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U lt raÙne-gra ined str ucture w it h grain size of about 100 nm w as ob-

tained in nickel by deformation under a pressure of 7 GPa in Bridgman
anvils . T he structure evolution in ultraÙne- grai ned nickel w as studied by
residual resistance , transmission electron microscopy , X -ray di ˜raction, and

microhardness measurements. I t was established that the evolution of the
structure upon heating of ultraÙne- grai ned nickel may be divide d into three
stages. Stage A corresp onds to temp eratures below 453 K and is charac-

terised by an insigni Ùcant decrease in the resistivity and microhardness. At
this stage, a decrease in the internal stresses is not accompanied by grain
grow th. Stage B, corresp ondi ng to the temp eratures range of 453{513 K , is
characterised by an abrupt decrease in the resistivity and hardness, disap-

p earance of the internal stresses, and by an intense grain grow th. Stage C
(ab ove 523 K ) corresp onds to an insign iÙcant increase in the resistivi ty and
further decrease in the hardness.

PACS numb ers: 62.25.+ g, 73.63.Bd

1. I n t rod uct io n

The m etals and al loys wi th ul tra Ùne-gra ined structure s are of interest due to
thei r beneÙcial combina ti on of properti es, such as high low-tem perature strength
and hi gh- tem perature pl asticity [1, 2 ]. In order to ensure a wi der appl icati on of
these alloys, the relati onshi p between thei r structure, pro perti es, and therm al sta-
bi l ity shoul d be studi ed in detai l . The nanocrysta l l ine materi als prepared by di f-
ferent metho ds such as crysta l lisati on from the am orpho us state, consol idati on
of powder, intense pl astic deform ati on, etc. , have been studi ed in m any pro jects
[1{ 3]. However, there is no consensus on whi ch structura l factors are of the key
im porta nce. The dominant ro le of gra in bounda ries in the form atio n of physi cal
and m echanical pro perti es of nanocrysta ll ine materi als was shown in [1{ 3] and
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the present paper focus is on thei r ro le in nanocrysta ls obta ined vi a severe pl astic
deform ati on (SPD ).

Thi s work aims to study the nanocrysta l l ine structure of SPD nickel and the
evoluti on and stabi l i ty of i ts m icrostructure under therm al trea tm ent.

2 . E x per i m en t a l

In order to pro duce a nanocrysta l l ine structure, 99.95%-pure nickel obta ined
by vacuum melti ng was deform ed by to rsion at room tem perature under a pressure
of 7 GPa to a true stra in e = 7 . The specim ens were annealed at 300{ 700 K for
30 min in a vacuum of 1 0 À 4 Pa.

The m icrostructure wa s exa mined by the conven ti onal m etho ds of tra nsmis-
sion electron micro scopy in a JEM- 2000EX instrum ent and by X-ray di ˜ra cti on
usi ng the techni que described in [4, 5]. The latter metho d wa s used to estim ate the
gra in size (co herent domains) and the m agni tude of elastic deform ati ons (i nterna l
stresses).

Mi crohardness was m easured in a Vi ckers tester at a load of 0.2 kg and an
indenta ti on ti me of 10 s. Resisti vi ty was measured by the four-pro be techni que at
4.2 K employing the concept of a geom etri cal shape factor as in [6]. The m easure-
m ent error was wi thi n 5 È 1 0 À 9 ¨ cm.

3. R esul t s

As was shown by the electron-m icroscopic examinati on, ni ckel subj ected
to heavy plasti c deform ati on has a nonuni form Ùne-gra ined structure. Regions
near gra in bounda ries often exhi bi t a hi gh dislocati on density . The average grain
size, estim ated from dark- Ùeld im ages is 100 nm . These data are consistent wi th
smal l -area electron-di ˜ra cti on patterns (0 : 5 ñ m2 ) tha t conta in a hi gh num ber of
spots form ing a di ˜ra cti on ring. Thi s indicates the presence of very Ùne, strongly
m isoriented grains. The typi cal m icrostructures and the electron-di ˜ra cti on pat-
terns are shown in Fi g. 1. The average gra in size estimated from the X- ray di ˜ra c-
ti on data is in good agreem ent wi th tha t obta ined from electro n-microscopic data
(Fi g. 2d).

It was also found tha t the materi al in thi s state is characteri sed by a high
resisti vi ty (£ 4 :2 = 0 : 2 6 ñ ¨ cm), a high elastic deform ati on (Â a =a = 0 : 0 7 6 % , where
a i s the latti ce param eter) and the m icrohardness HV = 2850 MPa (Fi g. 2). These
values indi cate the presence of a high density of latti ce defects and a high level of
interna l stresses.

The m icrostructure of the specimens changes wi th increasing anneal ing tem -
perature in the fol lowing manner. At low temperatures, the di slocati on density
som ewhat decreasesand the gra in growth starts at appro xi matel y 400 K (Fi g. 2d).
Hi gher anneal ing tem peratures cause a recrysta l l izati on accom pani ed by decreas-
ing vo lume fracti on of a nanocrysta l l ine structure (Fi g. 3a). The recrysta l l ized
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Fig. 1. Microstructure of nano crystall in e nickel af ter heavy plastic deformation:

(a) bright- Ùeld and (b) electron- di˜ racti on pattern taken from a 0. 5 ñ m2 area.

Fig. 2. E˜ect of annealing temp erature (0. 5 h) on the characteristics of nickel:

(a) resistivity £4 ; 2 at 4.2 K , (b) internal elastic stresses Â a =a : (c) microhardness H V ,

and (d) grain size d: ( £ ) electron- micros copi c data and (2 ) X -ray di˜raction data (the

X -ray di˜ractio n data on Â a=a and d are obtained from the broadenin g of the (220)

line).

gra ins conta in vi rtua l ly no dislocati ons. An intense gra in coarseni ng is observed
at tem peratures above 450 K : the grain sizes in the specimens annealed at 573
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and 673 K are 1.8 and 3.1 ñ m, respectivel y. At thi s stage the structure looks l ike
a f ul ly recrysta l l ized one, and vi rtua l ly no di slocati ons are observed in the bulk of
gra ins (Fi g. 3b).

Fig. 3. Bright- Ùeld images of nickel specimens annealed for 30 min at (a) 473 and

(b) 673 K .

Co ncurrentl y wi th the above changes in materi al structure wi th increasing
anneal ing temperature, an abrupt decrease in the level of interna l stresses is ob-
served at 300{ 350 K. Subsequentl y stress stabi l isati on occurs at tem peratures up
to 400 K, and the stress relaxati on observed at higher tem peratures causes the
compl ete disappearance of stresses at 450 K (Fi g. 2b).

The vari ati on in the resisti vi ty and m icrohardness as a functi on of the an-
neal ing tem perature is shown in Fi gs. 2a and c. It is seen tha t these characteri stics
decrease abruptl y at temperatures from 450 to 500{ 525 K. At the same ti me, at
lower (300{ 150 K) and higher (525-700 K) anneal ing tem peratures, the resisti vi ty
vi rtua l ly does not change, and the m icrohardness decreases only slightl y.

4 . D iscu ssio n

Based on the results reported here one may recogni se three stages of the
evoluti on of structure and properti es wi th increasing temperature. These stages
correspond to tem perature ranges of 293{ 450 K, 450{ 525 K, and 525{ 700 K.

As far as the vari atio n in interna l stresses is concerned i t shoul d be noted
tha t an intense plastic deform ati on causesa highl y nonequi l ibri um state of materi al
[3, 5, 7, 8]. Thus the nanocrysta l l ine materi als pro duced by very largedeform ati ons
are highly nonequi l ibri um [9]. The anneal ing of such m ateri als causes structura l
changes tha t begin in the regions wi th the hi ghest defect density .
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In our case, the redi stri buti on and possible anni hi lati on of di slocati ons and
defects in gra in-bounda ry regions are l ikely to ta ke place duri ng the anneal ing in-
side the nanogra ins. These pro cesses,pro moti ng the relaxa ti on of interna l stresses,
intensi fy wi th increasing annealing tem perature. It is l ikely tha t the anneal ing ti m e
of 30 min at 350 K is su£ cient f or thi s rearra ngement, and, as the anneal ing tem -
perature increasessom ewhat further, vi rtua l ly no changes occur.

Ho wever, anneal ing at 400 K stim ulates gra in growth and gra in-bounda ry
m igrati on. The movi ng bounda ri es adsorb ( \ sweep" ) dislocati ons encountered in
thei r way and leave dislocati on- free regions behind them selves. At the sam e ti m e
they becom e closer to equi l ibri um , and conta in fewer grain-bounda ry defects. Al l
these pro cessesdecrease interna l stresses. At hi gher tem peratures, an intense re-
crysta l l izati on ta kes place and leads to e˜ecti ve stress relaxati on, whi ch is al ready
compl eted at about 450 K. A further increase in tem perature is accom panied by
gra in growth in the absence of interna l stresses. Thi s interpreta ti on is consistent
wi th the above structure observati ons and wi th the model of the f orm ati on and
relaxa ti on of interna l stresses in ul tra Ùne-gra ined m ateri als [10]. Let us note also
tha t recentl y a high density of gra in-bounda ry dislocati ons and related stresses
were observed in ul tra Ùne-gra ined ni ckel pro duced by heavy pl astic deform ati on
[11].

As fol lows from the foregoing, i t is reasonabl e to attri bute the conti nuous
decrease in m icrohardness wi th increa sing anneal ing tem perature at the Ùrst stage
to the observed rearra ngement of the defect structure at gra in bounda ri es and
in the adj acent regions, i .e., to decreasing level of interna l stresses. In thi s case,
the vi rtua l ly constant resisti vi ty im pl ies tha t the rearra ngement in the structure
increases i ts equi l ibri um , but does not substa nti al ly a˜ect the defect density .

By contra st, the abruptl y decreasing microhardness and resistivi ty at the
second stage are associated wi th an abruptl y decreasing dislocati on density and
num ber of grain-bounda ry defects (incl udi ng gra in-bounda ry dislocati ons) in the
pro cess of recrysta l lizati on. In fact, the change in the electri cal resisti vi ty , caused
by scatteri ng of electrons by dislocati ons, is Â £ ç 1 0 À 1 3 ( d =b) £ g ñ ¨ cm, where
£ g i s the dislocati on density , d i s the dislocati on spl i tti ng, and b i s the Burg ers
vecto r [12]. In our case, the gra in size in the nanocrysta l l ine ni ckel is 100 nm ,
the resisti vi ty changes by 0 : 2 2 ñ ¨ cm (Fi g. 2a), and d f or nickel is equal to 4 b

[12]. Then, ta ki ng the wi dth of the gra in-bounda ry region to be equal to 0.1 of
the grain radius, we obta in £ g Ñ 3 È 1012 cm À 2. Acco rdi ng to the theo ry [13],
the separate dislocati ons cannot be resolved in the regions wi th such a high di s-
locati on density . Thei r im ages merge, resulti ng in the app earance of dark areas
(i n bri ght- Ùeld images) in gra in-bounda ry regions. Such regions have indeed been
observed here (Fi g. 1). A smooth decrease in m icrohardness wi th increa sing an-
neal ing tem perature at the thi rd stage can be reasonably associated wi th the grain
growth. A decrease in the resisti vi ty after anneal ing at thi s stage m ay be caused
by the appearance of quench defects (e.g., vacanci es) upon cool ing of the speci-
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m ens from the anneal ing tem peratures. Then the e˜ect shoul d be enhanced wi th
increasing anneal ing tem perature, as i t is actua l ly observed in our experim ents.
No te tha t the above interpreta ti on requi res tha t natura l \ scatter" in the occur-
rence of the anneal ing- induced pro cessesin di ˜erent regions of the specimen (at
a certa in tem perature) shoul d be ta ken into account. Theref ore, the tem perature
ranges corresponding to the annealing stages may be shifted, and the stages may
overl ap in vari ous regions of specim ens.

5. Co n cl usion s

(1) The nanocrysta ll ine structure obta ined in nickel by severe plasti c defor-
m ati on, as wel l as the characteri stics of ni ckel in thi s state, such as the interna l
elastic stresses, m icrohardness, and resistivi ty , after deform ati on and subsequent
anneal ing can be expl ained in term s of the changes in the m ateri al m icrostructure.

(2) The pro cess of anneal ing can be di vi ded into three stages, corresp ondi ng
to the tem perature ranges of 293{ 450 K, 450{ 525 K, and 525{ 700 K. The Ùrst
stage is characteri sed by a relati vely consta nt grain size and resisti vi ty , vi rtua l ly
compl ete relaxa ti on of interna l stresses, and smooth decrease in microhardness.
The second stage is characteri sed by intense gra in growth and abruptl y decreas-
ing m icrohardness and resisti vi ty in the absence of interna l stresses. At the thi rd
stage, the gra ins conti nue to grow, the micro hardness decreases smoothl y, and the
resisti vi ty rem ains vi rtua l ly unal tered.

(3) It is shown tha t at the Ùrst stage, the anneal ing causes the redi stri buti on
of di slocati ons and defects in the gra in-bounda ry regions. The second stage is
characteri sed by an intense recrysta l l izati on causing an abrupt decrease in the
densiti es of gra in-bounda ry defects and dislocati ons. The thi rd stage is associated
wi th a m ore compl ete anneal ing of defects and intense grain growth.

(4) The nanocrysta l l ine state can be considered to be stable at tem peratures
of up to 400 K.
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