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Abstract 

According to  the thermodynamic behaviors hydrogen can 
be dissolved in the niobium even niobium hydride can be 
formed below 1000K. A model of hydrogen diffusion in nio- 
bium is proposed. The internal stress caused by dissolved 
hvdrogen can establish the steady state of hydrogen dis- 
tribution. The hydrogen contamination during chemical 
polishing is inverse proportional to the doping rate of the 
chemical polishing acid and its thickness is - 10 - 30p. 
During annealing a t  lower temperature an  area of satu- 
ration solid solution can be formed and its boundary can 
become the nucleation sites. then the precipitation on the 
cavity surface can be reduced when the cavity is cooldown. 

1 Introduction 

Hydrogen atoms occupy int,erstitial sites in metals and dif- 
fuse much faster than anv other atoms. Hydrogen ah- 
sorbed in niobium during chemical polishing and precip- 
itated as niobium hvdrides on the surface of the super- 
conducting cavit,y will reduce severely the Q value of the 
cavity [l]. 

In this paper the thermodynamic behaviors of hydrogen 
in niobium are discussed. A model of hydrogen diffusion in 
niobium is proposed to  discuss the hydrogen contamination 
during chemical polishing and niobium hvdride precipita- 
tion on the surface. By using this model the experiment's 
on hydrogen contamination of superconducting cavities [l] 
can be explained. Therefore. investigation on hvdrogen be- 
haviors in superconducting cavities will be advantageous to 
further improve the perforn~ance of the cavity. 

2 Thermodynamic behaviors 

The chemical potential of hydrogen dissolved in niobium 
can be represented as121 

where is the chemical potential of hydrogen in nio- 
bium hydride: C H  is the concentration and y~  is the activ- 
ity coefficient of hydrogen which represents the interaction 
between solute and matrix. R T I ~ T ~  can be regarded as 
the excess chemical potential 

where A ~ H  and A s H  are the excess enthalpy and entropy. 
respectively. If pgbH is assumed to  be zero, then the excess 
chemical potential A p H  is equal to  the hydrogen chemical 
potential in a unit concentration solid solution. 

The chemical potential p~  decreases with decreasing hy- 
drogen concentration C H .  Niobium hydride will be pre- 
cipitated when p~  2 p g b H ,  SO the maximum solubility of 
hydrogen in niobium CFa2 can be written as 

The chemical potential of hydrogen gas can be written as 

According to Nb-H phase diagram[$, P - N b H  exists below 
360K. so the niobium hydride will be precipitated when 
1 ?pf i2  2 p g b H  and T 5 360K. The maximum partial 
pressure of hydrogen can be written as 

The excess chemical potentials depend on the units of 
concentration and pressure of hydrogen. In this pa- 
per the units of concentration C H  and pressure pH, are 
w p p i n j p g H  : gNbl and mbar, respectively. The excess 
chemical potentials measured by experiments[2] are: 

P H  = p g b H  + R T l n ( y ~ c ~ )  Here - A p H  can be regarded as the chemical potential 
(2'1) of NbH from dissolved hydrogen(1wppm) and niobium; 

'on leave of absence from Department of Chemistry, Tsinehua - S a p H 2  the chemical potential of NbH from hydrogen 
University, P.R. China gas(] mbar) and niobium. The maximum solubilities and 
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Table 1: The maximum hydrogen solubilities and pressures 

T(K) 1 350 300 250 ( 200 1 150 
CEaz i 941 I 494 1 201 / 52 I 5.5 

Units: CgaZ (wppm); Pz2az(mbar) 

pressures of hydrogen are presented in Table 1. The partial 
hydrogen pressure in atmosphere is about l@-' mbar and 
it can reach 10-1°mbar in an ultra-high-vacuum chamber 
in which Ht is the mainly residual gas. When the vacuum 
pumps are shut off. H 2  pressure increase for a transient pe- 
riod to 1 0 - L  10-'mbar[3]. The niobium hydride will be 
stable thermodvnamically below room temperature even 
in ultra-high-vacuum chamber. From experimentsjlj the 
hydrogen contamination only concentrates on the niobium 
surface so that the dynamic behavior of hydrogen in niu- 
bium must be considered. 

The hydrogen contamination in niobium can be removed 
bp vacuum heat treating. From equations (2.1) and (2.4). 
i.e., ApH = i~~~~~ we can get 

pH2 = e z p ( - -  9211 - 5.62) 
C& T 

To remove hydrogen in niobium the temperature should be 
higher than 1000K, e.g., pH, /C& = 3 . 6 . 1 0 ~ ~ .  T = 1000K 
and PH2/C& = 1.7.  1oV6.T = 1200K. so the hydrogen 
concentration can be less than lwppm under vacuum heat 
treatment. 

In oder to study hydrogen contamination during chem- 
ical polishing and hydride precipitated successively on the 
niobium surface we must further investigate the diffusion 
behaviors of hydrogen in niobium. 

3 Diffusion model 
Dissolved hydrogen can cause the niobium lattice to  
e ~ p a n d j 4 ~ 1 :  

Aa / a  = 4.72. ~ o - ' / % H / N ~  

Thus. the internal stress caused by the dissolved hydrogen 
can act as diffusion barriers: which can establish the steady 
state of hydrogen distribution. These induced excessive 
elastic stresses may lead to plastic deformation and cracks 
especially a t  dislocations and grain boundaries. 

The driving force for diffusion is a chemical potential 
gradient. From (2.1) 

The current density jH  can be written as 

with MH the mobility and D& the chemical diffusion co- 
efficient. Substituting (3.2) into (3.1), we get 

where 
RT 

DH = -MH 
CH 

is the trace diffusion coefficient (CH -- 0), which can be 
measured by experiment. 

The maxlmum solubility of hydrogen in niobium is very 
small below room temperature (Table l ) ,  so we can expect 
that tlic interaction between hydrogens during sat.uration 
is very strong. From (2.3), 7~ = ( G a z ) - ' ,  thus 

then the chemical diffusion coefficient 

Hydride and solid solution can coexist during saturation 
(CH = C z a Z ) .  The hydrogen concentration on phase 
boundaries is discontinuous. so the chemical diffusion co- 
efficient must be zero. 

C z a z  is very small when temperature is below room 
temperature, so we can expect that the interaction between 
hydrogen ( 8 r H / 8 C H )  may be constant when CH < C z a z .  

If CH > Cgaz. then D; < 0. I t  means that the hy- 
drogen will diffuse from low concent'ration to high con- 
centration in the super-saturated solution. This chemical 
diffusion coefficient (3.5) can be used to describe the segre- 
gation process ipre-precipitation j. The segregation process 
can be accelerated since not. only the concentration gradi- 
ent but also the chemical diffusion coefficient can increase 
with t imt.  

The trace diffusion coefficient DH and CEa* decrease 
exponentially with temperature, thus D;I during supersat- 
uration is nearly independent of temperature. Therefore. 
the segregation from super-saturated solution will develop 
very rapid even at  very low temperature. This is agree- 
ment with t h e  experimentsj6'. 

According to Nb-H phase diagram[4j, c - Nb4H3-z will 
be precipitated from super-saturated solution when T .: 
-70C. The hydrogen conc,entration in E - Nb4H3-, is 
about 7795 appni .  When hydrogen concentration is near 
to this value, thr  chemical diffusion coefficient must re- 
approach to zero and the equation ( 3 . 5 )  is invalid. 

The density of niobium is 8.55g/m3 and that of c is 
- ~ . 7 2 ~ i n l "  so the volume will be reduced during precip- 
itation. This will cause to  form dense dislocations with 
prismatic loop around hydride particles. 

The internal stress may increase during segregation. but 
will be relaxed during precipitation, so the  amount of nio- 
bium hydride precipitated on the niobium surface may 
mainly depend on the segregation process. The nucleation 
can be formed during segregation. 
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Therefore, we can use the chemical diffusion coefficient 
(3.5) to discuss the hydrogen contamination during chem- 
ical polishing and hydrogen segregation. 

4 Hydrogen contamination 

Under the influence of internal stress caused by the dis- 
solved hvdrogen, the steady state can be established in 
which the hydrogen current densit,y in niobium jH is equal 
to  the doping rate of the chemical polishing acid v ~ :  

The boundary condition CH(X = 0)  = CEaZ, then 

and the maximum diffusion depth 

The amount of hydrogen content 

The chemical polishing is highly exothermic. The tem- 
perature gradient can affect the temperature distribution. 
From (2.1) 

~ P H  -- 
8T 

= ASH - RlnCH (4.5) 

Thus when the hydrogen concentration is smaller than 
C;. the hvdrogen will move to high temperature under 
the temperature gradient. Therefore, under the effect of 
temperature gradient the hydrogen depth penetrated into 
niobium z,,, can be further reduced. 

If I,,, = 20p. DH - ~ o - ~ c ~ ~ s - ~  and Cga" = 500 
wppm. then 

If the thickness of the sample is 2mm. then the average 
hydrogen content i5 - 3 a p p m .  

In chemical polishing the hydrogen contamination (4.4) 
is proportional to (CFaz)?. DH and inverse proportional to 
V H .  C g a 2 ,  DH and VH usuallv increase with temperature 
and can be respectively represented as 

Their mainly changes may happen a t  different temperature 
ranges because of their different activation energies. 

The binding energy between oxygen and niobium is very 
large. The enthalpy of NbO from oxygen gas and nio- 
bium is -416070Jm01-~ [2], and the enthalpy of NbH 
is only - -4953OJm01-~(2.7), so the oxide layer will ex- 
ist on the niobium surface below lOOOK and its thickness 
is - 2 - 6nm15j. This oxide layer can act as the barriers 
for hydrogen diffusion. but i t  can not completely prevent 
the hydrogen diffusion. The experiments[5] show that the 
oxide layer grows faster when O H -  ion exists in solution. 
We can expect that the O H -  ion will be beneficial to form 
(OH) in niobium. so i t  will accelerate the growth of oxide 
layer and cause the layer positive charging!5]. 

The etching process can be expected as the hydrogen 
must first diffuse into the oxide layer, then F -  can also 
diffuse into and cause the niobium dissolved in acid. Bc- 
cause the enthalpy of niobium fluoride is very large, this 
chemical reaction is exothermic. 

In water chemical polishing[l] (WCP: H F  : HNO3 : 

H 2 0  = 1 : 1 : 5) from 10 -40°C the removal rate increases 
and the hydrogen contamination decreases. Above 40°C 
the removal rate and hydrogen contamination increase ac- 
celeratively. 

At low temperature (lO°C), the oxide layer is more sta- 
ble because of O H - ,  so the etching rate and doping rate 
of hydrogen are lower, then the hydrogen contamination 
is higher. When temperature increases, the concentra- 
tion of O H -  will decrease and hydrogen activity increase. 
then etching rate increases and hydrogen contamination 
decreases. When temperature is larger than 40" the dif- 
fusion current will increase so rapidly that the internal 
stress can not be accumulated sufficiently especially on the 
dislocations or grain boundaries. Thus a t  high tempera- 
ture, the grain boundary etching and dislocation pitting 
map happen. 

In buffered chemical polishing (BCP; HF : H N 0 3  : 
H3PO4 = 1 : 1 : 4)[l] the oxide layer will still exist on 
the niobium surface because of the concentrated nitride 
acid. The doping rate is lower because of high viscosity 
of the H3P04.  then the hydrogen contamination may be 
larger. There is no O H -  in BCP, so (OH) does not exist 
in the oxide layer. thus there is no decrease of hydrogen 
contamination with in some temperature range. 

I t  is very interesting to note that the prevention of hy- 
drogen contamination mainly depends on hydrogen them- 
selves. In some condition the hydrogen contamination may 
become severe if the hydrogen doping rate is very small. 

5 Segregation and precipitation 

After the chemical polishing a t  room temperature a 2-6 nm 
oxide layer and 10-30 p depth of hydrogen contamination 
may be exist on the niobium surface. 

The hydrogen distribution (4.2) can be rewrittenas 

In the above-mentioned example: T=300K, X,,, = 201, 
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aT = 5OOwppm. bT = 1 2 5 0 0 ( w ~ p r n ) ~  and total hy- 
drogen content AH=3333.3 wppm.1. 

The solubility limit decreases rapidly with the temper- 
ature (Table l ) ,  so under the operation of the cavity a t  
4.2K the depth of c - Nb4H3 can reach 0 . 4 ~  if all hydro- 
gen were precipitated on the surface. The R, of c - Nb4H3 
is - 15mQ[7] and the effective skin depth is - 0.61. thus 
the Q value of the cavity can be reduced sharply. The 
field penetration at superconducting state is - 40nm. so 
only the NbH precipitated on the surface can affect the 
performance of the cavity. 

If we keep the cavity a t  lower temperature. e.g. 250K. 
then hydrogen will be re-distributed. At 250K, CZa* -, 
20OWppm (table 1). From (5.1) we get 

When 3 < 7 . 2 ~ .  CH > C y .  then D& 0 and segre- 
gation can happen i.e. the hydrogen content above 200 
wppm (720 w p p m . ~ )  will be precipitated on the surface. 
thus a saturation area(z < 7.21) can be formed. 

When ;P > 7 . 2 ~  and near 7.2p, CH - CgaZ. then D& - 
0 i.e. jH - 0, thus under the internal stress the hydrogen 
concentration near 7 . 2 ~  will be reduced 

If the total hydrogen content ( 7  > 7 . 2 ~ )  maintain con- 
stant. then steady state of hydrogen distribution a t  250K 
can be represented as 

(5.2) 
This hydrogen distribution (5.2) have two large gradients 
at  x=O and x=7.2p: respectively. These gradients can ap- 
proach infinity if steady state is reached. It  may take very 
long time t o  reach steady state because the chemical dif- 
fusion coefficient is very small. 

When the cavity is finally cooldown to 4.2K, the segre- 
gation a t  x=O and x=7.2p can happen and these location 
can become the nucleation sites of the precipitations. In 
this case only 1440 wppm-p hydrogen are precipitated on 
the surface and other 1893.3 wppm.p are precipitated a t  
the layer X = 7 . 2 ~ .  

From this example. if we keep the cavity a t  higher tem- 
perature then cooldown. the precipitation on the surface 
will be further reduced. 

Rinsing at. temperature 20°C for several hours may re- 
duce the precipitation on the surface. thus this can explain 
why the Q value is large a t  the first cooldown. 

From the experimenti4j. the precipitation were sub- 
micron size particles with dense prismatic loop disloca- 
tions. When the specimen was warmed again, these par- 
ticles were redissolved but some dislocation skeletons re- 
mained. Cooling again below the solvus. these dislocation 
skeletons often provided nucleation sites for the precipitat- 
ing hydrogen. This is also a reason t o  explain that  the Q 
value degrades after successive cooldown. 

In this paper the analysis of the hydrogen behaviors is 
mainly concentrated on the steady states. In order to  find 

the optimum condition for the cavity it is necessary to 
do  transient analysis. To establish the transient model 
depends on further investigations and experiments. 
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