rconium and methods for its p repara t ion so 
that it could be considered for use as a modera to r nnaterial . Studies of the cladding of 
the hydride a r e r epor t ed in BMI-1244. 

The z i rconium-hydrogen phase d i ag ram is shown in F igure l U ) . While four d i s ­
tinct s ingle-phase regions a r e shown in this d i a g r a m , the re is not complete ag reement 
as to the dist inction between the delta and epsilon p h a s e s . In this r e p o r t , de l t a -phase 
z i rconium hydride is defined as all m a t e r i a l having a hydrogen- to -z i rcon ium atomic 
ratio of between 1.5 and 2. 0, or a Njj (number of hydrogen a toms x 10"22 per cm^ of 
sample) between 5.5 and 7. 3. 

The chemical and physical p rope r t i e s of de l ta -phase z i rconium hydride a r e found 
to be so markedly different from comparable p rope r t i e s of a lpha- or be ta -phase m a t e r i a l 
at the same t e m p e r a t u r e that the composit ion dependence of these p rope r t i e s within the 
single de l ta -phase region is a s sumed to be negligible in compar i son to t e m p e r a t u r e 

(1) Rt-fettnccs are at the end of the report. 
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dependence. This assumpt ion grea t ly simplif ies the exper imenta l m e a s u r e m e n t s s ince 
it is poss ible to mainta in a constant composit ion of hydride over a t e m p e r a t u r e range 
only by continually rebalancing the surrounding hydrogen p r e s s u r e . Poss ib ly with r e ­
finement of the exper imenta l techniques one could show some composit ion dependence of 
quanti t ies such as t h e r m a l expansion, t h e r m a l conductivity, or ha rdness within the 
single de l ta -phase reg ion . 

PREPARATION OF THE HYDRIDE 

Del ta -phase z i rconium hydr ide is quite readi ly p r e p a r e d by d i rec t combination of 
the e lements at elevated t e m p e r a t u r e s . However , s ince the p r o c e s s involves a c r y s t a l ­
l ine r e a r r a n g e m e n t f rom hexagonal close packed to f ace -cen te red te t ragonal with an 
accompanying density change f rom 6.5 to about 5 3 g pe r cm^, the m a t e r i a l is subjected 
to s eve re in te rna l s t r e s s ing during the hydriding p r o c e s s . Since de l ta -phase hydride is 
re la t ively b r i t t l e this s t r e s s is re l ieved by f rac tur ing . This difficulty can be la rge ly 
overcome by carefully controlling the r a t e of hydriding so that the t ransformat ion from 
the ducti le be t a -phase hydride to the b r i t t l e de l ta -phase hydride occurs so slowly that 
s teep hydrogen-concentra t ion gradients a r e never es tabl ished in the spec imen. 

Using 1/4-in. -d iamete r by 1-in. -long specimens it was found poss ible to p r e p a r e 
uncracked be ta -phase hydride at 1500 to 1700 F in l e s s than 1/2 hr because of the rapid 
r a t e of diffusion of hydrogen in be ta z i rconium in this t e m p e r a t u r e r ange . Standardizing 
on a t ime of 2 h r for this s tep (to insu re complete annealing of the specimens) , the r a t e 
of hydriding through the be ta -de l t a two-phase region at about 1500 F was va r i ed . It was 
poss ible to p r e p a r e uncracked de l ta -phase hydride specimens only if the t ime for this 
t ransfor inat ion was at leas t 4 h r . Using 1/2-in. -d i ame te r by 1-in. -long spec imens 4 
h r was insufficient. It was n e c e s s a r y to allow at l eas t 20 h r for this second stage of 
hydriding to obtain uncracked specimens 1/2 in . in d i a m e t e r . The hydriding t ime r e ­
quired for maintaining homogenization of the specimen through the phase t rans format ion 
(and consequently avoiding cracking) is the re fo re found to be roughly propor t ional to the 
square of the diamieter. Applying this ru le to 1-in. -d iamete r by 3-in. -long specimens 
it was found that sound specimens were produced by hydriding through the two-phase 
region at a uniform ra te for 60 h r (F igure 2) while cracked specimens resu l ted with a 7 -
hr t e s t . 

Table 1 gives the optimum t i m e s , as de te rmined in this s tudy, for hydriding 
cyl inders of z i rconium hydride f rom ZrHj Q to Z rHj 5 at 1500 F and the corresponding 
uniform ra te of hydrogen addition. The zi rconium is init ial ly hydrided to Z r H | Q a t 
1500 to 1700 F over a per iod of about 2 h r . 
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FIGURE 2, SLOWLY HYDRIDED ZIRCONIUM CYLINDERS ( N H = 6, 2) 

1-in^ -d i ame te r by 3- in . -long cyl inders of de l t a -phase 
z i rconium hydr ide (Njj = 6. 2) p r e p a r e d by hydriding at 
a tmiform r a t e for 60 h r through the be ta -de l ta two-
phase region at 1500 F . 

TABLE 1. OPTIMUM HYDRIDING TIMES FOR PREPARING DENSE 
DELTA-PHASE ZIRCONIUM HYDRIDE FROM B E T A -
PHASE ZIRCONIUM HYDRIDE AT 1500 F 

Cylinder D i a m e t e r , 
in . 

Rate of Hydrogen Addition, 
cm3 (STP)/(g Z r | / ( h r ) 

React ion T ime , 
h r 

1/4 

1/2 

1 

2»46 

0.492 

0,164 

20 

60 

CONFIDT"-' '" .X. 



The spec imens a r e brought to the i r final composit ion while cooling at a control led 
r a t e in a deficiency of hydrogen. The max imum allowable cooling ra te was not definitely 
es tab l i shed , but 100 F per h r down to 600 F was found to be slow enough for 1/4-in. -
d i ame te r spec imens , and 25 F per h r down to 600 F was found to be slow enough for 1/2-
and 1 - in , -d i ame te r spec imens . 

Surface p repara t ion of the samples p r io r to hydriding is ve ry impor tant since 
oxide, n i t r i de , or g r e a s e fi lms will inhibit hydriding. The s tandard p r e t r e a t m e n t 
adopted for this study was to lightly abrade the spec imens with 120-gri t a luminum oxide 
paper after they had been mLachined to the p rope r d imens ions . They were then degreased 
in hexane. 

The hydrogen used in this study was purified by pass ing it success ive ly through a 
Deoxo catalyst pur i f i e r , a heated bed of calcium hydr ide , and finally through a cold t r a p 
maintained at the boiling point of liquid n i t rogen . 

CHEMICAL PROPERTIES OF THE HYDRIDE 

The compatibil i ty of de l t a -phase z i rconium hydride with var ious meta l l i c m a t e r i a l s 
was de te rmined . F o r those meta l l i c m a t e r i a l s which were avai lable in rod f o r m , cups 
having a 1/2-in. -d iamete r cavity with a flat bottom were machined and the cavity filled 
with hydr ide . A cap of the s a m e m a t e r i a l a s the cup was then p r e s s e d in place and 
welded t ight . F o r those m a t e r i a l s avai lable only in sheet form the cups were made of 
AISI Type 303 s ta in less s tee l and the cavity filled with hydride sandwiched between disks 
of the m a t e r i a l to be t e s t ed . The welded e lements were heated at 1700 F for 1 week in 
graphite dies in a flowing argon a tmosphere under a dead load of about 2000 to 3000 ps i . 
The load was applied by means of an external l e v e r - a r m device and t r ansmi t t ed to the 
e lements by means of graphi te p lungers . 

Evaluation of the compatibil i ty was made by sectioning the cooled cups and examin­
ing the hydride boundary meta l lographica l ly for diffusion zones . The l eas t diffusion was 
noted with chromium, AISI Type 446 s ta in less s t ee l , n iobium, and molybdenum, while 
n icke l , N ich rome , Nichrome V, Inconel , A r m c o , and AISI Types 303 and 347 exhibited 
in te rmedia te diffusion, and copper at tacked the hydr ide seve re ly . 

Compar ison t e s t s made with be t a -phase z i rconium hydr ide showed that it acted l ike 
z i rconium meta l ; for example , forming in t e rme ta l l i c s with nickel and Nichrome V at 
1700 F , The delta hydr ide , on the other hand was stabi l ized by i ts higher hydrogen 
concentra t ion. 

Specimens of de l t a -phase z i rconium hydride were exposed to ni t rogen at t e m p e r a ­
t u r e s of 1000 to 1500 F and p r e s s u r e s of 1 to 13 a tm for about a week. The resul t ing 
cor ros ion was de te rmined by weight gain, meta l lographic ana lys i s , and chemiical analys is 
for n i t rogen. At 1000 F the de l ta -phase z i rconium hydride was sca rce ly affected by the 
t r e a t m e n t , and at 1500 F the depth of the n i t r ide scale formed was only about 0, 15 mi l . 

cr 
9 « 
9 « 
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The compatibil i ty of de l t a -phase z i rconium hydr ide with liquid NaK was d e t e r ­
mined by two essent ia l ly different tec lmiques . One involved heating a specimen of 
hydride in a NaK-filled capsule of Type 304 s ta in less s teel for about 120 h r at a constant 
t e m p e r a t u r e . The other involved in termi t ten t ly washing NaK of a cer ta in t e m p e r a t u r e 
over the specimen mainta ined at a t e m p e r a t u r e of 300 to 700 F lower than the NaK, This 
was accompl ished by holding the specimen r e s t r a i n e d in one end of a capsule par t ia l ly 
filled with NaK and rocking the capsule . The ends of the capsule were independently 
heated by r e s i s t a n c e wire-wound furnaces to the des i r ed t e m p e r a t u r e s . The extent of the 
cor ros ion was de te rmined f rom dimensional changes of the spec imens , and f rom in spec ­
tion of the sur faces for changes in color and appearance of preniachined grooves . 

The r e s u l t s of the exper iments using both techniques indicated that below 1000 F 
t h e r e is essent ia l ly no cor ros ion of de l t a -phase z i rconium hydride by NaK, Above this 
t e m p e r a t u r e , t he re is increas ing co r ros ion , manifest ing itself in the formation of un ­
identified brown or black surface f i lms . 

PHYSICAL PROPERTIES OF THE HYDRIDE 

The hot ha rdness of de l t a -phase z i rconium hydr ide was m e a s u r e d up to 1500 F , 
I'he appara tus used consis ted essent ia l ly of a Vicke r s - type sapphire indenter enclosed 
in a sealed chamiber. The sample could be manipulated remote ly within the chamber 
through a s c r e w - d r i v e m e c h a n i s m , and reposi t ioned after each m e a s u r e m e n t . In this 
manner it was poss ible to make seve ra l impres s ions on the same sample without cooling 
the appara tus and opening the chamber . While the specimen was being heated , the 
chamber was continuously flushed with a hydro gen-hel ium mix ture at a tmospher ic 
p r e s s u r e . The propor t ion of hydrogen in the gas mix tu re was chosen so that it would be 
equivalent to the dissocia t ion p r e s s u r e of the pa r t i cu la r specimen at the t e m p e r a t u r e of 
m e a s u r e m e n t . This was done to avoid changes in composit ion of the condensed phase 
during the m e a s u r e m e n t s . Since p remixed gases were used , it was possible to make 
m e a s u r e m e n t s at only one t e m p e r a t u r e for each spec imen. Some r o o m - t e m p e r a t u r e 
m e a s u r e m e n t s were made on a s tandard Tukon ha rdnes s t e s t e r . 

The r e su l t s of a l l of these m e a s u r e m e n t s a r e given in Table 2. No abrupt softening 
of the m a t e r i a l was observed up to the t e m p e r a t u r e l imi ts of the t e s t s . 

The t h e r m a l conductivity of de l ta -phase z i rconium hydride was de te rmined by a 
s t eady-s ta te heat-f low method, using n ickel -p la ted spec imen disks 0. 2 in. thick and 
0.787 in. in d i a m e t e r . Good contact between the specimen and the heat r e s e r v o i r and 
sink was a s s u r e d by tinning the spec imens to the Armco i ron s tandard rods which con­
ducted the heat to and f rom the spec imens . AH m e a s u r e m e n t s were made in a flowing 
s t r e a m of hydrogen at 1 a tm p r e s s u r e . The appara tus is shown schemat ica l ly in 
F igu re 3. 

Table 3 shows interpolated thermal -conduct iv i ty values taken f rom a bes t curve 
drawn through the five exper imenta l points . It i s es t imated that these values a r e not in 
e r r o r by m o r e than 10 pe r cent . 
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TABLE 2. HOT HARDNESS OF DELTA-PHASE ZIRCONIUM HYDRIDE 

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

F 
A t m o s p h e r e , 

volume per cent 
H a r d n e s s , 

kg per m m Apparatus 

Z r H i ^ 6 0 
Z r H i ^ e O 
Z ' H i . 9 o 
Z r H i . 9 0 
Z r H i , 9 3 

Z r H i , 8 8 
Z r H i . 8 8 
Z r H i , 6 0 
Z r H i . 6 0 , , 
Z r H o . 8 0 ^ ^ ^ 

R o o m 
R o o m 
R o o m 
Room. 
1020 
1031 
1148 
1310 
1490 
1508 

100 a i r 
100 a i r 
100 a i r 
100 a i r 

lOOH 
1 0 H - 9 0 H e 

lOOH 
1 0 H - 9 0 H e 

lOOH 
1 0 H - 9 0 H e 

164 
209 
128 
126 
4 6 . 7 
4 9 . 2 
5 4 . 5 
4 6 . 5 
4 2 . 5 

8 . 7 

Tukon 
"Vickers 
T u k o n 
V i c k e r s 
V i c k e r s 
V i c k e r s 
V i c k e r s 
V i c k e r s 
V i c k e r s 
V i c k e r s 

(a) Beta-phase zirconium hydride comparison test. 

TABLE 3. THERMAL CONDUCTIVITY OF Z r H i , 6 3 

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

300 
500 
700 
900 

1100 
1300 

ThermLal C o n d u c t i v i t y , 
B t u / ( h r ) ( f t ) ( F ) 

5 . 7 
5 . 6 
5 . 4 
5 . 3 
5 . 2 
5 , 1 
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FIGURE 3. SCHEMATIC DRAWING OF THE APPARATUS USED TO 
MEASURE THERMAL CONDUCTIVITY OF DELTA-
PHASE ZIRCONIUM HYDRIDE UP TO 1500 F 

T^i^ -^HS ^'^fs^ p 

M. s' f 
c! 

SteeleB
Pencil

SteeleB
Pencil



("cr? r73=' / , = * m'^cmET 

13 

The l inear t h e r m a l expansion of de l t a -phase z i rconium hydr ide was m e a s u r e d up 
to 1500 F . The sensing e lement of the d i la tometer employed was a mo to r -d r iven 
m i c r o m e t e r . The miicrometer was continuously dr iven toward the lever m e c h a n i s m , 
which was actuated by the expanding sample , unti l it miade contact with the lever 
m e c h a n i s m . The motor dr ive was then automat ical ly r e v e r s e d for a smal l t ime in te rva l 
and the cycle repea ted . The movements of the m i c r o m e t e r s c rew and the specimen 
t e m p e r a t u r e were automat ical ly r eco rded . 

A 1/4-in. -d i ame te r by 3-in. -long specimen of ZrHj^82 was used for the m e a s u r e ­
m e n t s . It was heated at a r a t e of 5 .4 F per min while the d i la tometer was being con­
tinuously flushed with a 50-50 mix tu re of hydrogen and he l ium. Measu remen t s were 
made both during the heating and the cooling cycles for two consecutive r u n s . The e x ­
pansion ca rves for the two heating cycles were averaged and the averaged values ad ­
jus ted to read zero at 68 F , These adjusted values a r e plotted in F i g u r e 4. F igu re 4 
a l so conta ins , for compar i son , somie unpublished data for two types of s t a in less s tee l 
and for molybdenum. 

A l imited invest igat ion was under taken to confirm the exist ing d i s soc ia t ion-
p r e s s u r e data in the de l t a -phase up to 1 a tm of p r e s s u r e . The exper imenta l data ob­
ta ined were fitted by means of the l e a s t - s q u a r e s method to the following equation: 

log P = 6, 207 + 3. 095 log ^ - ^ ^ , 
2.00 C T ' 

where 

P = p r e s s u r e , a tm 

C = composit ion of the hydr ide , g -a toms of hydrogen per g-a tom of z i rconium 

T = t e m p e r a t u r e , K. 

Using this formula the p r e s s u r e v e r s u s r e c i p r o c a l - t e m p e r a t u r e curves were 
plotted for severa l i s o c h o r e s . These a r e shown in F igu re 5. The graph a lso shows 
the i sochores de te rmined by Gilbert^^^. Excel lent ag reemen t between this work and 
Gi lbe r t ' s is evident at a 1-atm p r e s s u r e and in the range of Z r H j 5_j 7, but at lower 
p r e s s u r e s and higher hydrogen concentrat ions the deviations become pronounced, 
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