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The inÛuence of interstitial hydro gen concentration and structural de-
fects caused by quenching of pallad iu m, b egun at di ˜erent temp eratures up
to the temp erature of liqui d nitrogen or by stretching by external forces,
on spectra of lif etimes of positrons in this metal w as investigated . I t w as
found that the spectra of p ositron lif etimes in the examined systems are
b est describ ed by their distributi on into tw o comp onents. On the basis of
the tw o-state model of annihil ati on, the conclusion w as draw n that the initial
temp erature from w hich quenching of palladi um is commenced and also the
relative elongation , which is caused by external forces, markedly inÛuence
the concentrations and sizes of defects in the sample.

PAC S numb ers: 78.70.Bj

1. I n t rod uct io n

Gett ing to kno w al l t he mechanisms of inte racti on between hydro gen and
m etals and thei r al loys has, for many years now, been a subject of interest held by
physi ci sts, chemical engineers, or m ateri al engineers. The probl em interests also
special ists in the Ùelds l ike power engineering, petro leum chemistry , m etal lurgy,
and nucl ear physi cs. Norm al ly, hydro gen in meta ls leads to worseni ng of many
physi cal properti es, incl udi ng m echanical , electri cal and magneti c ones [1]. Am ong
others, thi s facil i ta tes f orm ati on and developm ent of cracks. In recent years thi s
has been the cause of a num ber of fai lures and disasters [2{ 5] and sti ll i s responsible
for a lot of m ateri al dam age. For thi s reason, i t is very importa nt to learn about
the m echanisms of the intera cti on between hydro gen and defects of the crysta l l ine
structure. Investi gatio n into these pro cesseshas a fundam enta l sense in learni ng
about causes behind changing physi cal pro perti es and Ùnding m eans to contro l
the destructi ve acti vi ty of hydro gen, for instance, wi th reference to mechanical
pro perti es of industri al constructi ons and machi nery. Unf ortuna tel y, up to date
the relati on between m icroscopi c pro cessesof deform ati on and thei r m acroscopic
pro perti es has not been kno wn su£ cientl y enough. D espite thi s, m etal { hydro gen

(455)



456 R. Piet rzak et al.

system s have been wi dely used in m any branches of technology and industry . Fur -
therm ore, i t is for m any reasons, incl udi ng techni cal , econom ic, and ecological ones,
tha t the share of m etal { hydro gen system s is predi cted to ri se considerably in the
wo rld econom y [6, 7]. Al tho ugh the abi l i ty of pa lladi um to absorb great am ounts
of hydro gen and to rapi dly di ˜use in i t has been kno wn for over a hundred years,
there is not much inform atio n, in the l i tera ture of the subj ect, on the pro perti es
of defects in thi s materi al and thei r intera cti on wi th intersti ti al hydro gen [8].

The present paper is devoted to investi gatio ns of the inÛuenceof the way of
defecti ng pal ladium (thro ugh quenchi ng or stretchi ng by externa l forces) and also
of concentra ti on of hydro gen on spectra of l i feti m es of positro ns in thi s metal . A
qual i ta ti ve analysis of the obta ined results has been done to determ ine changes
in the concentra ti on and sizes of defects induced by quenchi ng and stretchi ng of
pal ladium .

2. P repar at i on of sam pl es f or inv esti gat io n

Spectra of li feti m es of positro ns in pal ladium and Pd{ H system s of di ˜erent
degree of defecti veness were exam ined. A fast-slow anni hi lati on spectrom eter of
210 ps resoluti on was used in the inv estigati on. 2 2 Na isoto pe pl aced between two
identi cal sam ples in a \ sandwi ch" system served as the source of positro ns. The
analysis of the spectra was done wi th the use of LIF ETI ME pro gram. Al l the
exam ined sam ples were Ùrst annealed in the vacuum (the pressure lower tha n
1 0 À 6 Pa) at 1123 K duri ng three hours and afterwa rds slowl y cooled (1 K / m in)
to the room temperature.

D efecti ng sam ples by quenchi ng was carri ed out after thei r repeated an-
neal ing at 973, 1173, and 1373 K, respecti vely, duri ng three hours, fol lowed by
subsequent rapi d cool ing to the tem perature of l iquid ni tro gen.

Sampl es were electro lyti cal ly hydro genated to a determ ined concentra ti on
at the room tem perature. The sampl e being hydro genated (negati vel y polari zed)
wa s pl aced in 0.1 n H2 SO 4 soluti on in a Ho˜m ann appa ratus, between two Ûat
pl ati num anodes. A deta iled descripti on of the hydro genati on condi ti ons and the
m anner of determ ining the hydro gen concentra ti on in the sampl e can be found in
[9]. The sam ples were hydro genated fol lowing thei r quenchi ng.

In the investigati ons into the inÛuence of externa l stresses on the positro n
l i feti m esspectra, the annealed sampl es(pure or hydro genated to the same concen-
tra ti on), of the same degree of defectiveness and a positro ns source pl aced between
them , were Ùxed in the devi ce whi ch al lowed stretchi ng them wi thi n the l imi ts up
to 5% of the ini ti al length. Addi ti onal ly, changes in the electri c resistance and
interna l stress in dependence on the elongati on were m easured. Al l the l i feti m es
spectra were examined at the room tem perature.

3. R esu l t s of t he i nv est ig at io n an d t h ei r i n ter pr etat io n

The obta ined spectra of positro n l i feti mes in the examined sam ples were an-
alyzed thro ugh thei r di stri buti on into one, two, or three com ponents. An analysis
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of the resul ts points to the fact tha t the best value of the Ùt test coe£ cient (â 2 )
is achi eved wi th the di stri buti on of positro n l i feti mes spectrum fal l ing into two
components of §1 and §2 and intensi ti es I 1 and I 2 , respecti vely. In the two -state
anni hi lati on m odel , whi ch assumes tha t positro ns whi ch penetra te into the sub-
stance, anni hi late from the f ree state or the one local ized in one typ e of defects,
component §2 of the positro n l i feti m es spectrum corresp onds to the m ean positro n
l i feti m e in defect, whereas i ts intensi ty is connected wi th the concentra ti on of
defects in the sam ple thro ugh the fol lowing dependence:

I 2 =
ñ C d §2 §f

§2 À §f + ñ C d §2 §f

; (3.1)

where ñ | coe£ cient of positro n capture by defects (i ts value depends on the sizes
of the defects), C d | concentra ti on of defects in the sam ple, §f | free positro n
l i feti m e in the sampl e

§ f =
§1 §2

I 1 §2 + I 2 § 1

: (3.2)

The changes in the mean l i feti m e of positro ns in sam ple § m

§ m =
§ 1 I 1 + §2 I 2

I 1 + I 2

(3.3)

are popul arl y interpreted as a result of changes in the percent share of anni hi lati on
of positro ns tra pp ed in defects. Both the results of theo reti cal and exp erimenta l
inv estigati ons point to the fact tha t the m ean l i feti m eof positro n in defects (i n the
two -state m odel : §2 ) depends, among others, on the sizes of the defect. D ue to a
decreasing concentra ti on of electrons in the defect, the longer the positro n \ l ives"
in i t, the greater the l inear sizes of the defect.

Thus, the changes in the intensi ty of the second com ponent of the positro n
l i feti m es spectrum , I 2 , in the exam ined system, are a certa in m easure of defects
concentra ti on as long as thei r sizes do not change to o evi dentl y.

3.1. Results of t he investigation ref er ri ng t o quenched samples

3.1. 1. InÛuenc e of the ini t ial temperat ure of quenchi ng

Fi gure 1 presents dependence of l if eti mes of components §1 ; § 2 and mean
positro ns l i feti me in sam ple §m on ini ti al tem perature T 0 , from whi ch quenchi ng
wa s started. At the same ti m e Fi g. 2 shows the dependence of intensi ty of the
second component of positro n l i feti m es spectrum on tem perature T 0 . On the basis
of a tw o-state anni hi lati on m odel one may, in the Ùrst appro xi m ati on, assume
tha t the higher the tem perature from whi ch quenchi ng of pal ladium is begun, the
greater the sizes of defects whi ch devel op as a result of thi s pro cess, tho ugh thei r
concentra ti on is lower. Results of the research into resistivi ty and anni hi lati on
conducted pri or [10{ 13] indi cate tha t over 35 K, the Frenkl vapors in pal ladium
become extrem ely mobi leand underg o recom binati on, whereas over 450 K i t is the
non-equi l ibri um vacancies and dislocati ons tha t recom bine. Thus, rapid cool ing of
pal ladium to tem peratures higher tha n 970 K causes equi l ibri um vacanci es to
combi ne in defects of greater sizes. In case of i ron and alum inum , the values of
component § 2 we obta ined for pal ladium , are interpreted as l i feti mes of positro ns
in several - or even dozen-plus-vacancy clusters. Since the m obi lit y of v acanci es
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Fig. 1. Dep endence of mean lif etime of positrons §m , values of comp onents §1 ; §2 , spec-

tra of p ositron lif etimes on initial temp erature T 0 , f rom w hich quenching of palladi um

w as begun.
Fig. 2. Dep endence of the intensity of the second comp onent of the spectrum of positron

lif etimes I 2 on the initi al temp erature of quenching.

depends on temperature of the sam ple, i t m ay be supp osed tha t the speed of
conglom erati on and cluster sizes grow to gether wi th tem perature T 0 from whi ch
quenchi ng wa s begun.

3.1. 2. InÛuenc e of hydro gen concent rat ion

In order to learn about the intera cti on of intersti ti al hydro gen wi th defects
in pal ladium , for the further inv estigati on, the fol lowing two pai rs of sam ples were
chosen:

annealed but not quenched;
quenched, beginni ng at 1570 K ini ti al tem perature.

Both pairs of the sam ples were successivel y hydro genated to the concentra ti ons
of 0.02, 0.04, 0.07, and 0.1 at. H/ at.Pd, respecti vely. Before com mencing and af ter
each hydro genati on, spectra of l i feti m es of positro ns in both typ es of the sam -
pl es were exam ined. Fi gures 3, 4, and 5 present, respectivel y, the dependence of
m ean l i feti me of positro ns §m , component §2 , and i ts intensi ty I 2 on hydro gen
concentra ti on f or annealed sam ples (curves a ' s) and quenched ones (curves q' s).
On the basis of the results represented in these graphs and in Fi g. 1, a concl u-
sion m ay be drawn tha t despi te slow cool ing, non-hydro genated sam ples, accepted
by us to be annealed, do conta in some non-equi l ibri um defects in the form of
m ulti -vacancy clusters. Thei r sizes are, however, on the average, smal ler tha n the
ones in non-hydro genated quenched sam ples. Thei r concentra ti on is also smal ler.
Intro duci ng hydro gen of concentra ti on smal ler tha n 2% into both typ es of sam -
pl es causes lowering the value of component §2 and a ri se in i ts intensi ty . Thi s
m eans tha t intro ducti on of a smal l amount of hydro gen into pal ladium resul ts
in di sinteg rati on of clusters into smal ler ones. Keepi ng on addi ng hydro gen up
to the concentra ti ons from 0.04 to about 0.07 at.H/ at.Pd in annealed sampl es
causes positro ns to anni hi late in defects of greater sizes and thei r percent share
in anni hi lati on ri ses inconsiderably. Thi s can mean tha t hydro gen in the sampl e
conta ining multi -vacancy cl usters readi ly occupi es defects of smal ler sizes. In con-
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Fig. 3. Dep endence of mean lif etime of p ositrons on hydrogen concentration for an-

nealed ( a ) and quenched (q) samples.
Fig. 4. Dep endence of the value of comp onent §2 of the spectrum of positron lif etimes

on hydrogen concentration for annealed ( a ) and quenched (q ) samples.

Fig. 5. Dep endence of the intensity of the defective comp onent of the spectrum of

p ositron lif etimes on hydrogen concentration for annealed (a ) and quenched ( q) samples.

tra st, intro duci ng hydro gen into quenched sam ples in the above-di scussed range
of i ts concentra ti ons causes positro ns to anni hi late in defects, who se sizes are
smal ler and thei r concentra ti on is greater tha n in the non-quenched sam ples of
the same concentra ti on of hydro gen. Thi s m eans tha t in thi s range of concentra -
ti ons, hydro gen in quenched pal ladium bri ngs about disintegrati on of clusters into
smal ler ones. W hen the concentra ti on of hydro gen in pal ladium reaches the value of
0.1 at.H/ at. Pd, positro ns whi ch have been tra pped, anni hi la te in defects of smal ler
sizes whi le thei r concentra ti on ri ses.On the other hand, in hydro genated quenched
sam ples, the sizes of the defects tra ppi ng positro ns are now greater tha n at lower
hydro gen concentra ti ons. They are also greater tha n the ones of the \ annealed"
sam ples hydro genated up to the same concentra ti on. Thi s m ay be caused by a
repeated connecti ng of smal ler clusters into bigger ones.

As can be seen, the analysis of positro n l i feti mes points to compl ex m ech-
ani sms of intera cti on between hydro gen ato m s and defects devel oped thro ugh
quenchi ng of palladi um . The above analysis does not incl ude the possibi l i ty of
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de- tra ppi ng of positro ns from extensi ve defects. It does not ta ke into account the
change in the pha se com positi on at a change in hydro gen concentra ti on. W i thi n
the examined range of hydro gen concentra ti on in annealed pal ladium , the share of
beta phase al ters wi thi n the bounds from zero to 3%. A ful l expl anati on of these
aspects of the investigati on requi res conducti ng addi ti onal exp eriments.

3.2. T he inÛuence of stret chi ng wi th external forces

In Fi gs. 6, 7 and 8, respecti vel y, there was shown a dependence of mean
l i feti m e of positro ns § m , the value of component §2 , and i ts intensi ty I 2 on relati ve
elongati on of sampl e " = Â l = l 0 ( l ; l 0 | length and ini ti al length of the sampl e,
respect ively) for non-hydro genated pal ladium (curve a ) and the one hydro genated
to the concentra ti on C H = 0:06 at.H/ at. Pd (curve b). The presented results in-
di cate tha t stretchi ng of sam ples by externa l forces leads to an increase in the
fracti on of positro ns annihi lati ng from the com bined state.

Fig. 6. Dep endence of mean lif etime of positrons on relative elongati on of the sample,
for Pd (a ) and Pd H 0 : 0 6 system (b).

Fig. 7. Dep endence of the value of comp onent §2 of the spectrum of positron lif etimes

on relative elongati on of the sample, for Pd (a ) and PdH 0 : 06 system (b).

Fig. 8. Dep endence of the intensity of the defective comp onent § of the spectrum of
p ositron lif etimes on relative elongati on of the sample for Pd (a ) and PdH system (b).
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Cha nges in the value of the second component of the spectrum of l i feti m es
of positro ns §2 and i ts intensi ty I 2 both in pure pal ladi um and in hydro genated
pal ladium point to com pl ex processesof disintegrati on and combi nati on of defects.
In order to facil i ta te m aki ng a ful ler interpreta ti on of the obta ined results, addi -
ti onal extensom etri c investigati ons were carri ed out and so were exam inati ons of
changes in the resistivi ty in dependence on accreti on of the length of the sampl e
(Fi gs. 9 and 10). It results from the investigati ons tha t the area of proporti onal
elastic stra ins is situa ted wi thi n the range of rela ti ve extensi ons from zero up to
about 0.62%. The range of l imi ted pro porti onal i ty and the range of pl astici ty , as
i t fol lows from the curve of the dependence of resisti vi ty on the relati ve extensi on,
can be di vi ded into at least two areas of relati ve extensi ons:

a) from 0.62% to about 1.96%, in whi ch extensi on ta kes pl ace thro ugh a slide
of intersti ti al planes, and

b) over 1.96%, in whi ch extensi on occurs thro ugh the so-cal led twi nni ng con-
nected wi th a re-ori enta ti on of m icrocrysta ls and developm ent of the so-cal led
l im its of twi nni ng.

Fig. 9. Dep endence of the internal strain on relative elongation of the sample, for Pd

( a ) and PdH 0 : 06 system ( b).

Fig. 10. Dep endence of relative changes in resistivity on relative accretion of length

(includ in g changes in the thickness and w idth), for Pd (a ) and PdH 0 : 06 system ( b)

( £ 0 | resistivi ty of non- stretched sample).

From the presented results of the anni hi latio n investigati ons of thi s part of
the research, i t fol lows tha t in the area of elastic stra ins, both Pd and Pd{ H
system conta in a certa in am ount of several -vacancy clusters, whose sizes and
concentra ti on, in both system s under exam inati on, are approxi matel y the same
and independent of the relati ve extensi on. In range (a ) of pl astic deform ati ons of
non-hydro genated pal ladium , the sizes of clusters, in whi ch positro ns anni hi late,
are al ready bi gger tha n in the area of elasti c stra ins and appro xi m atel y the same
as in Pd{ H system . Ho wever, in hydro genated pal ladium , thei r concentra ti on is
smal ler tha n in pal ladi um whi ch does not conta in hydro gen. Mo st probabl y, in
part of them , hydro gen ato ms were tra pped and thus becam e unappro achable to
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positro ns. It m ay also be supp osed tha t wi thi n thi s range of relati ve extensi ons, in
both system s, there occur pro cessesof connecti ng and disintegrati on of clusters.

In area (b) of plastic stra ins ( " > 1 : 9 6 % ) the concentra ti on of clusters in
non-hydro genated pal ladi um ri ses considerably and thei r sizes vi sibly decrease,
m ost l ikely due to thei r dissociati on into smal ler ones. On the other hand, in hy-
dro genated pal ladium , wi thi n the range of plasti c stra ins connected wi th twi nni ng,
the sizes of the cl usters whi ch occur in i t, wi thi n the l im it of error, do not change
duri ng extensi on. Because of tha t, as a resul t of hydro gen being tra pped in them ,
the concentra ti on of clusters avai lable to positro ns decreases.

A ful l expl anati on of thi s part of the research requi res yet addi ti onal exper-
im ents.

4. Co n cl usion s

The investi gatio ns whi ch were carri ed out, yi eld the fol lowing concl usions:
| the concentra ti on and sizes of clusters in pal ladium , whi ch develop as a

resul t of quenchi ng, depend on the ini ti al tem perature from whi ch the quenchi ng
is begun;

| in Pd{ H system s the sizes of the non-equi libri um defects depend on the
hydro gen concentra ti on in pal ladium ;

| intro ducti on of hydro gen of a smal l concentra ti on into pal ladium causes
m ulti -vacancy cl usters to disintegrate into smal ler ones;

| in quenched pal ladi um sam ples whi ch conta in greater am ounts of hydro -
gen, positro ns anni hi late m ore often in defects of greater sizes tha n in annealed
sam ples whi ch conta in the sam e am ount of hydro gen;

| the size of the elasti c stra in in Pd and PdH 0 :0 6 system does not inÛuence
the sizes and concentra ti on of clusters, in whi ch positro ns anni hi late;

| wi thi n the range of elasti c stra ins in Pd, whi ch are induced by a slide of
intersti ti al planes, the sizes of clusters, in whi ch positro ns anni hi late, are greater
tha n in the area of elasti c stra ins and, appro xi m atel y, are the sam e as the ones in
PdH 0 :0 6 , but thei r concentra ti on is greater tha n in hydro genated pal ladium ;

| in the area of plasti c stra ins of pal ladium , connected wi th twi nni ng,
stretchi ng causes di sinteg rati on of clusters into smal ler ones;

| in PdH 0 :0 6 system , in thi s ranges of stra ins, elongati on of the sampl e
causes the intersti ti al hydro gen to m igrate to clusters.
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