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A ngular distri buti ons of the positron annihil ati on quanta were measured
for pure and hydrogenated palladi um samples deformed by unia xi al tension
up to di ˜erent deformation degrees. T he relative di˜erence curves, and the
values of the R parameter characteri zing the dimensions of defects trapping
the positrons, w ere determined. I t w as found that for relative elongation s
ranging from 1.9 to 3.5%, in both the pure and hydrogenated pallad iu m, the
p ositrons are trapp ed in defects larger than vacancy clusters. T he values of
the R parameter for pure palladi um samples elongated up to 0.39, 0.77, and

1.5% indicate a dominant role of smaller defects, like the vacancy clusters.

PAC S numb ers: 78.70.Bj

1. I n t rod uct io n

I t is well known t hat m etals are deform abl e, Ùrst elasti cal ly and then pl asti -
cal ly, under acti on of externa l forces. D uri ng the elastic deform ati on, the orderi ng
of the crysta l latti ce rem ains uncha nged, only the intera to m ic di stances along
som e crysta l lographi c di recti ons are changing, depending on the di recti on of ex-
terna l forces. The conventi onal elasti city l imi t for meta ls corresp onds to the stra in
(def orm ati on degree) not larger tha n 0.05%.

Pl astic deform ati on requi res the di slocati on movement by glidi ng or climb-
ing [1]. Duri ng the climbing pro cess the edge or mixed dislocati on is m ovi ng by
adjoining (or releasing) vacanci es to (or from) the extra hal f-pl ane. Thi s wa y the
edge and mixed di slocati ons are the sinks (or sources) for vacanci es. The disloca-
ti on m ovement can be hampered or even blocked by vari ous obsta cles, e.g. other
di slocati ons, im puri t y ato m s, or gra in boundari es.

In context of the present study i t is wo rthy dra wi ng attenti on to the intera c-
ti on of di slocati ons wi th impuri t y ato ms and gra in bounda ri es. The very basis of
the Ùrst of them is the m utua l attra cti on of the stresses of opp osite signs. Thus,
the impuri t y ato m induci ng a com pressive Ùeld wi l l be attra cted to the region of
edge dislocati on wi th a stretchi ng Ùeld, i .e. under the extra hal f-plane, and vi ce

(479)



480 W. Rudzi¥ska et al .

versa. Adj oining of an im puri ty ato m to the dislocati on di mini shesthe deform ati on
energy and thi s is the dri vi ng force f or such displ acements. Esp ecial ly importa nt
is the intera cti on of dislocati ons wi th intersti ti a l ato ms, in parti cul ar wi th f ast di f-
fusi ng hydro gen ato m s, who se di stri buti on in pal ladium can be easily rearra nged
even at room tem perature [2].

Gra in bounda ries vi olate the conti nui t y of both the crysta l lographi c and slip
pl anes, thus slowi ng down the dislocati on m ovement, whi ch in turn results in the
pi l ing up of the dislocati ons at the gra in bounda ry. Pi l ing up of the dislocati ons
causes a local pressure on the neighbouri ng gra ins, whi ch may lead to the genera-
ti on of new dislocati ons in them or even to the changes of thei r shape.

Sta ti c tensi le tests belong to the m ost wi dely used m etho ds for determ ining
the streng th of materi als. Neverthel ess, due to the compl exit y of the probl em and
a great numb er of hardl y contro l lable factors inÛuencing the resul ts of such tests,
thei r interpreta ti on on the ato mic level is not unambi guous unti l now.

The purp ose of the present study is to inv estigate the ki neti cs of the de-
fects, form ed in the pure and hydro genated pal ladium sam ples duri ng the stati c
uni axi al tensi le test, by m easurem ents of the angular distri buti ons of the positro n
anni hi lati on quanta .

2. E x per i m en t a l

The sampl es used in the exp eriments were two stri ps of 4N pal ladium wi th
di mensions 1 8 È 5 È 1 m m3 . Bef ore the exp eriments both of them were tem pered at
1123 K and then slowl y cooled, at the rate of 1 K m inÀ 1, down to the room tem per-
ature. Af ter cool ing, one of the sampl es was electro lyti cal ly charged wi th hydro gen
in 5% water soluti on of H2 SO 4 , up to the concentra ti on of 0.06 at. H/ at. Pd.

For each of the sampl es the angular correl ati on curves of positro n anni hi la-
ti on quanta were determ ined experim enta l ly by means of a standard scinti l lati on
spectrom eter described in deta i l in [3 ]. The positro n source (2 2Na ) of the acti vi ty
of about 10 m Ci wa s used. Al l the measurements were perf orm ed at room tem per-
ature under norm al pressure. Besides the undef orm ed sam ples, the curves of the
angular correl ati on of the positro n anni hi lati on quanta have also been determ ined
for both the pure and hydro genated sampl es after stati c uni axi al elongati on up to
0.39, 0.77, 1.5, 1.9, 2.7, and 3.5%.

3. R esul t s an d d iscu ssio n

The most conveni ent way of a disti nct vi sual izati on of the changes in the
angular correl ati on of annihi lati on radiati on (ACA R) curves f or pure and hydro -
genated pal ladium sam ples, caused by elongati on, is the presentati on of the ex-
perim ental results in the form of relati ve di ˜erence curves, calcul ated accordi ng to
the form ula

£ N =
N n ( È ) À N m ( È )

N m ( È = 0 )
; (1)

where N n ( È ) and N m ( È ) denote the numb er of coinci dence counts at angle È

for deform ed and undef orm ed sam ple, respectively. N m ( È = 0 ) i s the num ber
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of coinci dence counts for undef orm ed pure (not hydro genated) sam ple at angle
È = 0 :

The relati ve di ˜erence curves £ N = f ( È ) determ ined for pure and hydro -
genated pal ladium sampl es extended up to six di ˜erent elongati on degrees are
shown in Fi gs. 1{ 6. The conti nuous l ine in al l the Ùgures represents the relati ve

Fig. 1. Relative di˜erence curves for pure and hydrogenated palladi um samples elon-

gated up to 0.39%.

Fig. 2. Relative di˜erence curves for pure and hydrogenated palladi um samples elon-

gated up to 0.77%.
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Fig. 3. Relative di˜erence curves for pure and hydrogenated palladi um samples elon-
gated up to 1.5%.

Fig. 4. Relative di˜erence curves for pure and hydrogenated palladi um samples elon-

gated up to 1.9%.

di ˜erence curve for pure sampl e and broken l ine | the relati ve di ˜erence curve
for hydro genated sam pl e.

Simpl e considerati ons lead to the concl usion tha t the positi ve value of rel -
ati ve di ˜erence £ N in som e interv al of the values of the m omentum com ponent
m eans tha t in a given sam ple the probabi l i ty of positro n anni hi lati on wi th elec-
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Fig. 5. Relative di˜erence curves for pure and hydrogenated palladi um samples elon-

gated up to 2.7%.

Fig. 6. Relative di˜erence curves for pure and hydrogenated palladi um samples elon-

gated up to 3.5%.

tro ns havi ng m omentum com ponent fal ling into thi s interv al is greater tha n tha t
in the reference sam ple.

From the shapes of the relati ve di ˜erence curves for pure (no t hydro genated)
pal ladium sam pl e (conti nuous l ines in Fi gs. 1{ 6) i t fol lows tha t at each relati ve
elongati on the pro babi li ty of anni hi lati on of positro ns from the tra pp ed state
(0 ç È ç 4 ) is greater tha n tha t in undef orm ed sam ple. The increase in £ N

at relati ve elongati ons of 0.39 and 0.77% (Fi gs. 1 and 2) may be connected wi th
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m icrodeform atio ns at the grain bounda ri es as well as wi th f orm atio n of v acancy
cl usters due to the sam pl e elongati on. The greatest increase in the probabi l i ty
of anni hi lati on from the tra pped state is observed for sam ples elongated by 1.5%
(Fi g. 3). Probably, thi s resul t leads from the mutua l intera cti on of di slocati ons wi th
vacancies to the releasing of vacanci es from dislocati ons fol lowed by form ati on of
vacancy cl usters. Further increase in the relati ve elongati on of pure pal ladium
sam ple, starti ng from 1.9% to 3.5% (Fi gs. 5 and 6) causes a dim inishing in the
values of relati ve di ˜erences £ N . The lack of disti nct di ˜erences in the course of
£ N curves in thi s interv al of elongati ons suggests tha t the conÙgura ti on of defects
generated duri ng the deform ati on does not change substa nti al ly. Mutua l intera c-
ti on of di slocati ons pro babl y leads to the form ati on of larger defects tra ppi ng the
positro ns.

In the case of hydro genated palladi um sampl e, the changes in the shape of
£ N curves at relati ve elongati ons ranging from 0.39 to 2.7% are very weak. The
evi dent reason for such behavi our is the presence of hydro gen in the sam ple. Hy-
dro gen ato ms in deform ed sam ples, besides natura l for them intersti ti al positi ons,
m ay be tra pped in crysta l latti ce defects (em pty spaces in the latti ce). Hydro gen
ato m s may be tra pped not only in the vacanci es and vacancy cl usters, but also
at dislocati ons and gra in boundari es [2]. The size of gra ins is m uch smaller tha n
positro n di ˜usi on length. It is wel l kno wn tha t in pal ladium hydro gen ato ms are
very m obil e and tend to conglomerate. Theref ore, i t can be assumed tha t the ab-
sence of disti nct changes in the £ N curves could be expl ained by Ùlling the defects
generated by deform ati on by hydro gen ato m s, thus m aki ng the defects inacces-
sible for positro ns. Consequentl y, the num ber of positro ns anni hi lati ng from the
tra pped state in the pure undef orm ed and hydro genated deform ed pal ladi um is
nearl y the same.

For hydro genated palladi um sam ple elongated by 3.5% (Fi g. 6, broken l ine)
di stinct changein the £ N curve is observed. Thi s is m ost probably connected wi th
di slocati on enhanced movements leadi ng to thei r mul tipl icatio n, accom panied by
generati on of vacanci es, whi ch in turn m ay be occupi ed by both the vacanci es and
hydro gen ato m s. The vacancy{ hydro gen pai rs are mobi le and form cl usters [4]. As
the numb er of hydro gen ato m s in the sampl e is constant, the net concentra ti on
of defects accessibl e for positro ns increases, thus the pro babi li ty of tra pping the
positro ns increases, to o.

Addi ti onal ly, Fi g. 7 represents the changes of the param eter S as a func-
ti on of the elongati on of sampl es for the pure sampl e (conti nuous l ine) and the
hydro genated sampl e (dashed line). Earl ier perform ed discussion of the course of
relati ve di ˜erence £ N (Fi gs. 1{ 6) is corro borated in presented in Fi g. 7 curves.

The observed changes in the shape of the ACAR curves m ay be also char-
acteri zed by means of parameter R , intro duced by T ri ftsha�user [5] and discussed
in detai l in previ ous paper [6]. The changes in the value of the R parameter are
connected wi th changes in the dim ensions of defects tra ppi ng the positro ns. The
values of the R param eter were calcul ated accordi ng to the f orm ula

R =
H n À H 0

A n À A 0

; (2)

where H m and H 0 denote the area under the centra l part of the ACAR curve
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Fig. 7. The S -parameter as a function of relative elongation of pallad iu m samples.

(f or 0 ç È ç 4 ), m easured at a given elongati on and for undef orm ed sampl e,
respect ively, wherea s A n and A 0 represent the corresp ondi ng area in the ta i l part
of ACAR (f or 8 ç È ç 1 2 ). The calcul ated values of R parameter are presented
in T able.

As i t fol lows from T able, the values of R parameter for pure pal ladi um sam -
pl e at Â L =L > 1 :5 % are disti nctl y higher tha n tho se at smal ler elongati on are.
Thi s suggests tha t for weakl y deform ed sam ples (Â L= L < 1 : 5 % ) the positro n tra p-

T AB LE

Values of the R parameter for pure and hydro-
genated palladi um samples at di˜erent relative
elongati ons.

Â L

L
100% R

pure sam ple hydro genated sam ple

0.39 0 : 2 Ï 0 : 0 2 8 : 4 Ï 0 : 1

0.77 1 : 1 Ï 0 : 0 2 9 : 5 Ï 0 : 1

1.50 2 : 3 Ï 0 : 0 2 7 : 5 Ï 0 : 1

1.90 9 : 3 Ï 0 : 0 2 8 : 8 Ï 0 : 1

2.70 9 : 0 Ï 0 : 0 2 5 : 3 Ï 0 : 1

3.50 6 : 2 Ï 0 : 0 2 4 : 4 Ï 0 : 1
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pi ng defects ha ve smal l di mensions | mayb e they are the vacancy clusters. For
Â L= L Ñ 1 : 9 % the positro n tra ppi ng defects are much larger | thei r dim ensions
are com parable wi th tho se for hydro genated sam ple.

Values of the R parameter for hydro genated sampl e system ati cal ly decrease
wi th increase in the rela ti ve elongati on of the sam pl e. It m ay be assumed tha t
the di ˜usi ng hydro gen ato m s occupy the defects thus preventi ng the tra pping of
positro ns at these defects. Sim ul ta neously, the sizes of the conglom erates of the
vacancy{ hydro gen pai rs decrease wi th increase in the relati ve elongati on of the
sam ple.

The vali di t y of the above considerati on could be checked by m easurem ents
of the positro n l i feti m e spectra or by other techni ques. The results of the positro n
l i feti m e m easurements wi l l be presented in [7].
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