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The measurements of angular correlation of annihil ati on radiation and
p ositron lif etime w ere perf ormed to study defects in commercial stainless
steel and nickel subj ected to deformation and electron irradiatio n. I t follow s
from variation of S -parameter derived from angular correlation of annihi-
lation radiation spectra that hydrogen charging of Fe{ Cr{N i{Mn austenite
steel results in app earance of modest amount of vacancies w hich agglomerate
into small clusters during anneali ng at low temp eratures. Electron irradiatio n
pro duces much more defects, so that subsequent hydrogenation does not add
much to their concentration. T he maj or part of defects anneals out graduall y
to 700 K . T he residual part is preserved up to 950 K . T his fact testi Ùes to
b onding state of vacancies. N ickel of 3N purity w as prepared in three initial
states, i.e. cold- roll ed and hydrogenated b efore and af ter deformation. In an
initia l state all samples contain, along w ith simple defects, vacancy clusters.
T heir size and concentration are much larger in hydrogenated samples, as
compared with merely cold- rolled one. A nnealing above 400 K causes grow th
of cluster size and decrease in their concentration. A t 500 K clusters are ob-
served to disapp ear in cold- rolled sample, while in the sample hydrogenated
af ter deformation they survive to 600 K .

PACS numb ers: 78.70 Bj

1. I n t rod uct io n

H ydrogen stro ngly a˜e cts t he propert ies of metal l ic materi als. On frequent
occasions i t exerts harm f ul inÛuence on m echanica l pro perti es. For hydri de form -
ing m etals hydro gen embri ttl ement ari ses f rom preci pi ta ti on of hydri des at the
gra in boundari es. In the case tha t stable hydri des do not exi st, the changes of
pro perti es m ay be caused by intera cti on of hydro gen wi th another defects of crys-
ta l l ine structure. In parti cul ar, intera cti on of hydro gen ato ms wi th vacanci es can
pro mote nucl eati on of cavi ti es whi ch are capable of form ing cracks. Tha t is why
hydro gen intera cti on wi th v acanci es is of m ark ed interest.

Positro n spectro scopy has pro ved to be a uni que to ol in studyi ng v acancy
typ e defects in sol ids. It was repeatedl y uti l ized in research of hydro gen behavi our
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in m etals. One of the Ùrst paper on thi s point wa s tha t by Lengeler et al . [1] who
have shown tha t hydro gen in Cu was tra pp ed by vacanci es and did not escape up
to 450 K. Hydro genated Ni and its al loys were an object of a numb er of papers
[1{ 6]. Parti cul arly, Paj ¨ k and Rozenfeld [4] noti ced enhanci ng e˜ect of hydro gena-
ti on on the deform ati on induced changes in peak intensi ty of angul ar correla ti on
of anni hi lati on radi ati on (ACAR ) and the di ˜erence in anneal ing behavi our of
deform ed Ni wi th and wi tho ut hydro gen. The idea was pro posed tha t hydro gen
ini ti ated vacancy clusteri ng. The e˜ect of hydro gen on the defect structure in
Ni -based al loys was studi ed in [7]. Ho wever, despite al l e˜o rts m any questions on
how hydro gen a˜ects the form ati on of defects in m etal sti l l leave uncl eari Ùed.

In thi s paper the measurements of ACAR and positro n l i feti m e (PL T) have
been perf orm ed to study defects in com merci al sta inlesssteel and nickel subj ected
to hydro gen charg ing com bined wi th deform ati on and electro n i rradi ati on.

2. In v est igat io n of st ai n less st eel

2.1. Exper iment al procedure

Austeni te Fe56Cr 1 8Ni 16 Mn 10 sta inlesssteel wa s pro duced by argon-arc m elt-
ing. Hydro genati on of such steel is kno wn to pro mote f orm ati on of " -phase. Ni -
tro gen is kno wn to suppress thi s e˜ect and stabi l ize fcc Û-phase [8]. Theref ore the
prepa red steel was doped wi th 0.07% N by plasma-arc rem elti ng. Sam ple prepara-
ti on incl uded cutti ng and quenchi ng in wa ter after keeping for 15 m in at 1273 K
in puri Ùed Ar. Ini ti al state was reached by anneal ing in Ar at 1223 K duri ng 3 h.
Af ter thi s the sampl es were subj ected to di ˜erent trea tm ents, nam ely:

(i ) hydro gen charg ing by electro lyti c metho d in 1N H 2SO4 water soluti on
wi th addi ti on of 250 mg l À 1 of NaAsO 2 as recombi nati on poison, at current density
500 mA cm À 2 duri ng 64 h (sam ple H) ;

(i i ) electron i rra diati on (3 MeV, 1 0 1 8 eÀ cm À 2 ) wi th subsequent hydro gena-
ti on (sampl e EH);

(i i i ) cold rol l ing to 34% thi ckness reducti on (sam ple D).
ACAR spectra were ta ken using conventio nal long-sli t devi ce wi th angular

resoluti on of 0.7 mrad. The shape of ACAR wa s analyzed in term s of S -parameter
deÙned as the norm al ized area in a Ùxed numb er of channels in centra l part of
spectrum being chosen so as to get for well -annealed sam pl e S value close to 0.5.
S -parameter was m easured as a functi on of isochronal (2 h) anneal ing tem perature.
The anneal was perform ed in vacuum of 0.26 mPa. Before the Ùrst m easurem ent
hydro genated sam ples were exp osed at ai r duri ng 72 h.

2.2. Results

The dependence of S -param eter on anneal ing tem perature is shown in Fi g. 1.
It is seen tha t any of perform ed trea tm ents results in increase in S -param eter,
wi th respect to tha t for well -annealed state, but the m agni tudes of increase are
di stinct for di ˜erent trea tm ents. Onl y 3% growth of S -param eter is produced by
hydro genati on, whereas the e˜ect of cold- ro l l ing am ounts to 15.4%. Interm ediate
value of S -parameter ri se (9.8%) is found af ter electron i rradi ati on. It is worth
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Fig. 1. Variation of S -parameter in deformed (circles ), hydrogenated (squares) and
charged with hydrogen after electron irradia tion (triangles) stainless steel with annealin g

temp erature. H orizontal dotted line indicates S value for annealed steel. T he lines are

guides to an eye.

m enti oning tha t hydro genati on of i rra diated sam ple does not change S -param eter.
W hen being annealed, the sam ples gradual ly return to annealed state and reach
i t at about 950 K. Onl y in H- sampl e smal l hum p is seen at 370 K. The recovery
stages are rather blurred. In D -sam ple one can disti ngui sh two stages wi th di ˜erent
recovery rates. In EH- sam ple the major porti on of S -param eter growth vanishes
near 600 K.

2.3. Di scussion

Vacancies in pure i ron are known to becom e movable at 220 K [9]. Thei r con-
servati on up to considerably higher tem peratures gives evi dence tha t they are in
the bonded state. But bl urri ng of S -parameter reducti on wi th anneal ing tem per-
ature suggests tha t v acancy bonds are of great vari ety and are bro ken at di ˜erent
tem peratures. Thi s is not parti cularl y surpri sing ta ki ng into account com pl icated
compositi on of the steel inv olv ed.

Smal l e˜ect of hydro genati on indi cates tha t defect concentra ti on ini ti ated
by hydro gen is minor. Mo derate hum p of S -param eter at 300 K can be conceded
to com e from form ati on or growth of smal l vacancy clusters.

As electro n i rra diati on produces v acancy{ intersti ti al ato m pai rs, the recovery
stage whi ch proceeds up to 570 K, should be condi ti oned by m ovi ng out of vacan-
ci es. Sim i lar stage is revealed in D -sam ple. Mo re sharp decrease in S -parameter
observed in thi s sam ple above 670 K can be attri buted to recrysta l lizati on pro-
cesses. The nature of smal l reducti on in S -param eter seen in H- and EH- sampl es
near 900 K is not clear.
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The m ain feature of results obta ined f or stainl esssteel is insigni Ùcant e˜ect
of i ts charg ing wi th hydro gen. Even i f vacancy clusters are real ly form ed, thei r size
is to o smal l to ini ti ate the cracks. Thi s makes us concl ude tha t hydro gen embri t-
tl ement of thi s typ e of steel might be caused by form atio n of hydro gen conta ini ng
phases. In our case the form atio n of such " -phase is suppressed by doping wi th
ni tro gen, and hydro gen rem ains in austeni te latti ce. Thi s conclusi on is consistent
wi th the idea of the im pro vi ng acti on of ni tro gen on mechanical pro perti es of
Fe{ Cr{ Ni { Mn steel [8]. On the other hand, in som e fcc m etals, parti cul arl y in Ni ,
the e˜ect of hydro gen on anni hi lati on parameters is m uch larger. Thi s made us
turn back to thi s wel l studi ed metal .

3 . In v esti gati on of n ick el

3.1. Exper iment al procedure

The sampl es were m ade from 3N ni ckel conta ining Fe (0.02%), Cu (0.01%),
Co (0.02%), O (0.026%) and N (0.017%) as the m ain impuri ti es.Af ter cold- ro l l ing
to the needed thi ckness the sampl es were annealed at 1270 K duri ng 2 h in Ar
atm osphere in order to obta in the reference state. Therea fter three ki nds of sampl es
were prepa red:

(i ) deform ed by cold- ro ll ing to the thi ckness reducti on of 30% (sam ple D );
(i i ) deform ed in the sam e way and then charged wi th hydro gen by m eans of

the metho d described in Sec. 2.1 (sampl e D H);
(i i i ) hydro genated in annealed state and then deform ed (sampl e HD ).
The sampl es were subj ected to isochro nal annealing in vacuum of 0.26 m Pa

at sequenti al ly increasing temperatures up to 825 K. Each trea tm ent was fol lowed
by m easurements of positro n l i feti me (PL T) and D oppl er broadening of anni hi -
lati on l ine (D BAL) spectra. Positro n source of 2 MBq 2 2 Na Cl sealed into kapto n
foi l 1 mg/ cm thi ck was sandwi ched between two identi cal sam ples. PL T spectra
were ta ken at ro om tem perature using conven ti onal fast- fast coinci dence system
wi th a ti me resoluti on of 240 ps (FW HM). Mo re tha n 2 È 1 0 6 events were accu-
m ulated in each spectrum . Af ter background and source correcti ons, the spectra
were analyzed by ta ki ng use of POSITR ONFIT pro gramm e [10]. The attem pt to
use three- component analysis has fai led. Onl y two components were revealed in al l
spectra. In the annealed sampl e, along wi th l if eti me of 110 ps, long-l ived com po-
nent of about 350 ps wi th the intensi ty of 1.5% is revealed. In future analysis thi s
component is disregarded. Al l other PL T spectra up to 900 K conta in interm ediate
components close to 166 ps tha t coinci de wi th PL T for vacancy in Ni [6]. Thi s f act
gave ground to Ùx PL T value of 166 ps. The avera ge l i feti me was calcul ated as
§ av = I 1 § 1 + I 2 §2 , where § 1 and §2 are PL T components and I 1 and I 2 are thei r
intensi ti es. D BAL spectra were measured using intri nsi c Ge detecto r wi th energy
resoluti on of 1.24 keV at 1 0 3 Ru peak. The positi on of anni hi lati on peak wa s stabi -
l ized by m oni to ring the system wi th 1 0 3 R u Û -l ine. DBAL l ine shape was analyzed
in term s of S -param eter determ ined as the norm al ized area in a Ùxed numb er of
channels in the centra l part of spectrum . The numb er of Ùxed channels was chosen
so as to get for as-quenched sampl es S value close to 0.5.
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3.2. Results

Fi gure 2 displays the dependences of §a v and S on the anneal ing tempera-
ture. The e˜ect of hydro gen charg ing is seen to be very stro ng. For al l sam ples two
m ain stages of recovery can be disti nguished. Thei r tem perature ranges correl ate
wi th tho se observed in deform ed Ni [11]. At the Ùrst stage the behavi our of §a v

and S in D H and HD sampl esis practi cal ly sim i lar i rrespecti ve to the sequence of

Fig. 2. Average positron lif etime (a) and S -parameter (b) in deformed (triangles) and
hydrogenated before (squares) and af ter (circles) deformation nickel vs. anneali ng tem-

p erature. T he lines are guides to an eye.
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Fig. 3. Positron lif etime comp onents (a) and intensities of long and Ùxed comp onents

(b) in deformed (triangles) and hydrogenated before (squares) and af ter (circles) defor-

mation nickel vs. anneali ng temp erature. H orizontal dotted line show s the value of Ùxed

lif etime. T he lines are guides to an eye.

hydro genati on and deform ati on. At the second stage (above 550 K), whi ch is con-
sidered to be caused by recrysta l l izati on, recovery pro cess in D- and HD -sampl es
pro ceeds m ore rapi dly tha n in D H one. At 700 K §a v and S return to the values
peculiar to ref erence sam ple.

The results of PL T spectra analysis are pl otted in Fi g. 3. One of the fea-
tures of thi s Ùgure is PLT of 250 ps wi th the intensi ty about 10% in D-sampl e
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in as-deform ed state. At the same ti m e in HD - and D H- sampl es thi s com ponent
am ounts to 350 ps and i ts intensi ty is of 30%. Ab ove 370 K long PLT in al l sam -
pl es begins to ri se and i ts intensi ty starts to drop and vanishes in the range of
500{ 550 K. Simul ta neously short PLT component of about 80 ps com es into vi ew
and is gradual ly increasing in both intensi ty and magnitude reachi ng 105 ps |
the value typi cal of anni hi lati on in Ni bul k.

3.3. Di scussion

The m ost interesti ng f eatures of the obta ined results are the presence of
vacancy cl usters in as-deform ed sampl e, m uch larger size and concentra ti on of
cl usters in hydro genated ones and thei r higher stabi l i ty in the sam plecharged af ter
deform ati on. As the puri ty of Ni used was not very hi gh, some impuri t y ato ms
m ight ini ti ate agglom erati on of vacanci es prom oti ng cluster form ati on. Ho wever,
hydro gen atom s do better in thi s respect. Acco rdi ng to theo reti cal calcul ati ons [12],
PL T of 250 ps corresp onds to the clusters consisti ng of 4 vacanci es, whi le PL T of
350 ps observed in hydro genated sam plesis peculiar to agglom erati on of more tha n
10 vacancies. Ab ove 370 K vacanci es in Ni get m ovable [11] and enabl e clusters
to grow incorp orati ng single vacanci es or pro vi ding pro cessof coalescence.Ab ove
500 K cl usters start to dissociate, and vacanci es start to m igrate to the sinks. It
is not clear why thi s process is delayed in D H- sam pl e wi th respect to HD one. In
fact, defect structure in DH- and HD -sampl esare form ed under somewha t di ˜erent
condi ti ons. In the course of charg ing hydro gen in HD -sampl e is being uni f orm ly
di stri buted over the perfect latti ce, whi le in D H one i ts di stri buti on depends on
defects created by deform ati on. Thi s m ay be one of the reasons for som ewhat
hi gher stabi l i ty of defect structure in Ni deform ed after hydro genati on, especia lly
against recrysta l l izati on, tho ugh the m echani sms of the pro cessesoccurri ng are
not kno wn. Mo reover, i t is not clear why anni hi lati on parameters in these two
sam ples in pre-annealed state are nearl y the sam e. Thus f urther research is needed
to shed l ight on the ro le of hydro gen in evoluti on of defect structure of metals.
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