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NEUTRON DIFFRACTION STUDIES OF HAFNIUM-HYDROGEN 
AND TITANIUM-HYDROGEN SYSTEMS 

by 

S. S. Sidhu, LeRoy Heaton and D. D, Zauber i s 

ABSTRACT 

Resul ts of neutron and X - r a y diffraction studies on Hf and T i 
hydrogen sys t ems a r e r epor t ed . The f i r s t single phase hydride 
fo rmed is a nonsto ichiometr ic compound with a CaF2--type s t r u c -
t u r e . It deforms to a f ace -cen te red te t ragona l s t ruc tu re as the 
composi t ion approaches MXg. F r o m the c ry s t a l s t r uc tu r e data 
of these hydr ides the posit ions of hydrogen a toms , the n e a r e s t 
neighbor a toms and the i r in te ra tomic d i s tances a r e de te rmined . 
It i s indicated that the s ize of the "hole** for the hydrogen atom in 
the hydr ide is such that it mmst enter as an ion. The effect of 
meta l -hydrogen bonds on the physical p rope r t i e s of hydr ides , such 
as c h a r a c t e r i s t i c t e m p e r a t u r e and vibra t ion frequency, i s given. 
Evidence and explanation for the embr i t t l ement of m e t a l s by h y -
drogen a r e offered. 

INTRODUCTION 

Studies of meta l -hydrogen sys t ems by t h e r m a l , meta l lographic and 
X - r a y diffraction miethods usual ly revea l the formation of m.etal-hydride 
phases , the dimensions of the unit cel l and the posit ions of the me ta l a toms . 
The posit ions of hydrogen a toms in genera l , however , a r e de te rmined e i ther 
by high prec is ion and re la t ively laborious m.ethods or a r e just in fe r red . 
Th is difficulty o r inabili ty to locate the posit ions of hydrogen a toms with r e -
spec t to one another and to the meta l a toms prevents p r ec i s e de te rmina t ion 
of c r y s t a l s t r u c t u r e s of the phases and, thereby , the type of bonding fo rmed 
between me ta l and gas a toms . This has led to quali tat ive explanations and 
hypotheses 1 regarding the s ta te of hydrogen in me ta l s that a r e in some in -
s tances ambiguous and difficult to justify. 

Neutron diffraction effects make it possible to locate meta l and h y -
drogen a toms , at l eas t in s imple s y s t e m s , with equal accuracy . Th i s i s due 
to the fact that the neut rons a r e sca t t e red by the nuclei , except, of c o u r s e , 
for the a toms possess ing magnet ic m o m e n t s ; and the nuc lear coherent s c a t -
t e r ing ampl i tudes for both the light and the heavy a toms a r e of the s a m e 
magni tude . Typical me ta l -hydrogen sys t ems were studied. The objects werei 
(1) to de t e rmine the posit ions of hydrogen a t o m s , the n e a r e s t neighbor a toms 

i F o r Example , Smith, D. P . , Science, _U3, 348 ( l95 l ) 
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and the in te ra tomic d is tances in each la t t ice , and (z) to obtain quantitative 
s t r u c t u r e data which would fo rm a bas i s for the explanation of the s ta te of 
hydrogen, not only in these s y s t e m s but o ther s i m i l a r sys t ems as wel l . 

EXPERIMENTAL PROCEDURE 

In o rde r to make use of the higher coherent sca t te r ing ampli tude 
and lower spin diffuse sca t te r ing of deu te r ium as compared with those of 
hydrogen, the samples of hydrogen-containing polycrystal l ine m a t e r i a l s 
w e r e deutera ted for the p re sen t s tud ies . Rolled me ta l s t r i p about 5 m i l s 
thick was cut into approximately l / Z " x l / Z " p ieces . Each piece was 
dipped in an acid solution of 40% HNO3, 5% Hf and 55% HgO, and removed 
when it b e c a m e br ight , then rubbed with a b rush while under running wa te r , 
r insed in acetone and a i r d r ied . The samples were weighed, and then heated 
and outgassed in a quar tz tube evacuated to a p r e s s u r e of 10~* m m Hg at 
about 1100*C for 16 to 48 h o u r s . At 1000**C a m e a s u r e d volume of d e u t e r i -
um gas was introduced into the tube at a known p r e s s u r e . Most of the a b -
sorpt ion of gas took place at 700-800**C. To a s s u r e a thoroughly reac ted 
sample it was cycled s eve ra l t i m e s between approxiniately 500 and lOOO^C, 
corresponding to deu te r ium p r e s s u r e s of 140 and 573 m m , respec t ive ly . 
Usually the sample was held for severa l hours at the lower t e m p e r a t u r e 
and finally cooled slowly to roora t e m p e r a t u r e . The composit ion of the 
s ample was calculated f rom the weight of the meta l and the volume of a b -
sorbed deu te r ium. The me ta l s used were of c ry s t a l b a r puri ty. 

In con t ras t to the ducti le m e t a l s , the deuter ides were b r i t t l e , the 
ducti l i ty decreas ing with inc reas ing concentrat ion of deuter ium. The deu-
t e r i d e s with composit ions MDJ.Y^I^^Y, M being the me ta l a tom, were so b r i t -
t le that they could be easi ly pulverized by crushing in m o r t a r and pes t le . 
All the samples studied in these inves t iga t ions , however , we re stable at 
room t e m p e r a t u r e and were handled without any specia l p recaut ions . 

The specimens w e r e annealed at 350°C for 24 hours o r longer . 
X - r a y diffraction data w e r e obtained for each phase for identification and 
for aid in s t r u c t u r e de terminat ion . Neutron diffraction pa t te rns were made 
f rom cyl indrical s amples consist ing of about 10-15 g r a m s of powdered speci-
m e n contained in a 7/16'* d i ame te r vanadium tube, 2" long and 5-mil wall 
t h i ckness , with cadmium end plugs. These pa t t e rns were v e r y near ly c o m -
parab le to those obtained with X - r a y diffraction techniques both in intensi ty 
and resolut ion. This was made poss ib le by the high intensity neutron beams 
available f rom the heavy water Argonne r e a c t o r , that were made monoene r -
get ic by diffracting fromi a Z - l / Z " x 5" and l / Z " thick copper single c ry s t a l 
cut pa ra l l e l to the ( i l l ) plane, and by a neutron diffraction s p e c t r o m e t e r 
which has a 20 Bragg angle range f rom -44® to +136°. 
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f 
Automatic recording of neutron diffraction pat terns were obtained. 

The s p e c t r o m e t e r a r m moved with constant angular speeds of 1 - l / z , 3 , 6 , 
12, o r Z4 d e g r e e s per hour , and the neutron diffraction pat tern was r ecorded 
on a char t which t r ave led at coro.patible speeds for convenience of angular 
m e a s u r e m e n t . A f ission chamber placed between the copper c ry s t a l and the 
sample was employed as a moni tor of the incident beain, and a BF3 counter 
mounted on the s p e c t r o m e t e r a r m se rved as a de tec tor of the diffracted neu -
t r o n s . The monitor s e rved as a t i m e r , in that the pulses received f rom the 
de tec tor during a p rese t number of moni tor counts were s tored in an e l e c -
t ronic computer sy s t em. At the end of the p r e s e t moni tor count, the moni tor 
and the de tec tor c i r cu i t s w e r e gated out for a two-second in te rva l while the 
s to red de tec tor counts w e r e f i r s t r ecorded and then c lea red f rom the co in-
puter c i rcu i t . The re fo re , each point r ecorded on the char t cor responded to 
the ra t io of the diffracted intensi ty to the incident intensity over the i n c r e -
ment of angle which the s p e c t r o m e t e r a r m had moved during the counting 
per iod. In p rac t i ce this angular inc rement of 20 was about one tenth of a 
d e g r e e , insur ing a sufficient nunaber of counts for good s t a t i s t i c s and st i l l 
maintaining adequate resolut ion . 

A provision was made for a sys temat ic sampling of the background 
at the s a m e t ime that a diffraction pat tern was being obtained. A cadmium 
shu t t e r was e lec t ronica l ly i n se r t ed in the path of the incident b e a m every 
second, th i rd , fourth, - - - -^ or tenth counting per iod. The cadmium shut -
t e r prevented the incident b e a m f rom str iking the sample and the r eco rded 
va lue , t he r e fo r e , was the background intensi ty. 

RESULTS 

Hafnium-Hydrogen System; This sy s t em at room t e m p e r a t u r e con-
s i s t s of at l eas t t h ree phases ,^ a deformed cubic or a te t ragonal phase , a 
cubic phase , and another te t ragonal phase . The deformed cubic phase c o -
ex i s t s with a-hafnium and extends up to HfHi,53. It conver ts into the f a c e -
cen te red cubic phase above HfHi^53. The single cubic phase exis ts within a 
na r row range of composi t ions and t r a n s f o r m s into the te t ragonal phase b e -
tween HfHi.go and HfHî ^g .̂ The te t ragonal phase then extends up to HfHg^o. 
The range of composit ions jus t before the s y s t e m becomes a single 

Sidhu, S. S. and McGui re , J. C. , J. Appl. P h y s . 23 , 1257 (1952) 
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cubic phase is quite sensitive to conditions under which the samples are 

prepared. Under certain conditions a transition phase3 is formed between 

the deformed cubic and the single cubic phases. 

Crystal Structure of Cubic Phase - HfDi.̂ gg: X-ray and neutron dif-
fraction patterns of HfDi,̂ 28 -̂re shown in Figure 1 and the diffraction data 
in Table 1. The value of the lattice parameter, ao, is 4.681 ± 0.005 A as 
determined from X-ray data. This value is slightly smaller than the value 
4.708 ± 0,002 A previously reported for the cubic hafnium hydride. The de-
crease is ascribed at least in part to the lattice contraction^ when hydro-
gen atoms are replaced by deuterium atoms in this system. 

Since a face-centered cubic structure was suggested by X-ray dif-
fraction data, the intensities were calculated by assuming both MX and MX̂  
type cubic structures. The structure factors, JF|, that gave the best agree-
ment with the observed intensities were computed for the CaFg-type struc-
ture with: 

4Hf at; (000| l/z l/z 0| l/2 0 l /2 | 0 1/2 1/2) 

and 8 D at; ± (1/4 l/4 l /4 | 3/4 3/4 l /4 | 3/4 l/4 3/4| l/4 3/4 3/4) , 

where the normal deuterium atom sites are only partially filled by 1.628/2 
fraction of atoms. The calculated relative intensities were computed from 
the following equations; 

for X-rays, I « F r m • . 2̂  TT (1) 
•̂  ' ' ' sm^e cos e 

for neutrons, 

where, 

I «|F|2 m . - ^ ^ (e-2B sin^^^) (2) 
sm 0 cos 9 

|F|hkl ={1 + e^i(h + k) + e^i(l^+l) + e ^ i f r + l ) | 

^fHf + 1.628 fo cos-| (h + k+l ) j -

and exp (-2B—Tz~) is the '*Debye-Waller" factor. 

^Ellinger, F. H., of Los Alamos Scientific Laboratory, commiunicated to 

us that in their studies of the hafnium.-hydrogen system they observed a 

single cubic phase at about HfHî jg which gradually deformed to an ortho-

rhombic phase with a decrease in hydrogen content, reaching maximum 

deformation at about HfHî g. At this composition a tetragonal phase ap-

peared which coexists with the orthorhombic phase to about HfHx.ggj and 

then with continued decrease in hydrogen content the orthorhombic and 

tetragonal phases coexist with a-hafnium. 

4Sidhu, S. S., J. Chem. Phys. 22, 1062 (1954). 
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TABLE 1 

In terp lanar Spacings (d). Calculated and Observed X - r a y and 
Neutron Diffraction Relat ive Intensi t ies 

( I / IQ) for H f P ; ^ 

hk l 

111 

200 

220 

311 

222 

400 

331 

420 

422 

333,511 

440 

531 

442,600 

620 

d ( A ) 

2.702 

2.334 

1.652 

1.409 

1.351 

1.170 

1.073 

1.047 

0.956 

0.901 

0.829 

0.793 

0.781 

0.744 

X-r 
l / lo(calc.) 

100.0 

48.9 

34.5 

39.9 

10.9 

5.5 

17.9 

17.1 

16.0 

17.0 

11.9 

71.9 

13.4 

ays 

l / lo(obs,) 

v s 

s 

s -

s 

w 

vw 

m 

m 

m -

m 

w 

s 

w+ 

Neutrons 
l/ lo(calc.) 

38.3 

0.7 

100.0 

29.3 

0.4 

23.9 

16.3 

0.6 

62.3 

15.3 

24.1 

18.6 

0.5 

43.7 

l/lo(obs.) 

33.2 

2.5 

100.0 

26.6 

2.1 

20.3 

15.7 

1.6 

61.9 

17.3 

25,3 

17.9 

1.5 

40.4 

V = ve ry s = s t rong m = medium w = weak 

* % f = 0'88 X 1 0 " " c m j fD = 0.65 x 1 0 * " cm , 

R = ^ I ^obs " Icalc I ^ 0.069 
2 lobs 

* T h e value used h e r e for the hafnium sca t t e r ing ampli tude was 
calculated f rom diffraction pa t t e rns for both HfDi^^js ^"-^ HfDi^ggs 
containing many m o r e peaks than used before , and i s , t he r e fo r e , 
m o r e p r e c i s e than the approximate value repor ted previously.5 

Sidhu, S. S., Acta. C r y s t . 7, 447 (1954). 
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The value of 2B was de te rmined f rom the slope of the plot of loga-

r i t hm of (l obs . / l calc .) v s . -Si^_£, The value of / i , the root mean square 
d isp lacement of the atom perpendicular to the reflecting planes , and of 
9 , the c h a r a c t e r i s t i c t e m p e r a t u r e , were calculated by substituting B in 
the express ion 

„ sin^e „ -I sin^e 

A A 

(3) 
6 h ^ T _ / . . . ^ x \ sin 9 

in which _h is Planck-constant, k Bol tzmann 's constant , T_ is absolute t e m -
p e r a t u r e , X = O / T , and M^ is the m a s s of the "c rys ta l a tom" or the 
weighted average mass(a-) of two types of a toms expressed in a tomic m a s s 
un i t s . 

The specific heat was calculated f rom the express ion; 

Cv = 3 R (x)2 J^^^ (4) 

and the vibra t ion frequency from; 

^m - Y ® • ^'^ 

^ i n equation (4) i s the gas constant . 

C rys t a l S t ruc ture of Te t ragona l Phase - HfDi^983; Posi t ions of haf-
n ium and hydrogen a toms in a body-cen te red te t ragonal unit ce l l of this 
phase w e r e de termined f rom X - r a y diffraction and low-angle port ions of 
neutron diffraction pa t te rns of the phase and were employed in explaining 
the effect on m e t a l - m e t a l bonds of i nc reased concentrat ion of hydrogen in 

^ '̂ It i s rea l ized that to use an ^'average mass*' in express ion 3 , the 
m a s s e s of different a t o m s , in genera l , should be near ly the s a m e . 
However, the (hkl) ref lec t ions , for which h, k, and 1 a r e all odd, 
have contributions f rom only the Hf a t o m s , w h e r e a s , the r e f l e c -
t ions for which h, k and 1 a r e all even have contributions f rom 
both the Hf and D a t o m s . The values of 2B de termined f rom both 
se t s of reflect ions agreed within exper imenta l e r r o r , giving some 
just if icat ion to the use of an **average m a s s " for computation p u r -
poses and for at l eas t quali tat ive in t e rp re t a t ions . 
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i t s s t ruc tu re . ^ In the p resen t study a complete c rys t a l s t r uc tu r e has been 
de te rmined . To visual ize i t s re la t ion to f ace -cen te red cubic s t r u c t u r e of 
HfDi^^28 m o r e readi ly , it i s desc r ibed by face -cen te red te t ragonal unit cel l 
and Mi l le r Indices . 

X - r a y and neutron diffraction pa t te rns a r e given in F igure 2 and the 
diffraction data in Table 2. The re la t ive in tens i t ies were calculated by 
equations ( l ) and (z) and the s t r u c t u r e fac tors by the express ion; 

iFlhkl = {l + e^i(h + k) + e^i(l^+l) + e^i(k+l) } 

IfHf + 1.983 fj3 c o s ~ ( h + k + l ) | 

The s t ruc tu re constants for HfDi^^28 ^'"•^ ^^'^i.^m^ including la t t ice 
p a r a m e t e r s , in te ra tomic d i s t ances , voluine of unit cel l and calculated den-
si ty a r e tabulated in Table 3 . The constants of hafnium a r e included for 
compar i son , 

Ti tan ium-Hydrogen System: X - r a y diffraction studies of t i t an ium-
hydrogen sys t em have shown that at room t e m p e r a t u r e the sys tem cons i s t s 
of at l eas t t h r e e regions of concentra t ion of hydrogen, a - t i t a n i u m , followed 
by a t rans format ion region, in which a - t i t an ium t r ans fo rms to a f a c e -
cen te red cubic hydride as additional hydrogen is added to the sys t em, and 
a single face -cen te red cubic phase . The composit ion range of the single 
homogeneous cubic phase is approximately 60-66 atomic per cent hydrogen 
o r deu te r ium (TiDi^g0_i^g4), With increas ing concentrat ion of gas in th is 
phase , however , t he re i s a definite broadening of diffraction l ines o r i g i -
nating f rom (200), (220), (311), (400), e tc . p lanes , while ( i l l ) and (222) r e -
flections r ema in s h a r p . Hence, as the composit ion approaches TiDg, the 
cubic unit cell deforms to a f ace -cen te red te t ragonal cel l . 

C r y s t a l S t ruc ture of TiDj.g^i; X- r ay and neutron diffraction pa t te rns 
of t i tanium dideuter ide a r e given in F i g u r e 3 and the diffraction data in 
Table 4, The s t r uc tu r e of this phase is f ace -cen te red cubic , again of the 
GaFg-type, which conf i rms the s t ruc tu re r epor t ed by Hagg6 for ^ - p h a s e of 
T i - H sys t em. Relat ive in tens i t ies and s t r uc tu r e fac tors were calculated 
s i m i l a r l y as for HfDî ^28« The s t ruc tu re constants for Ti and TiDi^gji a r e 
given in Table 5. 

DISCUSSION 

The s t r uc tu r e of the cubic phase of hafnium-deuter ium s y s t e m 
(Figure 4) as der ived f rom neutron and X- r ay diffraction data i s of the 
CaFg type. The shor t e s t m e t a l - m e t a l a tom dis tance is EQ/V 2 or 

^Hagg, G., Z s . phys. Chem. , B l l , 433 (1930). 
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'' TABLE 2 

In terp lanar Spacings (d), Calculated and Observed X- ray 
and Neutron Diffraction Relative Intensi t ies 

hkl 
(F.C.T.) 

I l l 

200 

002 
220 

202 
311 

222 
113 

400 

331 
420 

004 

402 
313 

204 

422 

511 

224 
333 

440 
115 

531 
404 

424 

d (A) 

2.70 
2.45 
2.173 
1.728 
1.624 
1.457 

1.354 
1.336 

1.221 

1.114 
1.093 
1.086 

1.065 
1.058 

0.993 
0,978 

0.937 
0,921 
0.903 

0.863 
0.853 

0.822 
0.817 

0.766 

X - r a y s 

I/IO (calc.) 

100.0 
37.4 
13.1 
12.8 
20.7 
29.3 

11.8 
11.5 

4.7 

8.7 
8.7 
2.2 

8.9 
18.3 

10,7 
22.8 

15.6 
20.0 
35.6 

I / IO (obs.) 

v s 
s 
m 

m 
m+ 

s 

m 
m 

w 

m -
m -

vw 

w+ 

m+ 

m 

m+ 

m 
m+ 
s 

Neutrons 

I / IO ( c a l c ) 

39.3 
3.6 
1.5 

61.7 
100.0 
23.4 

2.11 
9.9J 

25.0 

6.71 
1.5^ 

10,oJ 

1.41 
y 12.5J 

1.3) 

66.2J 

10,21 
30.1 > 

4.8J 

14.0I 
4 . 5 ) 

8.6l 
25.9J 

50.5 

l / l s (obs.) 

39.3 
3.7 

- -

63.0 
100.0 
24.4 

14.8 

24.4 

14,8 

14.1 

68.9 

58.2 

15.1 

37,0 

58.7 

V = ve ry s = s t rong m = medium w = weak 

R = 2Fobs - I c a l c J _ ^ Q^Q^2 
S l o b s . 



IZ 

TABLE 3 

S t r u c t u r e Cons tan ts of Hf, HfDi^jjg, and HfDi_,83 

Compos i t ion 

Hf 

HfDi^jg 

HfDi.,S3 

S t ruc tu re 

Hexagonal 

F a c e - c e n t e r e d 
Cubic 

F a c e - c e n t e r e d 
T e t r a g o n a l 

L a t t i c e P a r a m e t e r s 

ao = 3.198 ± 0.003 A 
Co = 5.055 ± 0.003 A 

Ca/ao= 1.581 

as = 4.680 ± 0,003 A 

ae = 4.887 ± 0.003 A 
Co = 4 .345 ± 0.003 A 

co/ao = 0,889 

In t e ra tomic Dis tances (A) 

About Hf: 
6 Hf at 3,131 ± 0.003 
6 Hf at 3.198 ± 0.003 
6 Hf at 4.475 ± 0.003 

About Hf: 
8 D at 2.026 ± 0,003 

12 Hf at 3.309 ± 0.003 
24 D at 3.880 ± 0.003 

About D: 
4 Hf at 2,026 ± 0,003 
6 D at 2.340 ± 0.003 

12 D at 3.309 ± 0.003 
12 Hf at 3.880 ± 0,003 
8 D a t 4.053 ± 0.003 

About Hf 1 
8 D at 2.041 ± 0.003 
8 Hf at 3.270 ± 0.003 
4 Hf at 3,456 ± 0.003 
8 D at 3.688 ± 0.003 

16 D at 4,013 ± 0.003 

About D: 
4 Hf at 2.041 ± 0.003 
2 D at 2.173 ± 0,003 
4 D at 2.444 ± 0,003 
8 D at 3.270 ± 0.003 
4 D at 3.456 ± 0,003 
4 Hf at 3.688 ± 0.003 
8 Hf at 4.013 ± .0.003 

Volume of 
Unit Cel l 

( 1 0 - ^ cm^) 

44.77 

102.50 

103.77 

Calcu la ted 
Dens i ty 

( g c m - » ) 

13,25 

11,78 

11.69 

M 
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Diffraction P a t t e r n s of TiDi.,71 % (a) X- ray F i l t e red Co Ka Radiation; 
C a m e r a Diameter 114.6 mm. (b) Neutron, X - 1.337 A. 
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f,, TABLE 4 

In terp lanar Spacings (d)^ Calculated and Observed X-ray and 
Neutron Diffraction Relat ive Intensi t ies 

Kkl 

111 

200 

220 

311 

222 

400 

331 

420 

422 

333,511 

442,600 

d ( A ) 

2.563 

2.221 

1.569 

1,339 

1.281 

1.112 

1.019 

0.993 

0.906 

0.854 

r • • 

X - r a y s 

l / lo(calc.) 

100.0 

43.0 

29.1 

29.3 

7.9 

4 .0 

13.0 

12.3 

13.5 

21,1 

l/lo(obs.) 

v s 

s 

m+ 

m+ 

w 

vw 

m 

m 

m 

m+ 

Neut 

l/loCcalc.) 

9,5 

100.0 

27,9 

6.9 

39.6 

6.3 

3.6 "] 

65.3 J 

15.6 

3.2 

49.0 

rons 

l/lo(obs.) 

9.2 

100.0 

24.0 

6.3 

40.0 

4.0 

80.0 

12.8 

1.4 

40.0 

V = ve ry s = s t rong m = medium w = weak 

ill = ~0'38 X 10~^2 j , j ^ . fj^ ^ 0.65 X 10"^2 ^^ 

R = ^ I ̂ ofas. - Icalc.l ^ 0^098 
2̂  lobs . 
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TABLE 5 

Structure Constants of Ti and TiDi^^ji 

Composition 

T i 

TiDi,„i 

Structure 

Hexagonal 

Face-centered 
Cubic 

Lattice Pa rame te r s 

ao = 2.952 ± 0.002 A 
Co = 4.689 ± 0.002 A 

CoAo = 1.588 

ao = 4.440 ± 0.003 A 

Interatomic Distances (A) 

About Ti; 
6 Ti at 2,899 ± 0.002 
6 Ti at 2.952 ± 0.002 
6 Ti at 4,137 ± 0.002 

About Ti; 
8 D at 1.923 ± 0.003 

12 Ti at 3.140 ± 0.003 
24 D at 3.681 ± 0.003 

About D; 
4 Ti at 1.923 ± 0.003 
6 D at 2.220 ± 0.003 

12 D at 3.140 ± 0.003 
12 Ti at 3.681 ± 0.003 
8 D at 3.845 ± 0.003 

Volume of 
Unit Cell 

35.39 

87.53 

Calculated 
Density 
( g e m - ' ) 

4.50 

3.94 
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3.309 ± 0.003 A , and , a s shown in T a b l e 3 , t h i s d i s t a n c e i s l a r g e r by 3 .5 to 

5.7 p e r c e n t t h a n t h e i n t e r a t o m i c d i s t a n c e s in the p u r e m e t a l . T h e n e a r e s t 

n e i g h b o r s of e a c h m e t a l ^ h o w e v e r , a r e t h e d e u t e r i u m a t o m s t h a t a r e a t a 

d i s t a n c e of a^ - ——-or 2 ,026 ± 0.003 A . If a l l n o r m . a l ' s i t e s f o r d e u t e r i u m 
4 

a t o m s w e r e o c c u p i e d e a c h m e t a l a t o m would b e s u r r o u n d e d by e igh t d e u t e -
r i u m a t o m s . S ince t h e t r a n s f o r m a t i o n of t h e cub ic p h a s e to t h e t e t r a g o n a l 
p h a s e of t h i s s y s t e m t a k e s p l a c e in t h e r e g i o n of 64 - 65 a t o m i c p e r cen t 
d e u t e r i u m , (HfDi.^g-i.g^) i t i s a p p a r e n t t h a t t h e n o r m a l d e u t e r i u m s i t e s in 
t h e cub ic p h a s e a r e n e v e r f i l l ed . T h e s t r u c t u r e , t h e r e f o r e , i s t y p i c a l l y a 
d e f e c t s t r u c t u r e . 

In t h e c o m p o s i t i o n r a n g e of t h e cub ic p h a s e , 62 - 64 .5 a t o m i c p e r 
c e n t d e u t e r i u m (HfDi.^j- j .gi) , t h e l a t t i c e p a r a m e t e r a© a p p e a r s t o r e m a i n 
c o n s t a n t . At t h e t r a n s f o r m a t i o n poin t , h o w e v e r , t h e r e i s a f i r s t - o r d e r 
c h a n g e . T h e f l u o r i t e s t r u c t u r e of t h e c u b i c p h a s e t r a n s f o r m s t o a f a c e -
c e n t e r e d t e t r a g o n a l s t r u c t u r e wi th c o m p r e s s i o n a long one a x i s a n d e x p a n -
s ion a long t h e o t h e r t w o . T h i s p r o v i d e s f o r s h o r t e r m e t a l - m e t a l a t o m 
b o n d s . A s shown in T a b l e 3 , t h e d i s t a n c e of n e a r e s t a p p r o a c h of m e t a l -
m e t a l a t o m s d e c r e a s e s f r o m 3.309 ± 0.003 A in t h e cub ic p h a s e t o 
3 .270 ± 0.003 A in t h e t e t r a g o n a l p h a s e . T h e s t r e n g t h e n i n g of a t o m i c ' b o n d s 
in t h e t e t r a g o n a l s t r u c t u r e on t h e who le i s e v i d e n c e d f r o m t h e c h a n g e s p r o -
d u c e d in s o m e of t h e p h y s i c a l p r o p e r t i e s of t h e two s t r u c t u r e s a s g iven in 
T a b l e 6. F o r e x a m p l e , bo th t h e D e b y e c h a r a c t e r i s t i c t e m p e r a t u r e and t h e 
v i b r a t i o n a l f r e q u e n c y of a t o m s in t h e t e t r a g o n a l s t r u c t u r e a r e h i g h e r t h a n 
t h o s e in t h e cub ic s t r u c t u r e . 

T A B L E 6 

S o m e P h y s i c a l C o n s t a n t s of Hafn ium and T i t a n i u m D e u t e r i d e s 

C o m p o s i t i o n 

HfDi .628 

Hf D | .,83 

2B 

1.68 

1.06 

(i) 
0.103 

0.082 

M a , 
( a m u ) 

69 .21 

61.21 

e 

244 

329 

Cv 
( c a l / m o l e **C) 

5.64 

5.40 

( v i b r a t i o n s / s e c . ) 

5.08 X 10*2 

6.86 X 10^2 

A s a d d i t i o n a l d e u t e r i u m i s a b s o r b e d by t h e s a m p l e in t h e t e t r a g o n a l 

p h a s e and t h e c o m p o s i t i o n a p p r o a c h e s HfDj , t h e r e i s a f u r t h e r d i s t o r t i o n of 

t h e t e t r a g o n a l un i t c e l l , c a u s i n g a d e c r e a s e in c© and an i n c r e a s e in ao. T h i s 

h a s b e e n a s c r i b e d t o f o r m a t i o n of a d d i t i o n a l h a f n i u m - d e u t e r i u m b o n d s 5 t h a t 
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s t rengthen the shor t bonds , 'X_L___£, along the [lOl] d i rec t ion and weaken 

the m e t a l - m e t a l bonds in the (OOl) plane. The volume of the unit cel l of the 
d i s to r ted f luori te s t r u c t u r e is l a r g e r than that of the cubic ce l l . The num-
b e r of a tom s i tes per each ce l l , however , i s the sam.e. 

X-^ray diffraction s tudies of the z i rconium-hydrogen s y s t e m have 
shown that the phases formed in this sys t em a r e analogous to those in the 
hafnium-hydrogen sys t em. The c ry s t a l s t ruc tu re of ZrDg de termined by 
X - r a y and neutron diffraction techniques? i s s i m i l a r to that of HfDi .,53. The 
c ry s t a l s t r u c t u r e s of other corresponding hydr ides in the two sys te ins a r e 
a lso s i m i l a r . 8 it may be in fe r red , t he re fo re , that the conclusions drawn 
f rom the study of the hafnium-hydrogen s y s t e m apply equally to the z i r con ium-
hydrogen sys t em. 

The t i tanium hydr ides and deuter ides ,9 p repa red under ident ical con-
dit ions as for those of hafnium and zirconiuixi, show that the face -cen te red 
cubic phase in th is sy s t em extends over a wider range of composi t ions , and 
does not s e e m to t r a n s f o r m to the te t ragonal phase as readi ly as in the other 
two s y s t e m s . 10 Some of the physical p rope r t i e s of TiDi.971, analogous to 
those of HfDi.428» ^^® ^^ foUowsi the root mean square d isp lacement , 
71 = 0.120 A; the miass of the **crystal atom*' Ma = 17.46 amuj the c h a r a c t e r -
i s t i c t e m p e r a t u r e , 6 = 428*'K, and the v ibra t ional frequency, v^ - 8.92 x 10*^ 
v ibra t ions per second. If high c h a r a c t e r i s t i c t e m p e r a t u r e and v ibra t ion f r e -
quency a r e taken as an indication of a s t rongly bound subs tance , it would a p -
pear that the TiDi.971 cubic s t r u c t u r e is m o r e s t rongly bound than that of 
HfDi .6289 ^s "̂ h® values of these physical p rope r t i e s a r e g r e a t e r than can be 
accounted for by m a s s differences alone. This may account for the lack of 
ready t rans format ion to the te t ragonal s t r u c t u r e . 

^Rundle, R. E . , ShuU, C. G. and WoUan, E . O., ' 'The Crysta l S t ruc ture 
of Tho r ium and Z i r con ium Dihydrides by X - r a y and Neutron Diffraction,* 
Acta . C r y s t . , _5, 22 (1952). 

SSidhu, S. S., T r a n s . Am. Soc. Meta l s , 46 , 652 (April 1954). 

^The t i tanium hydr ides and deu te r ides w e r e p repared with due knowl-
edge of the difficulties that previous inves t iga to rs had exper ienced; cf, 
Gibb, J r . , T . R. P . and Kruschwi tz , J r . , H. W., ' 'The Ti tanium-Hydrogen 
System and Ti tanium Hydride , ' ' J. Am. Chem. S o c , 72, 5365 (1950). 
F o r the study made h e r e , well reac ted homogeneous samples w e r e 
p repa red f rom pure me ta l and purified g a s . 

lOlt i s repor ted that th is deformation is m.uch m o r e pronounced below 
room, t e m p e r a t u r e , (P r iva te comm.unication, C. G, Shull, Brookhaven 
National Labora to ry . ) 
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11 
SUMMARY AND CONCLUSIONS 

Studies of typical meta l -hydrogen sys t ems have been made by c o m -
bined methods of neutron and X - r a y diffraction. An inc reased intensi ty of neu-
t ron flux f rom the heavy water r e a c t o r , a wide range 20 Bragg angle covered 
by the p resen t Argonne Neutron Diffraction Spec t romete r and an automatic 
record ing of neutron diffraction pa t te rns made it possible to obtain quant i -
ta t ive data that lent to comprehens ive in te rp re ta t ions . By reducing the s ize 
of the incident beam and consequently the amount of the spec imen used, the 
resolut ion of the neutron diffraction peaks was improved. The exposure t ime 
to obtain a complete neutron pat tern was comparab le to that for the X - r a y 
diffraction pa t te rn . Although the neutron diffraction pat terns p resen ted he re 
were obtained with wave length, A. = 1.315 A, it could be reduced to 1 A and 
thus many additional diffraction peaks observed . The main fea tu res of the 
techniques employed, the r e su l t s obtained, and the in te rpre ta t ions made may 
be summar i zed as follows; 

1. It was found n e c e s s a r y to use only pure innetals and purified gas . 
The meta l had to be rol led into thin shee ts to obtain well reac ted 
homogeneous s a m p l e s . In the thick me ta l samples a gradient of 
gas concentrat ion was observed, the g rea t e s t concentrat ion being 
at the sur face . The s ame sample contained hydr ides and u n r e -
acted me ta l . Long annealing and degassing of thin meta l s t r i p s 
at approximately 11 OO '̂C'in noway affected the absorpt ion of hy-
drogen by the m e t a l . The concept that in o rde r to es tab l i sh an 
en t i re ly no rma l solubility equi l ibr ium with hydrogen, a meta l 
mus t be s t ra ined r a the r than thoroughly annealedl s e e m s to be 
untenable in this c a s e . 

2 . Vanadium has a coherent sca t te r ing ampl i tude , ! 1 
f = -0.053 X 10""*^ cm, and essent ia l ly gives no diffraction peaks . 
The poly c ry s ta l l ine samples studied h e r e with neutron di f f rac-
tion, t he re fo re , we re contained in thin vanadium tube ho lders 
machined f rom solid meta l r o d s . As an improvement over v a -
nadium spec imen ho lde r s , however , an alloy contaiiiiiig 62 a tomic 
per cent t i tanium and 38 atomic per cent z i rconium was deve l -
oped; the sca t t e r ing lengths of the two meta l s being such that the 
resul tan t coherent sca t te r ing ampli tude is pract ica l ly z e r o . 

3 . In the solid s ta te convers ion of the meta l to the hydr ide , the 
bonds formied between hydrogen and me ta l a toms readi ly displace 
the meta l a toms f rom the i r no rma l posit ions in the la t t ice wi th-
out impa i rmen t of the mietal s t r u c t u r e , the meta l -hydrogen bonds 
being s t ronger than m e t a l - m e t a l a tom bonds. In the t ransformat ion 

^^Bacon, George , Neutron Diffraction (Oxford Umvers i ty P r e s s , London 
1955) p. 28. 
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of a meta l into a hydride or of one meta l hydride into another , 
both kinds of phase t r ans i t ions a r e observed. The f i r s t kind or 
the f i r s t o r d e r , in which energy , volume, and c ry s t a l s t ruc tu re 
change discontinuously, i s evidenced by the abrupt change that 
t akes place when face -cen te red cubic s t r u c t u r e in hafnium and 
z i rcon ium hydrogen s y s t e m s t r a n s f o r m s to face-cen te red t e -
t ragonal s t r u c t u r e ; the second kind or the continuous t r a n s i -
t i ons , in which energy and volume change continuously, i s the 
change observed when deformed cubic s t ruc tu re in hafnium-
hydrogen system, deforms to a single face -cen te red cubic 
phase,2 and f ace -cen te red cubic phase of titaniuim.-hydrogen 
s y s t e m deforms to face-cen te red te t ragonal s t r u c t u r e . 

4 . In the formation of these hydr ides the hexagonal s t r uc tu r e of 
rae ta l s i s completely changed, f i r s t to a cubic and then to a t e -
t ragona l s t r uc tu r e with unit ce l l s of different d imens ions , v o l -
u m e s , dens i t i e s , and containing l a r g e r number of a toms in 
them. In every r e spec t these s t r u c t u r e s a r e of new compounds. 
However , as in the ca se of the cubic phase , all atom, s i t e s in 
the unit cell a r e se ldom filled, and a s a resu l t the compounds 
formed a r e nons to ich iomet r ic . Even the te t ragonal phases in 
the hafnium and the z i rcon ium hydrogen sys t ems a r e formed 
below the s to ich iomet r ic ra t ios of HfHg and Z rHj , and they a p -
proach these composi t ions only when additional hydrogen i s 
added to the s y s t e m s . The range of va r i ab le composi t ions i s 
cons iderab le . 

5. As given in Tables 3 and 5 hydrogen o r deuteriumi a toms occupy 
definite posit ions in the la t t ice with r e s p e c t to one another and 
to the meta l a t o m s . The n e a r e s t ne ighbors of each a t o m , meta l 
o r g a s , a r e the unlike a t o m s . The d i s t ances between m e t a l - m e t a l 
a toms in the hydr ides a r e longer than those in the pure m e t a l s , 
and those between hydrogen-hydrogen o r deu te r ium-deu te r ium 
a toms a r e longer than nuc lea r d i s tances 12 ©f diatomic molecules 
of H.H or D.D (d = 0.75 A). F o r the s i ze of s i te available to a gas 
a tom to occupy in these hydr ides , an indication of a s m a l l e r s ize 
hydrogen (loss of e lec t ron) i s evident. It mus t en te r , apparent ly , 
a s an ion r a t h e r than an atorn..^^ 

12Mark, H. , Phys ica l Chem.istry of High Po lymer i c Systemis, ( in ter -
sc ience P u b l i s h e r s , Inc . , New York 1940) p. 51 . 

^^Isenberg, Irvin, **The Ionization of Hydrogen in Me ta l s , " P h y s . Rev. , 
79., 736 (1950). 
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a/ 
6. Another s t r iking cha rac t e r i s t i c of these hydr ides is that the 

f i r s t pure hydride phase formed in the t h r ee sys tems favors 
CaFj - type s t r uc tu r e with a fract ion of the atom s i t e s unfilled. 
The meta l -hydrogen bonds in this s t r u c t u r e a r e an iso t ropic , 
and the i r d i rec t ional na ture becomes pronounced when the 
f ace -cen te red cubic s t ruc tu re t r a n s f o r m s to the f ace -cen te red 
te t ragonal s t r u c t u r e with contract ion along one axis and e x -
pansion along the other two. The b r i t t l enes s observed in these 
hydrides may be a sc r ibed to these d i rec t ional bonds r a t h e r 
than to the mechanica l defects such a s the p resence of p o r e s , 
m i c r o c r a c k s , f i s s u r e s , i n t e rg ranu la r ho les , e tc . , so often m e n -
tioned in the literature.°«•'•'* It s e e m s that the causes of e m b r i t -
t l ement of me ta l s by gases in genera l l ie in the type of bonds 
formed^S jn a. given m e t a l - g a s sys t em r a the r than in i t s m a c r o -
scopic appearance . 
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APPENDIX 

Calculation of Root Mean Square Displacement /i | Cha rac t e r i s t i c 
T e m p e r a t u r e 9 | Specific Heat Cyi and Frequency of 

Vibrat ion Vj^ of HfDi.6281 HfDi.ggj and TiDi.971 

1. The re la t ive in tens i t ies of neutron diffraction peaks in the dif-
fract ion pa t te rns of HfDi .1,28, HfDi .983 and TiDi.9^1 were calculated f rom the 
exp res s ion : 

in which 

and 

Klhkl = ( l + e^h + k) + e^i(h+l) + e'H(k+l)j 

j fHf + CfD c o s y ( h + k + 1 ) 1 

B sin^0 ^ ^^2 »2 ^i^^^ 

6 h^T 

X ^ = STT̂  / i - - ^ 
(2) 

r r | * ( x ) + f j s i n ^ 0 / . V 
Mak 6 ' 

where |F | J J^]_ i s the s t r uc tu r e fac tor , m the mult ipl ici ty factor and J^ the 

neutroT'^^^Tlength; e^^B s ^ i s theDe^ye^Wal le r factor ; C_is mole f r a c 

tion of deu te r ium in a given deuter ide ; jJ. i s the root mean square d i s p l a c e -
mient of the a toms perpendicular to the reflecting p lanes ; h_ i s P l a n c k ' s 
constant , k i s Boltzmann^s constant ; T_ is absolute t e m p e r a t u r e ; © is the 

0 
Debye '^character is t ic t e m p e r a t u r e , " _x_= ~ , and Ma i s the m.ass of the 
"c rys t a l a t o m s , " o r the ave rage m a s s of two types of a toms e x p r e s s e d in 
atoinic m a s s un i t s . 

The value of'B for each deuter ide was de termined f rom the slope 
of the plot of log ( lobs . / lca lc . ) agains t sin 0 /A , . The values of Ji, a s given 
in Table 7, we re calculated by substi tuting the exper imenta l ly de te rmined 
va lues of B in the express ion 7̂ ^ = B/STT*. 
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T A B L E 7 

V a l u e s of B , jd^ and jJ. f o r V a r i o u s P h a s e s 

P h a s e 

HfDi .628 

HfDi.983 

TiDi^^ i 

2B 
(A)^ 

1.68 

1.06 

2.26 

(If 

0.01064 

0.00671 

0,01431 

(A) 

0.103 

0.082 

0.120 

2 . T o c a l c u l a t e 0 e x p r e s s i o n (2) w a s s i m p l i f i e d by s u b s t i t u t i n g the 

fo l lowing c o n s t a n t s ; 

6h^ = 6 ' (6 .6252 x lO'^"^ e r g - s e c ) ^ = 263.359650 x lO'^* ( e r g - s e c ) ^ 

k = 1,38042 X 10" '* e r g - d e g - ^ 

M . 

and 

M a s s of ""crystal a t o m " = --——--^ 
6.0254 x 10 

(Xlf = (Xx 10-16 ^m)2 

6 h^T L . . x1 sin^e 

23 a t o m i c m a s s u n i t s . 

Mak e X2 

, 263.359650 x 1 0 " ^ ( e r g - s e c ) ' x 6.0254 x l O " T J x] s in 'e 
1.38042 X 10-'6 e r g - d e g - i x Ma O" Y "̂  ^ J X̂  x lO'^* 

1.14955 X 10* T r, _ xl sin^e 

cm 

Ma 02 fw^f}^ X2 

T h e r e f o r e , f r o m equa t ion (2), 

o r 

o 2-z 1.14955 X 10* T 

1.14955 X 10* T 

10̂  T C , . x] 
2 |<̂  W + ^ l 

6^ = 
Srr^/i^Ma 

0 ( x ) + | (3) 



The average m a s s of the "crys ta l a tom" was calculated as 
follows: for example , 

mjjf + 1.628 mi3 
Ma for HfDi .628 = 2T628 

178.6 + 1.628 X 2.015 

2.628 

= 69.21 

where mj|f and m p a r e a tomic weights of hafnium and deu te r ium a toms 
respec t ive ly . The value of M^ for each phase is tabulated below; 

P h a s e 

HfDi .628 

HfDi .9S3 

TiDi. ,^1 

M a 

69.21 

61,21 

17.46 

Substituting the values of "^ f rom Table 7, Ma f rom above and 
of_T_as 295°K in equation (3), express ions for 6^ and 0 for each phase 
w e r e obtained as follows; 

P h a s e e 2 e 

-li HfDi.62g 5.8323 X l O 4 J 0 ( x ) + | - ^ 241.50 J0 (x)+ — 

HfDi^933 10.4575 X 10* h (x) + ~ j 323.38 U (x) + ™l^ 

TiDi.gn 17.3461 X 1O*|0 (x) + ~ | 416.49 U (x) + ^ 1 ^ 

» r | 0 ( x ) + # i 

an approximate value of x may be taken as 9 / T , o r 

The value of factor J 0 (x) +-j>-^ is approximately 1. The re fo re , 

for 

HfDi .628. X = 241.5/295 

0.8186 

HfDi^9a3,x= 1.0963 

TiD. ,7i,x= 1.4119 
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as 
Using v a l u e s of x t h u s o b t a i n e d , t h e f a c t o r -s 0 (x) + — f w a s 

r xl I *j 
e v a l u a t e d f r o m t h e c u r v e < 0 (x) +-jf v s . x a s g iven in F i g u r e 5 . Subs t i " 
t u t i n g t h e s e v a l u e s a b o v e , 0 f o r e a c h p h a s e w a s c a l c u l a t e d a s g iven in 

T a b l e 8, 

T A B L E 8 

V a l u e s of X, <4>(x}+-jl^ a n d 6 

P h a s e 

HfDi .6,8 

HfDi .983 

TiDi.971 

X 

0.8186 

1.0963 

1.4119 

(̂  w+lj 
1.0190 

1.0335 

1.0545 

|0(x)+-f}^ 

1.0095 

1,0166 

1.0269 

e 

244 °K 

329' 'K 

428°K 

w h e r e 

3 . T h e spec i f i c h e a t C ^ w a s c a l c u l a t e d f r o m the e x p r e s s i o n 

Cv = 3 R (x)2 f^JY ^^^ 

R = 8.31662 X 10^ e r g / m o l e "C 

= 1.98677 c a l / m o l e °C . 

Q 
By s u b s t i t u t i n g t h e v a l u e of X = — in e q u a t i o n (4) and m u l t i -

p ly ing by 3 R, one o b t a i n s ; 

Cy - 3 R (x)* . X . 1)2 

P h a s e X (X)^ eX e^/(e^ ^ if c a l / m o l e ''C 

HfDi.628 0.8186 0.6701 2 .2673 1,4117 

HfDi.9g3 1.0963 1.2019 2 .9931 0 .7535 

TiDi.9^1 1.4119 1,9935 4 .1037 0.4260 

5.638 

5.398 

5.062 
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4, The frequency of vibrat ion was calculated f rom the express ion ; 

^ - = h ® 

where 

k ^ 1.38042 X 10"^^ erg/*^ 

h 6.6252 X 10*"̂ ^ erg-sec. 

2.08359 X lO*̂ ' 

°K - sec. 

Multiplying the above express ion by values of 6 as given in the las t column 
of Table 8, one ge t s : 

Phase 

HfDi 6Z8 

HfD 1.983 

TiDi . 971 

vibra t ions per s e c . 

5.084 X l O " 

6.855 X 10^2 

8.918 X 10^^ 

SUMMARY 

TABLE 9 

Root Mean Square Disp lacement | C h a r a c t e r i s t i c T e m p e r a t u r e ; 
Specific Heat; and Frequency of Vibration of Hafnium 

and Ti tanium Deuter ides 

Composit ion 

HfDi.628 

HfDj 9̂83 

TiDi.„i 

2B 

(If 

1.68 

1.06 

2.26 

M, 

(A) 

0.103 

0.082 

0.120 

(amu) 

69.21 

61.21 

17.46 

e 

244 

329 

428 

Cv 
(ca l /mole "̂ C) 

5.638 

5.398 

5.062 

^ m 
(v ibra t ion /sec) 

5.084 X l O " 

6.855 X 10^2 

8,918 X 10^2 


