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1. INTRODUCTION 

.Research into the diffusion of hydrogen. in metals has 

intensified .over the last decade for both technological ·and. 

·· · intellectual. reasons. Knowledge of the diffusive behavior of 

hydrogen is ·important to the explanation of the hydrogen ern­

brittlement ot' metals, to the resolution of materials problems 

f 

·· .. :" . . .· . 

which will be·encountered in the production of energy from the 

chemical ·and nuclear burning of hydrogen, and to the use of 

metal hydrides _as energy' storage media. Among the facts and 

observatiOns that motivate basic scientific int~rest is the 

large value:6f the diffusion coeffici~nt itself.(l) At room 

temperature the diffusion coefficient ot'.hydrogen in niobium 

exceeds.thos~·of oxyge~ and nitroge~ in·niobium by more than 

fifteen orders ·of ·magnitude. Furthermore the.re . is strong 
. . . . 

1 

evidence for·. a. quantum· mechanical motion of hydrogen in niobium 
' 2 ' . . 

below 60K·. ( 1 · Hydrogen atoms have also been shown to' be 

strongly trapp~d by other point defects and by ~isiocations,( 3 ) 
• 

and this tr~p~ing affects the diffusiv~ty. 

The subjects of trapping and quantum mechanical motion of 

hydrogen ar~ investigated in the present work ih the systems 

Nb-0-H.and Nb-~~H, by the techniqtie of anelastic relaxation. 

In all experiments the measured relaxations were caused by the 

local, stress~induced reorientation .of single hydrogen' atoms 

bound to single, .es~entially immobile oxygen and nitrogen 

atoms. ( 4 ) The· symmetries and. binding enthalpies of 0-H pairs 



2 

were studied in' oriented single crystals of high-purity niobium;. 

the technique used was the pulse-echo -attenuation of very-high 

frequency longitudinal stress waves between 100 and 300K. 

Well-defined internal friction peaks were found in the (100), 

(110), and (111) directions of the b.c.c. lattice. The tempera­

ture dependence· of the jump frequency of hydrogen below lOOK 

was studied in the Nb-N~H system using lower frequency methods. 

Internal friction peaks were measured in the frequency range 

3 to 165 Hz, and relaxation times were calculated from strain 

relaxation measurements at temperatures below 60K. These data 

show marked-deviations from classical thermally activated 

Arrhenius behavior. 

'· 
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2 • · ' R,EVIE\'1 OF PREVIOUS EXPERIMENTS 

2.1 Methods· 

Among the methods discussed in r.eference (1) for the· in~ 

vestigation of .. hydrogen diffusion in b.c.c. metals, perhaps 

the most productive, near and below. room temperature, have . . . . . 

·been those that measure anelastic relaxations~ While the mo-

bility of hydrogen is certainly high enou~h for ~he use of 

b~lk methods, surfaq~ oxides and nitrides are inescapable at 
. . (5} 

these· temperatures. ·It is v~ry likeiy that the oxides and 

nitrides are partly responsible for the high and i~consistent 
. . . . 

3 

values of the activation enthalpy for hydrogen motion d•etermined 

. . (6) 
wi.th these methods. The anelastic .methods do .not·invoive 

l' 
fi transfer across s~rfaces. They can be app1ie_9 in .the study of 

I diffusion through an exceptionally wide range of teciprcical 

I · temperatures· ·and to a range of phenomena from long-range diffu-

····-·· ~ -····· --- ··~ ~.~~·-::~~::::~-:::::~: :a:::::::::n:e ::~~~:~:d~~~n~:d~:::::~t-e~ -·-~-· · ····· · 
.1; to the motion of hydrogen in inetals according ·to whether the 

. . 

motion occurs over macroscopic or microscopic distances. Long-
. . 

ra~ge diff~si6n rna~ .occiur in respon~e t~ a nonunifo~m applied 

stress (in general of both shear and normal character) as the 

defects migrate to lower the free energy of the system. The 

migration forms a. concentration gra'dient which dissipates upon 

removal ·of ~he· external stress,. causing the relaxation. 'rhis 

Phenomenon is known as the Gors·ky effect,(?) a recei;lt review 
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which has·· been written by Volkl. (B) Since the diffusion occurs 

over macroscopic distances, reasonable relaxation times obtain 

only for species· with high mobility, such as hydrogen and its 

isotopes. If the strain field of a defect .has a lower point 
'• 

i: group: syrnmet:ry ·than the host lattice, and if there exists more 

than 6ne site' for the defect, anelastic relaxation. will occur 

when an appropriate_·stress induces diffusion, or ordering, of 

the defect into· the energetically preferr'eo. site. Many types 

of point. and line defects cause relaxations in this manner; the 

stress-induced reorientation of atoms of carbon, nitrogen, ·and 

oxygen in the b.c.c~ metals i~ the well-known Snoek ~ffect. (g) 

' Both el~stic after~effect (or strai~ relaxation) and in­

ternill friction . techniques have been applied to the. measurement 

of the .Gorsky effect and local-reorientations due to hydr~gen 

in niobium.· In the. Gorsky effect the diffusion coefficient, D, 

is directly related to the. measu~ed):;::ation time, T, ·by the 

equation T = at 2 /D, where a if;l a constant, and 1 is the charac­

teristic dimension over which diffusion occurs·. However, in 
'· 

studies of loca;t reorientation, the relation between relaxa_tion 

time. and diffu~·ivity is not so simple, for the .. jump distance 

must. be known,. anq it must be ·ascertained that: the local reorien-

tation l>rocess is a part of the long~range migration. Resu.lts 

of the anelastic methods will be discussed in the succeeding 

sections. 

Solid solution hydrogen increases the resistivity of niobium 
. . ( 10) 

by 0.75 ~n~cm/at.%. This property can.be used in the study 
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of diffusion by/measuring the time-rate of change ·of a speci-

men's resistance and in solubility and trapping studies, results 

of which will also be discussed.· Finally useful information on 

diffusion ~nq trappi~g of hydrogen in niobium can be. obtained 

from mea-suiements of the broadening of the energy distribution 

of quasi-elastically sca~tered neutrons. (ll) 

2.2 Local Reorientation of Hydrogen 

Internal friction studies of the local reorientation of 

carbon, oxygen, and nitrogen in b.c.c. metals have been· quite 

. . f .1· (12) success u . . · In addition to measurements of the Snoek 

effectp ('lJ) ~e~rienta.tion of .small clusters of oxygen atoms 

h~s been ~bserved in tan~alum(l 4 ) and in niobium. (l 5 ) As in-

terest in the.behavior of hydrogen has increased, several 

·attempts have been undertaken to meas~noek effect due 'to 

that element in the Group Va metals,_ under the.assumption_that 

occupation of _:the same interstices in b.c.c. metals as 0 and N 

would give rise to such a relaxation peak~ 

Early -work on the ·internal friction of hydrogen ifi niobium 
I 

revealed a peak near lOOK in the kilohertz frequency range that 

. . . (16-18) . . 
was interpreted as a Snoek peak. . The purity of the 

.alloy~ used·. in. thes~ stuc:lies. may be generally co~sidered low 

with signit':i.cant amount~ ~f impurities such as oxygen and nitro-

.genprobably present. The activation enthalpy.for motion of 

0.:18 eV/atom. calculated by Cannelli and. Verdini (l 6 ) is much. 
. . 

larger than.that derived from Gorsky effect measurements 

~·i!~f':':'~;:::~'i,.. . . . · . . · '"'~" · "'""'~.Ji.w.mw".iml*stM~~~r&~iff,'>~~:Rtil!t'l#t!£'"m~12'im"tt~m~~~.@&·~: 
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(0. 068 ev/atom :for T < 250K) which reflected the motion of 

single hydrogen atoms. (l 9 ) 

More recent .experiments on local reorientation have esta-

6 

blished the·t~apped hydrogen atom as the speci~s causing ~elaxa-. . : 

t1. on-. ( 3 '· 4 ,· 2·0. >_ . · . a· : k . d B · b ( 3 ) d h t _a er an 1rn aum use a mega er z-range. 

pulse-echo internal friction technique.and a kilohertz-range 

'flexural method to measure damping peaks in niobiurnspecimens 

with various H, 0, and N concentrations. The peaks were attri-

buted t~ h-H:~airs and tq 0-H or N-~ pairs by analysis of the 

concentration dependence of the peak heights. Motion of the 

H:-H pairs from. 100 to 200K was characterized by .an activation 

enthalpy of 0.055 eV/atom; for O(N)-H pairs the activation 

enthalpy was 0.165 eV/atom between 150 _and 200K. ·oeviations 

from a classical Arrhenius temperature dependence toward ·enhanced 

jump frequencies were observed in the data for the O(N)....;H pair 

(below lOOK)_ and for the H-H pair (below 50K) . -·This was inter-J 
1 
____ pr.e.ted-as_e.V-idence-for_quan.tum_mechani.ca.l-tunnell.ing_,___:_bu.t_the 

l' presence of hydrides_ ~nd uncer-tainties about the compositions 

made.the inter~reta~ion somewhat speculative. 

I 
f 

h. 1 h h d d b M d B. . (4 ) t ·· T e pu se-ec o met o was use y a ttas an_ 1rnoaurn ·o 

study the· motion _of H atoms in well-characterized,_ ( 100) oriented 

single· crystals of niobium· doped with oxygen. Linear· dependences 

bQth in the oxygen (for_c0 < CH) as well as hydrogen c::oncentra­

... tions (with. c 0 > CH) for th_e heights of the damping peak~ con­

·.firmed that· the relaxation arose from the reorientation of 

single hydrogen atoms about single, immobile oxygen atoms, with 

I 

I 
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an activation enthalpy of 0.16 eV/atom. A bind.ing·enthalpy 

for the 0-H pciiir was calculated to be 0 .. 09 eV/atom, under the 

assumption of a small concentration of paired hydrogen relative 

to unpaired hydrogen. Internal friction peaks due to deuterium­

oxygen pairs were also measured. ·The data revealed a marked 

nonclassical isotope effect. ·Large isotopic mass dependences 

were seen in both the preexponential factor and the activation 

enthalpy of the Arrhenius relations ,for H and D motion. · The 

~ctivation enthalpy for. o-n reorientation was25% larger than 
. . . . . ( . 

that for· 0-H reorientat\on. 

A:later ·investig~n by Schiller and Schn~iders( 2 0) has 

corroborated.the reorientation of 0-H clusters·as the mechanism 

causing relaxation near iOOK at frequencies i~ the kilohertz 

range. Their data showed that for an o concentration of. 

0. 06 at .• % the relaxation strength increases to a maximum with 

:i.nr:-reasing· hy<;lrc;>qen content after ... ,hich it levels off· to 40% 
. . . . . ' 

of the maximum for CH > 1 at.%. The·maximum having occurred at 

about 0. 2 at .. % H, .it was concluded that more than one hydrogen 

atom may reorient a·bout a single oxygen atom.· .Work by Schiller. 

a·nd Nijman ( 2l) ~riefly examin~d ·t~e orie~tation depende~ce .of 

the 0-H int~~nal friction peak in 6rd~r to determine the struc­

ture 'Qf the defect.· The concentrations appear to have been 

(from estima·te .of Jhe height of the oxygen ~noek peak) about 

0.02 at·.% 0 and 0.1 at~% H. ~ M~.asurements on. a flexure speci­

men with stres·s axis .·parallel to the { lOO) direction showed 

the oxygen Snoek peak and a faintly detectable low temperature 

I. 

,. ,. 
! 
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1
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~ 
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I 
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peak (Q < 3 x ,10 ), while measurements on a specimen with a 

(lli) orientation revealed a peak ~t 80K arid 1270 Hz 

(Q-l ·~ 2.7: x 10-4) but no Snoek peak. Also a hydride precipi­

tation peak was identifieq in each specimen. The data suggest 

8 

that alignment of the 0-H pair along a { 111) direction (i.e., 

tr.lgonalpoint symmetry) is the· stable configuration of this 

defect. However, the small peak height estimated for the {100) 

·specimen is in fact in good agreement with the measured relaxa­

tion·st.rength of Mattas and Birnbaum, (4 ) if account is taken ·of 
. . 

the low oxygen concentration in the samples.of Schiller and 

Nijman. An acti v~ tion enthalpy of motion c.ould not be estimated 

from the latter ·authors' data. 

Internal friction and strain relaxation ·techniques were 

used by Chen'.arid. Birnbauin. to study the local r)uffiping. at low 
. . .. ·· . . . . . . . . . . 1 22) 
temperatures of pxygen-trapped hydrogen in niobium. ' · Between 

60 and 80K ~he hydrogen. jump frequency (ranging from 3 to 150 Hz.) 

agreed. with the Arrhenius behavi~r ·~~tablished by the megahertz 

and kilohertz f,requency data (Figure 1) ~ At temperatures below 

50K~ however, a_marked deviation towards J;ligher jump frequencies 

obtained. The data have been analyzed in terms of .. the phonon­

. assis.ted tunnelling theory of Flynn and· Stonehazri~· <22 ) A le.ast­

squares fit of Ciata from references (2, 4, 16, and 17) to the 

thebry yield~ fh~ee parameters: 
. -·· 

the lattice activatiort enthalpy 

Ea·= .0.211 eV/at~m; the Debye t~mperature e0 · = 263.6K, and the 

transition matr.ix .element IJI =· 0.0535 eV. E . is related ·to, . a 

but not equivalent to, .the classical acti vati.on. enthalpy of the 

,.· .. 

... 
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·Figur~ 1. 
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The logarithm of the hydrogen jump 
frequency around oxygen versus 
reciprocal temperature~ 
0 ~ . ·Ref • ( 4 ) ; !!> 1 Ref • ( 16 ) ; 
o I -Ref . < 17 > ; • I Ref • < 2 > • • · 
After Chen arid Birnbaum (2) .• .. 

·~ ... 
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,. 
high temperature data plotted as an Arrhenius function. It ac-

tually measures the self-trapping energy of the hydrogen inter-

· stitial. The value of e0 is about 4% less than that determined 

h t . . . b' ( 23 ) d h from ea capac1ty measurements on pure n1o 1~~, an t e 

value of IJI was concluded to be theoretically reasonable. ( 22 ) 

Quantum effects have been deduced from the data on the 

diffusion of hydrogen in iron( 24 ) and in tantalum. ( 2S) Re-

cently the technique of magnetic relaxation has been applied in 

a study of the·motion of hydrogen clusters and of carbon-trapped 

hydrogen 'in iron. ( 26 ) The temperature dependence of the hydro­

gen jump frequency around the C interstl.tial was found to be 

unreasonably small in a classical Arrhenius analysis, while the 

power law dependence of jump frequency upon temperature( 22 ) 

expected from the phonon-assisted tunnelling gave a good fit 

to_the data~ Further evidence of quantum behavior of hydrogen 

in niobium may ·be seen in recent experiments on megahertz-range 

------l----in-te·rna-1-fr~i-c_t·ion-a·t-temperature·s-be-l:'ow~l:'OK·~_( 2 7 >-oarnp·±ng-p·e·a-ks·--~-­

have been found in single crystals of Nb doped with H and 0 

which can be ascribed to transitions of a delocalized hydrogen 

atom among energy l,evels associated with a ring of tetragonal 

and triangular interstices. (2S) Additional support. for this 

tunneling model ·is provided by heat capacity measure-

ments. <29 ' )Q) · .. 

Thus. far ·a hydrogen Snoek peak has not been convincingly 

demonstrated. The very high jump frequencies of H in niobium 

sugge~t that a Snock effect, if it exists, would occur at such 
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. ,.. 
}ow. temperatures that only a few appro of hydrogen·would remain 

in solid·soitition, (3l) resulting in a proportionally small 

relaxation. · .However, at temperatures where several atomic 

percent hydrogen may exist in the a-phase, evidence for·a 

snoek relaxation can be sought in measurements ·of the elastic 

consta~ts as· f.~.mctions of te~perature~ (32 ) Buchholz et al. 
·. ( 33} 

have measured the shear modulus G of pure Ta and H-doped .Ta. 

From their results an upper bound for the normalized anis.otropy 

of the H·strain.field was calculated to be 0.08 compared to 
. . 

about 0.9 for 0 and N in Nb. Measurements of diffuse x-ray 

scattering give an upper bound for the.normalized anisotropy 

of 0 ~ ps 7. ( 34 ) A nearly cubic strain field is .also implied by 

results of quasi-elastic neutron scattering~ (JS) 

A tetragonally symmetric strain field for hydrogen: in the 

b. c. c ~ metals 1.5 expected because of the tetragona.l sy~etry 

of.boththe tetrahedral and octahedral interstices that can 

be·· occupied. bY: hydrogen. The seeming absence of the tetra­

gonality may.result from t.he rapid jump rates ·of hydrogen. 

which· do not ailow sufficient time to develop an anisotropic 

strain field ~round any one site. ( 3 ]) ·.It h~s been·.suggested 

also that the··hydrogen atom is not really localized on a par-
. . 

~icular ~~te ~ut is spread over a ring of tetrahedral· and 

. triangular si·tes centered upon an 
. . . . ( 2 8) 

octahedral position. 

Such a ring has been shown to possess a f~irly cubic s~rain 

field. 
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2.'3 Gorsky Effect and Re~istivity Experiments 

Long-range diffusion of hydrogen in niobium has been 

measured betw~en 120K and BOOK by means of the Gorsky effect. 

Cantelli et al. ( 36
) foUnd an Arrhenius temperature dependence 

of the diffusion coefficient between 250K and BOOK with an 

activation enthalpy of 0.109 eV/atom, a value which is in ex-

13 

. (19) 
cellent agreement with that of Schaurnann et.al. The latter, 

however, found that the activation enthalpy decreases rather· 

abruptly at 250K to O.O~B eV/atom, which ch~r~~teri~es their 

data down to t20K. Matusiewicz et ?1 .. ( 3?) in measurements over 

a smaller temperature range than Schaurnann et·1.~:tl. did not ob­

serve this change,: though the agreement 'among the values of the 

diffusion coefficients is very good. Recent iow temperature 

measurements in ··the Ta-H and Ta-D systems also· reveal a decrease 

(3B) 
·to a low activation enthalpy. . In the Nb-H sys:tem {the 

change has n6t been seen in the ~b-D system~ ~easuremehts of 

resistivity ~eiaxation by Wipf and Alefeld <39 > have verified 
. . . . 

the activation enthalpy values of Schaumann et al. 

. :No sati~factory exP.lanation of. this chan:ge in activation 

.ent}lalpy·: ex:t.~ts ... Miinzing et al. {40) have. shown that addi"tions 
. . 

of nitrogen r~ised the low temperature. enthalpy.· ultimately to 

the high temperature value, perhaps by a trapping interaction. 

Howev~r it was noted that the amount of nj,trogen, notthe 

nitrogen~hydrogen ratio was the significant parameter in de­

pressing the ·low temperature diffusion·. The activ·ation enthalpy 

f of .motion· was shown to depend linearly upon the concen·tration 
J 

t ' 
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i 
' . . ( 37) 

of oxygen traps; and neutron scattering experiments have 

shown that nitrogen doping lowers the low temperature diffu-

. 't f h. d . . b' . ( 4 l) h . 1 . d s1. v1._ y o y rogen 1.n .n1.o 1.um. T ese resu ts were expla1.ne 

by the trapping of H at N with a binding enthalpy of 0.1 ev. 

The binding of. hydrogen -to nitrogen trap sites in niobium 

has been studied by Pfeiffer and Wipf using resistivity mea-
. ( 42) . 

surements. · . . It was found that when eN > eH precipitation 

of· niobium hy.dride was inhibited by the retention of hydrogen 
. . 

-in solid soiut~c>n at the nitrogen traps. A model of trapping 

was discuss~d in ~hi~h:only one H ato~ may _be bound to a N atom: 

the blnding ·enthalpy was calculated to be 0.12 eV/atom. _Mea-
. . 

f s~rements-~f ~h~ resistivity recovery of quenched hydrogen in 

l 

f 

nl~bium by·Hanada< 43 ) have confirmed the suppression of preci­

pitation when eN > eH'· but it was concluded from the .amount of 

recovery as·a function of the H. concentration that up to four 

H atoms may be bound.to aN atom. Major recovery s~age? were 

f6und to occJr in the -Nb-0-H and Nb-N-H sys~ems at 70K and 90K 

respectively;· it appe.ars, therefore, that nitrogen is a deeper 

trap _for hydiogen ~han ·is oxygen. 

:·,.-
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3 •. THEORY:. 

3.1 The Standard Anelastic Solid 

Anela,sticity .adds to ideal elasticity a time depe.ndence 

between' str~ss and strain, while. retaining the pr.operties of . · 

15 

complete recoverability of response and linearity of the stress­

strain relationship .. Thus, in· the simplest case of time depen­

dence, Hooke's law for ideal elastic .behavior is modified by 

the addition of·.-first time derivatives of stress and strain .. 
= (1) 

where the const~nts T
0

, JR, and JU are the relaxation time at 

·constant· stre~s, the relax~d elastic compiia.nce, . and the unre­

. !axed elasti.c. compfiance, respectively. ·Equation (1). defines 

the· response of ·the "standard anelastlc. so·lid." <. 44">" 

In the present. work we consider . strain relaxation and in- ·. 

ternal fiiction experiments~ The following iriitial conditio~s 

hold for strain .relaxation: 

0.' = 

e: 

a 

With the·definitiQn 6J 

Equation · ( 1) . 

= 

= 

a · at t = 0 
0 

_JR0 o at t = 

. 
a = 0 at t 

0 
.. 

> o. 

- J - JU we ·obtain as a solution to ·R . 

. . 

-~ 
... ~~~;~ .. ;_.",~~fl.'!lif~~lllrF""':b--------·-------

f 
l 



.J(tl = e: ( t) 
(J 

0 
= 

for the.relaxation of the compliance. The strength of .the 

relaxation~may be written 

oJ 
J 0 

u 

16 

(2). 

( 3) . 

In dynamic (internal friction·) experim~nt~ ~ anelastic ·behavior 

appears as a :phase· lag <1> of the strain· behind· the applied 

stress. In.· comple·x notation the periodic stress and strain·· 

are .. 

d = (4) 

and 

. e: . = · i (wt-<t>) e:
0

e . (5) 

The strain may. be de.composed into an in-phase· and a quadrature 

component 

. . . . 
. . . . . 

e: = (e: . . ) iwt 
1 - 1e: · e 2 . 

Simila;rly the.compliance J may be written in,cm~ponent form 

(6) 

(7) 

The expressioris for J 1 and J 2 are known as the De~ye eq~ations, 

and they 8re obtained from substitution of Equations (4) and (6) 

into Equation. (1) 

;;­
--~~~·.?~1,,.,..-.,,__ 
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_,. 
Jl Ju + oJ = 1 + w2T. 2 (8) 

. . C1 

J2 oJ 
tilT C1 

- 1 + wzT 2 . 
C1 

. (9) 

The internal friction is proportional to· tne· ratio of the· 

energy .lost per. cycle over the energy stored. per cycle. .This 

ratio is just J 2 /J1 which, from the decompositiori of the corn­

plianceJ~ is tan ¢>. Therefore we find, for-¢)<< 1,. the in­

ternal friction 

= ll 1 
WT (10) 

where the subscript to T has been omitted under the condition 

fl << 1 '!- Eq.uation (10) describes a synunetric ·peak in cp as a· 

function of· log WT •· The peak maximum is found at log WT = 0, 

i.e., wT = 1,_ ~nd its magnitude is fl/2~ The existence of a 

func~ional d~pendence of T upon temperatur~ atlOWS the measure­

ment of cp a;:; a .function of temperature at fixed frequency. 

For the. _case of unia.xi·al ?tresses applied to single crystals 

the • appropriate elastic compliance H; 

J 
s'·+s" 

3 
(s' -.-s)r 

•. · 

(1.1} 

where sis th~ :compliance for a shear str~ss applied.in the· 

[010] direction across the .(100) plane; s' is-the-compliance 

for a shear ~tress applied in the [liOJ direction across the 

~'~:~~~#)~~~.:~'1!§imti\i}'iri·~'ii\\~l!~'mfili~~lX%%'~~~~~'®tit"~~I~~ 
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(110) plane;- and s" is one--third the hydrostatic compressibility. 

In terms of the three independent compliances of cubic crystals 

511 , s 12 , and s 44 we have 

s = 

s" = ~11 + 2s12 

f is the ~rient~~ion factor 

.r = (12) 

where the. a .. are direction cosines between the stress direction . . . 1 

and the cU:be·axes. 

3.2 Thermodyn~mics of Relaxation 

'fhe·· th~'?I:"Y of the anelastic relaxation st·rength 6. (or· oJ) 

has· beenwork~d.out in detail by .Nowick and Hedler( 45
r
46) and_ 

·N~wick. (47 ) '-~~e t~e6ry is based upon the conce~t of the elastic 

dipole ·a~d. up·ori the point symmetry of the defe~t "which gen.erates 

the elastic dipole. Th~ poi:nt symi1tetry of a defect is· the set 

of point" gro.tip operations ~ammon to .the defect in fre.~ space 

and to the site of the defect in the hos.t lattice.· The elements 

of the elastic dipol·e tensor may be defined as 

. . (p) 
A.. 
1) 

= 
· .. c5 £ .• 

1) 

c5Cp 
( 13) 

~ . . . . . 

~~r,-:··-~~t»&®!!IMi!'tr&~:~.ww?\f.ri·~n~~~lfiim'YiiHt~."Y,~m~~'!'iiMt®.',}~P4,,""'!:W!W\i!~~l!W~~· 
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I l Tlius the eiastiC dipole or ~ tensor element is the amount of 

r 5 tra.in :introduced when unit concentration of defects orders 

I 

.. 

into the p~th crystalloqraphically equivalent orientation. 

Under equilibrium conditions with no applied stress all 

of· the nt equ~valent orientations of the defect (that can be 

distiriguished by a stress field) have equal occu~ation proba-

bility. If c· is the total concentration of defects which 
·. () 

cause relaxation, then C /ntis ·the equl.lib~.ium concentration 0 . 

in· each orientation. With C the instantaneous concentration 
p . ' . 

in the p-th sites; the total strain (elastic plus anelastic) 

may be written 

.•. nt c ' ). (p) E· = Juo + I: (Cp ~) 
p=l" nt. 

·. 

(14) 

where· the strain indices have. been dropped arid.it has .been 

as~umed that there.are .no.interactions among the·defects. The 

··quantity Cp ·:.. C
0
/nt _i·s ·obtained by .minimizing. the _f.r.e.e energy 

of ~he strained crystal containina defects, and the result is 

.< 15) 

where· v is the:·molecular volume o~ ·the crystal. The relaxa­
o 

. . . 

. tion of .the compliance, oJ, is then obtained by substituting 

Equation (14") into. Equation (13) and dividing by a 

oJ c v ( ) 
0 o [ (). _.P ) 2 

ntkT ·; 
( 16) 

.. ~ 
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which is valid ~or any stress. In the absence of a hydrostatic 

stress component the second term within the square brackets 

vanishes.· 

The proc~4rire for identifying and analyzing unknown defect 

sy~e.tri~s from relaxation data has been systematized by Nowick 
. . ( 4 6) 

and Heller, . . who used group representation theory to simplify 

the relatiQnships among stress, compliance, and defect point 

symmetry. Tnis ·si~plif ication led to the establishme.nt of 

selection. r'u1es which. list the symmetries that can· cause the . 

relaxation of· the variqus elastic compli~nces. Table I shows 

the rules for the relaxation of s, s', and s" in cubic crystals . 

. An ·entry of :iero means the relaxation is impossible, while the 

nonzero integers represent the number of.relaxation processes 

(i.e., tim~s) associated with·the reorientatiort of the parti-

cular defect. With the. aid of Equations (11) and (12) the 

table reveals the defect syrrimetries that may reorient under an 

applie~ uniaxial stress~ In order tha£ s" relax, the defect 

.must undergo'a .change of volume due to the action of a·hyd::ro.,. 

static stres.s component. The volume change can arise from a 
. ·.· . -- . 

~conversion (or reaction) of tne·defect into another defect of 

different point.symrnetry and volume. 

-As seen·iri Equation (16) the relaxition strength .is pro-

portional to the ·concentration of defects, C
0 
... If the r~laxa­

tion is caused by a· multiple atom defect, c
0 

will be the con­

centration of such defects in equilibrium with single atoms of 

the constituent elements (and with ~maller clusters if· 

-~~~-----------------------------



Table I 

·>~····-*---, 
l 

'' Selection Rules for Anelastic Relaxation 

Orthorhombic Monoclinic 
Compliance·· Cubic·· Tetragonal Trigonal (100) ( 110) ( 100) (110) Triclinic \ 

; 

"' 1 

~ 

s 0 0 1 0 1 1 2 3 

.· 
i S I.· 0 1 0 2 1 ~ 1 2 

s" 1 1 1 1 1 1 1 1 

? 

.. .. ' .. 
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necessary) . . In .... the case of hydrogen-impurity pairs (e.g., 

H-0 or H-N) th~ f6llowing reaction obta~ns: 

H +. I + 
-+ H - I 

,'The concentrations of free, or unpaired, impurity atoms, CI' 

22 

of free hydrogen atoms, CH' and of H-I pairs obey the following 

equations at all temperatures: 

SI-r 
z 

CHCI 
B/kT = B e (1 7) 

---

CT = CH + CH-I H ( 18) 

T cr = CI + CH-I . (19) 

T . T 
B is the binding enthalpy of the pair, and CH and CI are the · 

total concentrations of hydrogen and impurity atoms, respec­

tively. As expressed by Pfeiffer:and Wipf( 42 > the constant (:3 
. . . 

l 
i 

----'~F-:·'---i-s-~he-number--'0-f-f-:r:ee-s-i-te-s-for-h}'-dro·g.en-occupa.tion_p_er_s.o.l.Y..en.t. ____ ~ 
~ ~tom (t~e redu~tion in B due to impurity atoms being ignored) 

I 

and the constant z is the number ·.of trapping sites around each 

,impurity. Thus B and z depend upon the symmetry and ·geom~try 

of the H-I pa1rs and_of the solvent lattice~·:·The simultaneous 

solution of 

condition 0 

Equations 

~· c, _,. I 
... 

,_. 

:S CT 
I 

(17) 

CT 
H 

throu.gh (19) ' under the boundary 

for CT T yields > CH, I 

(20) 
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·" In the high temperature region ·cH-I is given by Equation (17) 
T . T 

with CH ~ CH and CI ~ CI' while in the low temperature limit 

T 
all the hydrogen atoms are trapped, and CH-I = CH. 

3.3 Kinetics bf Relaxation 

The reciprocals of the relaxation times referred to .in 

Table I may beexpressed in terms of the rates of reorientation, 

vlq' from the p = 1 site of a defect to the qth member of its. 

nt -. 1 other' sites. The site numbering. convention used by 

Nowick( 4 S) is illustrated in Figure 2 where. the qefining prin-

cipal axes of the strain tensors representing five defect sym-

metries a:re plotted in stereographic projection. No diagram 

is shown ·in :Fig.ure 2 for the ( 100) orthorhombic d~fect. The 

principal axes of this defect are aligned in the [100], [010], 

and [001] directions and are labelled a, b; and c~. ·The numbering 

system is 6b~ained by ~erm~tation of the principal axes in order 

among the allowed directions as follows: 1, abc; _2, acb; 3, 

bca; 4, bac:. s. cab; and 6, cba. The reorientation rates v 1 q 

fvr a particular defect symmetry are not all independent. 

Those sites whose defining principal axes have the same direc..:. 

tion cosines with respect to the principal axis.of the lst site 

have identical reorientation rates from the 1st ·site. Table II 

lists the reo~ientation rates and the equalities ainong them f()r 

all of the possible defect symmetries in cubic crystals with the 

exception o_f the triclinic. By means of group representation 

theory Nowick( 4 0) has obtained ~xpressions for the reciprocal 
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I •,., 

Figure . 2. The nu."llberinq system for defects in 
-cubic crystals showing the allowed 

··~ . 

-orientations of a orincioal ~xis of 
the defect·1n · [OOli standard stereo­
graphic projection. 
After Nowick (48). 

.··. 

·, . 

H~ - ..- . . , .. W :R £ .. ~ _y=+. !'\:£d!A.) _Jj.-_ ·?g-. 
<;~~~~ 



'"'·'«..!'~~.--~;~.~'('j""jfflij''Y''Z'!!l'""'-s'·"""""'-w"'"~~·"' ... ~~·'"* -·;&;;-··re-··~s-;!5l.;;'&N"es'?::R>""'*""'"""""'w"¥1¥~a· WF•&··;,o;;;;;;;,;·alii£•'Y."""'i&S!ii'="""ws;;;·m"""'3!:jj,;£.~Wrt,o'~~l®r~.a., 

' . . . 

I 

I 

f 

l 
t 
l 

. TETRAGONAL 

·· · <110> ORTHORHOMBIC 

'· 

... ; 

.· .... 

. . ~-

-.· .. TRIGONAL -. : . . . 
. . . . 

6. 5 

10 

<100> MONOCLINIC 
<OIU> 

<110> MON.OCL..INIC 
<IIU> 
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Table II 

Reorientation Rates of Defect Symmetries in Cubic Crystals 

. · .. ·-

Symmetry Reorientation Rates 

Te.tragonal. VI2 = VI3 

. · .. 

Trig.ona1 VI2 = vl3 = v14 

.. 

I 
(100) Orthorhombic vi~' v14' viG 

VI3 = VIS 

t 

I (110) Orthorhombic VI2 

VI3 = vi4·= vlS = v16 

l (100) ·Monociiriic vi2; vl3' VI4 

t vis = \)I6' '\)1I1 = VI12 

VI7· = VIS = v19 = v110 

< 11.0) Monoclinic VI2 = \)Is' 

.. 
vl3 = \)I'4 = \)'Iii = \)I12 

...:. 

VIS = vilO' vi G. = \)I9 '. 

' 

I .. ~. 

~-·--
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rclaxa tion time·s, in terms of the independent v1q 's of the 

various defects, for relaxations of the shear compliances s 

27 

and s'.· These expressions are listed in Table III.· To complete 

the specificatio~ of an anelastic relaxation, the reorientation 

rates must be conve~ted to the jump frequencies of the atoms 

comprising the defect: this. procedure· follow's from inspection 

of the model of the defect in its host crystal; · 

·Classical. theory of thermally ac~ivated processes predicts 

that the relaxation time varies with temperature according to 

an Arrhenius equation: 

-1 -1 e-6H/kT_ 
't - 'to (21) 

where MI is the activation enthalpy (i.e., the height of the 

-1 pote.ntial barrier between initial and final sites) and 't
0 

is th~_product of a ~eometric.~onstant, .the vibration frequency 

of th~ mobile defect in its interstitial site,. and an entropy 

·factor. (49 ) Because of the concern (which has since been jus-

tified experimentally) that Equation (21) c6rild not describe 

light interstitial diffusion at. low temperatures, a number of . . . 

: .. · 

.quantum theories of diffusion have been devised. Two that will 

be mentioned. here are those of .Sussrnann (50) .and of Flynn and 

Sto~eh~m. (2 ~). These ~ppr~ache~ shar~ s.everal.physic.:!:l ideas, ( 5l) 

but are m~tualli ~xclusive in their proposals of-dominant 

·mechanisms. In_Sussmann's theory th~.localized hydrogen atom 
··:,. 

is· .. ·excited from its .. ground state to a ·band. state by (ibsorption 

'·I;; 
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Table ·III 

. Relaxation. Times of. Defect Symmetries in Cubic Crystals 

····: 

symmetry Compliance 

Tetragonal s' 

Trigonal s 

<100) Orthorhombic s, . 

(110) · Orthorhombic.· s 

·.' 

-1 T . 

(vl2+3vlJ+vl4+vl6) 

+( ., 2+ 2+ 2 )~ - v12 v14· vl6 -vl2vl4-vl2vl6-vl4vl6 

\ .. 

N' 
00 
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Table III continued. 

Synmetry.· Compliance· 

(100) Monoclinic· s 

{110) Monoclinic s 

·s, .. 

. .. -1 
T 

(vl3+vl4+ 2vl5+Gvl7+ 2vlll) 

±[(vl5+~111-vl3~vl4) 2 ~ 3 (vl5+vlli) 2 ]~ 

. 3' . 3 
(Gvl2+Svl3+2vl5+2vl6+vl7) 

± [· (vl2-vl3~vl 7+~vl5+~vl6) 2
+2 (vl5-v 16) .2 1 ~ 
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of a ?honon of energy E~ Within the band the atom reorients 

or diffuses rapidly.and then decays to the ground state of an 

30 

adj·acent site. by .emission of a phonon. The jump frequency is· 

controlied.by the rate of excitation to the band and is propor­

-E/kT tiona! to e . . .. Multiphonon-assisted tunnelling is considered 

insignificant in this theory. 

Hydtogeri is viewed as being self-trapped, in the theory of. 

Flynn and Stoneham, because of strong interactions between it 

and neighboring host atoms. Only at impractically low tempera­

tures is diffusion· through a band· predicted.. Experimentally 
. . . . . . 

detectable motion of hydrogen occurs by tunnelling· when lattice 

fluctuations render the initial and final sites of the atom 

energetically equivalent; hence the diffusion is called "la;t_tice-

activated;" The aGtivation energy, E , is the strain energy . . . a· 

required to ~ring. about .this energetic·· equivalenc~, (S 2 ) and it 

is related to the elastic dipole tensor (and .thus the vo"lume of 

solution) of the defect. The hopping rate is proportional to 

the square of the transition.matrix J ' which is given by ' pp 

Jpp'· = (22) 

.... 

where <PP and.<f>P,. are the orthogonal interstitial impurity wave 
. . . 

functions a.t s~ te p and site p' , respecti.vely, and where Hint 
. . 

represents the i.nterac:tion between the impurity· and the lattice. 

At ·.low tempe·ratures (T << 80/2) the hoppin~ rate is' deter­

mined by a two-phonon process, and 

·' 

'\'..-~·"""·--
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1 
( 23) = . 57600 TrW . 

D -1' 

~0 and 6
0 

are the Debye frequency and temperature, respectively. 

At high temperatures (T >> 6 0 /2) a many-phonon process a~ti­

vates diffusion, and the hopping rate is given by 

1 .,. = -E /kT · e a • 

The hopping rate at any temperature T is given by< 53 > 

! -. IJpp' 12 exp (-f) 
1' . t.k6

0 
dt (exp g - 1) 

where 

f<a> = 

and 

. . 

g(a,t) .· = 

coth (ax) 

y. J1 
dx x 3 cosech (ax) 

0 

with the parameters a -

cos (xt) 

(24) 

( 25) 

(26) 

·. ( 27) 
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,. 
4. EXPERIMENTAL PROCEDURE 

4.1 Specim~n Preparation 

4.1.1 Single crystal Nb-0-H specimens 

In measurements of high frequency ul tras6nic. attenuation 

it is desirable to use larg~ diameter transducers so that the 

stress waves _injected into the sample are planar, and to have 
.. 

a large ratio of sample to transducer diameter in order to 

reduce the cont.ribution of reflections of waves from sample 
. . . (54) 

surfaces not parallel .to the transducer.· . ·This method of 

measurement·requires large single crystals of niobium which 

were grown by.the method of strain anneal described by Digges 

and Achter. (55 > The starting material was a twelve-inch length 

of one-inch diameter niobium rod supplied by Wah Chang Albany 

Corporation. :-The material ~a~ 95% recrystallized, and it ~on-

-----r-----'t=a,._...tn_e.d_s_e)Ler~L_hundr.ed~appm_,subs.ti.tu.ti~n~l-imp:ur.i.tie s.,-pr.irnar.ilY----'----

. "': 

1
· . 

. . 

' 

' 
'-: 

t 
I 'f 

tantalum, tungsten, zirconium, and molybdenum, as shown·in 

Table IV. 

The strain anneal technique as used-in this work consisted 

of a recrystal-lization anneal at 1600°C of the as-rec.eived rod, 

foitowed by an 'axial strain of 2% in compression and then by a 

qrowth anneal at 2200°C. Heating of the rod was achieved by 

low-ering it at a controlled rate through an induction coil in 

a diffusion-pumped vacuum system. A given section of the rod 

'afas maintaln~d at temperature for approximately one hour i'n 
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Table IV 

* Mass Spectrographic Analysis of. Nb Single Crystals 

Element Concentra ti.on Element · Concentration 

(app~) (a ppm) 

· Pb 0.1 Cu s 0.04 

Au s 0.08 Ni 0.04 

Re .< 0.08 Fe 0.05 

w 0.8 Mn· s 0.03 

Ta 200 Cr s 0.04 . ' 

'Sb s 0 .1·· v s 0.03 .. 
~· 

In < 0.-3 Ti s 0. 0'4 

Mo .S o.i Ca 3 

Zr < 0.06 K 2 

Se 2 Cl < 9 

As .. < 0.03 si· 3 

z·n ·::; 0.06 Al 0.2 

·. 

Mg . ' 1 Na < 1 

* This·analysis is semiquantitative with an. accuracy· of ~/x a. 
factor of.thre~. -· 
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. ,; 

the recrystallization step and ten hours in the growth step~ 

ouring the recrystallization anneal a partial pressure of oxygen 
. 5 . -

of 2 x 10- torr ~as. il)troduced into the vacuum system to oxi.:... 

dize and degas .carbon impurities: the final growth anneal was. 

performed .ina vacuum of 5 x .10-6 torr. 

After the J;:j..rst anneal visual examination of the surface 

of the.rod revealed·a grain size·of 1 to 3 rnrn. The growth. 

anneal. produced three large grains of 2, 3, and 4~ in. in 

length which ~xtended ~cross the di~meter of th~ rod. Deter-

mination of·the grain structure was made·by back-reflection 

Laue x~ray· ph,otographs. Grain boundaries were found to be 

nearly perpen~icular to the rod's axis~ 

Three single crystal specimens-were cut from two of the 

large g·rains by sp~rk discharge machining. Or"ientation within 

about ± 1% of the desired crystallographic directions was made 

by the back-reflection Lauetec;hnique. Specimens 1 and 3 had 

two parallel· faces cut. perpendicular:· to a · ( 111} direction: 
.. 

specimen 2 had one pair of faces cut perpendic~l~r to a (100) 

ditection and another pair perpendicular to a (110) directiori 

g()o away·from.the·selected (100). After spark machining, the 

specimens w.ere etched to remove surface damage and contamination 

using the standard niobium etchant 6~ 1:1:1 by volume of con-·· 

centrated hydrofluoric a.:Gid:nitric acid:lactic acid. 

Interstitial impurities were removed from the·· specimens by 

degassing ·at high temperatures in an ultra-high vacuum system, 

1 by means of electron beam ·heating. Specimens 1 .and 2 were 
:'i 

l 
i. 
l 
~ I 

I 
J 
~ 

l 
.I 
I 
'~ 

i 
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outgassed together at 2000°C and 4.2 x 10-10 torr for 2~ hours, 

and· specimen· 3 was held at 2loo·oc and 3 x lo-10 torr for 

5~ hours. The desired oxygen con·centration was obtained by 

annealing a·t. 1900 °C ·in the partial pressure of oxygen pre­

scribed by the steady-state data of. Fromm and jehn. ( 56> Speci-

mens were held at temperature for at least 17 hours to ensure 

a homogeneous iriterstitial concentration. 

Before hydrogen was introduced, the specimens were hand 

polished to make the faces as flat and parallel as possible. 

Throughout t.he process the specimens -were mounted in wax at 

the centers of three-inch diameter aluminum polishing holders. 

Shaping and rough polishing were performed on 400 and 600 grit 

silicon carbide.· paper .. Intermediate polishing was done on an 

·Ablap diamond impregnated ·disc with about lll-1 particle size and 

on a granite flat using 15lJ SiC p6wder. ·Final polishing was\ 

also done on.granite flat~ using 6lJ and 3lJ ~1 20~. The quality 

of flatness ~nd.patallelism was gauged with a Johansen Mikro­

kator, and a deviation of less than 10-S i~~/in~ in planarity 

and parallelism was achieved. 

·The coricluding step in the preparation was the.a1loying of 

the specimens ·with hydrogen. Whereas useful concentrations of 

heavy- interstl.tials in solid solution·. may be quenched into 

niobium from .t;.hP- f;!qtd 1 i.hrium o·r steady-state conditions,. the 

high diffusivity of hydrogen in niobium preclude.s this. During. 

· th~· alloying.with hydrogen "iso-concentration" lines, derived 

(57' from the· solubi~ity data of Velekis, ' were followed by 

~---~;-~~--""""'-POSCAJZ""""'.IL-·-·=-·----........ .._ ........... JICC¥ .............. __ ,.,._ ........ ....,.. ... ., •. - .... w-=~ .... P-'""''L""'II'*l""'De""'"""'-h"""3""'J*""'•@'I!"'!_..,,.,., ... ,y .............. ¥.fi""'··""'".!_WI!f4fi:$1"""""'"""""*""F¥AIG"''mm!.....,<\'!.K!I'!'P.l!'!'!M""''!l~,l¢!3[:l!l.r.J"·t!1'r.'?S~LA"'llEI!I!!' .. =I!".' ..• "b#'~l"''l*'.'i'OE~?-_,!Ii;;'i~:;f'l'\'!>""-~""'':;~,"""";"'! 
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adjusting the l).ydrogen pressure as· the specimen was slowly · 

coqled from the temperature of initial.equilibration. That 

temperature was 650· or 700°C, chosen so that the. imperr.teable 

oxide on the specimen surface would dissolve into the metal 

and allow hydrogen to diffuse in.. The hydrogen gas was puri­

·fied by dif~usio~ throug~ a Pd-Ag membra~e, a~d th~ alloying 
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procedure was carried out in a stainless steel, turbo-molecular 

pumped system. At 'the end· of the slow cooling (about 150°C)·, 

air was admitted briefly into the system to reoxidize the nio-

bium surface an·d so confine the hydrogen within the specimen •. 

Table V lists the concentrations of the various interstitial 

sol~tes after specimen preparation. Determination of the hydro-

gen concentration was made by a vacuum extraction method, while 

the other elements were a$sayed with a vacuum ·~usion technique. 

4.1.'2 .. Polyorystalline sheet specimens 

. . 

Rectangular polycrystalline sheet specimens were·employed 

in strain relaxation and low frequency iniernal friction experi-
. . . . 

ments. The specimens were cut from 76~J arid 178'1.1 .thick niobium 
. . . 

st6ck sup~lied by Wah Chang and were outgassed and nitrogen 
. . 

., al~oyed .·in· a. U .H. V. system. Strips 14 mm in width and of. 

various ·lengths. were· outgassed ~or one hour a.t 1900 °C ·and 

- -10 . 
2 x 10 torr. · Doping with high-pu.ri ty nitrogen was carried 

out immediately after outgassing by equilibration with 

2.2 x 10- 5 torr. of N
2 

gas.at 1700°C for one hour.< 5
S) These 

times were chosen 'to allow equilibration of t.he specimen with 

the g~seou~ ~tmosphere. 

' .. · 

. . . . 
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,-
Table V 

Interstitial Concentrations of Nb Specimens 

'-
" 

Specimen Condition Concentration (at.%) 

H c N 0 

'1 Single Crystal 0.23- 0.048 0.56 

---

2 Single Crystal 0.22- 0.048 0.56 

3 Single Crystal 0.34 0.014 0.061 0.49 

5 Polycrystalline 0.41 0.39 0.0061 

: --· --

7 ·poiycrysta1line 0.46 0.57 0.018 

.; ~ 

.···.:. 

" -

--

t 
-~~ ~mRwo_, ____ _ 



·Hydrogen was introduced into. the specimens by cathodic· 

charging at roomtemperature 

H
2
so

4 
in .de.ion ized wa te~. ( 4 2 ) 

in a solution of 0.1% by weight 

A coil of platinum \'lire was 

38 

. . ·. ~ 

used for the anode, arld the current density was about 60 rna/em . 

The uptake of hydrogen into the specimen was monitored periodi­

cally duiing.charging by measuring the change in resistance. 

A value of 15 ll~..:cm was ·taken as the value of the resistivity 

of the Nb-N alloy at room temperature; the·value used for the 

r·esistivity increment due to hydrogen was 0. 75._l.JQ-cm/at. %. (lO) 

The measured interstitial conc~ntrations of the. Nb-N~H speci­

mens are also-listed.~n Table V. 

4·. 2 Methods· of Measurement 

4.2.1. Ultrasonic attenu~tiori in Nb~O-H iingle crystals 

The pulse-echo t~chnique of attenuation measurement was 

used to study the int~inal fricti6n in the.th~e~ Nb-0-H sin~le 

crystals. Figure 3 shows a block diagram of the commercially 

J· available electronic equipment employed in this work. Pulses 

of very-high .frequency (30-170 MHZ) were sent ·from a Matec 

Model 6000 pulse generator and rec.eiver to an x-cut quartz 

transducer bonde.d by epoxy to one ·of the polished faces of·the 

specimen. The· transducers were usually 3/8 ". in diameter with 

a 10 MHZ resonance frequency, although a 1/4" 7 _MHZ type also 

was used. The trans.ducer, driven at an odd mu.l tiple of its 
. . 

' resonance frequency, injected longitudinal stress waves into 

t the specimen, and.converted the echoes into electrical signals 
·~ 

" l 
} 
f. 

._.; 
·.r .. ·~ 
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Figure ·3. Block diagram of the vhf pulse_.ecbo 
iriternal friction equipment~ 
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whose amplitudes were displayed on.an .oscilloscope. The at-

tenuation experienced by the stress wave pulse was measured by 

·carefully superimposing a calibrated exponential decay curve 

(from a Matec Model 1204) on the echo train. The decay con­

stant, a, of the exponential curv~ was read directly from the 

Model 1204, in units 9f db/}Jsec. 

Attenuatio.n was measured between 110 and 300K at various 

fixed frequencies. The specimens were placed.inside a small. 

liquid nitrogen cryostat whose temperature was lowered at the 

rate of lK/min during the course of a run. Control of the 

cooling rate was achi~ved by balancing the heat output from 

an electrical resistance heater with cold nitrogen gas or 

liquid nitrogen. Temperature was measured with a copper 

constantan thermocouple in contact with the specimen, and the 

air inside the cryostat was displaced with He gas to produce 

a dry environment. 

Low frequency (3-165 Hz) internal frict.ion measurements 

were made on. the· Nb-N-H polycrystalline specimens. The con­

figuration of· the specimen (Figure 4) was that·of a thin canti-

lever beam. which was oscillated in· a flex~ral ~ode at its 

by ( 4.4) resonance frequency. The resonance frequency is given 

f = 0.1615 t (~)~ 
r £2 P 

( 28) 

where E is the Young's modulus of the material, p the density, 
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·:' 

Figure 4. Schematic diagram:of the specimen 
configuration for the low frequency 
internal friction and the strain 
relaxation experiments. 
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and t and ~ the thickness and length of the specimen, respec-

tively. The two thicknesses of specimens thus provided two 

ranges of fr~quencies, particular values of which were obtained 

·1 by cutting the specimen to the appropriate length. Additionally, 

lower frequencies (< 10 Hz) were obtained by attaching weights 

to the free end of a specimen. In these cases the specimens 

oscillated as.an end-loaded cantilever beam whose frequency is 

given .by ( 4 4 ) 

f -- 0.1615 t [E(l + 4m)]~ 
~ 2. P ms (29) 

where m is the end mass and m is the specimen mass. The am­s 

plitude of vibration was chosen to give a large ratio of signal 

to noise (the latter mostly the result of extraneous vibrations) 

while ensuring only elastic strain of the specimens. In terms 

of· the deflect1on, o, and the dimensions t and ~, the maximum 

strain at the surfaces of the clamped end is given by 

= 

Str.a1·n 1 · 11 .10-5 t 10-4 · va . ues were typ1ca y o . . 

(30) 

The manner: of clamping the specimen was a critical experi­

mental problem due to the, contraction of materials upon cooling. 

It was foun9 that, rather than squeezing the sample directly 

between stainl.ess steel jaws, a more rigid and temperature in­

sensitive grip was obtained when the specimen was held between 

1 pieces of microscope slide glass (one of which was silver 
~ 

i 
·~ 

. .. :.··l:,:: ....... 



45 

,. 
painted for electrical conductivity) which then were clamped by 

the metal jaws. Vitreous silica has little dimensional change 

when cooled from 273K to lOOK, and this metho4 of gripping re­

sulted in an.· increased clamping force. Clamping of the thin 

specimens without the vitreous silica plates ·resulted in erratic 

changes of damping on cooling or heating. 

Oscillation of the specimen and detection of the oscilla-

tion was achieved with biased parallel plate capacitors, one 

plate of which was the free end of the specimen. The other 

plates were stainless steel discs 1 em in diameter located 

0.5 to 3 mrn from the specimen. The discs were biased 42.5 volts 

with respect to the specimen: typical drive voltages were 1 to 

20 VOltS rms 1 While piCk-Up VOltageS \'/ere a feW tenthS Of 1 mV o 

Internal friction peaks were recorded by measuring the drive 

voltage versus temperature.at a constant amplitude of vibration, 

by measuring the amplitude at constant drive voltage, or by 
. . -· ~ 

counting the number of oscillations of the specimen in a free 

decay between two fixed amplitudes. 

In· the first mode of measurement a Spectral Dynamics Model 

'sol05B amplitude servo/monitor (Figure 5) adj·usted the drive 

voltage to maintain. the pick-up voltage, i.e~., the amplitude of 

vibration, at a·preset level. Driving at the specimen's re-

sonance frequency was obtained by phase-lockirig a Hewlett Packard 

Model 3300A function generator (with a model 3302A trigger/ 

phose lock plug-in) to the amplified pick-up .:;ignal. The phase 

angle between the pick-up signal and the·sine. wave output was 
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Figure 5. 

\ 

Block diagram of the low frequency 
internal friction equipment. 
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set to maximize the ratio of·pick-up voltage to drive voltage. 

This method of operation was satisfactory at frequencies above 

9 Hz, but at lower frequencies the amplitude control loop be-

came unstable,. so that the al terna ti ves mentioned above ':.rere 

used. Under constant drive voltage conditions, the pick-up 

voltage was measured as a function of temperature; as before, 

the frequency of the drive voltage was phase-locked to the 

pick-up signal. At the lowest frequency of measurement phase-

locking to the. pick-up ·signal was not possible with the available 

electronics; instead the specimen was manually excited to vi-

brate at its resonance frequency, and the oscillations during 

free decay were counted. 

The clamped specimen and its pick~up and drive electrodes 

were enclosed by a copper an·d brass tube about which an electri-

cal resistance heater was noninductively wound. ·.This module 

was suspended inside a cylindrical stainless steel vacuum 

chamber whibh.was located in a glass liquid helium dewar. The 
. . . -3 . 

vacuum .chamber was pumped mechanically to about 10 torr, with 
. -4 .• 

further pumping to about 10 torr when liquid helium was trans-

ferred into ihe dewar. Data were recorded during warming by · 

ohmic heating from lOK at a rate :::; 0. 5 K/min .. Temperature was 

measured by means of an Au-0.7%Fe. versus chromei thermocouple 

attached to one of the stainless steel specimen clamps. 

4.2.3 Strain relaxation in the Nb-N-H system 

Measurements of the relaxation of the anelastic strain in 

Nb-N-H polycry~talline specimens were made at various 
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temperatures in '"the range 39 to 58K. The s·p~cimen was clamped 

as in Figure 4 ·except that the gl~ss plates in~ulated tb~ s~eci­

men from ground. The specimen and· a single copper disc 1.5 em 

in diameter formed a parallel plate capacitor whose capacitance 

was measured (Figure 6) with a General Radio Type 1615-A .capaci-

tance ~ridge, using a three-conductor method by which stray 

capacitances to ground were rejected. The capacitance bridge 

developed ~n output voltage proportional to the difference in 

capacitance between the equilibrium position and a deflected 

position of the specimen. An error of about 0.1 percent arose 

from taking the·bridge output as directly proportional to the 

amount of deflection of the specimen. The bridge output was 

detected by 'a PAR Model 129 lock-in amplifier; a resolution of 

1 ~v was obtained which corresponded to a change in plate 

separation of about 0.2 ~m. 

The specimen was deflected elastically at its free end by 

an electromagnetically operated plunger from an initial, equi­

librium spacing of about 0.7 mrn to about 2.5 mm. The specimen, 

which was 178~ thick, 1.4 em wide, and 5.5 em long, experienced 

a maximum strain of about 10- 4 ~: For the strain relaxation mea-

surements the specimen was placed in a modified version of the 

liquid helium cryostat described in the pre~ious section. To 

dampe~ transient vibrations, ab6ut 1 to~r of helium gas.was 

admitted to the, experi~ental chamber. This gas proved to be 

such a good thermal link from the specimen to the liquid helium. 

in which the experimental. chamber was immersed that it was 
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Figure 6. Block diagram ~f the strain 
~elaxatiqn equipment. 
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necessary to insulate the chamber with a vacuum jacket. A very 

small partial pressure of helium was allowed in the jacket, the 

thermal conductivity of which was easily balanced by the speci­

men module heater to give the desired test temperature without 

excessive liquid helium consumption andwithout the electrical 

interference of hig.h heater currents. The temperature, measured 

as before, was held constant to within l/3K by manual control 

over the course of a relaxation. 
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-'5. RESULTS AND DISCUSSION 

5.1 Internal Friction Due to 0-H Pairs 

Internal friction peaks were observed for .longitudinal 

modes propagating in each of the three principal orientations 

of the Nb-0-H single crystals and at all measuring frequencies·. 

No peaks were observed in the same specimens after hydrogen 

degassing, thus confirming that hydrogen is the mobile species 

responsible for ·these relaxations. Since the specimens were 

relatively rapidly cooled after oxygen doping and since the 

oxygen concentration exceeded that of hydrogen in all cases, 

it may be concluded that the hydrogen atoms were bound singly 

to individual oxygen atoms. (4 ) The internal friction (Q-l) 
( 

was measured as a .function of temperature over a wide frequency. 

range and was obtained from the exponential decay constant a 

by 

2.72 x lQ-5 \i 

where v is the measuring frequency in Hz. Some representative 

results found with an applied stress frequency of 70 MHz are 

shown in Figures 7, 8, and 9 for the ·( 100), ( 110), and ( 111) 

orientations, respectively. The peaks have been plotted as 

damping above background, where the background internal fric­

tion .levels at all the measuring frequencies were relatively 

independent of temperature and had values in the range of 
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Figure 7~ Internal friction versus temperature 
measured in the (100) direction at 
70 MHz. The error bar shows the 
uncertainty· in the data. 
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Figure 8. Internal friction versus temperature 
measured in the (110) direction at 
70 MHz. The error bar shows the 
uncertainty in the data. 
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Figure 9. Internal friction versus temperature 
measured in the (111) direction at 
70 MHz. The error bar shows the 
uncertainty in the data. 
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io- 5 to 3 
~5 

for specimens 2 (both < 100) and (110)) 2 X X 10 and 

3, but ranged as high as 5 X 10-5 to 7 X 10-s in specimen 1. 

('!'he high backgrounds in specimen 1 may have resulted from the 

reflection of the elastic stress waves from nonperpendicular 

sides of this ,specimen. The sides of specimens 2 and 3 were 

perpendicular to the quartz transducer~) The descriptive 

parameters of internal f'riction peaks are the temperature of 

maximum damping Tm' the peak height Qm-l' and the half-width 

in terms of recipr.ocal temperature 11 (T-l). These· data are 

listed in Table VI for all the measured 0-H internal friction 

peaks of thi~ ~xperiment. It can be clearly seen that the peak 

heights are quite small, seldom exceeding the background 

damping in amplitude. 

In light.of the condition wT =:= 1 for the peak maximum and 

of Equation (21) , the log of the applied stress frequency has 

been plotted ~s a function of the corresponding reciprocal of 

T in Figures 10, 11, and 12 for the three orieritations. As a m 

first ~pprox{mation a single relaxation process has been assumed 

for each orientation throughout the temperature range of the 

exper.iment. Ther~fore a least-squares fit of the data to the 

equation log v ~ log v - 11H/kT was made a~d yielded the fre­
. 0 

quency factors and activation enthalpies shown· in Table VII. 

The data of specimens 1 and 3 have been combined for this deter-

mination· of v
0

·and ~H1 since the jump frequency has been shown 

to be ind~pendent of hydrogen and oxygen concentration at these 

low solute lev~ls. (4 ) The activation enthalpies are 

' 



50. 197 ± 4 3.1 .. 3. 5 1.8 

70. .199 ± 3 2.5 2.R ,1.5 

3 (111) 90 205 ± 4 1.9 2.3 1.2 

110 215 ± 3 1.8 2.0 1.1 
-1 1.9 

. -3 
130 220 1.8 2.4 1.3 ldT ) th = X 10 ± 4 

150 223 ± 4 1.4 2.1 1.1 

170 224 ± 4 1.3 2.2 . 1. 2 

0'\ 
~ 
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· Table VI continued I 

Specimen -·Orientation f 

(MHZ) 

.. . 30 
2 - ( 100) 50 

70 
-1 1.3 lo"':3 

6(T )th = X 110 

130 
; 

50 

2 < 110) 
. 70 

110 
. ..:.1 . 

8.4 
. -4 130 

~ (T ) th. = X 10• 
150 

170 

*For these runs C~ = 0.48 a/o. 

T m 
(K) 

195.± 

201 ± 

215 ± 

a 

3 

3 

4 

216 ±·3 

223 ± 3 

207 ± 5 

211 ± 4 

220 .± 5 

220 ± 4 

224 ± 4 

220 ± 4. 

1.3 

1.3 

1.1 

0.62 

0.54 

2.6 

1.8 

1.2 

1 •. 3 

2.2* 

2. 4 *· 

Sfl:l'fZ . • ~a~ e s "W'¥'f'Pli...._ ~~~· •. 

'p~~.\ 

6(T-1). 
· exo 

. -1 . 
6 (T . ) th 

-1 .. 
.6 (T· ) ex~. 
(K-1 >xio 

'I 

2.0 1.5 

2.0 1.5 

2.0 1.5 

1.7 1.3 

1.4 . 1.1 

2.0 2.4 

1.8 2.1 

1.8 2.1 

1~9 .2.3 

1. 6 . 1.9 

1.8 2.1 
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Figure 10. The logarithm of the measuring 
frequency versus the reciprocal 
of the.internal friction peak 
temperature in the (100) 
directi<?n. 
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Figure 11. The logarithm of the measuring 
frequency versus the reciprocal 
of the iriternal friction peak 
temperature in the {110) 
direction. 
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Figure 12. The logarithm of the meas~rjng 
frequency versus the reciprocal 
of the internal friction peak 
temperature in the (111)· 
directioi)~ 
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Table VII 

. . 

Frequency Factors and Activation Enthalpies 

Orientation 

(100) 

(110) 

(111) 

: :• 

vo 

(sec-l) 

1.9 X 1012 . 

2. 5 X 1014· 

6.4 X 1010 

~H 

(eV/atorn) 

0.18 ± .02 

o .. 27 ± .06 

0.12 ± .03 
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significantly different from each other, and the particular 

value of L\H 100 (along with v0100 > agrees very well with 

the value found by Mattas and Birnbaum( 4 ) who used the same 

relaxation mode. The straight lines defined by the parameters 

of Table VII h~ve been plotted separately in Figures 10 through 

12 and together for comparison in Figure 13 .. 

If. th~ ·internal friction peaks are true Debye peaks with 

a single relaxation time which obeys Equation (21), then their 

half-widths in reciprocal temperature can be related to the 

appropriate activation enthalpy by 

= 
-·1 -I· 

T_~ - T+~ · 

2.634k = L\H 
(31) 

where T_~ and T+~ are the lower and .upper temperatures, respec­

-1 
.ti vely, that define ·the half-width. The experimental L\ (T ) exp 

and the ratios between these values.and the theoretical half-
~! . 

widths, A(T_ )th' calculated using Equation (31) are shown in 

Table VI. E>q)e_rimental difficulties generally preclude ideal 

h~if-widths for· internal friction peaks; so that somewhat 
.. 

larger measrired h~lf~widths are not surprising. As can be seen 

in Table VI :th~ ratio of ex!_)erimentally· measured ~a!'f-\.-lidth to 

theoretical h~if-width vari~s from 1.1 to 1.8 for the (100) 

and (Ill) (specimen 3) data, but varies from 1.9 to 2.4 for 

the (110) pr6pagation diiection. The experimental half-widths 

found in the (110) are actually similar to those found in the 
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Figure 13. 

':';· 

.':··. 

The least-squares fits to the data 
of Figures 10, il, and 12. 
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bther directi6ns, so .that these larg~r ratios in the (110) 

direction arise from an anomalously small ~(T-l)th (i.e., from 

an anomalously. large ~H110 > . 

The anel~stic relaxation ~trength is inversely proportional 

to temperature according to Equation (16) and also depends upon 

temperature indirectly through the concentration of ~omplex 

defects as shown by Equation (20). 
. -1 

Thus the product TmQm 

varies with temperature as the concentration of 0-H pairs varies. 

T Q -l has been plotted as a function of Tm-l in Figures 14, 15, m m 

and 16 for the (100), (110), and (111) (specimen 3) propagation 

directions, respectively. As a first approximation, the data 

have been fitted by the method of least-squares to the equation 

log T Q -l = log A + B/kT where A contains the temperature inde-m m 

pendent part of the relaxation strength and B is the binding 

energy. The. high temperature limit of the pair concentration 

(i.e., the form of Equation (17)) has been assumed. The binding 

------Gne_r_g_i_e_s_in_th.e_(_l.O.O_)_and_(_l.l.L)-dir.ec.tions-ar.e~O-.-l-±-.-0-3-a.nc:l 
0.08 ± .02 eV/ato~ respectively, while a value of 

0.2 ± .05 eV/atom was found in ~he (110) directibn. The (100) 

and (111) results are equal to within the experimental error, 

and also equal the binding energy deduced.by Mattas and 

Birnbaum. ( 4 ) 

The assumption of the high temperature limit for pair con-

centration dependence is seen to be a poor approximation in 

Figure 17, where the straight lines represent solutions of 

Equation (1.7) wi.th c
0 

?ind CH taken as the total. solute concen­

trations, i.e., the high ~emperature approximation, and where 

~ -.·.·'>-. 

~?;~ .·: :·-.:-~---:'-~1\f!!_..'t~J!I!i.m~•m!&sv 
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' - ' ·~ ·• 

Figure 14. The logari thrn of the product TffiOrn -.l 
versus reciprocal peak temperature 
.in the (100) direction. · 
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Figure 15. 

: 

-1 
The logarithm of the product of TmOm 
versus reciprocal peak temperature 
in the.(llO) direction~ 

. . 

I 
I 
I 
I 
l 
~ 
·~ 

I 
··~ 
~ 
·~ 
f 
J 



77 

8. 0 r-------,,------r-----r-----,--"-----. 

.6.0. 

-~ 
·~~ 4.0 (. 
o· 

.. , E 
0 
.,_E 

• 0 • 

2.0 . 

. ' .. 

I. 5 ~· ..,.._· _ _..__ __ .______.,.------____.___ __ ~-~ 
. 3.5. 4.0 4.5 5.0 . 5.5 6.0 

1000/Tm (K-.1) .·· 

. . . . 

-..,~ .... -~:!!i!f/~·: .. :-:;T~ .. i§fl!XE-') A,- ~"1titfP' .. iM-~m:.e:.,,.,., y\ •&.' .··:~- 15~~z;~ .. t¢"! ... ,.~~ ... ..,5:J»~;;:::;:==t=.'f!t.:;n._~ To - ·_ - •S•Jw. "'!7·-!i. :0 



78 

Figure 16. 
. . -1 

The logarithm of the product TmQm 
versus reciprocal peak temperature 
in the (111} direction. · 
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• , , r 

.I 

Figure 17. The logarithm of the ratio o£ the 
concentration of 0-H pairs to the 
total hydrogen concentration versus 
reciprocal temperature. The numbers 
indicate the binding energies B in 
eV/atqm. The curved lines repre­
sent solutions to Equation (20), and 
the straight lines represent the 
high temperature approximation. 
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the curved lines. represent solutions of Equation (20), which 

accounts for solute depletion. The concentration of oxygen­

hydrogen pa:lrs has been evaluated using the 0 and H concentra-

tions of specimen 2 and the values of 3 for the number of 

interstitial sites per Nb atom, B and 4 for the number of 

bound sites, z. In the temperature range of the present ex-

periment, 190 to 230K, the depletion of single atoms of the 

pair constit~ents results in a considerable red~ction of the 

rate of change of log c
0

H with reciprocal temperature. In this 

temperature range the disagreement between the slope of the high 

temperature limit solution and the tangent of the exact solution 

of Equation (20) increases as the binding energy increases, 

since with higher B, c0 H approaches the temperatu-re independent 

limit T T T -CH (for CH < c
0

) at higher temperatures. Since B =· 0 

als·o produces a temperature ·independent concentration of pairs 

equal to. that produced by random association of 0 and H atoms, 

a value of B.exists which maximizes the derivative 
T ·. -1 

d log(C
0

H/CH)/dT at 210K, the center of the experimental tern-

perature range. The derivative is expressed as an apparent 

binding energy B , and B is plotted as a function of B in . app app 

Figure 18 wher~ it can be seen that B achieves a maximum app 

valu~ of 0.049 eV/atom at B = 0.069 eV/atom. The max~rnum in 

B depends weakly upon the solute concentrations and somewhat 
app 

more strongly upon the quotient 8/z, with a larger Biz giving 

a larger B located at higher B. However the factor 8/z is app 

limited to a physically reasonable maximum of 1.5. The slopes 
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Figure 18. The apparent binding energy ·Bapo' 
taken as the slope of -
log (Co-H/Ca) at 210K, versus 
the actual binding energy B. For 
the solid curve B/z = 0.75~ and 
for the dashed c~rve 8/z =·.1.5. 
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in Figures 14 through 16 are thus clearly in excess of the 

largest possible B , for reasons not completelv ... understood. . . . app 

(A value of about 10 for B/z is needed to raise the maximum 

B to the app 

through 16.) 

values obtained from the slopes in Figures 14 
. -1 

A large temperature dependence of Q may sug-
m 
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gest a relax~tion strength~ (Equation (16)) which has the ex­
-1 .· .. 

plicit temperatt.1re dependence· ~a: (T - T
0

) where T
0 

is the tem-

perature at ~hi~h spontaneous ordering of the strain dipoles 

occurs. T
0 

measures the strength of the elastic dipole interac­

tions. An attenpt to account for the discrepancy between 

max 
Bapp and the experimental values obtained from Figures 14 

through 16 by _elastic interactions between 0-H pairs leads to 

an interaction energy of 0.05 eV/at.% defects, which results 

in a spontaneous ordering temperature of about 150K for the 

0-H concentrations used in the pr-esent experiments. This 0-H 

interaction energy may be compared to the value of 0.0021 _eV/at.% 

obtained for H~~ interactions in Nb by Gorsky effect measure­

ments. (l 9 ) No evidence of spontaneous ordering was seen (Figures 

7 through 9) at 150K. Thus, the value of 0.05 eV/at.% which is 

a factor of 25 larger than that of the H-H interactions, is 

probably not accurate. The true binding energy of the 0-H 

pairs in niobium is probably of the same order as the 0.12 ·ev/atom 

obtained for-N~H pairs. <
42 ) At present we can Qffer no explana-

tion for why the measured values of B (Figures 14 through ~6) 

exceed the theoretical maximum values of Bapp 

~~~.-:-; •. '~~ .... ~S."£'E:..~!f.}Wtl\:."'"'fut.-~~·g§l:':t::7£.l_-;~€5"d !; ... '::t~~~: .... '!·J£::"_"< .. :,.-:.Y<Jk--;i•1.'. {'J::.~_ .. ..__.'":-:'_:!i!...:.fr~· •·,5'"..~.._'\-. )z;.....,.;;:ec, ·!t...Jt'._..:;:-~'?P:::A 
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However, for purposes of developing a ·model of the 0-H 

.structure, _the significant point is that the apparent binding 

energies in the (100) and (111) directions .are equivalent. 

At this point it must be recognized that the relaxation 

measured in the (110) direction is not independent of those 

86 

of the (100) and (111) directions. The general tensile com­

pliance J of Equation {11) varies with orientation through the 

factor r. The orientation factor r vaiies from zero when the 

stress is in a (100) direction to 1/3 in the (111) direction. 

It can be seen that J 100 and J 111 assume quite simple forms in 

terms of s, s', and s"; with these expressions tquation {11) 

may be rewritten as 

{32) 

The compliance in a p~rticular direction must obey the equation 

oJ = JR - J 0 in the presence of anelastic relaxation so that, 

~. ~egardlcss of. the underlyi~g mechanism, the relaxation of the 

compliance must be given by a linear combination of o.1100 .;~.nd 

oJlll" In particular, 

= 

-1 
The experimentally measured quantity is Qm which, from 

Equation {3) is equal to 6J/2~0 . Thus 

-1 . 
0m,ll0 JU,llO 

1 . -1 3 . -1 
-4 °m,l00 JU,lOO + Q 1··11 J Jll • 4 m, U,. 

{33) 

{34) 

···'. .. ·.···\-.""'"~--· .. ------·-
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The unrelaxe<;l compliances are calculated from the elastic 

-12 2 compliances of niobium: s 11 = 0.660 x 10 em /dyne, 

. -12 2 
s 12 = - 0.233 x 10 em /dyne, and 
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s
44 

= 3.48 x l0-12 cm2/dyne. (Sg) After substitution of the JU 

and division by JU,llO' Equation (34) becomes 

Q .-1 
m, 110 . = 

. -1 -1 
0.153Qm,l00 + 0.854Qm,lll (35) 

As can·be seen in Table VI the damping maxima in the (111) 

direction exceed·, at most frequencies, those in the ( 11 O) 

dlrection, wh{ch are in turn larger than those in the (100) 

direction. Th~ Q -l experimental data generally obey Equation m 

(35) quite well. A comparison of the experimental and calcu­

lated (110) peak heights is presented in Table VIII. 

In view_of the agreement shown in this table and in view 

of the similarity among the damping peak haif-widths measured 

in all.three orientations, the large values of ~H110 and n110 

must be considered somewhat anomalous. The (110) relaxation 

is necessarily the sum of relaxations measured in the (100) 

and (111) directions which have relaxation times nearly equal 

in magnitude-but different in their temperature dependence. 

Thus _the temperature dependence of the relaxation time and the 

-1 . -
product T Q of the (110) relaxation reflects the complex 
·· m m 

interaction ·among these relaxations. Since no additional in-

formation is obtained from the (110) data (Equation (33)), the 

analysis of the structure of the 0-H defect will be based upon 
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Table VIII 

Comparison of (110) Data with Equation (35) 

Frequency 

(MHZ) 

50 

70 

110 

'· <.. 

Experimental Q -lx10 5 
m 

2.6 

1.8 

1.2 

1.3 

Calculated Q -lxlo 5 
-m 

2.8 

2.3 

1.6 

1.6 

88 
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the internal friction data measured in the (100) and (111) 

directions. 

Consideration of the structure of the 0-H pair must begin 

·with the site occupancy of the solute atoms. The interstitial 

locations of hydrogen and oxygen in niobium have been identi-

fied by neutron scattering and ion channeling experiments. 

Oxygen atoms have been shown to occupy exclusively the octahe-

d 1 . t" b M t h t 1 {6 0) d C . {6 l) ra 1nters 1ces y a yas e a . an arstanJen. 

Neutron structure analysis and diffuse scattering experiments 

have demonstrated that hydrogen is largely excluded from the 

octahedral positions and is distributed between tetrahedral 

and triangular sites, {)S) where the latter site is located at 

the. 0,~,~ position, midway between nearest neighbor tetrahedral 

interstices {Figure 19) . The occupation probability is appre-

ciably larger.in the tetrahedral sites. As was mentioned in 
. . 

Section 2.2,. the hydrogen tunnel-state model·of Birnbaum and 

----li- ----F-1-y-nn-i~-~)_-p-Fe~eses-- tcha-~-hya-r-egen-a-~ems--a-Fe-ne·t~loca 1-i-z·eEi-en- ene----

tetrahedral or triangular site but occupy, at several quantized 

energy levels, an "orbit" composed of both typ~s of sites 

-probably centered upon an octahedral position. The hydrogen 

solute is self-trapped in a particular ring by the long-range 

distortion field of the rapidly tunnelling hydrogen. This 

model adequately predicts several lmv temperature properties of 
--

hydrogen in niobium including heat capacity{ 2S) and low tem-

perature elastic properties. { 27 ) 

I 
I 
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Figure· 19. (a) The interstitial sites in the 
b.c.c: lattice: 0, octahedral site; 
a, tetrahedral site; and£, triangular 
site. 

(b) The ring of tetrahedral and 
triangular sites centered on an 
octahedral site. 

After Birnbaum and Flynn (28). 
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At the higher temperatures of the present experiment, all 

the ring energy levels are occupied, and the position of the 

hydrogen atom.may be averaged out to an octahedral site. The 

transitions. among the quantized states occur at about the lat-

tice phonon frequencies which are much greater than the jump· 

frequencies of the anelastic relaxations. The binding of 

hydroge~ to oxygen in the niobium lattice the~ takes place on 

the sublattice of octahedral interstices \vith the assumption 

that the system of site occupation of individual solutes is 

applicable to·paired atoms. This assumption is supported by 

the observation·that the low temperature properties of the 

0-H and N-H defects are consistent with the ring occupancy 

. ( 2 8) 
model. 

Severai · attemp·ts have been made to determine the stability 

and calculate.the binding energies of interstitial pairs.in 

b.c.c. metals. ·The calculations have been based upon elastic 

interactions between solvent atoms and between .solute and 

solvent ~toms.· Fisher( 62 ) concluded that stabl~ interstitial 

carbon pairs form only at the third and fifth nearest neighbor 

(n.n.) octahedral sites in a-iron, with binding energies of 

the order of Q.09 eV/atorn. Johnson et ·al. (G 3) det~rmined that 

third, fourt~, and fifth n.n. carbon .pairs in iron should be 

bound with energies 0.13, 0.11, and 0.08 eV/atom, respectively. 

The absence of stable closer pairs was attributed to a coulombic 

repulsion between the carbon atoms. Recently, Blanter and 

Khachaturya~,<G 4 ) using a calculation technique founded on a 



~~~ .. ·~-J~·~ 
~-----------·-----~~----~--~~ ~-~ 

·;;; 

93 

littice statics theory, determined the binding energies of 

pa·irs of seve :tal kinds of interstitial elements in niobium. and 
' 

~ other b.c.c~ m~tals. In all cases. they calculated first n.n. 

'i pairs to be_ most deeply bound. Application of their· calcula-

tion techniques to the binding energy of 0-H pairs in Nb results 

in_ a value of about 0.3 eV/atom for first n.n. pairs and about 

0.05 eV/atom for second and third n.n. pairs where octahedral 

occupancy was _used. r1ore distant pairs have lower or negative 

binding energies. Given the disagreement among theoretical 

treatments, the. development of an 0-H pair model will proceed 

with the consideration of first, second, and third nearest 

t neighbor octahedral pair configurations. The respective point 

t syn~etries of these pairs are (100) orthorhombic, (100) mono-

•• t cl~nic and (110) monoclinic. 
' 

I 
f 

In the consideration of a model of one or more defect sym-

metries fro~ Table I, it will be assumed that relaxation of· 

the s" hydrostatic compliance is negligible. Although the 

uniaxi~l stre~~ applied to the niobium single crystals does 

produce a hydrostatic response, it is about an order of magni-

tude smaller than the shear responses. Moreover, s" can relax 

only if there exist different atomic volumes for the possible 

synunetries of the defect. t\lhile the differences in atomic 

volume for different 0-H pairings are difficult to calculate 

d{rectly, and. have not been measured 8 it may be noted that no 

difference in volume of solution between hydrogen and deuterium 

. . d . . b . ( 6 5 ) d . th 1 1 t . ls measure ~n n~o 1um, esp1te e arge re a 1vc mass 

·'"-
~~.,.,- -·~--.. ~--------
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increas~. With ~he neglect of any 6s", th~ relaxations of the 

tensile compliances in the two independent directions are 

6J100· = 8s'/3. and 6J111 = 6s/3. Thus under this condition the 

(100) and (111) data must arise from separate relaxation pro-

cesses. 

The point symmetries identified for the first, second, and 

third n.n. pairs generate many relaxation times as can be seen 

in Table III. However, at the low temperatures of the present 

experiment, the spectrum of relaxation times is modified by the 

immobility of the oxygen member of the defect pair. Pair 

reorientation under stress can only occur by hydrogen jumping. 

Clearly a fixed po,sition for the oxygen atom excludes the pos­

sibility o·f reorientation into some of the crystallographically 

equivalent sites of the defect. For example, of the six posi-

tions of the (100) orthorhombic symmetry pair only two are ac-

cessible by hydrogen jumping about a fixed oxygen position .. 

Similarly only four of the twelve orientations of the (100) and 

(110) monoclinic symmetry pairs are accessible. The immobility 

of the oxygen atom in effect reduces to zero the reorientation 

rates into the inaccessible sites. Only at sufficiently high 
'. 

temperatures and low stress frequencies do these rates become 

signifj..cant. (Of course at higher temreratures the 0-H pair 

concentration may be too small to permit the relaxation process 

to be measured.) Such a division of reorientation-rates into. 

high and low temperature regimes is known as the "frozen-free 

"l"t "(47) sp 1 .~ 
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The low temperature reorientation.rates are v16 for the 

( 100) orthorhombic symmetry, vl2 and vl5 for the ( 100) mono-

clinic symmetry, and vl2 and vl7 for the (110) monoclinic sym-
,. 

metry. With the elimination of all other (high temperature) 

reorientation rates the appropriate relaxation times become 

those shown.below in Table IX. Not only are the expressions 

for the T-l,s simplified; there are now fewer of them, as a 

comparison with Table III will show. This modified spectrum 

reveals how the phenomenon of the frozen-free split apparently 

raises. the symmetries of the three postulated· 0:-H pairs. The 

(100) orthorh.ombic defect has one s' relaxation, like a tetra-

hedral defect. The (100) monoclinic defect resembles the (110) 

orthorhombic. ·with one sand one s' relaxation, and the (110) 

monoclinic defect has lost its s' relaxation so that, like the 

trigonal symmetry defect, it can not cause a relaxation for a 

longitudinal wave in the (100) direction . 

The prin.cipal experimental results to be· accounted for by 

the model are (1) the presence of internal friction peaks in 

both the (160) and (111) directions, (2) the inequality 

6H100 > 6H111 , (3) the condition TlOO-l < Tlil-l in the tem­

perature range of measurement, and (4) the equivalence in the 

a~pafent binding energies measured for the (1~0) and (111) 

directions .. Point (2) will provide the most rigorous test since 

the reorientation path which gives the low activation enthalpy 

in the (111) direction must not be available for the induced 

motion of hydrogen under the (100) stress. From Table I it 
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Table IX 

Low Temperature Relaxation Times 

Symmetry Compliance 

(100) Orthorhombic s' 

(100) Monoclin.ic s 

s' 

(110) Monoclinic s 

-1 
T 
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can· be seen that ·several of the defect symmetries can not 

·account for the data by themselves since they do not generate 

relaxations in both independent directions. Among the closely 

spaced 0-H pairs, the (100) monoclinic symmetry defect and a 

combination ·a~ the (100) orthorhombic and (110) monoclinic 

symmetry defects satisfy point (1), and models .based on these 

symmetries will be discussed in detail. 

The first model considered is based on the presence of 

second n.n .. pairs.having (100) monoclinic symmetry. Figure 

20(a) illustrates the three crystallographically equivalent 

orientations of this defect when the oxygen atom is located as 

shown. It is postulated that first and third n.n. sites are 

f not strongly bound sites with respect to the oxygen atom and 

so do not contribute to the internal friction. Since ~11 the 

;;.. 

' 

•· ·. 

relaxations result from one defect species·, the apparent binding 

ener~ies in the (100) and (111) directions are necessarily 

equal as is observed. The hydrogen atom can move around the 

fixed oxygen atom by first n.n. and second n.n. diffusive jumps, 

the paths of which are shown in Figure 20(a). The first n.n. 

; jump is characterized by a thermally activated rate, w1 , and 

J· 

the second n.n~ jump by rate w2 . Jumps to more distant octahe-

dral sites are considered to be of low·probability as they 

.require dissociation of the pair. The reorientation from H(l) 

to H(i) is seen to occur by two first n.n~· jumps (via an inter­

mediate (100) orthorhombic site, designated. 'a'), while the 

,, 
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Figure 20~ 

.· .. · 

. \ 

•. 

{a) The second nearest neighbor· 
<100) monoclinic symmetry O~H 
defect in niobium. H(l), H(2), 
and H(S) are the hydrogen loca­
tions of those defect orientations 
accessible by H jumps. The dashed 
lines represent the jump paths 
and are characterized by the jump . 
rates shown. The 0 atom is shown 
with arrows schematically indi­
cating the anisotropy of its strain 
field. The largest arrows repre­
sent the tetragonal symmetry axis 
of the strain field. ·c 

{b) Schematic diagram of Lhe 
potential energy along the path 
from H(l) to H(2) . 

·t 
I 
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reorientation from "en to H ( S) ·may proceed by two first n.n. 

jumps (via .an intermediate (110) monoclinic: or , n ,. site) or 

one second n .·n. . jump. 

Since the (100) monoclinic symmetry sites are more deeply 

bound than the a or n ·sites in this model, different activa-

tion barriers will obtain for jumps into and out of the various 

sites. The potential energy of the hydrogen atom as a function 

of distance is shown schematically for the H (l) to H ( 2 ) reorien-­

tation in Figure 20(b). The effective jump frequency from 

H(l) to H( 2 ) may be obtained by analogy with the one-dimensional 

motion of dimers on solid surfaces. ( 66 ) In the latter system 

the dimer is considered to have two differently configured bound 

states with different binding energies. The diffusion of .the 

center of mass of the dimer is characterized by two jump rates 

a and b, where a is the jump rate from the strongly bound to 

the weakly bound configuration and b is the rate of the reverse 

jump. Over long times the mean square displacement of a single 

dirner's center of mass is characterized by an effective jump 

frequency given by ab/(a + b). For a large population of 

hydrogen atoms which reorient by two first n.n. jumps, a jump . . 

-~ frequency similar to that given above obtains. Because of the 

exponential dependence of the jump frequencies on the respec­

tive activation.enthalpies, ~Ha and ~Hb, the value of ab/(a + b). 

is within .1% of a in the temperature range of interest for 

ratios of ~H /~Hb > 2. This inequality is consistent with the 
.a 

postulated weak 0-H binding for hydrog~n occupation of a or n · 

.. 
'· ' 



~ ,, 

1 
~--

l 
i 
f 
i 
t 
f 

! 

I 
l 
~ 

f . f ·- ···------· 

I 

101 , 

sites. Hence the reorientation by two first n.n. jumps ·can be 

characterized by one jump frequency w1 and one activation en­

thalpy ttH 1 . 

While ~1 is degenerate among the (100) jump directions in 

a cubic symmetry lattice, in the present experiment this de-

generacy is lifted by the local tetragonal symmetry strain 

provided by the oxygen interstitial. The principal values of 

the oxygen dipole moment tensor are P1 = 11.8 eV and 

P 2 = P 3 = 4.9. eV; (G?) Pi is related to the strain tensor com­

ponent Ai by ~i =· (3/2) (Q/K)Ai' where n is the atomic volume 

and K is the compressibility. Thus, rather different strains 

are-encountered in the jumps of hydrogen parallel and perpendi-

cular to the tetragonal axis of the oxygen strain field, and 

this will result in diEferent ac~ivation enthalpies for the 

two types of jumps. In Fig. 20(a)' the tetragonal axis of the 

oxygen atom is oriented in a vertical direction (i.e., in the 

d.irectiqn __ 9f the nearest neighbor solvent atoms). The reorien-

tation path H {l) to H ( 2 ) is parallel to this -axis;·-and the- path 

H(l) to H(S) _is perpendicular to it. If the first n.n. jump 

along the for~er path is designated wlA· and along the latter 

wlB' the reorientation times may be written (Table IX) 
-1 . • . -1 

1 100 - = 4w1B + 4w2 and 1 111 = 2w1A + 2w1B + 2w 2 • The re-

-1 -1 s~lts 1
100 

< 1
111 

and 6H 100 > ttH 111 require that 

w
1

A > wlB' w
1
A > w2 and that w1A have the lowest activation 

energy (AH
1

A) and dominate the reorientation in the {111). 

Thus within these · 

, 
·, 

., 
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restraints on the relevant frequencies and enthalpies, the 

model based upon a (100) monoclinic 0-H pair can account for 

the observitions. 

The-experimental observations can also be accounted for 

by a combination of (100) orthorhombic and (110) monoclinic 

symmetry defects. In this model. the second n. n. defect 

(designated 'B'}, i.e., the (100) monoclinic symmetry, is 

weakly bound. From the previous symmetry discussions i't is 

102 

seen that the (100) re.laxation is due to the (100) orthorhombic 

pair and the relaxation in the (lll) direction is due to the 

(110) monoclinic pair. The two defects are postulated to have 

equal 0-H binding enthalpies in accordance with point (3} 

above. Figures.2l(a} and 22 show the atomic arrangements and 

'' 

'· . . · .. \ 

, .. 
,. ! 

' i 
'· ~.· 

f 
! reorientation paths of the accessible sites of the (100) ortho-

.\ 

t?r!~~ ,;::; 

rhomibc and (llU) monoclinic 0-H pairs, respectively. A 

schematic pot~ntial energy diagram for the reorientation of 

the.(lOO) orthorhombic defect via first n.n. jumps is shmvn 

in Figure 2l(b}. There are two weakly bound B sites and one 

strongly bound n site along the path from H(l} to H( 6 }. Again 

the jumps out of the weakly bound sites are very rapid and 

hence not rate-controlling, so that the significant transitions 

are ~rom H(l} to S(l} and n to 8( 2}. These two jumps are asym­

metric with respe.ct to the oxygen elastic dipole; the former 

is parallel to the tetragonal.·axis of the dipole and is char_ac-

terized by frequency wlA' while the latter is perpendicular and 

is characterized by w18 . _ Two second n.n. reorientation paths 

1. 
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. Figur:e 21. (a) The first n~arest neighbor (100) 
orthorhombic symmetry 0-H defect in 
niobium. H(l) and H(6) are the 
hydrogen locations of those defect 
orientations accessible by H jumps, 
along with rates WlA, WlB, w2, W2'· · 
The 0 atom is shown with arrows 
indicating the ani~otropy of its 
strain fie.ld. 

(b) Schematic diagram cif the potential 
energy along the path from H(l) to 
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Figure 22 • The third· nearest neighb6r.(ll0) 
monoclinic symmetry 0-H defect in 
niobium. H(l), H(2), and H(7) are 
the hydrogen positions of those 
defect orientations accessible 
by H jumps. The dashed lines indi­
cate the jump paths and are 
characterized by the rates shown. 
The 0 atom .l.s shown·with arrows 
indicating the anisotropy of its 
strain field~ 

.1.1, 
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between H(l~ ·and H~G) are also shown in Figure 2l(a). One con­

sists of two j.umps each at frequency w2 and proceeds via the 

intermediate n position, and the other is a presumably higher 

energy path, straddled by the oxygen atom and a nearest neigh-

bor niobium atom, with a jump frequency w2 ' different from w2 . 

. -1 
Thus the reciprocal relaxation time TlOO due to the reorien-

tation of the (100) orthorhombic defect is 

-1 
.TlOO = 

The (110) monoclinic symmetry defect generates two (111) 

relaxations, which are characterized by Tlll,l-l = 2v12 + 2v 17 
-1 and T 111 , 2 · = 4v12 . As shown in Figure 22 the defect may 

reorient under stress from its H(l) to H( 2 ) position by two 

first n.n. jumps via an intermediate B site or by two second 

n.n. jumps via an intermediate a site. The: path of the first 

n~n. jump lies perpendicular to the oxygen tetragonal strain 

axis, and so the frequency w1B applies. The second n.n. jump 

is again described by frequency w2 . The same types of jump 

al~o apply to the reorientation from H(l) to H(?). Since the 

temperature dependence of the relaxation time (i.e., the acti-

vation-enthalpy) is the parameter of interest, only one .relaxa­

tion time need be prP.sented vi~. T 111 -l = 4w1B + 4w2 . 

The experimental results can be explained with this two-

defect model if w1~ is the highest hydrogen jump frequency and 

It should be observed that in the expression for 
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-1 
T !00 for tl)e ·relaxation Of the ( 100) orthorhombic defect, 

the term 8(w1Aw18;w1A + w18 ) tends to 8w1A when w18 > w1A. 
-1. -1 . 

Thus.Tlll > TlOO and ~Hlll < ~Hloo· 

Of course the dominant jump frequency can·not be predicted 

for the (JOO) orthorhombic defect, even ~ith this highly sim-

plified modeL It is significant however that the condition 

w1B > w1A required for the two-defect model to satisfy the 

experimental results is the inverse of the condition required 

for the (110) orthorhombic defect to satisfy them. The two 

models are thusmutually exclusive. The results in fact can 

not. be explained with the defect symmetries·discussed if there 

i$ no diffe~ence between w1A and w1B. 

Another possibility which should be considered is that all 

three 0-H pairs are present. In this case the (100) orthorhom-

bic pair (nearest neighbor) contributes to a relaxation measured 

in the (100) direction with a relaxation frequency 

-'l(ln) 
·TlOO = 

and the (100) monoclinic pair (second nearest neighbor) contri-

butes a relaxatiori with a frequency 

-1(2n) TlOO ... = 

The total relaxation observed in the (100) direetion is described 

by the sum of the two relaxations. Similarly in the (111) 

., 

f 

l 
1 

. direction the total relaxation is the sum of that due to the J 

1 · I 
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(100) monoclinic pair and that due to the (110) monoclinic 

(third nearest neighbor) pair. 

-1(2n) 
1 111 

. -1 ( 3n) 
1 111 

= 

= 
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In this model the three pairs are required to have approxi­

mately equal binding enthalpies. The observati6n that 

~H100 > ~H 111 can_now be considered using th~ abov~ four ex­

pressions .. In order to simplify the considerations the jump 

·frequencies w2 and w2 • will be taken as small compared to the 

first nearest.neighbor jump frequencies. ·The assumption 

1 100 
-1(2n) = 4wlB 

1 111 
-1(2n) = 2wlB 

1 111 
-1(3n) = 4w1B 

Both t;.he (100) and (111) relaxations are.the sum of two Debye 
. . 

relaxations with the (111) having a width of twice the ideal 

width and the {100) having a width which increases as the tern-

pe~ature is decreased. 

If we assume w1A > w1B and t.H lA < t.H1 B the relaxation fre-

quencies are 

. ' 
' 

j 
<' .l 

) 
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,. -l(ln) 
100 

,. -1(2n) 
lDO 

-1(2n) 
1'111 

-1 ( 3n) 
1'111 

110 

= 

= 2wlA 

= 

Again both relaxation modes have greater than the ideal width 

with the ( 100) · data having a width of· twice the. ideal and ( 111) 

having a temperature dependent width. 

As seeri from the above discussion, the data do not allow 

a definitive selection among the possible mechanisms. The con-

ditions under.which each of the models can satisfy the experi-

men·tal observations are given in Table X. It may be not.ed that 

the model in whl.ch all three types of pairs are pr~sent results 

in multiple relaxations for the (100) and (111) longitudinal 

modes. In this case-one of the modes should have a temoerature 

indepennP.nt width o~ about twice that of a single Debye relaxa­

.tion and the other mode should have a width which increases as 

the temperature decreases. As shown in Table VI the {100) and 

{111) widths are almost equal to the ideal Debye width at the 

.higher temperatures and both increase· as the temperature de-

creases. The damping peaks are small and the data.have rela-

·tively large errors due to difficulties. in establishing the 

background damping. Thus while the data suggest that the model 

with all three 0-H pairs present is not appropriate, it can not 

be definitely discarded. 
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Table x 

·conditions for Model Applicability 

Pairs Conditions Required Conclusions 

(100) Monoclinic B(lOO)mono > B ( lOO)·ortho (a) 2nd nearest neighbor 
~ pairs are stable 
~ ~nd nearest neighbor 

I B(lOO)mono > 8 (110)mono (b) . 8 100 = 8 111 = .BQH 

wlA > wlB (c) -1 
4wlB ; TlOO = 

wlA >> w2 -1 
2wlA. 2wlB Tlll = + 

l .< 

' (100) Orthorhombic B··· . = B ·.· (a) ·1st .and 3rd nearest 

l 
· (lOO)ortho ·· ( llO)mono neighbor pairs are 

1st nearest neighbor stable 
E(lOO)ortho > 8 (100)mono ; i i (110) .Mo~oclinic (b) 8 100 = 8 111 P.' 

t 3rd neighbor wlB > wlA 
~·· nearest -1 J,,; 

~· (c) TlOO = 8wlA 
~ wlB >> w2 . 

-1 
llll = 4~11B 1-' 

1--' 
1--' 



Table X continued 

. ' 
Pairs· Conditions.Reqtiired . Conclusions 

~· : 
~ ' 

(100) Orthorhombic B(lOO)ortho 
~ B (a) 1st, 2nd, and 3rd (lOO)mono nearest neighbor pairs 1st nearest neighbor 

B(lOO)ortho 
~ B are stable 

(llO)mono 
(100) Monoclinic (b) _BlOO = Blll 
2nd nearest neighbor -1 

wlB > wlA (c) TlOO = 8wlA 
(110) Monoclinic -1 
3rd I".eighbor TlOO = 4wlB nearest 

-1 
2wlB Tlll = 

or 
. Tlll 

-1 = 4wlB 

> (c ~) -1 
8wlB wlA wlB TlOO = 

(~. 

-1 
4wu3 TlOO = 

-1 
2w1A Tlll = 

-1 
4wlB Tlll. = 

. . : 
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As stated previously, more qistant pairs than third nearest 

neighbors have been neglected because they have been assumed 

not bound. Since the strain field of interstitials falls off 

! -as l/r 3·, (Sg) there are also kinetic reasons for ignoring the 

more distant pairs. For, in the analysis above, the anisotropy 

of the oxygen atom strain field has been assumed to cause the 

different activation enthalpies measured in the (100) and (111) 

directions. However at greater pair separations the effect of 

the anisotropy will be weaker and thus less able to account 

for the different activation enthalpies. 

5.2 Internal Friction and Strain Relaxation in the Nb-N-H 

System· 

Internal friction peaks and strain relaxation curves .due 

to hydrogen reorientation around nitrogen solutes were observed 

in niobium polycrystalline specimens. (The specimens had a 

(110){110.} texture from rolling and had the tension/compression 

axis parallel to the (110).) Hydrogen-free Nb-N specimens 

.showed no damping peaks and no anelastic strain relaxation. 

All but two of the internal friction peaks were measured with 

the constant amplitude method with the specimen driven at its 

resonance frequency. A typical curve of drive·· voltage versus 

temperaturE:' for this method is shown in Figure 23. Conversion 

of drive vol~age to the damping parameter Q-1 i~ made with the 

equation 

•• 

... 

' '. 
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Figure 23. Resonance frequency and internal 
friction versus temperature. 
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where vd· and V are the rms drive and pick-up voltages, re­
r _ ._ pu 

specti~ely, and K is a c~nstant. (6 g) This constant Ls deter-

mined by direct measurement of the number of vibrations, N, of 

the specimen ;in free decay between two amplitudes (i.e., pick-

up _voltages) v1 and v 2 . Vdr and Vpu are also measured. at the 

same temperature. Q-l is related to N by 

where v 1 > v2 ~ The data at 8.4 Hz were obtained with a constant 
. . . 

' drive voltage at resonance frequency~ so that the relaxation 

.. , 

4: 
~~~.'~.!!!'~ 

.. 
was seen as an·. amplitude minimum~ The 3. 6 Hz· internal friction 

. . 
peak was measured directly with the free decay techn:i,que. 

The condition for the peak maximum is wr T _ = 1, where Ll'r is 

the ~esonance frequen~y. In the case of the driven specimens 
. .. 

ihis frequeri~y- Wd~ Laken to be. the oufput .frequency of ~he 

phase-locked oscillator. The·resonance frequency was recorded 

as a function of temperature so that frequency at maximum.· 

da-~ping could be defined (Figure 23). Measurement o~ wr also 

allowed observation of the small modulus:: defect, d~e to hydrog~n 
. . -1. 

·reorientatio~.since wr·« J 1 • Experimental error ob~cured.the 

modulus defect in some runs, but when detectable, . it corrob6rated: · 

the tcmt:)erattire. of· the internal friction· maximum. ·The temT_:)era­

tures of the peak maxima. were determined after suotraction of the 
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slightly temperature-dependent background damping. Measured 

temperatures were calibrated for the difference in temperature, 

unde'r :vacuum cond.i tions, between the specimen grip and. the 

center· of the·. specimen. · The Au-Fe versus chromel the'rmocouple 

was calibrated at liquid helium temperature, and the ice-point 

re{erence device (Omega Engineering Model TRC) was calibrated 

against an H 2o:triple~point ,cell. The peak temperatures, 
. . 

resonance frequencies, and peak heights meas.ured in the Nb-N-H 

system are presented in Table XI. 
. : . . . . . 

. . . . . . -1 
The product TmQm . is not systematically temperature de-

pendent in the temperature range of this experiment and had 

values of 1. 8 ~- 10-2 t~ 3. 6 X 10~ 2 K. Temperature independence 

qf this quarytity is consistent with th~ beha~ior predicted b~· 

·the trappin~ model discussed. iri the previous section. With a 

. binding ~hergy of 0.12 eV /a t~m for· the N-H pair (which is the 

.likely configu~ation for this. cluster (42 )), nearly complete 

.depletion, ~f whiche.ver element of the ·pair· is in lower concen-

tration, occurs at the temperatures of this experiment leading 

_to a constant.N-H pair concentration. 

Hydroge~·· jump frequencies two orders of magnitude .lower 

than obtained by the interna~ friction method.were measured 

'wit~ fhe stiain relaxa~ion t~chniqu~. · A ~ypical curve of strain' 

.as a function of time, representing the anelastic response of 

specimen 7, is shown in Figure 24. The tempera~ure of the grip 

was calibrat~d again to that of.the center of the specimen, 

~ince He exchange gas at one Lorr was present in the experimental 
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Table XI 

·N~H Internal Friction Data 

. :\ 

Peak Temperat,ure. Resonance Frequency Peak Height Specimen 
(K) ·. . (Hz)· Qm 

-1 x·1o4 

l 

81.2 124.0 4.0 7 I 
l 80.5 . 164 •. 0 3. 2 . 7 

77.3 93.-05 3.~ 5 1 .,. 
·. I 76.8 64.3 4~0 7 ~ 

73.3 44.11 4. a· 5 ~~ 
it 

73.5 '32.4 5 •. 0 7 i 
70.5 ·23.90. 2.6 ·5 ·~ 

69.0 13·. 5 3.5 5 t 
68.5 9.4 '3 ~ 2 5 

68.0 8.5 3.1 5 

67.0 5.21 1~8 5 

66.0 3.6 . 2. 0 5 

\. 

l 
'I 

I 
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'Figure 24. Strain (in units of uV iepresenting 
the output of.the capacitance bridge) 
versus time. 
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chamber during these measurements. (The gas had no discernible 

effect on the ·relaxation times.) The temperature range over. 

which strain relaxation was measured, 39.2 to 57.5K, was deter-
I. 

mined by the_capability of the electronics to record the short 

relaxation. times (,... 10 sec.) and by the maintenance .. of tempera·· 

ture stability during measurements over.long times. In none 

of the runs could a stress-induced ordering of hydrogen be 

quenched in since the equilibrium capacitance (i.e., the capa­

citance of the undeflected specimen·} varied too much with tern-

. perature. Rather, the specimen \vas deflected at the temperature 

·of interest, ·and the anelastic response allowed to build up for 

a length of tim~ estimated to equal several relaxation times. 

Evaporation of the liquid He around the specimen chamber proved 

to limit the length of time for deflection and measurement. 

· The temperature stability during all runs was suffi~ient to 

ensure a time~independent background capacitance. 

· Each st.rain. relaxation curve was fitted to exponential 

decay curves of .the formE Ai e~p(-t/Ti} ~ A( 00). The ampli-
i 

tudes Ai, relaxation times Ti' and background amplitude (or 

am'p~itude at infinite time} were adjusted to provide the best 

least-squares fi±. The quality of the fi~ was assess~d by an 

2 . 
iterative calculation of x for each set of adjustable 

parameters. The principal component of the computer program 

h .. • II II • b • (69} h" h • was .t e subrout1ne CURFIT ·wr1tten y Bev1ngton, w 1c 1s 
• 

designed to fit ~xperimental data to functions that are non-

linear in their coefficients. The algorithm of CURFIT combines 

I . t. 

I 
r , 
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a search for the minimum of x2 along the gradient of x2 with 

respect to the adjustable parameters with an analytic solution 

for the mini~ization of x2 through a linear ~pproximation of 

the fitting fun.ction. The former procedure provides good con­

vergence far from the minimum, while the latter procedure pro-

vides rapid convergence near the minimum. The data were fitted 

to one~, two~, ·and three-expone~tial relaxatjon processes. In 

2 the calculations of x the data·were weighted by their normalized 

amplitudes above_background. Fits to three processes qenerally 

were redundant with respect to two processes or· were unphysical 

with negative amplitudes or relaxation times. Satisfactory fits 

were obtained with both one and two relaxation processes. 

However, in the latter fit the typical ratio of T 2/T 1 was be­

tween 3 and 4 and such ratios of two relaxation times are not 

large enough to be considered physically significant within the 

limits of the ·fitting procedure. Moreover, in the N-H internal 

friction measurements only_one _peak (relaxation process) was 

seen at each frequency and its width was consistent with a single 

relaxation. Consequently it may be concluded that the strain 

re'laxa tion curves are caused by a single relaxation process. 

The relaxation times, T, determined in the single proces~ fits 

are listed in Table XII. The error in-temperature measurement 

is ± 0.25K, while the error in.the relaxation times is estimated 

to be ± 20%. 

The jump ·frequencies of nitrogen-trapped hydrogen, (where 

the frequency f = l/2rrT) are plotted as ~ function of. reciprocal 

temperature in Figure 25. For comparison the frequencies of 

l 
f 
i 
f 

I 
I 
I 

. ' 
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Table XII 

N-H Strain Relaxation.Data 

' .. 

Temperature Relaxation Time 

(K) (sec) 
.. .. 

i 
57.5 9.4 ! 

I 
:·56 • .2 8.9 I 

t 
10,6 55.3 I 

t 
54.5 16.9 

54.0 20.6 

53~2 17.7 r 
51.6 38.4 t:: 

j 

I " 50.8 33.2 . 

48.2 68.5 

. 45·. 4 93.7 

4 j-. 7 190.4 

. ·42. 3 ... 442.2 

41 .. 5 406.8 

39.2 870.2 

........ 
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Figure 2~·. The logarithm of the hydrogen jurnp 
frequency versus reciprocal 
temperature. 0, 0-H data, Ref. (2); 
and.O, N-H data, present work. The 
solid and dashed curves are calculated 
from the Flynn-Stoneham theory. 
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oxygen-trapped hydrogen( 2 ) are also shown. As discussed in 

Section 2.2, these data have be~n analyzed i.n terms of the 
./ 

. (22) 
phonon-assisted tunnelling theory of Flynn and Stoneham. 

Since the N-H dafa ·can not be explained by. classical diffusion 

theory (in the form of a single Arrhenius relaxation), these 

data have also been analyzed in terms of the tunnelling theory. 

A leas·t-squares fit of the logarithms of the measured jump 

frequencies· to. the logarithms of the hydrogen ·hopping rate 

given by Equatibn (26) was determined with.the subroutine CURFIT. 

The adjustable.paramet"ers of the fitting function were the lat-

tice activation energy, Ea, the Debye te~pera ture, e 
0

, and the 

transit1on matrix element IJI. The integrals appearing in 

Equations (27) and· (28) were evaluated by means of a 10-point 

Gaussian quadrature formula, and a 10-point Gaussian-Hermite 

quadrature formula was used to evaluate the integral in Equa-

tion (26). The computer program employing CUP.FIT did not con­

verge ·to a _sol,"Ution. when -applied --·to-- the N'-H ·d.:ft·a.·~-- It·_· was -·deter-
.-···-"· - - .. : .... --- . . --.-- - . 

mined that th1s resulted from the absence of high temper~ture, 

high frequency dat~ for the N-H relaxation. In. order to provide 
' 

what is in eff~ct a boundary condition to be met by the ~hree 

adjustable parameters, the jump· frequencies measured by Mattas 

clnd Birnbaum (and shown in Figure 1) for the 0-H reorie~t~tion( 4 ) 

~t high temperatures were added to the N-H data. While there 

are no high temperature N-H reorientation data, the 0-H and 

N-H jump frequencies are comparable above 65K as shown in 

Figure 25, and oiverge beiow 60K. Thus a good approximation of 
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the N-H ·behavior by the high temperature 0-H data is expected. 

With the addition of· the 0-H data the program converged to the 

solution depicted by the solid line in Figure. 25. All data 

points were weighted. equally in this fitting procedure. 

The solid _line in Figure 25 was generated by Equation (26} 

with these values of the adjustable parameters: Ea = 0.22"2 ev, 

o
0 

= 24~.5K, and IJI ·- 0.239 ev. The 0-H data shown in Figure 

25 along with·the data of Mattas and Birnbaum have been reanalyzed 

in· the mann~r ~~plied to the N-H data {which differs from the 

procedure of Chen and Birnbaum in treating IJI as an adjustable 

parameter over the whole range of data). The results for 

oxygen-trapped hydrogen reorientation were Ea = 0.207 eV, 

0
0 

="257.4K, and IJI = 0.111 eV, and the dashed line shows the 

fit of the 0-H data. 

While a physical explanation of the absolute values of both 

.sets of.parameters is difficult to establish, c~rtain qualita­

tive observations concernjng the relative difference between 

oxygen-trapped and nitrogen-trapped behavior can now be m~de. 

The two sets of parameters differ primarily {n the value· of the 

transition m~trix element IJI, with lesser differences in the 

lattice activation e.nergy and Debye temperature. From Equation 

{ 22-) ' IJI or J , can be viewed as the extent of the overlap of .. pp 

the hydrogeri wave function in the initial state with the wave 

function in the final state of the transition. Thus a larger 

physical separation of the initial interstitial site from the 

final site should produce a lower J , which suggests a greater ·- pp 

I 
I 
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hydrogen wave function overlap· between the p and p' states near 

the N traps than: near the 0 traps. However, it has not been 

possible to calculate definitively the displacement of the in-

terstitial sites resulting from nearby oxygen or nitrogen solutes 

due·to a lack of experimental data. There is not even experi-

mental agreement on the volumes of solution of oxygen and nitro-

1
·n . b' (70-72) gen n1o 1um. 

The result that IJIN-H > IJIO-H indicates under the inter-

p~ctation above that the potential energy barrier betweeri the 

initial and.:final ~ites of the hydrogen atom is narrower in the 

case of oxygen-trapping. It can be shown that a quantum mechani-

cal particle that tunnels through a potential barrier separating 

two identical wells does so at a frequency which decreases ex­

ponentially with increasing barrier width. <
73 ) Hydrogen trapped 

by_nitrogen thus should jump with a frequency larger than that 

of oxygen -trapped hydrogen. However, it can be seen in Figure 

_____ 25 tha_!: the_ jume_ fregueng_y of oxy_g_e.n-tr_ap.p_e_d_h¥-dr.o.g.en-exceed.s 

that of nitrogen-trapped hydrogen at temperatures below 60K: 

This probably occurs because of the exponential dependence of 

the jump frequency upon E as shown in Equation (24). Compari-
. a 

son of the fitted parameters shO\'TS that EaN-H > E~ O-H.. The 

Debye.temper~~ures, ~hich are about equal for the two· defect 

species, represent the local phonon distribution around the i~­

terstitial impurities. The influence.of these impurities is riot 

large, as 00 for pure niobium is 275K, obtained by heat capacity 

( 2 3) 
measurements. 



129 

·6. SUMMARY AND CONCLUSIONS 

The local motion of hydrogen bound_ to oxygen and nitrogen· 

solutes in niobium has been studied with anelastic relaxation 

techniques~ ~nternal friction peaks were measured by ultra-

sonic attenuation in the (100), (110), and (111) directions of 

Nb-0-H single-crystals using longitudinal mode stress waves. 

Damping peaks due to 0-H pair reorientation were characterized 

by ~cti~atirin_ enthalpies of motion of 0.18 eV/atom and 

0.12 eV/atom in the (100) and (111) directions, respectively. 

The jump frequency in the (111) direction exceeded that in ~he 

(100) direc~ion over ·the t~mperature range of this experiment. 

However, equal binding energies of about 0.1 eV were measured 

in the two directions. 

The selection rules for anelastic relaxation were applied 

to establish ·two likely mod~ls for the structure of the 0-H 

defect, under the assumption of octahed-ral interstitial occu-

pahcy for both 0 and H. The first model consists of a hydrogen 

atnm bound at the second nearest neighbor interstit~al site 

with respect to the oxygen atom. The point symmetry of this 

pair is (100) monoclinic, and this defect gives rise to both 

the (100) and (111) relaxations. Th~ .i~cond model consists of 

a firstnearest neighbor pair with (l~O) orthorhombic symmetrv, 

.which causes the (100) relaxation, and a third nearest neighbor 

pair with (110) monoclinic symmetry, which causes the (111) 

relaxation. A third possible, though less likely, model 

t 
. I· 

f 
' 



involves the presence and reorientation of all three of the 

above-mention~d pairs. It was inferred that the difference 

b~tween the (iOO) and (lll) activation enthalpies is due to 

the motion, during reorientation, of the hydrogen a~om along 

different paths within the.· tetragonal symmetry strain field of 

the oxygen atom. .However a specific choice from among the 

three models can not be made based on anelastic relaxation data. 

In Nb-N-H polycrystalline specimeris the jump frequency of 

hydrogen below lOOK was measured with Low frequency·intern~l 

friction and strain relaxation methods. The jump frequency of 

hydrogen trapped at nitrogen solutes was found .to deviate 

markedly from-a classical Arrhenius temperature dependence 

below about SOK. The data were analyzed in terms of the Flynn-

Stoneham theory of the phonon-:-assisted tunnelling of light 

interstitial~. By comparison with the jump fr~quency of oxygen­

trapped hydrogen, the _nitrogen-tr~pped hydrogen data were dis-

placed toward lower frequencies. This displacement was 

reflected in ch~nges in the parameters of the Flynn-Stoneham 
.. 

Llleory, the most signiticant change occurring in the transition 

matrix elemerit J , between the initial and final hydrogen . pp . . 

states. The N~H matrix element is more than twice the 0-H 

matrix element, and the lattice activation enth~lpy determined 
.:. 

from the N-H data is larger·than that determined frOm the 0-H 

data. The ·values of these paramet~rs. as well as those of the 

Debye temperatures are physically reasonable, and it is con­

cluded that the N-H data, in addition to the.O-H data, are in 

good agreement with the Flynn-Stoneham theory. 
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ANELASTIC STUDIES OF INTERSTITIALLY TRAPPED 
HYDROGEN IN NIOBIUM 

Philip Emerson Zapp, Ph.D. 
Department of Metallurgy and Mining Engineering 

University of Illinois at Urbana-Champaign, 1979 

An experimental study of the local motion of hydrogen 

trapped by oxygen and nitrogen solutes has been conducted usin_g 

anelastic relaxation methods. Internal friction peaks due to 

the reorientation of 0-H pairs were measured with a pulse-echo 

ultrasonic attenuation technique in the (100), (110), and (111) 

directions ofniobium single crystals. Reorientation occurs 

by hydrogen jumping around the fixed 0 interstitial trap, the 

frequency of which was found to be higher in the (111) direc-

tion than in the (100) direction. The activation enthalpy of 

motion was 0·.12 eV in the former direction and 0.18 eV in the 

latter. Two probable models for the 0-H defect are (1) a single 

0-H pair with ( 100) monoclinic point symmetry, and ( 2) t\-10 types 

of pairs, one with (100) orthorhombic symmetry and the other 

with ( 110) monoclinic symmetL·y. 

The jump frequency of nitrogen-trapped hydrogen in the 

temperature range of about 40 to BOK was studied with strain 

relaxation and low frequency internal friction techniques. The 

jump frequency at a given temperature was found to be lower 

than that of oxygen-trapped hydrogen, and it is in good agree-

ment with the Flynn-Stoneham theory o( phonon-assisted quantum 

tunnelling. 




