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Characteristic creep behavior of nanocrystalline metals found for high-density gold
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Nanocrystallingn) Au specimens with a density of 19-0.2 g/cn? and a mean grain size of about 20 nm
were prepared below 300 K by the gas deposition method, where two typesofspecimens were obtained
as a function of a deposition rate, the tyidespecimens above 800 nm/s and the tipspecimens below 800
nm/s. The anelastic and the plastic creep responses are similar qualitatively but different quantitatively between
the typeH and typek specimens. The anelastic straig, gg, associated with the grain boundaf@B)
regions, increases linearly WithT ¢ T4n1) (0ap— 0an1), When the temperaturg is higher than a threshold
temperaturel ., of 200 K and the applied stress,, is higher than a threshold stress,,, , of a few MPa.
The ratio ofe,, g to the elastic strain is as large as 1.1 for the tipepecimens and 0.2 for the type-
specimens at 320 K far,,> 0, . The activation energy for the GB anelastic process is 0.2 eV. We surmise
that cooperative motions of many atoms in the GB regions are responsilelg,fgg, and bothT,,; ando,n;
show a distribution depending on the number of atoms associated. The plastic cregpvste,, data show
a letter S-like curve. We classified the creep response into three categories, region | for the linear creep rate
region foro,, betweeno ., ando,, region Il for the transient creep rate region tey, betweeno ., and
o,c3, and region IlI for the saturation creep rate region dqp, betweeno s anda, . The threshold stresses
01 andoy,c, and the yield stress, are about 30, 150, and 360 MPa for the typspecimens, and about 60,
300, and 500 MPa for the tyde-specimens, respectively:, is slightly lower thano, . From scanning
tunneling microscopy images, we surmise that the localized GB slip takes place in region I, and the mean
separation between the localized GB slips decreases with increagirig region Il and becomes comparable
with the mean grain size in region lll. The plastic creep in region Il may be explained by the Ashby creep. The
present view for the creep behavior explains the low-temperature creep behaviomomitals.
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[. INTRODUCTION 2—4 orders of magnitude than the values calculated for the
homogeneous GB diffusion creep model. Gaial*® re-
The volume fraction of grain-boundaf{zB) regions in-  ported that the observed creep rateneCu is much lower
creases with the decreasing mean grain size, and the mgran that expected from the homogeneous GB diffusion
chanical property of nanocrystalliie) metals may be gov- creep model, and then the observed activation enthalpy for
erned by the corresponding property of the GB regions. Ahe GB diffusion coefficient is considerably lower than that
plastic creep behavior is known as one of the grain-sizereported for coarse grained polycrystalline Cu. On the other
sensitive mechanical properties. The Coble c]raHpAshby hand, Wanget al® and Yin and co-workerd reported that
modef predicts that the Ashby creep rabgp,y, for the  the observed creep rates 0fNi increase to the value pre-

homogeneous GB diffusion creep is given by dicted in the homogeneous GB diffusion creep model at the
elevated applied stress,,. It is suggested that the deviation
& pshby= (€ Ashby,d KT)€XP(— Ega/KT) (0 ap= 00 ashby» from the prediction in theory is associated with the quality of

(1) n-metal specimens used, or is indicative of a deviation of the
underlying creep mechanism from the theoretical model. For

where & pgnpy = 3302 6Dgg o/d> and o ashey=0.727/d.  the elastic property ofl metals, although a very low elastic
Dgg,oandEgg are the pre-exponential factor and the activa-modulus has been reported in the pioneer worksrecent
tion energy appearing in the GB diffusion coefficieBtgs  elasticity studies on high-densitymetald?~®indicated that
=DgpoeXp(—Egs/kT), wherek is the Boltzmann constant such a low elastic modulus as that reported should mainly be
andT is the temperaturd. is the mean GB energy per unit associated with pores containedrirmetal specimens used.
area, ¢ is the mean thickness of the GB regioid,is the  That is, the Young’s modulus of the GB regions is found to
atomic volumed is the mean grain size. The Ashby thresh-be comparable to that of the corresponding bulk metal, indi-
old stressog ashny IS introduced under the assumption of the cating that the atomic density of the GB regions is compa-
intermediate state for the grain switching. Thateig,,,, var-  rable with the bulk value. Since recent creep stutiftbave
ies as a function of (#f), and is expected to strongly in- been made using the high-densitymetal specimens, the
crease with decreasird) However, the experimental results reported results presumably suggest that the plastic creep
reported forn-metal specimeris® showed a deviation from mechanism is a function of the applied stresg, different
the prediction in theory. For example, Sandetsal® re-  from Eq. (1). In the present work, in order to clarify the
ported that the creep rates 0fCu andn-Pd are slower by underlying plastic creep mechanism mimetals, we carried
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out a systematic creep study of high-densitynetal speci- 10
mens, here on the-Au specimeng®-2° L
;\3‘ 0.8_
= 06
Il. EXPERIMENTS T 04l
w2
Nanocrystalline gold rf-Au, hereafter specimens were 0.2F -
prepared using the gas depositié®D) method'®~*® The 0545 <0 sﬁ(,o
present GD apparatus is composed of an evaporation cham-  _~j¢6g T 7T "~ T " ] 50\ ma
ber, a deposition chamber, a transfer pipe connecting these = © 177 MPa
chambers, and a helium circulation system with purification 2107 F X ] Ab
columns. During an operation of the GD apparatus, a purified ‘5‘ 10 X;*::‘_‘_‘_;---x---* ..... Xmmen ey
99.9999% helium gas, was supplied to the evaporation 2 [ N o At
chamber, and the supplied helium gas was evacuated from »10° I L. J

the evaporation and deposition chambers to the helium cir-
culation system with purification columns. Helium gas pres-

sures in the evaporation and deposition chambers were 67 F|G. 1. (a) Examples of the tensile creep curves measured under
kPa and 133 Pa, respectively. In the evaporation Chambe&,ap of 76, 126, 177, and 202 MP4#b) Elastic aftereffect curves
99.9999% purity Au filled in a graphite crucible was heatedafter unloading. These measurements were sequentially made at 295
to 1600—-1900 K by a rf-induction heater. Just above the A for the typeH specimen.(c) Differential curves of the creep
melt, ultrafine Au particles were formed by a gas condensaeurves shown ina).
tion process. The ultrafine Au particles were sucked by the
transfer pipe and transferred onto a glass substrate in tHests were made in a temperature range between 250 and 360
deposition chamber. In order to avoid an undesirable heatinf, and the compressive creep tests were carried out at 295
of the glass substrate by a helium gas flow as a carrier of thend 320 K, respectively. We constructed a tensile creep test
ultrafine Au particles, the glass substrate was cooled by apparatus designed for a thin tape specimen and the com-
cold finger to keep its temperature below 300 K. It is foundpressive creep test apparatus for S0@-thick specimens,
that the purity of the helium gas supplied to the evaporatiorwhere the creep strains were measured using an capacitance
chamber critically governs the quality of-Au specimens displacement sensor. The sensitivity of the sensor was 10 nm
obtained. The purity of the helium gas should be as high afor the tensile test apparatus and 5 nm for the compressive
99.9999% in order to obtain contamination-free and full-test apparatus, respectively. It is noted that the compressive
densityn-Au specimens. A grain size in the specimens wagests were not done for the typespecimens because the
measured from the STM, indicating that the mean grain siz€leposition rate was too low to prepare a thick specimen in a
was about 20 nm in the presentAu specimens. x-ray- reasonable deposition time.
diffraction measurements showed that the crystallographic The cross section and gauge length of specimens used for
directions of almost all the crystallites normal to the flatthe tensile creep tests arex20™2 mn? and 15-20 mm,
surface of the specimens wékl1), suggesting that a certain respectively. The cross section and the gauge length of speci-
spontaneous reorientation of ultrafine particles took place omens used for the compressive creep tests were 2
the specimen surface. It is also found that a deposition rat& 10"t mn? and 500 um, respectively, after mechanical
plays a critical role on the property of-Au specimens®  polishing of the specimen surfaces. In order to study the
The n-Au specimens prepared with deposition rates beyon@reep property near the yield stress, indentation creep tests
800 nm/s(here 800—1900 nmysand those deposited below were carried out at room temperature by using the micro-
800 nm/s(here 200—700 nm)swill be referred to as the Vicker's hardness tester. A change in the surface morphology
type-H and typek specimens below, respectively. The den-of n-Au specimens due to creep deformations was checked
sity of then-Au specimens was 19:40.2 g/cnt for both the by scanning tunneling microscog$TM).
typeH and typek specimens, which shows a good agree-
ment with 19.32 g/crhreported for the bulk Au value in ll. RESULTS
literature (see Ref. 18 for details On the other hand, an
onset temperature for the crystalline growth is about 400 K
for the typeH specimens and about 500 K for the type- Figure Xa) shows examples of tensile creep curves ob-
specimens, respectively!® Further, it is found in the served in the stress range between 76 and 202 MPa, and Fig.
present work that a plastic creep behavior is different bed(b) shows elastic aftereffect curves after unloading, where
tween the typed and typek specimens. We surmise that the the creep tests for 80 ks and the subsequent elastic aftereffect
spontaneous reorientation of ultrafine particles on the specimeasurements were sequentially made with the increase in
men surface is completed for the typespecimens but is not  the applied stressr,,, at 295 K for the typeH specimen. As
sufficient for the typeH specimens, respectively. seen in Fig. tb) a strain found just after unloadingggs, IS

A size of then-Au specimens was 23 mm long and 1 mm composed of the anelastic strain and the plastic creep strain.
wide. The thickness of the-Au specimens was about 20 The anelastic strain increases linearly with the increase in
um for specimens used for tensile tests and about ®®0 o, for o,, beyond a few MPa, and is associated with a
for specimens used for compressive tests. The tensile creeertain anelastic process in the grain-boundary redibfibe

Time (ks)

A. Macroscopic creep behaviors
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FIG. 3. (a) Examples of the compressive creep curves under
variouso,,, 170, 189, 217, and 276 MPa, observed for the type-
06 specimen at 295 K(b) Differential curves of the creep curves
;\? O shown in(a).
N’
§ 0.4 typeH specimens and 0.2 at 320 K and 0.1 at 295 K for the
g typedL specimens. Further the ratio,, gg/ee; decreases
w 02 with decreasing temperatuihis issue will be mentioned
later in Fig. 1). As seen in Figs. @) and 2d), the plastic
- 0 creep strain can be detected fog, beyond the threshold
v, 8 applied stressr,¢;, which is about 30 and 60 MPa for the
® i typeH and typek specimens, respectively. As seen in Fig.
% 6 2(d), &' increases almost linearly with the increaserig, for
o 4 T ap beyondo,,, and then shows a steep iqcreasedq[)
= beyond the threshold applied stresg,, which is about 150
a ) and 300 MPa for typé#d and typek specimens, respectively.
8 Figure 3a) shows examples of the compressive creep
(‘_'j 0 = _a WS- curves observed for the typé-specimens at 295 K, which
0 100 200 300 were conducted to pursue the creep response at high stresses.
Stress (MPa) Figure 3b) shows differential curves of the creep curves

shown in Fig. 8a). The creep tests at 217 and 276 MPa were
FIG. 2. () The sgocs VS 04p data observed at 295, 310, and 320 interrupted at about 33 and 12 ks, respectively, where the
K for the typeH specimendfilled symbol3 and the type- speci-  creep rate appeared to attain its steady value, and the steady
mens(open symbols (b)-(d) show the data fogan,ce andepe, and  creep rate was estimated as the minimum creep rate.
the creep rate found after a loading time for 80 ks, respectively. See | g reported that the micro-Vicker’s hardness tests may
the text foregus, €ancsr &per ANATap. give an insight into the creep response at very high
stresseé! The mean creep rate can be estimated from the
anelastic strain will be referred to ag, g below. Itis also  hardnessH, the hardness change rate, and the material

seen in Fig. ) that the plastic creep straigygqs, at- CONStant, by using the relationship,
tained after loading for 80 ks is much smaller thgp gg for ;L 3y,
a o, of 76 MPa and much larger than,, gg for a o, of 8'=6/(1+x)"H'/H. &
202 MPa. Figure (c) shows differential curves of the tensile « is given asc/a, wherea andc are the half-length of the
creep curves shown in Fig(d), wheree ,, gg shows satura- diagonal line of an indenture and the half-width of the
tion and a steady creep is attained after about 50 ks in thelastic-plastic zone around the indenture, respectively. A
present creep tests. value of k is found between 2 and 3 for most of polycrystal-
Figure 2a) showsegys as a function ofo,,, were ob- line metals. We conducted the micro-Vicker’s hardness tests
served at 295, 310, and 320 K for the tydeand typet  with loading of 9.8<10 2 N for various loading times at
specimens. Figure(B)—2(d) showe ,n g, £pcsms, and the 295 K for the typeH and typek specimens. Values of the
steady creep rate’, found near 80 ks as a function of,,, hardness found after loading times of 5, 30, and 520 s, will
respectively. As already mentioneg,,, g increases linearly be referred to a$lss, Hzos and Hgpos below, respectively.
with the increase inr,, for o,, beyond a threshold stress We estimated the yield stress, from a value ofHsg using
oan1 Of @ few MPa. The ratio ot ,, gg to the elastic strain, the well known relationship ofr,~H/3 andH' from a
€e1, IS as large as 1.1 at 320 K and 0.7 at 295 K for thechange in the values oflzp and Hgyo. We found Hsg
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FIG. 4. Thee' vs o,, data observed for the tydd-and L T! (10-3 K'])

specimens at 295 and 320 K. The filled symbols denote the tensile

creep rate data, the open symbols show the compressive creep testFIG. 5. Examples of the Arrhenius plot fer in regions | and

data, and the open squares denote the data estimated from thewhere thes’ data were observed in the tensile creep tests at 145

micro-Vicker's hardness tests. The dashed lines fitted to the regioand 200 MPa for the typkt specimen.

| data and the region Il data denat¢ estimated by using Ed3)

and e/, estimated by using Eq4), respectively. The solid curves appears to explain the' vs o, data found in region lll. The

fitted to region | and Il data are| + ¢/, . eqnpy at 295 and 320 K creep rate observed in region Il will be referred tw%g,,, .

estimated ford=20 nm at 295 and 320 K are also shown. See theln order to estimate the activation enthalpy for the plastic

text for details. creep in region |E, and region IL,Ey , we tentatively
assumed that the creep rate observed in regieri, and

=1.1GPa andH'/H=3.1(+0.1)x 10 * s™* for the typeH  that in region II, epar, are respectively explained by the

specimens and Hss=1.5GPa and H'/H=2.7(+0.1)  following empirical expressions:

x 10 *s71 for the typek specimens, respectively. These

values gives, =360 MPa anct’ =7 to 3x10 > s * in the €het =& peto( Tap™ Tpc1) €XA — Epg /KT)
stress range between 320 and 360 MPa for the bypeci- _
mens, andr,=500 MPa ands’ =6 to 3x10 ° s ! in the for opa<0ap<opc ©)

stress range between 440 and 500 MPa for the typpeci-  and
mens, respectively.

Figure 4 shows the creep raté data as a function of the s",C” :Sécn,o exXd Cpcin(Tap= 0pc2) [€XP(— Epe /KT)
applied stress,,, where the data found for the tensile creep
tests, the compressive creep tests and the micro-Vicker's
hardness tests are compared. As seen in Fig. &'ts ., It is noted that a value of the creep rate in region | is lower
data show a letter S-like curve for both typeand typek by four or five orders tham pg, estimated ford= 20 nm.
specimens. We shall classify the observed creep respongge term eXBCoa(Tap— 0pe2) ] In EQ. (4) is tentatively as-
into three categories as follows: Region I: the linear creeg;ymed to explain the steep increase fnwith the increase in
rate &, region found foro,, betweenope; andopee. Re- o, | whereC, is a constant. Figure 5 shows the Arrhenius
gion II: the transient creep rate,, region found foro,,  plot for &' in regions | and II, whereE,, found is 0.4
betweeno,,, ando, ;. Region llI: the saturation creep rate, =0.1 eV for both the typed and typet specimens, and
epenr » region found foro,, betweeno,; and oy, where  E,g found is 1.2:0.1 and 1.3:0.1 eV for the typeH and
Opc1s Tpc2, andoy, are about 30, 150, and 360 MPa for the typeL specimens, respectively.
typeH specimens, and about 60, 300, and 500 MPa for the
typeL specimens, respectively:,; is slightly lower than B. Microscopic creep textures
Oy

for ope<0p<0pe- (4)

' . To pursue an insight into the creep mechanismm-@fu,
As already mentioned, the Ashby creep rafg., for the o 1 onitored a change in the surface morphology due to a
homogeneous GB diffusion creep is given by EQj. Forthe  ,\.jic creep deformation using STM. Figure 6 is an example
application of Eq.(1) to the present Creep.data, We assUMmeyt the STM image for the type-specimen before the creep
that _'376520 _alnd Egg for the n-Au specimens are 6.2 ot indicating that the specimen surface is smooth and flat
x10""m°s™* and 9'88 eV reported for coarse-grained gycent that grains can be recognized as the network contour.
polycrystalline gold;? respectively, ands is 0.5 nM. It is noted that the surface morphology for both the type-
=0.2(+0.1) J/nt reported for the typéd specimen¥ gIVeS  and typet specimens is very similar to that shown in Fig. 6.
00,ashby Of several MPa ford=20 nm. Then one may find Figyres 7a) and 7b) show STM images of the type-speci-

that & pghoy,0 for d=20nm is 2.¢107 s *Pa It and  men after the plastic creep deformation by 0.3% at 295 K
& hsiby fOr d=20 nm is as large as 4910 o s™* at 295K under o, of 100 MPa in region | where Fig.(@ is an

and 6.8<10 %z s™! at 320 K whereo is measured in Pa example of most of the specimen surface and Fiig) $hows

and o asnoy IS Neglected. In Fig. 4g,gy,, for d=20nm at  a mesoscopic scale GB slip observed here and there with a
295 and 320 K are shown by straight lines, wheygy,y low areal density. It is not shown here, but STM images of
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FI.G' 6. An example of the STM images obser\_/ed for the_type- FIG. 8. Examples of the STM images observed for the tylpe-
ipfggnaen bef%reth thSI clietep ;e.tSt' Trle fcannlng areahls 10,059nd theL specimens after the tensile creep tests in regio@lland
heiaht n 5 and the black to white contrast measures a change "?c) show the typed specimen after plastic creep deformation by 2%

eight as > nm. at 295 K under 170 MPa(b) Shows the typé- specimen after

. . . . plastic creep deformation by 4% at 320 K under 350 MPa. The
the typet specimen after the plastic creep deformation iNgcanning area and the black to white height are *0D@00 nn?

region | are very si_milar_to _those shown in Figs{a)?and and 5 nm for(a), 1000x 1000 nn? and 12 nm for(b), and 500
7(b). STM observations indicate that the localized mesos 500 nn?, and 7 nm for(c).

copic scale GB slip takes place during the plastic creep de-

formation in region | and the plastic creep deformationgeneral feature of the STM images, it seems that the mean

mechanism in region | is very similar between the type- inclination angle of the localized GB slips from the tensile

and typek specimens. ] direction is about 45°. A typical example can be seen in Fig.
Figures 8a)-8(c) show examples of STM images ob- g(c). The plastic creep straia, associated with the local-

served after tensile creep tests in region II: Fig&) &nd  jzeq GB slips may be estimated by the relationship
8(c) for the typeH specimen after the plastic creep deforma-

tion by 2% at 295 K under 170 MPa, and FighBfor the £pc~(1/L)3AdI2, (5)
typeL specimen after the plastic creep deformation by 4% at .
330 K under 350 MPa, respectively. The STM images seemwhereAd, | andL are the mean slip displacement, the mean
Figs. 8a)—8(c) are very similar to the STM image shown in length of the localized GB slips, and the mean separation
Fig. 7(b) except that the mean separation between the locabetween the localized GB slips, respectively. The application
ized GB slips seen in Figs.(&-8(c) is much shorter than of Eq. (5) to the case with the values afd=1nm, |
that seen in Fig. (0), and the areal density of the localized =200 nm, andL=100 nm, which are roughly estimated
GB slips seen in Figs.(8-8(c) is much higher than that from Figs. §a) and §b), gives e, ~4%, which is compa-
seen in Fig. ). In Figs. 8a-8(c), the length and step rable toe,.~2% for Figs. §a) and §c) ande,.~4% for
height of the localized GB slips are between several tens andig. §b). It is indicated that the localized GB slips are re-
a few hundred nm and about1l nm respectively. From the sponsible for the plastic creep deformation in region Il. Fig-
ures 9a) and 9b) show STM images observed for the
type-H specimen after the tensile creep test at 295 K with the
increasedo,, of 200 MPa in region Il, where the plastic
creep deformation attained was 10%. The observed morphol-
ogy suggests that crossing of the localized GB slips takes
place. STM images observed for the tylpspecimens were
very similar to those shown in Figs(# and 9b) (not shown
here.

Figures 10a)—10(c) show examples of STM images ob-
served for the typéd and typek specimens after the creep
FIG. 7. Examples of the STM images observed for the tipe- t€Sts in region I, which were made by the micro-Vicker's

specimen after plastic creep deformation by 0.3% at 295 K undePardness tes(see Fig. 4 The indentations were done at 295
100 MPa in region I(a) Most of the specimen surfac)) Ame- K for 1 ks under a load of 0.98 N, and then, after unloading,

soscopic scale GB slip observed here and there, but the areal dehTM observations were made for the specimen surface
sity is very low. The scanning area is 1000000 nnf, and the nearby the indenture, at 2—26m (c/a=1.1-1.5) from the
black to white height is 6 nm fai@) and 11 nm for(b), respectively. edges of the indenture. The creep strain of the observed
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FIG. 9. Similar to Figs. 8) and &c) but here the STM images
observed for the typét specimen after the tensile creep test at 295
K with the increasedr,, of 200 MPa in region Il are shown, where

the plastic creep deformation attained was 10%. The scanning area

and the black to white height are 1000000 nnf and 25 nm for
(@ and 500<500 nnt and 12 nm for(b), respectively.

specimen surface was estimated as several percent from t
application of Eq.(1). It can be seen in Figs. @&-10c)
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FIG. 11. The Young’s modulus vs temperature data. The filled
symbols for the typdd specimens and the open symbols for the
heeLl specimens. The circular symbols are the data observed in the
vibrating reed measurements at? #z with a strain amplitude of

that the mean separation between the localized GB slips dd0 ®. The triangular symbols are the data observed in the tensile

creases to the comparable scale with the grain sizes.

IV. DISCUSSION

We found the following for the creep behaviors of the
n-Au specimens.

(1) The strong anelastic strain,, g is revealed when the
applied stressr,, is increased beyond the threshold value of
a few MPa,ogp; .7

(28 The plastic creep response of thé\u specimens is
classified into three categories, regions I-Ill which are char
acterized by the threshold applied stressgg —opcs3-

(2b) The localized GB slip is responsible for the plastic
creep deformation.

FIG. 10. Examples of the STM images observed after the cree
tests in region Ill, which were made by the micro-Vicker’s hard-
ness,(a) for the typeH specimen, andb) and (c) for the typek

tests at a strain rate of 460" %/s in a strain range between 10
and 102 (Ref. 3. The crosses are the data for the coarse-grained
p-Au. (Ref. 16. The squares denote the Young’s modulus estimated
from thee,, gg data shown in Fig. ®). See the text for details.

(2¢0) No hardening and no softening are detected for the
plastic creep deformation.

(2d) The mean separation between the localized GB slips
in region Il decreases with the increase in the applied stress
Oap-
’I)tem (1) will be discussed first. Figure 11 shows the tem-
perature dependence of the Young’s modWig, observed
for type-H specimens and type-specimens, where we show
data observed in the vibrating reed measurements?aHz0
with a strain amplitude of 10° and those observed in tensile
tests at a strain rate of 45L0" %/s in a strain range between
10 % and 1023 The Young’s modulus reported for the
coarse-grained polycrystallingp) Au (Ref. 22 is also
shown. The temperature dependence of the Young’s modulus
of the typeH and typek specimens shows a parallel change
with that of the coarse graingdAu except that the Young's
modulus of the typdd and typek specimens shows a de-
crease from the parallel change above 200 K. The decrease
from the parallel change above 200 K is associated with
eancs- ' As mentioned in Fig. @), one may find the rela-
tionship betweer,, cg and o, in the higho,, range be-
tween 50 and 200 MPa for the typespecimens, and be-
tween 50 and 350 MPa for the typhespecimens, as

(6)

where J,, gg is the anelastic compliance, i.e., the linear
anelasticity foro,, beyondo . We evaluated: ,,, gg from
the data shown in Fig.(B) and then estimatelll ; using the
I:r)elationship

€an,GB™ Jan,GB( Oap™ a'anl) )

)

Mg~[ee1/(ge1t €anca) Mo,

specimen. The scanning area and the black to white height arwhereMy is the Young's modulus observed in the vibrating

1000 1000 nnt and 5 nm for(a), 1000< 1000 nnt and 7 nm for
(b), and 500< 500 nnf and 7 nm for(c), respectively. See the text
for testing conditions.

21410

reed measurements. Ty data shown in Fig. 11 indicate
that the elastic compliancé,;, in the the relationship be-
tweenee; ando,p,
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selz‘]elo'apv 8 T T T
. _ _ 104 (@) [e 320K
is smaller thanl,, gg . It is noted thatl,, gg is much smaller o~ s ¢ 295K
thanJe, in p metals. Further, for th#1z data shown in Fig. ‘w10 7
11, the empirical relationship betweeg, gg and T may be g 1075 -
found as P
8107+ -
€an,GB™ Can,GB(T_Tanl): 9 8 108L oa? i
where C,, gg is the temperature coefficient ef,, gg, and 10°% iy, _
the onset temperatuf®,,; is about 200 K or 0.15,,, when ) A -
T is the melting temperature. The empirical relationship 50 70| 1?0 — 290 |30.0 400
betweere;, gg and T may not be explained by the Arrhenius = _'([;) at 320K ]
relationship, and this issue will be mentioned later. On the 5 - -
other hand, Bonettet al?® reported that a strong stress re- -g N
laxation of 10% fom-Fe specimens at 0.1, and one of 6% ~
for n-Ni at 0.18T,, are observed in the as-prepared state. @ C
They also reported that an amount of the stress relaxation “ 1(')0 : 2(')0 ' 3(')0 : 4(')0 3500
decreases to a few percent after annealing at 473 K, although Stress (MPa)

no grain growth is detected after the annealing. The anelastic
responses observed foiNi and n-Fe are very similar to that FIG. 12. () The best fitting of Eqs(3) and (10) (the solid

for 45,6 in the present-Au. curves to the creep rate vs stress data at 295 K and those at 320 K
The activation enthalp§,,, gg for the early stage of the gpserved for the typet specimen.(b) The Gaussian distribution
GB anelasticity was studied in a previous stress relaxatiofunction f,,(x) found for the creep rate data at 320 K showran
experiment? where E,,, cg was found to be 0.2 eV, much
lower than the activation enthalpy of 0.88 eV reported for the The STM images shown in Figs. 8—10, observed in re-
GB diffusion inp-Au.?? T,,,; of 200 K is in the temperature gions Il and 1l can be explained by assuming a broad dis-
range where an atomic migration is already stimulated for aribution for o, in region Il, and assuming that the mean
simple diffusion process with an activation enthalpy of 0.2separation between the localized GB slips decreases to the
eV, suggesting that a value of the pre-exponential factor fosize of each grain in region Ill. The empirical expression
the atomic motion responsible feg, gg should be very low. [Eq. (4)] for epen Suggests that the distribution af
It is noted that recent molecular dynamics simulation studieshould be broad when the view mentioned above is the case.

for the GB diffusio* and the migratiof™*® reported that Here we assume the following expression instead of(&.
cooperative motions of many atoms can be excited above a

certain temperature, which results in a low activation en- ;o
thalpy and a low pre-exponential factor. We surmise that Epall =
such a cooperative atomic motion of many atoms is respon- S _ _
sible fors 4, g in the presenb-Au. Then empirical relation- wheref, (x) denotes a.G_aussmn distribution function. Figure
ship [Eq. (9)] suggests that the onset temperature for thel2(@ shows the best fitting of Eq$3) and(10) to the creep
cooperative motion of many atoms shows a distribution defate vs stress data observed for the typspecimen. Figure
pending on the number of atoms associated. Further spec&2(b) shows an example of the Gaussian distribution func-
lation is premature without more experiments. tion f,;(x) found in Fig. 12a). Values of the stresses at which
We shall discuss the plastic creep response in the regionfii(X) shows its maxima are 380 MPa at 320 K and 400 MPa
below. It is noted thaE, found for both the typéd and @t 295 K, respectively, and are considerably higher than
typed specimens is 0#0.1 eV, which is slightly higher opcii - This result indicates that the values of the activation
thanE,,, cg 0f 0.2 eV and considerably lower than the acti- €nthalpy E,¢; estimated from the application of Ed¢4)
vation ehthalpy of 0.88 eV reported for the GB diffusion in should be overestimated because of a temperature change in
p-Au.?? Then we surmise that the cooperative motions offi(X).
many atoms in the GB regions suggested in the molecular- [t is known that the relationship between the plastic creep
dynamics simulation studi&scan be developed to the local- ratese,., ando,,, observed for ductile metal is explained
ized GB slip at the elevated,,. As already mentioned, the aS«sF’,cOC agp or (0ap— Tapo)", Wheren s the stress exponent.
value of the creep ratey, in region | is lower by four or five ~ For typeH and typet specimens, the value af is 1 in
orders thare p,,, estimated ford=20 nm, suggesting that region I, as shown in Eq3), and is variable with increasing
not all the GB regions are associated with the plastic creefap in region Il, as shown in E¢{4). The application of the
response in region |I. The STM images shown in Fig. 7 indi-relationshipe ;.= (0 ,,— ope)" to the e, data in region II
cate that only a minor part of the GB regions contributes toshows thah increases from 1 to 17 with increasiog, (not
the plastic creep response, resulting in the very low creeghown herg indicating that the assumption for E4.0) may
rate. The reason why the localized GB slip is persistent, abe the case. They. data in region Ill are limited, and a
seen in Fig. {b), may be due to the existence @f.; and no  rough estimation gives being less than three, indicating that
work hardening for the localized GB slip is activated. the underlying creep process is not so complicated. In Table

EX[I(—Epc“ /kT), (10)

SF,’C”OOJO fu()dx
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TABLE I. The creep rate and its stress exponent foundnféwu and those reported far-Ni and n-Cu.

Grain Stress
size Preparation =~ Temperature Applied stress Creep rate, exponent
Specimen (nm) method (K) (MPa) s’/sAshby n Ref.
n-Ni 6  Electro deposition 293 500-1000 1.2-14 1.18 6
20 293 500-1000 0.6-1.0 <2
40 293 400—500 0.4-0.5 ~2
n-Ni 30 Electro deposition 290 600-1000 0.3 1.1 7,8
373 500-700 10*-10"% 6.5
n-Cu 30 Electro deposition 293-323 125-185 3010t 1 4,5
n-Cu 10 GD 295 200-600 16 3-¢ 27
n-Au 20 GD 295-320 Region Il 0.6—-3H) <3 present

near 360 MPgH)

near 500 MP4.)

Region II betwveen  1-17
150-360 MPé&H) regions |
300-500 MPd&.) and Il

Region | 1
30-150 MPéH) 10 *(H),

60-300 MPA.) 10 5(L)

@Under higher stress) increased to 5.3, which was claimed to reflect the dislocafpmuver law creep in
Ref. 6.
bApparent values which vary with an applied stre$$) and (L) denote the typé+ and typek specimens.

|, we compiled the ratio of the creep rate observed ;me For detailed creep characteristics, one may expect that the
estimated, assuming the GB diffusion coefficient reported fo€reep response of the tyjien-Au specimens and that of the

a coarse grained specimen and the value.cfhe data re- typeH n-Au specimens become similar to each other in re-
ported forn-Ni (Refs. 6—8 and those fom-Cu (Refs. 4,5, gion lll, because the GB slip for all the grains may cancel the
and 27 are also compiled, whelggg is assumed to be 1.12 difference in the GB characteristics, reflecting the deposition
eV reported forp-N (Ref. 28 and 0.72 eV fom-Cu*® re-  condition during the specimen preparation. On the other
spectively. The data at 293 K for the electrodepositED)  hand, thes .3 VS 0, data shown in Fig. 4 indicate that the
n-Ni specimens, reported by Wareg al,® suggest that the above-mentioned postulation is not the case. It is suggested
oap range between 400 and 1000 MPa for their BINi  that the GB slip in region Ill is governed by the crystallo-

specimens corresponds to region |1l for the presedu  graphic relationship between neighboring crystallites, and
specimens. Wang@t al.’ also reported that the value of {5t the rotation of crystallites is negligible.

increases to 5.3 in the further high,, range, and claimed

that the dislocation power-law creep is responsible for the

high value ofn found at the highr,, range. The data at 290 V. CONCLUSIONS

K for the ED n-Ni specimens reported by Yin and

co-workeré® are very similar to those reported by Wang High-densityn-Au specimens with a mean grain size of
et al® On the other hand, the creep rate at 373 K reported itbout 20 nm were prepared by the gas deposition method,
Refs. 7 and 8 appears to show a deviation from their data avhere two types ofi-Au specimens were obtained as a func-
290 K and the data at 293 K by Waegal® after taking into  tion of a deposition rate, the tyge¢-specimens obtained at
account a change in temperature, suggesting that the credle deposition rate above 800 nm/s and the tygpecimens
mechanism at 373 K is different from that at room tempera-obtained at a lower deposition rate. The anelastic and plastic
ture for the EDn-Ni specimens. The data between 293 andcreep responses are very similar between the bypend

323 K for the EDn-Cu specimens reported by Cef al®  typedL specimens qualitatively, but both the anelastic strain
suggest that the-,, range between 125 and 185 MPa for theand the plastic creep strain are considerably larger for the
ED n-Cu specimens corresponds to region Il for the presentype-H specimens than for the tydespecimens when they
n-Au specimens. Our preliminary data at 295 K observed forare compared at the same applied stress. The anelastic strain,
the GDn-Cu specimerfs suggest that the,, range between  €ance associated with a certain anelastic process in the
200 and 600 MPa for the GB-Cu specimens corresponds to grain-boundary regions, can be observed when the tempera-
region Il for the presenh-Au specimens. From the recent ture T is higher than the threshold temperatdrg,; of 200
creep data for nanocrystalline face centered cubic metal§, and the applied stress,, is higher than the threshold
(n-fcc metals compiled in Table I, one can say that the stresso,,;, of a few MPa.g,p, g increases linearly with
present view of the creep behavior explains the low-(T—Tan)(0ap— Tan1), and the ratio ok, g to the elastic
temperature creep behavior ffcc metals where the grain strain, e, is as large as 1.1 for the typé-specimens and
growth is not incorporated. 0.2 for the typek specimens at 320 K. The activation en-
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thalpy for the GB anelastic process is as low as 0.2 eV. Wdetween the localized GB slips decreases with increasing
surmise that the cooperative motions of many atoms in the,, in region Il and becomes comparable with the mean
GB regions are due te,, g, and both the threshold tem- grain size in region lll. The plastic creep in region Il may be
peratureT 5, and the threshold stress,,; show a distribu-  explained by the Ashby creep. It is suggested that the GB
tion depending on the number of atoms associated witlslip in region Il is governed by the crystallographic relation-
them. ship between neighboring crystallites, and a rotation of crys-
For the plastic creep response, the creep #dtes o,, tallites is negligible. The present view for the creep behavior
data show a letter S-like curve, where we classified the obexplains the low-temperature creep behavior of nanocrystal-
served creep response into three categories as follows: RBre fcc metals where the grain growth is not incorporated.
gion I: the linear creep rate region found fot,, between
0pc1 @nd o, Region II: the transient creep rate region
found for o, betweeno ., ando 3. Region llI: the satu-
ration creep rate region found fer,, betweeno,; ando,, . This work was partly supported by the Center for Tsukuba
Ope1» Opc2, andaoy, are about 30, 150, and 360 MPa for the Advanced Research Allianc@ARA) at the University of
typeH specimens, and about 60, 300, and 500 MPa for thdsukuba, a Grant in Aid for Scientific Research from the
typel specimens, respectively:,.; is slightly lower than  Ministry of Education, Science and Culture of Japan, and the
o,. From STM observations, we surmise that the localizedHigh Damping Materials Project of “Research for the Fu-
GB slip takes place in region I, and the mean separatioture” of the Japan Society for the Promotion of Science.
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