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ABSTRACT‘.

The effects of the mpurlty-dlslocatmn 1nteract10ns on the low
temperature 1nternal frlctlon peak3~ﬁave Been 1nvestlgated In cold—worked
polycrystalllne nioﬁlym samplgs. ~ The’ 'q—peak has Been shown to occur as a
| result of thé'hydrogen—diglocation inté;actibn and:thé“;S—péak sééms to
corpespond to a Bordoni type relaxation. _The'degréaSe in the height of the
d-peak and its ténpérature On annéaling, is dﬁé to thé'pinning of dislocations
by the’ mpurities like OXYgen, nitrogen and carbon. Thé' intéra.ction of these
lmpurities with the dislocations is elastlc in nature and is shown to arise as a
result of the size effects as comparedwith the interaction between hydrogen and
. dislocationg which is due to éléctrostatic effects, The enhancement of the peak
height and pesk temperature . on hydrogen charging is explaiﬁed on the basis of
the dragging of hydrogen atmospheres by the moving dislocations and consequent
phase lag between them. Activation energy "HY obtained from fhe relation
between peak height and peak temperature is assumed to be the sum of the
activation emergy. "W" for dislocation motion and the impurity-dislocation
binding energy Hb' The decrease in activation energy "H" on hydrogen
charging is attributed to the lowering of energy barrier to the dislocation
motion, as a result of proton-dislocation interaction. The inability of
hydrogen to pin dislocations at o0-peak temperatures is explained as due to the
high mobllity of hydrogen.




I, INTRODUCTION

Of all the relaxation peaks observed in cold-worked meterials, the cone
that has attracted the most attention is that originally observed by Bordoni 1)
~in fcec metals and now called the "Bordoni peak". It has been interpreted in
terms of the fundamental properties of dislocations and subsequently researches
have been made to seek such relaxations in erystal structures other than fcc
metalé. Several anelastic relaxation effects have been observed below room
tempersture in cold-ﬁorked bce metals and reviewed by Chambers 2). Although
initially there has been great difficulty in identifying which of these peaks
corresponds to the "Bordoni peak" of the fee metals, it is now well established 3)
that there are scme similarities‘ﬁetween the a-peak in bee metals and the
"Bordoni peak". Similarly, there has been much controversy regarding the origin
‘of the a-peak, Brunner L) identifiéd the d-peak with the hydrogen cold-work

5)

peak (CWP), whereas Bordoni et al.”’ have identified it with a Bordoni type

6)

hydrogen charged Ta and Nb and showed that both plastic deformation and

of relaxation. Later, Mazzolai and Nuovo carried out investigstions on
presence of interstitial hydrogen are essential for the occurrence of the a-pesk,
They concluded that o-peak 1s the hydrogen CWP. They suggested that the
impurity atmosphere dragging model of Schoeck T is best suited to explain most
of the charcteristics of the hydrogen CWP, However, this model fails to
explain the most important observation,namely the inerease in the relaxation
strength Q;l with C  the concentration of the hydrogen impurity. Chang and
Wert, from their studies cn the effect of hydrogen and other interstitials on
the low temperature relaxdtipn of deformed vanadium,distinguished threé types of
peaks:

(a) The a-peak occurring in cold-worked specimens. A .

(b) The type I hydrogem CWP which is produced in hydrogen charged
specimens which show the a-peak.

(e) The‘typg II hydrogen CWP produced in hydrogen charged specimens

where the a-peak is suppressed.

. The type II hydrogen CWP they termed as hydride precipitation
peak.

From the studies on the effects of impurities like oxygen and nitrogen,
strain aging and deformation on the o-peak, they concluded that both a-peak
in bec metals and "Bordoni~peak" arise from the same mechanism. They applied

9)

Penguinand Birphaum's theory of thermomechanical unpinning of dislocations to

explain the a~peak and Schoeck's £heory 7 to explain the type I and type II

hydrogen = CW peeks. Yet,in another paper, Buck, Thomson and Wert 10) have
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suggested that the enhancement of the a-~peak by bydrogen in niobium is caused
by the formation of punched-out dislocation loops around the hydride precipitate.
In this interpretation,the hydrogen acts indirectly through an increase of the
dislocation density and hence the kink density. On the other hand,Seeger and
Sestex 11
temperatures with incressing hydrogen content as well as the excessive width of

suggested that the shift of the o-peak temperature to higher

the peak as due to strong kink-kink interactions and effects of internal stresses
. when the loecal dislocation densities are high.  They believe that the a-peak
arises as & result of the motion of kinks in <111 > gcrew dislocations and the

8-peak as due to double-kink formation in non-screw (71° — ) dislocations.

Although insufficient attention was paid to possible effects of hydrogen
in the earlier works, the later studies and our recent studies on hydrogen charged
niobium have conclusively proved that hydrogen plays a prominent role in the
occurrence and enhancement of the o-peak. The results of Verdini and Viennee.u,12
Mgzzolal and Nuovo 6)
vhich is observed at much lower temperatures (around 25%) actually corresponds

to the "Bordoni-pesk". However, further experimental studies have to be carried

and our recent studies make us believe that the Sd-peak

out on oO-peak to confirm these arguments. In this paper we restrict ourselves

to the hydrogen CW peak.

II. SUMMARY OF THE RESULTS

The Tesults of the recent studies on dislocation relsxations st low
temperatures on cold-worked and hydrogen-charged polycrystalline niobium, carried
out at the Istituto di Fisica of the University of Trieste by our group, '

ean be summarized as follows:

(1) The as received and vacuum annealed samples (at temperatures ~ 850°C)
showed no relaxation peaks.

(2) Subsequent cold-work of the samples produced both o - and &-peaks
with not very large maxima.

_(3) Annealing the samples at temperatures slightly higher than room
temperature decreases both peak height and peak temperature.

(L) Charging the specimens with hydrogen which initially show no o-peak
after deformation, introduces & peak (hydrogen CWP),and charging the specimens
which initially shov & peak (a-pesk) with hydrogen, emhances both pesk height

and peek temperature.
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(5) Annealing the hydrogen-charged specimens at temperatures slightly
higher than room temperature decreases bofh peak height and peak temperature.
(6) ‘Aithough recharging the specimens with hydrogen increases the peak l
height and peak temperature, the increase is much smaller as compared with
the first charging.

(7) Cold-working the specimens recharged with hydrogen substantially
increases the peak height and temperature.

(8) The activation energy "H" for the relaxation process, calculated from the
relation between peak height and peak temperature before hydrogen charging, is
nearly three times the activation energy "W' calculated from the frequency-
peak temperature relationship.

(9) The activaetion energies "W" and "H" are found to be almost equal after
charging with‘hydrogen. A

(10) The change in activation energy "W" due to hydrogen charging is véry

small as compared with the change in "H "

Some of the characteristics of the hydrogen CWP in a niobium specimen

are shown in Fig. 1.

We presume that the existing theories based on either intrinsic lattice
mechanism or vibrating string models of dislocations are inadequate to explain
the experimental results outlined above and there exists a need for the
development of a proper dislocation model which will satisfactorily explain. the
essential characteristics of the hydrogen CWP in bee metals and the relaxations

associated with dislocation-impurity interactions in genersl.

III. DISLOCATION MODELS

Since it is now well established that the o-peak in bec metals is the
hydrogen CWP, any dislocation model proposed for fhis peak has to take into
consideration the impurity-dislocation interactions. Several theoriés have
been puf forward to explain the relaxations assoclated with deformed and aged
ﬁcc metals containing interstitialAimpurities. The first proposal is that due

13) who assumed that it was sufficient to consider a structure

to Kbster et_al.
consisting of a dislocation line pinned along its core by a row of interstitial
atoms. It was argued that application of a shear stress at low temperatures

. would not céuse the dislocation to move because the Interstitial atoms bound to it

are immobile, while at high temperatures (i.e. well above the peak temperature)
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the dislocation and bound impurities move together in phase with the stress and
sgain cause no damping. In the temperature range of the peak, the damﬁing is
associated with the lag of impurity atoms as.they-are dragged to neighbouring
sites, by analogy to the reorientation process involved in the Snock relaxation.
T)

on the other hand,suggested a different mechanism for the
13)

Schoeck,
source of anelastic strain. Whereas Koster et al. assumed the strain to
arise from the reorientation of bound interstitial atoms and neglected the strain
produced by the motion of the dislocation line, Schoeck 7 has taken the
- opposite view point, namely that the anelastic strain is due only to the motiom of
dislocqtion segments which bow out (until stopped by line tension) at a rate
controlled by the migration rate of the bound solute atoms. The damping is

glven by

i 4t N

2 0 .
dl= YA.QOW~J¢JT;P(§-)‘9— ‘Léi-'
4 o (1)

where A is the dislocation densiﬁy (total length per unit volume); Y is a

' geometrical factor shown by Schoeck T to be about 0.1; & 1is the average free
dislecation length; =z 1s given by the individual values, l/ﬂo, for each free
length & . If there are P(R2)A% free dislocation units of lengths between

2 and' % + a% , then the normalized distribution funetion is given by

00) = Qi’?}(\aﬁo) o (2)

The maximum value of the integral,and thus of the damping, arises at wvalues of
wT which depend upon the choice of p{z). If the lengths of unpinned
dislocation line are uniformly equal to %0‘.then the integral has a maximum ,
value of 0.5 for wr equal to unity. On the other hand, for & Polsson distribution,
the integral has a maximum value of 2.2 when Wt is equal to T x 10"2. The

relsxation time T is given by

. -
9T R* T Ca ko

T |
6z gD (3)

where C_., 1s the atom fraction of impurity atoms in the dislocatlon atmosphere,

d
G is the shear modulus, b +the Burgers vector of the dlslocation,and R the
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radius around the dislocation in which interstitial atoms are assumed to take part
in this damping process. R is assumed to be of the order of b. K and T have
their usual meaning, and D 1s the diffusion coefficient of the interstitial
impurity atoms. It is to be noted that T depends strongly on both Cd and -
20. Schoeck's model also offers an explanation for the magnitude of the relax-
ation activation energy which appears implieitly in Eq. (3), through the
diffusion coefficient D. In the unstrained lattice, there are three distin-

~ guishable sets of sites of eqﬁal energy but different orientation {x, ¥y and z)
_that may be occupied by an interstitial atom. However, the large distorticns
near the core of a dislocation produce an appreciable shifting and splitting of
fhese levels with a preferential occupancy of low-energy sites. Successive
neighbouring sites of different orientation will then have alternately favourable
and unfavourable interactions with the dislocation stress field.  Accordingly,
an interstitial atom in a favourable site on the dislocation will have an
activation energy H which is largef than the Snoek activation energy Hd by
an amount of approximately its binding energy Hb to the dislocation. Thus

Schoeck and Modino lh? propose that

H=H, + H .
d
4 (4)

Iv. . RELAXATTON STRENGTH

The experimental results outlined in Sec. II,and alsc of earlier
workers,indicated that the variation in the relaxation strength of the CW peak
due to the presence of interstitials like oxygen, nitrogen and carbon is
different 83 compared with the presence of hydrogen. The as received niobium
.specimens generally contaln oxygen, nitrogen, carbon and hydrogen as Impurities.
The activation energy for the migration Em of the pinning impurities obtained

by the method of Mazzolaili and Nuovo 15)

indicated that these impurities in the
samples can be carbon, oxygen or niltrogen. The fesults show that the height of
the CWP and its temperature, decrease on aﬁnealing_at temperatures slightly
higher than the room temperature. The amount of decrease depends on the
temperature of annealing and time, This suggests that during the process of
annealing, the impuritlies present in the sample migrate towards the fresh
dislocations that are introduced during CW and pin or immobilize them. This

6)

an elastic continuum the interaction potential between a unit edge dislocation

pinning process can be visuallzed as follows. Cottrell 1 has shown that in
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and a point defect is given by

U= -4 sin 8/|7] » (5)

where |r| is the magnitude of the radius vector from the dislocation line to
the defect, 6 is the angle between r and the Burgers vector of the dislocation,
and A is a parameter called the impurity-dislocation interasction constant and

is given as

( ) ﬂbqe ' - (6)

vhere "b" is the Burgers vector, M is Young's modulus, n 1is Poisson's
~ratio, p is the norﬁal radius of an atomic site.and (1 + n)p is the radius
of & site with an impurity atom, Eq. (5) is only valid in the region of
purely elastic interaction of the impurity and the dislocation. The elastic
force exerted by the dislocation on the defect is - VU . This force may be
attractive on repulsive depending on the size of the defect and on its location
with respect to the dislocation.  If the concentration of the point defects far
from the dislocation is CO/Cm3 s then for small CO the concentration near
the dislocation 1s given by

Cd = Coe-U/KT ) (7)
6nce the pinning results from this elastic interaction, the pinned dislccations,
do not contribute to the internsl frietion. During pinning process, it is
reasonable to assume that A +the dislocation density remains constant.
However, 20. the mean dlslocation length between pinning pointe decreases.
. According to the Schoeck model the relaxation strength is determined malnly
by 1\23 and the decrease in 20- due_to pinning of dislocations by interstitial
impurities 1ike carbon, oxygen and nitrogen results in the decrease of peak
height and peak temperafure. "~ In all the theories so far developed'to eiplain
internal fricfion, vwhether they are based on intrinsic lattice mechanism or on
string model of & dislocation, the relaxation strength 1s directly proportional
to the loop length 24+ ¥hereas in the theory of Seeger et al 17) it is
proportional to 13, in the Koehler-Gransto~Licke (KGL) theory 18) it is
proportional to £ 0" Further, the Brallsford theory, 19) vhich 1s based on an
entirely different approach,namely the abrupt kink model of a dislocation,also

-




predicts & dependence of Eg . Thus, although the extent of dependence varies
from one theory to the other, all the theories predict a strong dependence on
20 .

characteristics of the CW peaks in the presence of interstitial impurities like

Thus, on the basis of the above models, we can account for the annealing

carbon, oxygen and nitrogen,which act as pinning points.

The same reasoning cannot be extended to the hydrogen charged specimens.
On charging the specimens with hydrogen, both peak height and peak temperature
increase and this peak has been termed as hydrogen CWP. If hydrogen alsc pins
dislocations Just like carbon, oxygen and nitrogen,we should again expect a
deérease in pesak height and pesk temperature, On the contrary,; the resuits show
the opposite effect, namely, the increase in peak height and peak temperature
indicating that the hydrogen is not pinning the dislocations and that the
intefaction between hydrogen and dislocations is different as compared with other
interstitials. Let us consider what happenﬁ as a result of the introduction of
hydrogen. As suggested by Buck 33_5;:10) the dislocation density may increase
as & result of punched-out dislocation loops around hydride precipitates or,as
suggested by Seeger and Sestak.}lJ there may be strong kink-kink interactions,
when the local dislocation densities are hich. In our experiments and in the

6)

charged into the specimens is very small and the measurements tdken while cooling

experiments of Mazzolai and Kuovo for tantalum the concentration of hydrogen
and heating showed no precipitate formation. Thus these theories which suggest
an increase in dislocation density on hydrogen charging cannot be extended to

our results which involve dilute concentrations. Let us consider, therefore,the

20)

Adair and Hook 21) observed complicated effects when hydrogen was dissolved in

other view-point which was proposed as early as 1954 by Rogers and,later,
iron. They freed dislocations from carbon and nitrogen by introducing hydrogen
and found that a yield point appeared if the specimen was tested below - 120°C.
On the -other hand, Cracknell and Petch 22) observed that the yield point normaslly
present in annealed steel at room temperature is suppressed by the addition of
hydrogen. They suggested that hydrogen may be bound more tightly than carbon
or nitrogen to dislocations and that the introduction of hydrogen at room
temperature displaces carbon and nitrogen from dislocations and remains mobile
until the temperature is lowered.

In order to explain the observed yield drop and an associated increase

23) suggested & model of dragging of

in yileld and flow stress, Lawley et al.
hydrogen atmospheres along with the moving dislocations. Further, from their
experimental results they concluded that for group VA and VIA metals there is

8 strong electriecal interaction between hydrogen and dislocations in addition to
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the small long-renge elastic interaction. When the interaction between

impurity end dislecations is electrical in nature, then in the formula (T7)

U >> KT and the concentration of the impurity at the dislocation will be much
higher than that given by Eq. (7). From estimates of the interaction between
& charged ion and the electrical field (dipole) associated with the dilational

2k}

elastic field around an edge dislocation, Cottrell hes shown that in most
cages this interaction energy should be small compared with the elastic component.
However, in the case of lonic bonding,these interactions will be stronger.
Labowitz 25) studied the nature of transition metal hydrides and concluded that
these are definite chemical compounds, deviation from stoichiometry being due to
either vacancies or hydrogen interstitials. The atomic bonds in these compounds
are largely ionic and the tendency to form hydrides decreases towards the right
of the periodic table. Metals sbove group V do not in general form hydrides.
So when the metal-hydrogen interaction is ionic in character as with group VA
metals, this is reflected in a strong eléctrical interaction between solute
atoms and dislocations,eﬁen though the hydrogen concentration may be well below

the level required for precipitate or hydride formation as in cur case.

Even though there is s large concentration of hydrogen around the
disloca%ions‘due to this electrical interaction, hydrogen is unable to pin the
dislocations. As suggested by Cracknell and Petch a2) and Lawley et al.,23)
hydrogen may be relétively more mohile at the ambient temperatures to cause
effective pinning. On the other hand,at low temperatures around 25°K where the
G6-peak is observed, the hydrogen is less mobile end so it may effectively pin the
dislocations ceusing a reduction in the relaxation strength of the &-pesak.

On application of shear stress at ambient temperatures, the dislocations move and
drag the hydrogen atmospheres along with them. Since the activation energy for
the diffusion of hydrogen being different as compared with one of dislocation
motion, there will be a lag between the impﬁrity atoms and dislocations which

resultsin the observed dissipation of elastic energy.

V. ACTIVATION ENERGY

For a simple relaxation process, thermally activated, the relaxation

time *T" depends on temPeratﬁre'according to the Arrhenius equation

T = T, exp(W/KT) ,




vhere "W" 1is the activation energy, K 1is the Boltzmann constant independent
of temperature. When measuréd at a frequency “f" or angular frequency

w= 21 , the internsl friction Q-l arising from this process is A function
of the product wt and has & maximum value when wT =1 or whem 2mfT =1

1 _
or T = Tk Therefore, @ 1 has & maximum value at s temperature Tm when,

! = To ex F (/e T?n) Y

aw§

or —F -— -P.?_ e,x’P (—LJ/ILTm)y (8)

where f, = —=— is called "attempt frequency".
0. 2ﬂTo -

Considering two different frequencies fl and f2 with the corresponding

and :m we obtain

values of Tm, namely Tm’l

»2’

gn fal/f _ |
(Tra) = (Tonys) | (9)

the maximum value of damping Q;} depends

W o= K

From Schoeck's theqry'T)

primarily upon A - and E% . So,from Eq. (1) we obtain
‘Q;l ot Aﬂg ? _ (10)
and from Eq. (2), the relaxstion time is proportional to

2
r(frm) *T Gy 2.0/D(Tm) y (11)

where _ . D =Dy exp(-{H + Hy '/Kfm) . (12)

Here Hb is the impurity-dislocation binding energy and Hd is the activation

energy for the diffusion of impurity in a perfect crystal. Combining Egs. (10),
(11) and (12) we obtain: ’

T Gl o DT (Tm) D exp (-{Hy* “45/"19'
T Ca (13)

=10~




It ie posaible.to change the maximum value of the dissipation coefficient Q;i
by annealing treatments.. In this case is is reasonable to assume A, the
dislocation density, and Cd’ thelconcentration of impurity along the disloc=-
ations, to remain constant during the annealing process. Therefore,we obtain
from Eq. (13), '

TmQ;ll exp(H/KT_) = const, (1%)

19)

where H ='Hb + Hy. From Brailsford's theory an expression similar to

Eq. {14) can be obtained for the annealing process.

Before charging the specimens with hydrogen,the activation energy "W"
calculated from Eq. (9) is 0.28 * 0.02 eV and,from the annealing studies at
different temperatures,Eq. (14) gives a value of O©.T4 t 0.03 eV for H ,which
is more than W by O0.46 eV. According to Schoeck's theory, these two
activation energies should be equal. Further, H is given by the sum of impurity-
dislocation binding energy Hy and diffusion energy of impurities Hy o The
impurities are oxygen, nitrogen or carbon because Hd as obtained during the
annealing process by the method of Mazzolai and Nuovo 15) is " 1.37 &£ 0.0h eV,
"H® therefore cannot be the sum of Hb + Hd for the pinning impurities.
Instead let us assume that H represents the sum of W+ Hb » W %being the
activation energy for the dislocation motion in the hydrogen etmosphere. The
impurity-dislocation binding energy calculated from the difference of H and
W is = 0.46 eV. Ino and Sugeto 26) have shown the impurity-dislocation
binding energy in iron containing nitrogen or carbon to be 0.5 eV, whereas
Petarra and Beshers 27) have pbtained'a value of 0.47 eV, Our value of

0.46 eV rfor #, in niobium agrees gquite well with their values.

After introduction of a larger amount of hydrogen the activetion energy
drops from_LO.Th eV to 0.28 eV, the decrease being again 0.46 eV vwhereas
the change in W. ig small. This decrease from O.Th eV to 0.28 eV may be
due to the lowering of energy barrier to the dislocation motion. Hydrogen
perhaps shields the dislocations from impurity centres like carbon, oxygen and
nitrogen. The values of W  after hydrogen charging is 0.22 + 0.02 eV as
compared with0.28 £ 0.02 eV for H. The hydrogen-dislocation binding energy

calculated as & difference of H and W is about 0.06 eV. Mazzolal and

Nuovo 6) have obtained 0.13 eV for the hydrogen-dislocation binding energy in
tantalum and 0.07 eV for niobium. These results show that we are Justified in
assuming "H" to be equal to W + Hd' Further studies,however,are necessary to
confirm these arguments and to check the validity of Eq. (14) derived from
Schoeck's theory which implies that W = H. '

=11




vI. ANNEALING CHARACTERISTICS OF THE HYDROGEN CWP

Let us now coneider the annealing characteristics of the hydrogen cold-
work pesk,ie. +the peak produced after cold-working and hydrogen charging.
Amnealing the samples at temperatures slightly higher than room temperature, say,
"Té“ decreases again both peak height and peak temperature. To determine the
nature of the pinning impurities responsible for this decrease, their activation
energy for migration ha§ been eptimated by the method discussed by Friedel 28)

15 '

and Mazzolai and Nuovo .

If the impurities interact with the dislocations, the migration of
impurities towards the dislocations takes place by means of a diffusion process
controlled essentially by the interaction energy between Impurities and dislocations.

The interaction energy can be written as

SR (@,CP) = U (’%’)h{' (¢) 5 (15)

where p is the distance between the impurity and the dislocation, U is the binding
energy when p = b , and the function f(¢) takes care of angular dependence

of the interaction around the dislocation. Finally,it is n =1 for the size
effects which arise as a result of the difference_in size of the Impurity atom
and‘the atom of the matrix, and n = 2 for the effects due to a difference in
elastic constants. As a result of the presence of a uniforﬁ concentration Cg

of impurity atoms at a distance R from the dislocation, the dislocation will be .

subjJected to a force

F=-grad U; , ' (16)

which draws them towards the dislocations, Thus they will move with a drift
veloeity, '

V= - --:9—'—’ E ' ‘ (17)

= Teo

‘where : D _.-,,. Do exPE—Em/K—Tu]

is the coefficlent of diffusion of the impurities at the annealing temperature

T,» E_ being the activation energy for migration.

=12-




" Taking the interaction energy to be of the form given by Eq. {15) and

neglecting its angular variation to & first approximation, the force on the
dai sloc_ation is

Fa nUb” (28)
— -—e—;-;-;"* AL

at =& distance p from the dislocﬁtion. After a time t, 8ll the impurities
at a distance less than or equal to p = -J v dt have been drawn towards the

‘dislocation. Hence, 0

T (19)

\ .‘ L ‘ i
p, = (n-t-:!.)‘-D ub t]A+z .
o =

The concentration C~C. of impurity atoms having arrived on the dislocation will

be given by °
_ 2 e, . '
C(t)"' C(P] = s Pu ""'g;;' 2/
. wee [ n(ny2)D Y [ e
s TR e Ta

or | o C(t)-h COE_,..ﬁt&/"”j..

(20)

As a result of segregation of impurities along the dislocation, the
average loop length 90 of the dislocations changes with time and is given asa

t - -_L_ + d (‘l’.) - Ca
Qo) L. (o) b N
. i L4 - a (o) J\) Tt =+ 2,) b
o TR L) <t @ |
: Ty
- o) = P
where Q. ( ) c*+ C (o)

(21)

and C% + C\O) is the concentration of impurities present initially along the
dislocation before segregation. .

13-




According to Brailsford's model, the maximum Qﬁﬁ of the cocefficilent
of dissipation dependﬁ upon the loop length Ro(t) as

Ale (t)

K T ! (22)

@n (1) =

where TM is the peak-temperature, A - is the dislocation density per unit
volume. Combining Eqs. (21) and (22} we obtain:

B 2| Gm (e i -1 = ° ot 2 '
o= - (SRR e (23

Eq. (23) can be written in the form

Y&)-1 = A E exp ('Em/K-Tu,)a“+2’
, T

o
where A - T c n(n+a) b L Do |7TR .
| B &+ (@ 3

-The study of the annealing kinetics of the Qﬁl "as a function of time ta at
an annealing temperature Ta’ shows that Y -~ 1 = const , which gives a

relation between tEL and 'Ta as

Tee

to.- '

The plot between £n(ta T;l) vE Eg*— is a straight line, the slope of which
L

will give Em ythe activation energy for the migration of pinning impurities.

From this method,an activation energy Em = 1.31 * 0.05 eV -has been obtained

for our niobium samples which 18 close to the activation energy for migration

of carbon interstitials in niobium as given by Wert 29)4 Further,the parameter

Y wvarles lineﬁrly as t§2/3, suggesting that n = 1 and that the interaction

wlh-
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betwéen‘these impuriﬁies and dislocations is elastic in nature and arises as

a result of the difference in size of the impurity and host lattice atoms.

These atu&ies therefore reveal that even after hydrogen charging, the decrease in
peek height is due to the pinning of dislocations by impurities like carbon,

" oxygen and nitrogen and this pefhaps may be the reason for the semall increase

observed in peak height on recharging with hydrogen as compared with the first
charging (Fig. 1, curves 3 and 4).As shown in curve 5, Fig.l, further

deformation is necessary to obtain large dissipation of elastic energy.

VII. CONCLUSIONS

{1) The absence of relaxation peaks (0. and & peaks) in the as~received
and vacuum annealed samples and their occurrence on subsequent cold-work suggestis

that they are associated with dislocations.

{2) The decrease in the height of o-—peak and its temperature on annealing
the samples at temperatures slightly higher than room temperature and the study
of its kinetics suggest that pinning of dislocations is due to impurities like

oxygen, nitrogen and carbon present in the samples, possidbly carbon.

{3) The requirement of cold-work and the presence of hydrogen to get large
dissipation suggests that the o-=peak is the hydrogen cold-work peak. '

(L) The increase in peak height and peak temperature on hydrogen charging
is attributed to the dragging of hydrogen stmospheres by moving dislocations with

consequent phase lag between them.

{5) rhe activation energy H is different from W , when the hydrogen
atmosphere 1s dilute. They become almost equal when the hydrogen concentration
is high enough to cause saturation.

(6) The decrease of the activation energy "H" on hydrogen charging is due

to the 1owefing of energy barriers to the dislocation motion by interaction with

protons,

(7) The inability of hydrogen to pin the dislocations is attributed to its
high mobility at hydrogen CWP temperatures.

(8) The essential characteristics of the hydrogen cold-work peak are explained
by considering primarily the electrical interaction of hydrogen with dislocations
as compared ththe long-range elastic interaction associated with impurities like

oxygen, nitrogen or carbon.
=15~
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FIGURE CAPTION

'Fig. 1 The variation of energy dissipation and peak temperature of the
hydrogen CWP in polycrystalline niobium NbHS on annealing, charging
and deformation measured at a frequency of 60 KHz.

0-0-0 . After annealing at‘ 850°C 1in high vacuum and subsequent 2.5%
deformation,

-0-0 After electrolytic charging with hydrogen at 160 mA for 10 mts.

A-A-A After 1 hr anneal at 100°C.

0100 Recharging with hydrogen at 160 mA for 10 mts.

BB Arter a 2.5% deformation and anneal at room temperature for a week.
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