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Influence of interstitial oxygen and nitrogen on hydrogen solubility in 
vanadium 
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Abstract  

Measurement of hydrogen solubility was carried out in the temperature range 500-800°C at a hydrogen pressure below 
10 4 Pa using a modified Sieverts apparatus. The compositions of the vanadium-ni t rogen bcc solid solutions were 0.010 and 
0.021 N / V .  All the hydrogen solubility data for the vanadium-ni t rogen solid solutions followed Sieverts' law. The presence 
of nitrogen increased the hydrogen solubility and gave the small negative effect on the enthalpy of solution. The change in 
partial molar enthalpy and the partial molar excess entropy with the nitrogen content of solid solution were derived from the 
experimental data and were compared with the results of vanadium-oxygen solid solutions through discussion in terms of 
vibrational, lattice dilatational and configurational contributions. © 1997 Elsevier Science B.V. 

1. Introduct ion 

For applications of vanadium to hydrogen handling 
systems such as a fusion reactor, it is of the utmost 
importance to clarify the hydrogen behavior in vanadium. 
The solubility and the phase diagram are well known for 
the V - H  binary system [1-5]. Although the sorption of 
other active gases such as oxygen and nitrogen appears to 
affect its solubility, only limited information is available 
for the influence of interstitial elements on the hydrogen 
solubility in vanadium [6]. 

In our previous work [7], thermodynamic studies have 
been performed on the vanad ium-oxygen-hydrogen  
ternary system and the presence of interstitial oxygen was 
found to influence the hydrogen solubility in vanadium. In 
the present work, the influence of nitrogen has been stud- 
ied and the results obtained were compared with the 
oxygen effect. 

2. Experimental  

The vanadium-ni t rogen solid solutions were prepared 
by nitridation of vanadium single crystal (Goodfellow 
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Cambridge, 99.999% in purity) in the form of a disk (20 
mm Q~ × 2 ram) in a constant volume system and subse- 
quent annealing in a vacuum below 10 6 Pa at 1000°C lor 
200 h. The compositions of vanadium-ni trogen solid solu- 
tions were 0.010 and 0.021 N / V  atom ratio. Hydrogen 
(99.999% in purity) gas was further purified with hot 
titanium sponges and then used for solubility measure- 
ment. 

The hydrogen solubility in vanadium-ni trogen solid 
solutions was studied using a modified Sieverts' UHV 
apparatus. The solubility was evaluated from the change in 
pressure with dissolution of hydrogen gas into the solid 
solution at constant volume. The measurement was per- 
formed at a temperature of 500-850°C at a pressure lower 
than 10 4 Pa by a constant volume method. 

3. Results  and discussion 

The hydrogen solubility in vanadium-ni trogen was 
closely proportional to the square root of the equilibrium 
hydrogen pressure. This indicates that all the solubility 
data for the vanadium-ni t rogen solid solution closely obey 
Sieverts' law: C H = K H × PIt/2, where C H is the hydrogen 
content in atom ratio, PH~ the equilibrium hydrogen pres- 
sure in Pa and K n the Sieverts' constant. The temperature 
dependence of Sieverts' constant obtained for vanadium- 
nitrogen is shown in Fig. 1. From Fig. 1, it is found that 
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Fig. 1. Temperature dependence of Sieverts' constant K H for 
hydrogen in pure vanadium and vanadium-nitrogen solid solution. 

on the solubility and the enthalpy of solution strongly 
depends on the type of interstitial element. It is obvious 
form Figs. 2 and 3 that the hydrogen solubility increases 
and the enthalpy of solution slightly decreases with addi- 
tion of nitrogen into vanadium. In contrast to the vana- 
d ium-ni t rogen solid solution, the hydrogen solubility in 
the vanadium-oxygen solid solution first increases with 
the oxygen content and then decreases above an oxygen 
content of 0.01 O / V .  The enthalpy of solution shows a 
pronounced maximum at a O / V  ratio of 0.01. It is likely 
that the interstitial nitrogen attractively interacts with hy- 
drogen in vanadium. 

Oxygen and nitrogen in vanadium bcc lattice are lo- 
cated on octahedral sites, whereas tetrahedral sites are 
highly favored to receive hydrogen atoms• In ternary vana- 
d ium-oxygen-hydrogen  and vanadium-ni t rogen-hydro-  
gen ternary solid solutions, the tetrahedral occupation of 
hydrogen and the octahedral occupation of oxygen and 
nitrogen were experimentally confirmed by spectroscopic 
measurements. There is a little information on the sizes of 
hydrogen, oxygen and nitrogen interstitially dissolved into 
vanadium. The presence of oxygen and nitrogen in an 
octahedral site is inferred to affect the state and configura- 
tion of hydrogen atoms in adjacent tetrahedral sites. This 
means that the addition of interstitial element into vana- 
dium may result in a change in hydrogen solubility. 

there exist, linear relationships between the natural loga- 
rithm of Sieverts'  constant and reciprocal temperature 
expressed by, In K n = A + B / T ,  where T is the tempera- 
ture in K and A and B are constants. The values of A, B 
and A H obtained for vanadium-ni t rogen solid solutions 
are given in Table l, together with the results for vana- 
d ium-oxygen  solid solutions [7]. The solubility of hydro- 
gen increases with the nitrogen content in vanadium, and 
the enthalpy of solution appreciably decreases as the nitro- 
gen content increases, as shown in Fig. 1 and Table 1. 

The changes in the Sieverts'  constant and in the en- 
thalpy of solution with the composition of vanad ium-  
oxygen and vanadium-ni t rogen solid solutions are shown 
in Figs. 2 and 3. As can be seen in Figs. 2 and 3, the effect 

Table 1 
Parameters of Sieverts' law A and B and enthalpy of solution A H 

Composition (atom ratio) A B A H (kJ/mol) 

Pure V - 13.1 3910 -32.5 
0.010 O / V  - 13.0 3770 - 31.4 
0.021 O / V  - 13.1 3840 -31.9  
0.031 O / V  - 13.2 3890 -32.3 
0.044 O / V  - 13.6 4240 - 35.3 
0.010 N / V  -13.1 3910 -32.5 
0.021 N / V  - 13.0 3940 - 32.7 
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Fig. 2. Change in Sieverts' constant K H with the composition of 
solid solution (650°C). 
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Fig. 3. Change in the enthalpy of solution A H with the composi- 
tion of solid solution. 

butions from various degrees of freedom, the enthalpy and 
entropy difference ~ H  and ~S were given in the forms of 
~ H = ~ H  v + B H  a + S H  c and ~ S = ~ S  v + S S  d + S S  c, 
where 8 H  v and 8S v are the differences in vibrational 
contribution between the solid solutions and pure vana- 
dium, 8 H  d and 8S d the lattice dilatation terms and BH c 
and 5S ~ the configurational terms. 

The magnitude of the vibrational terms can be esti- 
mated from the local vibrational mode of hydrogen in the 
solid solution. In the present study, we applied the follow- 
ing equations to estimate the vibrational terms: 

~ H  v = Y'.[ ( h v  i - h v i ° ) / 2  + h v i / ( e x p (  h u i / k T  ) - 1) 

- h v°/(exp(h u ° / k T )  - 1)], (1) 

$S v = ] ~ [ - k  In{(1 - e x p ( - h l ~ i / k Z ) )  

/ ( 1  - exp( - h pi° /kT)) }  + h v i / (exp(h pi /kT ) 

- I ) / T -  h u ° / ( e x p ( h v ° / k T )  - 1 ) / T ] ,  (2)  

where vi( i  = 1-3)  is the vibrational frequency of hydrogen 
in the solid solution and v/° is the vibrational frequency of 
hydrogen in pure metal. Frequencies for the nondegenerate 
and doubly degenerate modes of vibration of hydrogen on 
tetrahedral sites in vanadium are u 1 and v2(=  v3). The 

4 . . . .  , . . . .  , . . . .  , . . . .  I . . . .  

In order to clarify the influence of interstitial element, 
the solubility data for vanadium nitrogen solid solutions 
were analyzed by a dilute solution model proposed for the 
vanad ium-oxygen-hydrogen  ternary solution in our previ- 
ous study [7]. The changes in the solubility and in the 
enthalpy of solution with the addition of interstitial ele- 
ment into vanadium lattice were discussed in terms of 
difference in partial molar enthalpy and excess entropy 
between pure metal and alloys, which are defined as 
B H = H  H - H  ° a n d B S = S  n - S  ° , where H H a n d S  H are 
the partial molar enthalpy and the partial molar excess 
entropy of hydrogen referred to the standard state of 
hydrogen atoms at rest in a vacuum and H ° and S ° are 
the values for pure vanadium. Figs. 4 and 5 reveal the 
changes in 8 H  and ~S values for the vanadium-ni t rogen 
solid solutions with the composition, together with those 
obtained for the vanadium-oxygen solid solutions. As can 
be seen in Figs. 4 and 5, the 8 H  value slightly decreases 
with the nitrogen content, while the 8S value increases 
with the nitrogen content. The increase in the solubility in 
vanadium-ni t rogen solid solution is attributable mainly to 
an increase in BS. However, the vanadium-oxygen solid 
solution indicates a more complicated change in the partial 
molar quantities with the oxygen content. 

Assuming that the partial molar enthalpy and the partial 
molar excess entropy can be written by the sum of contri- 
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Fig. 4. Change in the 8H value with the composition of solid 
solution. 
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Fig. 5. Change in the 8S value with the composition of solid 
solution. 

-~ 0 O 

_z 
- r  

-2 

-4 

-6 

° 

s 

/ 
/ "  

I 

/ 

O 

. . . . . . . . . . . . . .  
~ .  " ' - - . . . .  

. . . . .  ~ H  v -~ 

- -  - -  . d H  d ~" 

. . . . .  dH c \ 

- - O H  
© experimental 

0.01 0.02 0.03 0.04 0.05 
Composition [N/V] 

Fig. 6. Theoretical analysis of 6 H value. 

vibrational frequency of hydrogen appears to vary owing 
to change with addition of interstitial element into the bcc 
lattice. Margel et al. [8] have performed inelastic neutron 
scattering measurements and found that slight difference in 
the vibrational energy of hydrogen was observed among 

NbHo.o055, NbOo.w jHo.oo 3 and NbNooo4Ho01 o. Oxygen or 
nitrogen addition into niobium reduces the vibrational 
energy for doubly degenerate mode, but no marked change 
is not observed for non-degenerate mode. These experi- 
mental findings suggest that the vibrational energy levels 
of hydrogen in a bcc metal are slightly perturbed by 
dissolved interstitial element. On the assumption that for 
vanadium-nitrogen solid solutions a decrease in the vibra- 
tional frequencies of u 2 and u 3 with the nitrogen content 
is expressed by the following empirical equation: 

Pi = P? X (1 - C ° 6 ) ,  (3) 

where C N is the nitrogen content of the solid solution in 
atom ratio, we evaluated the values of 8 H v and 8S v using 
v ° =  v ° = 4 . 1 1  × 10 j3 s -1 and T = 9 2 3  K. As shown in 
Figs. 6 and 7, the 6 H  v is small and negative and 8S v is 
small and positive. The values of 8 H  v and 8S v obtained 
for vanadium-nitrogen solid solutions were slightly differ- 
ent from those for vanadium-oxygen solid solutions. 

Interstitial elements such as oxygen and nitrogen cause 
considerable expansion of vanadium bcc lattice. The lattice 
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strain resulting from interstitial solute gives large enthalpy 
change: 

8 H  d =  - - f ( V n V N / V v K v )  × (1 -- o ~ T ) d C  N, ( 4 )  

8S d = f ( V H V N / V v K v )  × a d C  N. ( 5 )  

In these equations, V H and VN are the partial molar 
volumes of hydrogen and nitrogen in vanadium and V v 
and K v are the molar volume and compressibility of 
vanadium, a is the thermal expansion coefficient of vana- 
dium. The partial molar volumes of hydrogen and nitrogen 
were evaluated from the reported values of lattice parame- 
ters of the vanadium-ni t rogen solid solutions. The partial 
molar volume of nitrogen in vanadium was found to be 
smaller than that of oxygen. The calculated ~ H  J values 
are indicated in Fig. 6. As evidenced by Fig. 6, the volume 
expansion due to interstitial nitrogen results in a negative 
enthalpy change. The magnitude of enthalpy change was 
smaller for nitrogen than for oxygen. The value of 8S J 
was not estimated because of the small value of the 
thermal expansion coefficient of the solid solutions. 

The degeneracy of the configurational energy and en- 
tropy of hydrogen determines the terms of ~ H  c and ~S c, 
which may be ascribed to electronic interaction of nitrogen 
with hydrogen through vanadium. A nitrogen atom appears 
to modify electronic properties of an adjacent vanadium 
atom and a hydrogen atom located in a tetrahedral cell 
consisting of four vanadium atoms is affected. The follow- 
ing equations proposed for hydrogen in the IV group 
metal -oxygen solid solutions in our previous work [9] was 
applied to the vanadium-ni t rogen-hydrogen ternary solid 
solution for estimating ~ H  c and 8S c values: 

a H  ~ =  ( P . F . ) ' / ( P . F . ) ,  (6)  

a s  c = ( P . F . ) ' / ( P . F . ) / T  + k ln (P .F . ) .  (7)  

(P .F . ) '  = (Ee, N,,exp(-e,/kT)) X ( 1 / 6 N M ) ,  

(P .F . )  = (}2Nn e x p ( - e , / k T ) )  X ( I / 6 N M ) .  

In these equations, a n is the energy required to insert a 
hydrogen atom into a n-type cell (n = 0 -4 )  defined as 
having n modified vanadium atoms of a tetrahedral cell, 
N,, is the number of n-type cell and N M is the total 
number of vanadium atoms in a solid solution. On the 
assumption that a vanadium atom is completely modified 
if one or more nitrogen atoms occupy the first and second 
nearest octahedral sites, the relations of 8 H  c and 8S c to 
the nitrogen content were estimated by use of a set of the 
cell energies ~,, and Eqs. (6) and (7). The theoretical 
configurational enthalpy term 8 H  c increases with the ni- 
trogen content as shown in Fig. 6. Fig. 7 indicates that 8S ~ 
shows a small negative value and decreases rapidly with 
the nitrogen content. The magnitudes of ~ H  ° and 8S c for 
nitrogen were almost the same as oxygen. 

It is found from Figs. 6 and 7 that the theoretical curves 
shown by solid lines in Figs. 6 and 7 well express the 
tendency for the changes in the experimental g H  and 8S 
values with nitrogen addition. It should be noted that the 
difference between the calculated values and the experi- 
mental ones is not large, 

We have attempted to account for the influence of 
interstitial elements such as oxygen and nitrogen on the 
hydrogen solubility in vanadium. Although the influence 
of interstitial element is not yet fully interpreted, the 
present analysis suggests that the dilatometric contribution 
may he of importance in influencing the difference in 
partial molar quantities of hydrogen between nitrogen and 
oxygen. 

4. Conclusions 

In the temperature range 500-850°C at a hydrogen 
pressure below l 0  4 Pa, the hydrogen solubility in vana- 
d ium-ni t rogen solid solutions with a nitrogen content of 
0.010 and 0.021 N / V  was studied using a modified Siev- 
erts UHV apparatus. All the hydrogen solubilities for the 
vanadium-ni t rogen solid solutions followed Sieverts' law. 
The hydrogen solubility increased with increasing nitrogen 
content. The enthalpy of solution was slightly reduced with 
the addition of nitrogen. Partial molar enthalpy and partial 
molar excess entropy were derived by applying a solution 
model to the experimental data for the vanadium-ni trogen 
solid solutions, which were compared with the results for 
the vanadium-oxygen solid solutions. The partial molar 
enthalpy slightly decreased and the partial molar excess 
entropy increased with the nitrogen content. The changes 
in the partial molar quantities with the nitrogen content 
were discussed in terms of sums over vibrational, lattice 
dilatational and configurational contributions and com- 
pared with the results for vanadium-oxygen solid solu- 
tions. 
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