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M olecul ar -dynami cs simula tions of grain boundaries in Si and fcc metals

reveal t hat high- energy boundaries are disordered , even at low tem peratures,
w ith their local atomic structure very simil ar to that of bul k amorphous ma-
terial . By contrast, low energy grain boundari es are crystalli ne all the w ay

up to the melting point. U p on heating intergranular \con Ùned amorphous "
structures of high- energy grain boundari es exhibi t reversible transition into
universal, highly conÙned, li quid -li ke structure. H igh- temperature prop er-
ties, such as the grain boundary di˜usion theref ore involve liqui d- like mech-

anisms, w ith activ ation energies related to the di˜usio n pro cess in the melt.
By contrast to Si and fcc metals, high- energy diamond grain boundaries are
more ordered structurall y, but contain coordinati on disorder resulting from

abili ty of carb on to change its hybridi zation from s p
3 to sp

2 character. Based
on the insights obtained from our simulation of indivi dual grain boundari es
w e w ere able to design nano crystall i ne 3D microstructures, w hich allow to

study grain b oundary di˜usio n creep pro cess by molecula r-dynami cs simula-
tions. I n order to prevent grain grow th and thus to enable steady- state dif -
fusion creep to b e observed on a time scale accessible to molecular- dyn ami cs
simulations (of typically 1 0 À 9 s), our input microstructures were tailored

to (i) have a unif orm grain shap e and a unif orm grain size of nm dimen-
sions and (ii) contain only high- energy grain boundaries that, consistently
w ith our studies of indivi dua l, bicrystal li ne grain boundaries, exhibit rather

fast, liqui d- li ke self-di˜usi on at high temp eratures. Our simulations reveal
that under relatively high tensile stresses these microstructures, indeed, ex-
hibit steady- state di˜usion creep that is homogeneous with a strain rate that
agrees quantitatively w ith that given by the Coble- creep formula.

PACS numb ers: 61.43.Dq, 61.72.Mm

(123)
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1. I n t rod uct io n

Ato mic structure of grain boundari es (GBs) was intensi vely studi ed in re-
cent decades, parti cul arl y, in associati on wi th developm ent of high-resoluti on m i-
cro scopy techni ques. Such exp erim enta l studi es requi re form ul atio n of structura l
m odels al lowing f or interpreta ti on and understa ndi ng of the resul ts. Thi s need
resul ted in num erous ato m ic-level com puta ti onal studi es, whi ch in combina ti on
wi th exp eriment pro vi ded detai led structura l understa ndi ng of num erous grain
bounda ries in vari ous materi als [1, 2].

Ho wever, the m aj ori t y of the hi gh-resoluti on im ages were obta ined for spe-
ci al grain boundari es, such as sym metri c ti l t GBs, where al ignm ent of the ato m ic
colum ns in the two crysta l l ine gra ins adj acent to the GB plane enable to obta in
inf orm ati on on GB structure. Furtherm ore, the exp erimenta l data on GB struc-
ture is typi cally avai lable only for low (ro om ) tem perature structures. At high
tem peratures di rect imaging of GB is sti l l beyond experim ental reach and only in-
di rect inf orm ati on on GB structure is accessible, such as related to GB pro perti es
incl udi ng di ˜usi on, m igrati on, or sliding.

By contra st to these experim enta l l imi ta tio ns atom ic-level computer simul a-
ti ons are uni quely sui ted to study deta i led ato mic structure of vi rtua l ly al l ki nds
of GBs both at low and high tem peratures. Furtherm ore, simul atio ns can be per-
form ed in the com plete absence of im puri ti es and thus intri nsic pro perti es can be
separated from extri nsic properti es to the much larger extent tha t is possible in
exp eriment.

In the fol lowing we wi l l present our general vi ew of GB structure and re-
lated hi gh- temperature behavi or derived from our extensi ve simulati on studi es of
num erous GBs and several m odel system s incl udi ng sil icon, fcc m etal , and dia-
m ond. Fi nal ly we expl ore consequences of high- tem perature GB di˜usi on on the
interf acial ly contro l led creep behavi or nanocrysta l l ine m ateri a l.

2 . L ow t em p er at ure G B st ru ct ur e

Our ato m ic-level simul atio ns of Si GBs revealed two disti nct behavi ors as-
soci ated wi th low and high-energy grain boundari es [3]. The ato mic structure of a
representa ti ve high-energy GB obta ined wi th the Sti l lingerÀ Weber (SW ) empi r-
ical potenti al is shown in Fi g. 1. Top panel in Fi g. 1 corresp onds to GB gener-
ated by a twi st of perfect crysta l structure around (100) di recti on wi th subsequent
zero-tem perature relaxati on of ato m ic positi on. The structure appears to be rather
di storted but one can sti l l clearl y identi f y ato m ic planes al l the way to the GB
pl ane. A more detai led analysis shows tha t the GB structure conta ins large amount
of three- coordi nated Si ato ms correspondi ng to dangl ing bonds. Such conÙgura ti on
is hi ghly unf avo rable from the energeti cal point of vi ew.

T o obta in lower energy structures we expl ored two di stinct pro cedures. In
the Ùrst one we m elted the GB structure over a large region and regrow the GB
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Fig. 1. Top panel: positions of the atoms pro j ected onto the x À z plane for the (100)

¢ = 4 3: 60
£

( Ï 29 ) tw ist boundary in Si obtained by the zero-temp erature relaxation.

Middle panel: more disordered, yet low er energy high- temp erature relaxed structures of

the same GB. Bottom panel: energy proÙles for zero and high temp erature relaxed GBs

along with the corresp ondin g energy of bulk amorphous Si demonstrate the origin of the

drivin g force for the GB disorderi ng.

from the mel t. Then we cooled the structure down to zero tem perature. In the
second appro ach we heated the GB structure to about 85% of the mel ti ng point
and then cooled down to zero tem perature. In al l casesthese two hi gh- temperature
trea tm ents yi elded GB structures wi th pra cti cal ly the sam eoveral l characteri stics
al tho ugh the deta i led ato m ic structures and GB energies were not com pletel y
identi cal .
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The high- tem perature relaxed structures (Fi g. 1, m iddl e panel ) exhi bi t much
m ore structura l di sorder tha n the zero-T relaxed structure (Fi g. 1, to p panel ). How-
ever, the energy of the hi gh-T relaxed structures is about 15% lower tha n zero-T
relaxed structure s. Thi s lowering of the GB energy despite of the intro ducti on of
a large degree of spati al disorder is accom panied by the elim inati on of dangl ing
bonds and thus recoveri ng fourf old coordi nati on of Si ato ms. Remark abl y local
ato m ic structure in the di sordered GB core is very simi lar to the local structure
of bul k am orpho us sil icon [3].

Further insight into the orig in of GB di sorderi ng is pro vi ded in the lower
panel of Fi g. 1 showi ng proÙles of the plane-by- plane avera ge energy per ato m.
The energy proÙle of the zero-T relaxed structure is rather narrow and i t has large
m axi mum value. The proÙle of the high-T relaxed GB is broader but wi th much
lower peak value. Al so indi cated in the Ùgure by the dashed line is the cohesive
energy of bul k am orpho us sil icon prepa red by slow cooling of the l iqui d pha se.
Thi s pro vi des the indi cati on of the dri vi ng force for the GB disorderi ng. The high
peak energy of zero-T relaxed structure by far exceeds the avera ge energy for
bul k am orpho us m ateri al . By contra st, in the m ost di sordered pl ane of the hi gh-T

relaxed structure the peak in the energy proÙle is much closer to the cohesive
energy of amorphous Si . Mo re im porta ntl y, the GB energy (i .e., the integra l under
the peak) is lowered duri ng disorderi ng despite a broadening of the GB.

Based on these insights, one m ight expect tha t all high-energy GBs should
have simi lar, \ conÙned-am orpho us" structures. To test thi s predi cti on we inv es-
ti gated three other high-angle, hi gh-energy twi st boundari es wi th qual i ta ti vely
di ˜erent zero-tem perature rel axed structures . We found tha t high- tem perature re-
laxa ti on lowers the energies of al l these GBs. Mo reover, despite being sandwi ched
between di ˜erent crysta l lographi c surf aces, al l GBs were found to be disordered
and very simi lar to each other, as is also appa rent from the related energy proÙles
in Fi g. 2.

Fig. 2. Energy proÙles along the z direction for four di˜erent high- energy , large- angl e

GBs in Si demonstrating universal nature of high- energy GBs.
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T o further conÙrm our predi cti ons we also perf orm ed studi es of the same
hi gh-energy GBs wi th T erso˜ ' s empiri cal Si potenti al [4] as well as wi th quantum -
-mechanics based empi ri cal ti ght- bi ndi ng simul atio ns [5]. In al l cases we found
tha t whereas deta i ls of the ato m ic structures and energeti cs vary from one system
descripti on to the other, in general the results and concl usions are the sam e as
tho se obta ined wi th the SW potenti al.

By contra st wi th these disordered structures of high-energy GBs, one might
exp ect tha t a low-energy GB should not lower i ts energy upon hi gh- temperature
equi l ibrati on and hence should not disorder. To conÙrm thi s predi cti on we studi ed
the representa ti ve low-energy GBs whi ch are also twi st GBs, however on the (111)
pl ane whi ch is the m ost wi dely- spaced (and hence, lowest-energy [3]) plane in the
di amond structure. Indeed, as expected, nei ther i ts structure nor i ts energy change
duri ng high- tem perature anneal ing and the GB rem ains crysta l l ine right up to the
GB plane.

W ealso perf orm ed extensi ve simul atio ns of fcc m etal GB structures [6]. Qui te
rem ark ably the resul ts are analogous to tho se obta ined for sil icon wi th hi gh-energy
GBs exhi bi ti ng large degree of structura l disorder whi ch is very sim i lar to tha t
present in m etal l ic glasses.Al so as in the case of Si, low energy gra in bounda ries
are crysta l l ine and ordered [6].

By contra st to Si and fcc m etals situa ti on is somewha t di ˜erent in carb on
di amond GBs. Using Mo nte Carl o sim ulatio ns and T erso˜ ' s carbon potenti al we
dem onstra ted tha t the greater bond sti ˜ness in diam ond combined wi th its abi l i ty
to changehybri di zati on in a defected envi ronm ent f rom s p 3 to sp 2 lead to di ˜erent
GB structures as in purel y sp 3 -bonded sil icon [4]. W e found tha t in hi gh-energy
di amond GB even relati vel y smal l bond di storti ons exact a considerable pri ce in
energy tha t favors a change to sp 2 -typ e local bondi ng; these competi ng e˜ects
tra nslate into considerably more ordered diam ond GBs tha n Si GBs. Structura l
di sorder in the Si GBs is theref ore parti a lly replaced by coordi nati on disorder in
the diam ond GBs.

Our fol low up studi es of diam ond GBs by m eans of ti ght- bindi ng m olec-
ul ar dyna m ics (MD ) simul atio ns conÙrm ed exi stence of large sp 2 com ponent in
thei r ato m ic structure [7]. W e also demonstra ted tha t thi s sp 2 -bondi ng gives rise
to local ized bands wi thi n the energy band gap, whi ch vi a m ul tipho non assisted
hoppi ng conducti on m ay lead to the experim enta l ly observed conducti vi ty and
electron emission in nanocrysta l l ine diam ond.

3. Hi gh-t em per at ur e G B st r uct u re an d p rop er t ies

The presence of disordered GB Ùlms in therm odyna m ic equi l ibri um suggests
tha t up on heati ng above the glass-tra nsiti on tem perature, T g, the thi n am orpho us
interg ranul ar phase can underg o an am orpho us-to -l iqui d tra nsiti on analogous to
the inverse glass tra nsiti on. Indeed, we observed in MD simula ti ons tha t above Tg ,
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the conÙned am orpho us phase underg oes a reversibl e structura l and dyna mical
tra nsiti on to a conÙned l iqui d [8]. By contra st wi th the bul k glass tra nsiti on,
thi s therm odyna m ic-equi libri um tra nsi ti on is conti nuous and therm al ly acti vated,
starti ng at T g and com plete at the m elti ng point, T m , a t whi ch the enti re bounda ry
is l iqui d [8].

The am orpho us-to - liqui d tra nsiti on of the conÙned GB phase resul ts in the
very fast GB di ˜usi on tha t is characteri sti c of the l iquid rather tha n the sol id.
An Arrheni us plot shown in Fi g. 3 for gra in bounda ry di ˜usi on for hi gh-energy
bi crysta l l ine GBs in sil icon yi elds relati vely low acti vati on energy of 1 : 4 Ï 0 : 1 eV.
Ho wever, as also shown in Fi g. 3, the acti vati on energy for di ˜usi on in the Si m elt
is sti l l lower and equal to about 0.7 eV. Thi s apparent discrepancy originates f rom
the fact tha t the am ount of f ast-di ˜usi ng l iqui d increases wi th tem perature. In
Fi g. 4 we present excessGB volum e as a functi on of tem perature for hi gh-energy
GB showi ng decreasing GB volum e wi th increasing tem perature. Thi s decreased
vo lume is a signature of form ati on of an Si l iquid, whi ch has higher coordi nati on
and density tha n tha t of either crysta l line or amorphous sil icon.

Fig. 3. A rrhenius plot for self di˜usi on in the (100) Ï 29 GB (right scale) and in the

bulk, superco oled melt (lef t scale). Right scale: D G B £D is the di˜usion Ûux in the GB

w ith a \di˜usio nal w idth" £D .

The above observati ons suggest tha t the acti vati on energy of ¤ 1 : 4 Ï 0 : 1 eV
for GB di ˜usi on in hi gh-energy Si GB above Tg involv es tw o disti nct pro cesses.
The Ùrst is therm al ly acti v ated form ati on of the conÙned l iqui d from the conÙned-
-amorpho us phase. Indeed, from the volum e contra cti on we calcul ated the acti va-
ti on energy for the form atio n of the l iquid to be 0.65 eV. The second is the subse-
quent bul k- l iquid- l ik eato m migrati on, wi th acti vati on energy of 0.70 eV. W ethere-
fore concl ude tha t above T g, the m echani sm for self-di ˜usi on in the hi gh-energy
GB is rather simi lar to tha t in the bul k melt. Consequentl y, the acti vati on energy
for GB di˜usi on is equal to the acti vatio n energy for the form atio n of the l iqui d
and the acti vati on energy for the m igratio n in the liqui d [8].
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Fig. 4. T emp erature dependence of the volume expansion per unit GB area, £ V (in

units of the zero- temp erature lattice parameter) for the high- energy (100) Ï 29 and

low -energy (111) Ï 31 tw ist GBs in silicon . T he bulk glass-transiti on temp erature, T g ,

and melting point, T m , are indic ated on the top axis.

Al so shown in Fi g. 4 is excess GB volume as a functi on of temperature for
a low-energy Si GB. In thi s case there is no signature of any tra nsform ati on and
thi s low-energy GB rem ains crysta l l ine al l the way up to the m elti ng point.

Our studi es of GB di ˜usi on in fcc m etals demonstra ted tha t they behave
analogously to sil icon GBs [6]. R emark ably, at hi gh temperatures the few repre-
sentati ve high-energy, hi gh-angle (ti l t or twi st) bounda ri es examined by us exhi bi t
the sam e, rather low self-di ˜usi on acti vati on energy and an isotro pi c, l iquid- l ik e
di ˜usi on m echanism tha t is independent of the boundary m isori enta ti on [6]. Again
as in the case of sil icon low-energy GBs rem ain crysta l l ine al l the way up to the
m elti ng point. Very interesti ng resul ts were obta ined for GBs wi th hi gh but not the
hi ghest possibl e energies. In thi s case the GB structure is crysta l l ine at low tem -

Fig. 5. A rrhenius plots for the di˜usio n Ûux, D GB £D , betw een 700 K and 1400 K for

four Pd GBs. The melting p oint for the Pd (emb edded atom metho d, EA M) p otential

is estimated to be about T m ¤ 1500 K . T he tw o highest energy GB exhibit fast di˜usio n

and low activ ation energy . Lower energy (but still relatively high) GBs show s change in

the slop e indicati ng structural GB transitio n.
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peratures but underg oes a di sorderi ng structura l tra nsi ti on at high tem perature.
Co nsequentl y these GBs exhi bi t anisotro pic and GB dependent di ˜usi on wi th high
acti vati on energies at low tem peratures. At hi gh tem peratures they al l exhi bi t the
sam e isotro pic l iqui d-l ike di ˜usi on wi th a uni versa l low acti vatio n energy (see also
Fi g. 5).

4 . G B di ˜ usion cr eep

Appl icati on of a constant, e.g. tensi le stress, ¥ , to a polycrysta l l ine m a-
teri al wi th an avera ge gra in size, d , at high- tem perature, T , usual ly results in
steady- state creep; i .e., a ti m e-dependent plasti c deform ati on characteri zed by a
constant stra in rate, " ( T ; ¥ ; d ). Dependi ng on the m agni tudes of T ; ¥ , and d , the
underl yi ng mechanism for steady- state creep m ay involve the di ˜usi on of ato ms
thro ugh the latti ce or along the gra in boundari es, the therm al ly acti vated gl ide or
cl im b of di slocati ons, or interf acial pro cesses, such as gra in sliding [9].

Here we lim it oursel ves to the investi gatio n of di ˜usi on creep in m odel
nanocrysta l l ine m icro structures. As is wel l kno wn, the steady- state rate of di f-
fusi on creep may either be lim i ted by latti ce di ˜usi on thro ugh the gra in interi ors
or by interf acial di ˜usi on along the GBs, characteri zed by the di ˜usi on consta nts
D L and D G B , respectivel y. The net resul t is the sam efor both m echanisms,nam ely
a hom ogeneous deform ati on resul ti ng in the elongati on of the gra ins. The creep
rate due to latti ce di ˜usi on thro ugh the gra in interi ors (Na barro { Herri ng creep)
is given by [9]:

_" = 1 0
¥ ¨ D

k T

D L

d 2
: (1)

By contra st, the creep rate due to GB di˜usi on (Co ble creep) is given by [9]:

_" = 4 7
¥ ¨ D

k T

£D D G B

d 3
: (2)

Here £ D i s the e˜ecti ve di ˜usi onal wi dth of the GB. ¥ ¨ D i s the work perform ed by
the stress duri ng an elementa ry di ˜usi on j um p in the latti ce or GB, respectively.
The acti vati on volum e, ¨ , theref ore depends on the di ˜usi on mechanism thro ugh
the latti ce or along the GBs, and is usual ly tho ught to be of the order of the
perfect-crys ta l ato m ic vo lum e, ¨ . (F or the cubi c diamond latti ce, ¨ = a =8 , where
a is the zero- temperature latti ce param eter. )

Because of i ts stronger increase wi th decreasing gra in size, for the smal lest
gra in sizes Co ble creep usual ly dom inates over Na barro { Herri ng creep. For exam -
pl e, accordi ng to Eq. (2) the stra in rate f or Coble creep increases by six orders of
m agni tude as the gra in size is reduced, say, from 1 ñ m to 10 nm whereas, at the
sam e temperature, the stra in rate for Na barro { Herri ng creep increasesby onl y four
orders of magni tude. Based on thi s stro ng increase in " , wi th decreasing gra in size,
one m ight expect tha t for a grain size of nanometer di mensions the steady- state
stra in rate is high enough to be observable by m olecular-dyna mics sim ulati on, thus
enabl ing one to test the physi cal assumpti ons underl yi ng the Co ble form ula (2).
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D ue to the l imi ta ti on of MD simulati ons to a ti m e scale of typi cal ly 1 0 À 9 s, the
detecti on of a to tal stra in of 1% in such sim ulati ons woul d requi re a steady- state
creep rate of 1 0 7 sÀ 1 . Based on Cobl e's form ul a, such extrem ely high creep rates,
indeed, seem achi evable in MD sim ulatio ns, provi ded the sim ulated m icrostruc-
tures are stabl e wi th respect to grain growth and are under the rela ti vel y high
stresses.

As described in Sec. 3, hi gh-energy GBs exhi bi t very fast l iqui d-l ik e GB di f-
fusi on at high tem perature. Theref ore we tai lored our input sil icon nanostructures
to have a uni form gra in size and gra in shape and to conta in only hi gh-energy
GBs. Our model nanocrysta l line input m icro structures consi st of onl y four gra ins
of identi cal size and shape arra nged in a three- di mensional ly periodi c sim ulati on
cell . These m icrostructures were grown from a m elt into whi ch small, random ly
ori ented crysta l l ine seedswere inserted and subsequentl y cooled below the m elti ng
point [10]. So as to avo id gra in growth duri ng the subsequent creep simulatio n,
the four seeds were pl aced near the face-centered-cubi c sites of an ini ti al ly cubi c
sim ulati on cell; thi s arra ngement resul ts in a Ùnal m icrostructure tha t has a uni -
form dodecahedra l (i .e., close to spheri cal ) grain shape and gra in size (of 3.8, 5.4,
and 7.3 nm ).

Ana lysis of the GB structure in such synthesi zed m odels of nanocrysta l l ine
m ateri al revealed the presence of hi ghly disordered interg ranul ar Ùlm s of constant,
uni form thi ckness, £ , of about 0.5 nm [10] whi ch is essential ly the sam e as tha t in
hi gh-energy bicrysta l l ine GBs. Thi s al lows us to estimate the Co ble creep rate in
our ideal ized m icrostructures. Let us assume T = 1 2 0 0 K (at whi ch our bi crysta l
sim ulati ons give a value of £ D D G B ¤ 2 È 10À 20 m3 =s [8]), a gra in size of d = 5 nm ,
and a relati vel y hi gh tensi le stress of ¥ = 1 : 0 0 GPa (i .e., about two orders of
m agni tude hi gher tha n typi cal experim enta l stresses | but sti l l wel l below the
theo reti cal strength of Si of about 30 GPa). Inserti ng these values into Eq. (2)
yi elds a stra in rate f or Cobl e creep of about " ¤ 1 È 1 0 7 s , whi ch l ies indeed
wi thi n a ti m e fram e accessible to MD simulati on. At Ùrst sight such a high stra in
rate m ay seema bi t unreal istic or even nonphysi cal . However, by sim ply decreasing
the appl ied stress by two orders of magnitude and increasing the gra in size, say, to
1 ñ m whi le assuming tha t the underl yi ng physi cs rem ains the sam e, one obta ins
m ore real isti c v alues of " ¤ 1 0 s .

In our deform ati on simula ti on we appl ied a consta nt- stress algori thm tha t
al lows for elongati on of the rectangular sim ulati on cell in the tensi le (z ) di recti on
and Poisson contra cti on perpendicul ar to i t (i n the x À y plane). A typi cal plot of
the diagonal stra ins, " ; " , and " vs. simulati on ti me, t , is shown in Fi g. 6
for the system wi th the interm ediate grain size at T = 1 4 0 0 K and ¥ = 1 eV=a .
Accordi ng to the Ùgure, fol lowing rapid elasti c stra ini ng both the tensi le and Pois-
son stra ins vary linearl y wi th sim ulati on ti m e, indi cati ng tha t steady- state creep
behavi or is, indeed, reached and tha t a stra in rate can rel iabl y be extra cted f rom
the sim ulati ons [11].
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Fig. 6. T ypical plot of the total (elastic + plastic) strain and associated system volume

vs. simulation time for the system with the intermediate grain size at T = 1400 K and

¥ = 1 eV / a
3
0 . T he slop es of the linear " ( t ) curves yield the strain rate, _" . The elastic

strains, " ( t ! 0) , are governed by the underlyi ng Y oung mo dulus and Poisson ratio.

Fig. 7. A rrhenius plot for the creep rate b etw een 1100 and 1400 K for our mo del Si

microstructure w ith the intermediate grain size. (b) A rrhenius plot for the GB di˜usio n

Ûux, D GB £D , for the same system as in (a), how ever, under zero external stress.

Insi ght into the nature of the underl yi ng creep m echanism can be gained
from the study of the temperature dependence of the creep rate. As seen from the
Arrheni us plot in Fi g. 7, the creep rate is therm ally acti vated, wi th an acti vati on
energy of 1 : 2 1 Ï 0 : 1 eV. Accordi ng to Eq. (2), thi s acti vati on energy should be the
sam eas tha t for GB di˜usi on. As di scussedbefore, an Arrheni us pl ot for D G B £D for
hi gh-energy bicrysta l line GBs in sil icon yi elds an acti vati on energy of 1 : 4 Ï 0 : 1 eV
[8], whi ch di ˜ers slightly from the above creep value f or our nanocrysta l l ine m i-
cro structure s (a l tho ugh, wi thi n the error bars, the two values are pra cti cal ly the
sam e). T o investigate the ori gin of thi s slight discrepancy, we perform ed indepen-
dent sim ulati ons of self -di ˜usi on in our m odel microstructures in the absence of
an appl ied stress and obta ined an acti vati on energy of 1 : 1 9 Ï 0 : 1 eV, in excellent
agreem ent wi th the acti vati on energy of 1 :2 Ï 0 :1 eV f or GB creep [11]. The small
di ˜erence between the acti vati on energies for D G B £ in the bi crysta l l ine GB, on
the one hand, and the GBs in the nanocrysta l l ine m icrostructure, on the other,
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m ight be indi cati ve of a ro le played by the gra in j uncti ons in the l imi t of very
smal l gra in sizes. However, in vi ew of the funda menta l di ˜erences between the
two system s as far as m icro structura l constra ints are concerned, the reasonabl y
good agreement of both the acti vati on energies and absolute values for D G B £D

determ ined by MD sim ulati on is rather encouraging.

Fig. 8. Log {log plot of the creep rate vs. grain size. For the two largest grain sizes stud-

ied, the creep rate approaches the 1= d 3 dependence predicted by the C oble formula (2).

Ano ther cri ti cal element of the Cobl e-creep form ula (2) is the d À 3 vari ati on
of the creep rate. Accordi ng to Fi g. 8, f or the two largest gra in sizes (of d = 5 : 4

and 7.3 nm ) the creep rate, indeed, exhi bi ts thi s d À 3 dependence. By contra st, the
creep rate determ ined f or the smal lest gra in size (of d = 3 : 8 nm ) cl earl y devi ates
from thi s behavi or. Thi s devi ati on is l ikely due to the fact tha t f or thi s small grain
size, the di sordered GB phase accounts for over 40% of the overal l system volum e,
wherea s the Cobl e form ula was derived under the assumpti on of the GB wi dth
being m uch smal ler tha n the gra in size.

5. Su m m ar y

In thi s paper we di scussedour extensi ve ato misti c studi es of gra in bounda ries
in sil icon, fcc-metal and carb on diam ond. Based on these studi es we concl uded tha t
in general hi gh-energy GBs tend to be disordered at low tem peratures and thei r
local ato m ic structure is sim ilar to tha t of corresp ondi ng bul k am orpho us mate-
ri als. At high tem peratures these di sordered structures underg o a tra nsiti on to
conÙned l iqui d structures and are characteri zed by a very f ast di ˜usi on. Interm e-
di ate energy GBs m ay be crysta l l ine at low tem peratures and becom e l iquid- l ik e
at high tem peratures. Fi na l ly low energy GBs are crysta l line al l the way up to the
m elti ng point.

W e were also able to design m odels of nanocrysta l l ine m ateri a l whi ch in the
l im it of large stress, high tem perature and a smal l gra in size, al low for di rect ob-
servati on of a steady- state GB di ˜usi on creep. W e showed tha t the creep behavi or
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is contro l led by GB di˜usi on and described quanti ta ti vely by the Co ble creep f or-
m ula. In parti cul ar, in accordance wi th the Coble form ula, the acti vati on energy
for GB di˜usi on creep is the sam e as tha t for GB self-di ˜usi on, and the stra in rate
increases wi th decreasing gra in size as 1/ d 3 . Ho wever, wi th presentl y avai lable
computa ti onal resources, typi cal to ta l creep stra ins in our sim ulatio ns were onl y
of the order of 1{ 2%. W e can therefore not exclude the possibi l i ty tha t both the
m icrostructure and the ato mic structures of the GBs m ay change signi Ùcantl y for
larger to tal stra ins and longer deform ati on ti m es.Given the ever so rapi dly increas-
ing com puta ti onal speeds and avai labl e com puter memori es, i t appears tha t in fu-
ture investi gatio ns the constra ints im posed on our designed m odel m icro structures
can gradual ly be rem oved. Thi s might enable a step-by- step appro ach to wards elu-
ci dati on, at the ato mic level, of the interpl ay between GB-sliding and GB-di ˜usi on
contro l led creep deform ati on, on one hand, and stress and/ or tem perature- induced
m icrostructura l evoluti on, on the other. It seems to be the com plex interpl ay of
such essential ly GB di ˜usi on contro l led pro cessestha t is tho ught to be responsible
for the sti l l not very well understo od superpl astic behavi or of Ùne-gra ined m etals
and ceram ics.
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