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Characteristic creep behavior of nanocrystalline metals found for high-density gold
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Nanocrystalline~n! Au specimens with a density of 19.460.2 g/cm3 and a mean grain size of about 20 nm
were prepared below 300 K by the gas deposition method, where two types ofn-Au specimens were obtained
as a function of a deposition rate, the type-H specimens above 800 nm/s and the type-L specimens below 800
nm/s. The anelastic and the plastic creep responses are similar qualitatively but different quantitatively between
the type-H and type-L specimens. The anelastic strain«an,GB , associated with the grain boundary~GB!
regions, increases linearly with (T2Tan1)(sap2san1), when the temperatureT is higher than a threshold
temperatureTan1 of 200 K and the applied stresssap is higher than a threshold stress,san1 , of a few MPa.
The ratio of«an,GB to the elastic strain is as large as 1.1 for the type-H specimens and 0.2 for the type-L
specimens at 320 K forsap@san1 . 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 responsible for«an,GB , and bothTan1 andsan1

show a distribution depending on the number of atoms associated. The plastic creep rate«8 vs sap data show
a letter S-like curve. We classified the creep response into three categories, region I for the linear creep rate
region forsap betweenspc 1 andspc2 , region II for the transient creep rate region forsap betweenspc2 and
spc3 , and region III for the saturation creep rate region forsap betweenspc3 andsy . The threshold stresses
spc1 andspc2 and the yield stresssy are about 30, 150, and 360 MPa for the type-H specimens, and about 60,
300, and 500 MPa for the type-L specimens, respectively.spc3 is slightly lower thansy . 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 increasingsap in region II and becomes comparable
with the mean grain size in region III. The plastic creep in region III may be explained by the Ashby creep. The
present view for the creep behavior explains the low-temperature creep behavior of fccn metals.

DOI: 10.1103/PhysRevB.66.214106 PACS number~s!: 62.25.1g, 62.20.Hg, 62.20.Dc, 61.46.1w
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I. INTRODUCTION

The volume fraction of grain-boundary~GB! regions in-
creases with the decreasing mean grain size, and the
chanical property of nanocrystalline~n! metals may be gov-
erned by the corresponding property of the GB regions
plastic creep behavior is known as one of the grain-s
sensitive mechanical properties. The Coble creep1 or Ashby
model2 predicts that the Ashby creep rate«Ashby8 , for the
homogeneous GB diffusion creep is given by

«Ashby8 5~«Ashby,08 /kT!exp~2EGB/kT!~sap2s0,Ashby!,
~1!

where «Ashby,08 5330VdDGB,0/d3 and s0,Ashby50.72G/d.
DGB,0 andEGB are the pre-exponential factor and the activ
tion energy appearing in the GB diffusion coefficient,DGB
5DGB,0exp(2EGB/kT), wherek is the Boltzmann constan
andT is the temperature.G is the mean GB energy per un
area,d is the mean thickness of the GB regions,V is the
atomic volume,d is the mean grain size. The Ashby thres
old stresss0,Ashby is introduced under the assumption of t
intermediate state for the grain switching. That is,«Ashby8 var-
ies as a function of (1/d3), and is expected to strongly in
crease with decreasingd. However, the experimental resul
reported forn-metal specimens3–8 showed a deviation from
the prediction in theory. For example, Sanderset al.3 re-
ported that the creep rates ofn-Cu andn-Pd are slower by
0163-1829/2002/66~21!/214106~9!/$20.00 66 2141
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2–4 orders of magnitude than the values calculated for
homogeneous GB diffusion creep model. Caiet al.4,5 re-
ported that the observed creep rate ofn-Cu is much lower
than that expected from the homogeneous GB diffus
creep model, and then the observed activation enthalpy
the GB diffusion coefficient is considerably lower than th
reported for coarse grained polycrystalline Cu. On the ot
hand, Wanget al.6 and Yin and co-workers7,8 reported that
the observed creep rates ofn-Ni increase to the value pre
dicted in the homogeneous GB diffusion creep model at
elevated applied stresssap . It is suggested that the deviatio
from the prediction in theory is associated with the quality
n-metal specimens used, or is indicative of a deviation of
underlying creep mechanism from the theoretical model.
the elastic property ofn metals, although a very low elasti
modulus has been reported in the pioneer works,9–11 recent
elasticity studies on high-densityn metals12–16 indicated that
such a low elastic modulus as that reported should mainly
associated with pores contained inn-metal specimens used
That is, the Young’s modulus of the GB regions is found
be comparable to that of the corresponding bulk metal, in
cating that the atomic density of the GB regions is com
rable with the bulk value. Since recent creep studies3–8 have
been made using the high-densityn-metal specimens, the
reported results presumably suggest that the plastic c
mechanism is a function of the applied stresssap different
from Eq. ~1!. In the present work, in order to clarify th
underlying plastic creep mechanism ofn metals, we carried
©2002 The American Physical Society06-1
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SAKAI et al. PHYSICAL REVIEW B 66, 214106 ~2002!
out a systematic creep study of high-densityn-metal speci-
mens, here on then-Au specimens.16–20

II. EXPERIMENTS

Nanocrystalline gold (n-Au, hereafter! specimens were
prepared using the gas deposition~GD! method.16–18 The
present GD apparatus is composed of an evaporation ch
ber, a deposition chamber, a transfer pipe connecting th
chambers, and a helium circulation system with purificat
columns. During an operation of the GD apparatus, a puri
99.9999% helium gas, was supplied to the evapora
chamber, and the supplied helium gas was evacuated
the evaporation and deposition chambers to the helium
culation system with purification columns. Helium gas pre
sures in the evaporation and deposition chambers were
kPa and 133 Pa, respectively. In the evaporation cham
99.9999% purity Au filled in a graphite crucible was heat
to 1600–1900 K by a rf-induction heater. Just above the
melt, ultrafine Au particles were formed by a gas conden
tion process. The ultrafine Au particles were sucked by
transfer pipe and transferred onto a glass substrate in
deposition chamber. In order to avoid an undesirable hea
of the glass substrate by a helium gas flow as a carrier of
ultrafine Au particles, the glass substrate was cooled b
cold finger to keep its temperature below 300 K. It is fou
that the purity of the helium gas supplied to the evaporat
chamber critically governs the quality ofn-Au specimens
obtained. The purity of the helium gas should be as high
99.9999% in order to obtain contamination-free and fu
densityn-Au specimens. A grain size in the specimens w
measured from the STM, indicating that the mean grain s
was about 20 nm in the presentn-Au specimens. x-ray-
diffraction measurements showed that the crystallograp
directions of almost all the crystallites normal to the fl
surface of the specimens was~111!, suggesting that a certai
spontaneous reorientation of ultrafine particles took place
the specimen surface. It is also found that a deposition
plays a critical role on the property ofn-Au specimens.18

The n-Au specimens prepared with deposition rates bey
800 nm/s~here 800–1900 nm/s! and those deposited belo
800 nm/s~here 200–700 nm/s! will be referred to as the
type-H and type-L specimens below, respectively. The de
sity of then-Au specimens was 19.460.2 g/cm3 for both the
type-H and type-L specimens, which shows a good agre
ment with 19.32 g/cm3 reported for the bulk Au value in
literature ~see Ref. 18 for details!. On the other hand, an
onset temperature for the crystalline growth is about 400
for the type-H specimens and about 500 K for the typeL
specimens, respectively.17,18 Further, it is found in the
present work that a plastic creep behavior is different
tween the type-H and type-L specimens. We surmise that th
spontaneous reorientation of ultrafine particles on the sp
men surface is completed for the type-L specimens but is no
sufficient for the type-H specimens, respectively.

A size of then-Au specimens was 23 mm long and 1 m
wide. The thickness of then-Au specimens was about 2
mm for specimens used for tensile tests and about 500mm
for specimens used for compressive tests. The tensile c
21410
m-
se
n
d
n
m

ir-
-
67
er,

u
a-
e
he
g
e
a

n

s
-
s
e

ic
t

n
te

d

-

-

K

-

i-

ep

tests were made in a temperature range between 250 and
K, and the compressive creep tests were carried out at
and 320 K, respectively. We constructed a tensile creep
apparatus designed for a thin tape specimen and the c
pressive creep test apparatus for 500-mm-thick specimens,
where the creep strains were measured using an capaci
displacement sensor. The sensitivity of the sensor was 10
for the tensile test apparatus and 5 nm for the compres
test apparatus, respectively. It is noted that the compres
tests were not done for the type-L specimens because th
deposition rate was too low to prepare a thick specimen
reasonable deposition time.

The cross section and gauge length of specimens use
the tensile creep tests are 231022 mm2 and 15–20 mm,
respectively. The cross section and the gauge length of sp
mens used for the compressive creep tests were
31021 mm2 and 500 mm, respectively, after mechanica
polishing of the specimen surfaces. In order to study
creep property near the yield stress, indentation creep t
were carried out at room temperature by using the mic
Vicker’s hardness tester. A change in the surface morphol
of n-Au specimens due to creep deformations was chec
by scanning tunneling microscopy~STM!.

III. RESULTS

A. Macroscopic creep behaviors

Figure 1~a! shows examples of tensile creep curves o
served in the stress range between 76 and 202 MPa, and
1~b! shows elastic aftereffect curves after unloading, wh
the creep tests for 80 ks and the subsequent elastic aftere
measurements were sequentially made with the increas
the applied stress,sap , at 295 K for the type-H specimen. As
seen in Fig. 1~b! a strain found just after unloading,«80ks , is
composed of the anelastic strain and the plastic creep st
The anelastic strain increases linearly with the increase
sap for sap beyond a few MPa, and is associated with
certain anelastic process in the grain-boundary regions.17 The

FIG. 1. ~a! Examples of the tensile creep curves measured un
sap of 76, 126, 177, and 202 MPa.~b! Elastic aftereffect curves
after unloading. These measurements were sequentially made a
K for the type-H specimen.~c! Differential curves of the creep
curves shown in~a!.
6-2
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CHARACTERISTIC CREEP BEHAVIOR OF . . . PHYSICAL REVIEW B 66, 214106 ~2002!
anelastic strain will be referred to as«an,GB below. It is also
seen in Fig. 1~b! that the plastic creep strain,«pc,80ks , at-
tained after loading for 80 ks is much smaller than«an,GB for
a sap of 76 MPa and much larger than«an,GB for a sap of
202 MPa. Figure 1~c! shows differential curves of the tensi
creep curves shown in Fig. 1~a!, where«an,GB shows satura-
tion and a steady creep is attained after about 50 ks in
present creep tests.

Figure 2~a! shows«80ks as a function ofsap , were ob-
served at 295, 310, and 320 K for the type-H and type-L
specimens. Figure 2~b!–2~d! show«an,GB, «pc,80ks , and the
steady creep rate«8, found near 80 ks as a function ofsap ,
respectively. As already mentioned,«an,GB increases linearly
with the increase insap for sap beyond a threshold stres
san1 of a few MPa. The ratio of«an,GB to the elastic strain,
«e1 , is as large as 1.1 at 320 K and 0.7 at 295 K for t

FIG. 2. ~a! The«80ks vs sap data observed at 295, 310, and 3
K for the type-H specimens~filled symbols! and the type-L speci-
mens~open symbols!. ~b!-~d! show the data for«an,GB and«pc , and
the creep rate found after a loading time for 80 ks, respectively.
the text for«80ks , «an,GB , «pc , andsap .
21410
e

e

type-H specimens and 0.2 at 320 K and 0.1 at 295 K for
type-L specimens. Further the ratio«an,GB/«e1 decreases
with decreasing temperature~this issue will be mentioned
later in Fig. 11!. As seen in Figs. 2~c! and 2~d!, the plastic
creep strain can be detected forsap beyond the threshold
applied stressspc1 , which is about 30 and 60 MPa for th
type-H and type-L specimens, respectively. As seen in F
2~d!, «8 increases almost linearly with the increase insap for
sap beyondspc1 , and then shows a steep increase forsap
beyond the threshold applied stressspc2 , which is about 150
and 300 MPa for typeH and type-L specimens, respectively

Figure 3~a! shows examples of the compressive cre
curves observed for the type-H specimens at 295 K, which
were conducted to pursue the creep response at high stre
Figure 3~b! shows differential curves of the creep curv
shown in Fig. 3~a!. The creep tests at 217 and 276 MPa we
interrupted at about 33 and 12 ks, respectively, where
creep rate appeared to attain its steady value, and the st
creep rate was estimated as the minimum creep rate.

It is reported that the micro-Vicker’s hardness tests m
give an insight into the creep response at very h
stresses.21 The mean creep rate can be estimated from
hardnessH, the hardness change rateH8, and the material
constantk, by using the relationship,

«856/~11k!3H8/H. ~2!

k is given asc/a, wherea and c are the half-length of the
diagonal line of an indenture and the half-width of th
elastic-plastic zone around the indenture, respectively
value ofk is found between 2 and 3 for most of polycrysta
line metals. We conducted the micro-Vicker’s hardness te
with loading of 9.831022 N for various loading times a
295 K for the type-H and type-L specimens. Values of the
hardness found after loading times of 5, 30, and 520 s,
be referred to asH5s , H30s and H520s below, respectively.
We estimated the yield stresssy from a value ofH5s using
the well known relationship ofsy'H/3 and H8 from a
change in the values ofH30s and H520s . We found H5s

ee

FIG. 3. ~a! Examples of the compressive creep curves un
varioussap , 170, 189, 217, and 276 MPa, observed for the typeH
specimen at 295 K.~b! Differential curves of the creep curve
shown in~a!.
6-3
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SAKAI et al. PHYSICAL REVIEW B 66, 214106 ~2002!
51.1 GPa andH8/H53.1(60.1)31024 s21 for the type-H
specimens and H5s51.5 GPa and H8/H52.7(60.1)
31024 s21 for the type-L specimens, respectively. Thes
values givesy5360 MPa and«857 to 331025 s21 in the
stress range between 320 and 360 MPa for the type-H speci-
mens, andsy5500 MPa and«856 to 331025 s21 in the
stress range between 440 and 500 MPa for the type-L speci-
mens, respectively.

Figure 4 shows the creep rate«8 data as a function of the
applied stresssap , where the data found for the tensile cre
tests, the compressive creep tests and the micro-Vick
hardness tests are compared. As seen in Fig. 4, the«8 vs sap
data show a letter S-like curve for both type-H and type-L
specimens. We shall classify the observed creep resp
into three categories as follows: Region I: the linear cre
rate«pcI8 region found forsap betweenspc1 andspc2 . Re-
gion II: the transient creep rate«pcII8 region found forsap

betweenspc2 andspc3 . Region III: the saturation creep rat
«pcIII8 , region found forsap betweenspc3 and sy , where
spc1 , spc2 , andsy are about 30, 150, and 360 MPa for th
type-H specimens, and about 60, 300, and 500 MPa for
type-L specimens, respectively.spc3 is slightly lower than
sy .

As already mentioned, the Ashby creep rate«Ashby8 for the
homogeneous GB diffusion creep is given by Eq.~1!. For the
application of Eq.~1! to the present creep data, we assu
that DGB,0 and EGB for the n-Au specimens are 6.2
31027 m2 s21 and 0.88 eV reported for coarse-grain
polycrystalline gold,22 respectively, andd is 0.5 nm. G
50.2(60.1) J/m2 reported for the type-H specimens18 gives
s0,Ashby of several MPa ford520 nm. Then one may find
that «Ashby,08 for d520 nm is 2.2310219 s21 Pa21 J21 and
«Ashby8 for d520 nm is as large as 4.9310214s s21 at 295 K
and 6.8310213s s21 at 320 K wheres is measured in Pa
and s0,Ashby is neglected. In Fig. 4,«Ashby8 for d520 nm at
295 and 320 K are shown by straight lines, where«Ashby8

FIG. 4. The «8 vs sap data observed for the type-H and L
specimens at 295 and 320 K. The filled symbols denote the ten
creep rate data, the open symbols show the compressive cree
data, and the open squares denote the data estimated from
micro-Vicker’s hardness tests. The dashed lines fitted to the re
I data and the region II data denote« I8 estimated by using Eq.~3!
and « II8 estimated by using Eq.~4!, respectively. The solid curve
fitted to region I and II data are« I81« II8 . «Ashby8 at 295 and 320 K
estimated ford520 nm at 295 and 320 K are also shown. See
text for details.
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appears to explain the«8 vs sap data found in region III. The
creep rate observed in region III will be referred to as«pcIII8 .
In order to estimate the activation enthalpy for the plas
creep in region I,EpcI and region II,EpcII , we tentatively
assumed that the creep rate observed in region I,«pcI8 , and
that in region II, «pcII8 , are respectively explained by th
following empirical expressions:

«pcI8 5«pcI,08 ~sap2spc1!exp~2EpcI /kT!

for spc1<sap,spc2 ~3!

and

«pcII8 5«pcII,08 exp@CpcII~sap2spc2!#exp~2EpcII /kT!

for spc2<sap,spc3 . ~4!

It is noted that a value of the creep rate in region I is low
by four or five orders than«Ashby8 estimated ford520 nm.
The term exp@CpcII(sap2spc2)# in Eq. ~4! is tentatively as-
sumed to explain the steep increase in«8 with the increase in
sap , whereCpcII is a constant. Figure 5 shows the Arrheni
plot for «8 in regions I and II, whereEpcI found is 0.4
60.1 eV for both the type-H and type-L specimens, and
EpcII found is 1.260.1 and 1.360.1 eV for the type-H and
type-L specimens, respectively.

B. Microscopic creep textures

To pursue an insight into the creep mechanism ofn-Au,
we monitored a change in the surface morphology due t
plastic creep deformation using STM. Figure 6 is an exam
of the STM image for the type-L specimen before the cree
test, indicating that the specimen surface is smooth and
except that grains can be recognized as the network con
It is noted that the surface morphology for both the typeH
and type-L specimens is very similar to that shown in Fig.
Figures 7~a! and 7~b! show STM images of the type-H speci-
men after the plastic creep deformation by 0.3% at 295
under sap of 100 MPa in region I where Fig. 7~a! is an
example of most of the specimen surface and Fig. 7~b! shows
a mesoscopic scale GB slip observed here and there w
low areal density. It is not shown here, but STM images

ile
test
the
n

e

FIG. 5. Examples of the Arrhenius plot for«8 in regions I and
II, where the«8 data were observed in the tensile creep tests at
and 200 MPa for the type-H specimen.
6-4
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CHARACTERISTIC CREEP BEHAVIOR OF . . . PHYSICAL REVIEW B 66, 214106 ~2002!
the type-L specimen after the plastic creep deformation
region I are very similar to those shown in Figs. 7~a! and
7~b!. STM observations indicate that the localized mes
copic scale GB slip takes place during the plastic creep
formation in region I and the plastic creep deformati
mechanism in region I is very similar between the typeH
and type-L specimens.

Figures 8~a!–8~c! show examples of STM images ob
served after tensile creep tests in region II: Figs. 8~a! and
8~c! for the type-H specimen after the plastic creep deform
tion by 2% at 295 K under 170 MPa, and Fig. 8~b! for the
type-L specimen after the plastic creep deformation by 4%
330 K under 350 MPa, respectively. The STM images s
Figs. 8~a!–8~c! are very similar to the STM image shown
Fig. 7~b! except that the mean separation between the lo
ized GB slips seen in Figs. 8~a!–8~c! is much shorter than
that seen in Fig. 7~b!, and the areal density of the localize
GB slips seen in Figs. 8~a!–8~c! is much higher than tha
seen in Fig. 7~b!. In Figs. 8~a!–8~c!, the length and step
height of the localized GB slips are between several tens
a few hundred nm and about 161 nm respectively. From the

FIG. 6. An example of the STM images observed for the typL
specimen before the creep test. The scanning area is 1
31000 nm2, and the black to white contrast measures a chang
height as 5 nm.

FIG. 7. Examples of the STM images observed for the typeH
specimen after plastic creep deformation by 0.3% at 295 K un
100 MPa in region I.~a! Most of the specimen surface,~b! A me-
soscopic scale GB slip observed here and there, but the areal
sity is very low. The scanning area is 100031000 nm2, and the
black to white height is 6 nm for~a! and 11 nm for~b!, respectively.
21410
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general feature of the STM images, it seems that the m
inclination angle of the localized GB slips from the tens
direction is about 45°. A typical example can be seen in F
8~c!. The plastic creep strain«pc associated with the local
ized GB slips may be estimated by the relationship

«pc'~1/L !3Ddl2, ~5!

whereDd, l andL are the mean slip displacement, the me
length of the localized GB slips, and the mean separa
between the localized GB slips, respectively. The applicat
of Eq. ~5! to the case with the values ofDd51 nm, l
5200 nm, andL5100 nm, which are roughly estimate
from Figs. 8~a! and 8~b!, gives«pc'4%, which is compa-
rable to«pc'2% for Figs. 8~a! and 8~c! and «pc'4% for
Fig. 8~b!. It is indicated that the localized GB slips are r
sponsible for the plastic creep deformation in region II. F
ures 9~a! and 9~b! show STM images observed for th
type-H specimen after the tensile creep test at 295 K with
increasedsap of 200 MPa in region II, where the plasti
creep deformation attained was 10%. The observed morp
ogy suggests that crossing of the localized GB slips ta
place. STM images observed for the type-L specimens were
very similar to those shown in Figs. 9~a! and 9~b! ~not shown
here!.

Figures 10~a!–10~c! show examples of STM images ob
served for the type-H and type-L specimens after the cree
tests in region III, which were made by the micro-Vicker
hardness tests~see Fig. 4!. The indentations were done at 29
K for 1 ks under a load of 0.98 N, and then, after unloadin
STM observations were made for the specimen surf
nearby the indenture, at 2–20mm (c/a51.1– 1.5) from the
edges of the indenture. The creep strain of the obser

00
in

er

en-

FIG. 8. Examples of the STM images observed for the typeH
and theL specimens after the tensile creep tests in region II.~a! and
~c! show the type-H specimen after plastic creep deformation by 2
at 295 K under 170 MPa.~b! Shows the type-L specimen after
plastic creep deformation by 4% at 320 K under 350 MPa. T
scanning area and the black to white height are 100031000 nm2

and 5 nm for~a!, 100031000 nm2 and 12 nm for~b!, and 500
3500 nm2, and 7 nm for~c!.
6-5
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SAKAI et al. PHYSICAL REVIEW B 66, 214106 ~2002!
specimen surface was estimated as several percent from
application of Eq.~1!. It can be seen in Figs. 10~a!–10~c!
that the mean separation between the localized GB slips
creases to the comparable scale with the grain sizes.

IV. DISCUSSION

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

~1! The strong anelastic strain«an,GB is revealed when the
applied stresssap is increased beyond the threshold value
a few MPa,san1 .17

~2a! The plastic creep response of then-Au specimens is
classified into three categories, regions I–III which are ch
acterized by the threshold applied stressesspc1–spc3 .

~2b! The localized GB slip is responsible for the plas
creep deformation.

FIG. 9. Similar to Figs. 8~a! and 8~c! but here the STM images
observed for the type-H specimen after the tensile creep test at 2
K with the increasedsap of 200 MPa in region II are shown, wher
the plastic creep deformation attained was 10%. The scanning
and the black to white height are 100031000 nm2 and 25 nm for
~a! and 5003500 nm2 and 12 nm for~b!, respectively.

FIG. 10. Examples of the STM images observed after the cr
tests in region III, which were made by the micro-Vicker’s har
ness,~a! for the type-H specimen, and~b! and ~c! for the type-L
specimen. The scanning area and the black to white height
100031000 nm2 and 5 nm for~a!, 100031000 nm2 and 7 nm for
~b!, and 5003500 nm2 and 7 nm for~c!, respectively. See the tex
for testing conditions.
21410
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~2c! No hardening and no softening are detected for
plastic creep deformation.

~2d! The mean separation between the localized GB s
in region II decreases with the increase in the applied st
sap .

Item ~1! will be discussed first. Figure 11 shows the tem
perature dependence of the Young’s modulusMR , observed
for type-H specimens and type-L specimens, where we show
data observed in the vibrating reed measurements at 102 Hz
with a strain amplitude of 1026 and those observed in tensi
tests at a strain rate of 4.531024/s in a strain range betwee
1024 and 1023. The Young’s modulus reported for th
coarse-grained polycrystalline~p! Au ~Ref. 22! is also
shown. The temperature dependence of the Young’s mod
of the type-H and type-L specimens shows a parallel chan
with that of the coarse grainedp-Au except that the Young’s
modulus of the type-H and type-L specimens shows a de
crease from the parallel change above 200 K. The decre
from the parallel change above 200 K is associated w
«an,GB.17 As mentioned in Fig. 2~b!, one may find the rela-
tionship between«an,GB and sap in the highsap range be-
tween 50 and 200 MPa for the type-H specimens, and be
tween 50 and 350 MPa for the type-L specimens, as

«an,GB5Jan,GB~sap2san1!, ~6!

where Jan,GB is the anelastic compliance, i.e., the line
anelasticity forsap beyondsan1 . We evaluated«an,GB from
the data shown in Fig. 2~b! and then estimatedMR using the
relationship

MR'@«e1 /~«e11«an,GB!#M0 , ~7!

whereM0 is the Young’s modulus observed in the vibratin
reed measurements. TheMR data shown in Fig. 11 indicate
that the elastic complianceJe1 , in the the relationship be
tween«e1 andsap ,

ea

p

re

FIG. 11. The Young’s modulus vs temperature data. The fil
symbols for the type-H specimens and the open symbols for t
type-L specimens. The circular symbols are the data observed in
vibrating reed measurements at 102 Hz with a strain amplitude of
1026. The triangular symbols are the data observed in the ten
tests at a strain rate of 4.531024/s in a strain range between 1024

and 1023 ~Ref. 3!. The crosses are the data for the coarse-grai
p-Au. ~Ref. 16!. The squares denote the Young’s modulus estima
from the«an,GB data shown in Fig. 2~b!. See the text for details.
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«e15Je1sap , ~8!

is smaller thanJan,GB. It is noted thatJan,GB is much smaller
thanJe1 in p metals. Further, for theMR data shown in Fig.
11, the empirical relationship between«an,GB andT may be
found as

«an,GB5Can,GB~T2Tan1!, ~9!

whereCan,GB is the temperature coefficient of«an,GB, and
the onset temperatureTan1 is about 200 K or 0.15Tm , when
Tm is the melting temperature. The empirical relationsh
between«an,GB andT may not be explained by the Arrheniu
relationship, and this issue will be mentioned later. On
other hand, Bonettiet al.23 reported that a strong stress r
laxation of 10% forn-Fe specimens at 0.17Tm and one of 6%
for n-Ni at 0.18Tm are observed in the as-prepared sta
They also reported that an amount of the stress relaxa
decreases to a few percent after annealing at 473 K, altho
no grain growth is detected after the annealing. The anela
responses observed forn-Ni andn-Fe are very similar to tha
for «an,GB in the presentn-Au.

The activation enthalpyEan,GB for the early stage of the
GB anelasticity was studied in a previous stress relaxa
experiment,18 whereEan,GB was found to be 0.2 eV, muc
lower than the activation enthalpy of 0.88 eV reported for
GB diffusion in p-Au.22 Tan1 of 200 K is in the temperature
range where an atomic migration is already stimulated fo
simple diffusion process with an activation enthalpy of 0
eV, suggesting that a value of the pre-exponential factor
the atomic motion responsible for«an,GB should be very low.
It is noted that recent molecular dynamics simulation stud
for the GB diffusion24 and the migration25,26 reported that
cooperative motions of many atoms can be excited abov
certain temperature, which results in a low activation e
thalpy and a low pre-exponential factor. We surmise t
such a cooperative atomic motion of many atoms is resp
sible for«an,GB in the presentn-Au. Then empirical relation-
ship @Eq. ~9!# suggests that the onset temperature for
cooperative motion of many atoms shows a distribution
pending on the number of atoms associated. Further sp
lation is premature without more experiments.

We shall discuss the plastic creep response in the reg
below. It is noted thatEpcI found for both the type-H and
type-L specimens is 0.460.1 eV, which is slightly higher
thanEan,GB of 0.2 eV and considerably lower than the ac
vation enthalpy of 0.88 eV reported for the GB diffusion
p-Au.22 Then we surmise that the cooperative motions
many atoms in the GB regions suggested in the molecu
dynamics simulation studies24 can be developed to the loca
ized GB slip at the elevatedsap . As already mentioned, th
value of the creep rate«pcI8 in region I is lower by four or five
orders than«Ashby8 estimated ford520 nm, suggesting tha
not all the GB regions are associated with the plastic cr
response in region I. The STM images shown in Fig. 7 in
cate that only a minor part of the GB regions contributes
the plastic creep response, resulting in the very low cr
rate. The reason why the localized GB slip is persistent
seen in Fig. 7~b!, may be due to the existence ofspc1 and no
work hardening for the localized GB slip is activated.
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The STM images shown in Figs. 8–10, observed in
gions II and III can be explained by assuming a broad d
tribution for spc2 in region II, and assuming that the mea
separation between the localized GB slips decreases to
size of each grain in region III. The empirical expressi
@Eq. ~4!# for «pcII8 suggests that the distribution ofspc2

should be broad when the view mentioned above is the c
Here we assume the following expression instead of Eq.~4!:

«pcII8 5F«pcII008 E
0

s

f II~x!dxGexp~2EpcII /kT!, ~10!

wheref II(x) denotes a Gaussian distribution function. Figu
12~a! shows the best fitting of Eqs.~3! and~10! to the creep
rate vs stress data observed for the type-H specimen. Figure
12~b! shows an example of the Gaussian distribution fu
tion f II(x) found in Fig. 12~a!. Values of the stresses at whic
f II(x) shows its maxima are 380 MPa at 320 K and 400 M
at 295 K, respectively, and are considerably higher th
spcII . This result indicates that the values of the activati
enthalpy EpcII estimated from the application of Eq.~4!
should be overestimated because of a temperature chan
f II(x).

It is known that the relationship between the plastic cre
rates«pc8 , andsap , observed for ductile metal is explaine
as«pc8 }sap

n or (sap2sap,0)
n, wheren is the stress exponen

For type-H and type-L specimens, the value ofn is 1 in
region I, as shown in Eq.~3!, and is variable with increasing
sap in region II, as shown in Eq.~4!. The application of the
relationship«pc8 }(sap2spc2)n to the «pc8 data in region II
shows thatn increases from 1 to 17 with increasingsap ~not
shown here!, indicating that the assumption for Eq.~10! may
be the case. The«pc8 data in region III are limited, and a
rough estimation givesn being less than three, indicating th
the underlying creep process is not so complicated. In Ta

FIG. 12. ~a! The best fitting of Eqs.~3! and ~10! ~the solid
curves! to the creep rate vs stress data at 295 K and those at 32
observed for the type-H specimen.~b! The Gaussian distribution
function f II (x) found for the creep rate data at 320 K shown in~a!.
6-7
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TABLE I. The creep rate and its stress exponent found forn-Au and those reported forn-Ni and n-Cu.

Specimen

Grain
size
~nm!

Preparation
method

Temperature
~K!

Applied stress
~MPa!

Creep rate,
«8/«Ashby8

Stress
exponent

n Ref.

n-Ni 6 Electro deposition 293 500–1000 1.2–1.4 1.18 6
20 293 500–1000a 0.6–1.0 ,2
40 293 400—500a 0.4–0.5 ;2

n-Ni 30 Electro deposition 290 600–1000 0.3 1.1 7, 8
373 500–700 1024– 1023 6.5

n-Cu 30 Electro deposition 293–323 125–185 1022– 1021 1 4, 5
n-Cu 10 GD 295 200–600 1026 3–8b 27
n-Au 20 GD 295–320 Region III

near 360 MPa~H!
near 500 MPa~L!

0.6–3~H! ,3 present

Region II
150–360 MPa~H!
300–500 MPa~L!

between
regions I
and III

1–17b

Region I
30–150 MPa~H!
60–300 MPa~L!

1024(H),
1025(L)

1

aUnder higher stress,n increased to 5.3, which was claimed to reflect the dislocation~power law! creep in
Ref. 6.

bApparent values which vary with an applied stress.~H! and ~L! denote the type-H and type-L specimens.
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I, we compiled the ratio of the creep rate observed to«Ashby8
estimated, assuming the GB diffusion coefficient reported
a coarse grained specimen and the value ofn. The data re-
ported forn-Ni ~Refs. 6–8! and those forn-Cu ~Refs. 4,5,
and 27! are also compiled, whereEGB is assumed to be 1.1
eV reported forp-N ~Ref. 28! and 0.72 eV forn-Cu,4,5 re-
spectively. The data at 293 K for the electrodeposition~ED!
n-Ni specimens, reported by Wanget al.,6 suggest that the
sap range between 400 and 1000 MPa for their EDn-Ni
specimens corresponds to region III for the presentn-Au
specimens. Wanget al.6 also reported that the value ofn
increases to 5.3 in the further highsap range, and claimed
that the dislocation power-law creep is responsible for
high value ofn found at the highsap range. The data at 29
K for the ED n-Ni specimens reported by Yin an
co-workers7,8 are very similar to those reported by Wan
et al.6 On the other hand, the creep rate at 373 K reporte
Refs. 7 and 8 appears to show a deviation from their dat
290 K and the data at 293 K by Wanget al.6 after taking into
account a change in temperature, suggesting that the c
mechanism at 373 K is different from that at room tempe
ture for the EDn-Ni specimens. The data between 293 a
323 K for the EDn-Cu specimens reported by Caiet al.5

suggest that thesap range between 125 and 185 MPa for t
ED n-Cu specimens corresponds to region III for the pres
n-Au specimens. Our preliminary data at 295 K observed
the GDn-Cu specimens27 suggest that thesap range between
200 and 600 MPa for the GDn-Cu specimens corresponds
region II for the presentn-Au specimens. From the recen
creep data for nanocrystalline face centered cubic me
(n- f cc metals! compiled in Table I, one can say that th
present view of the creep behavior explains the lo
temperature creep behavior ofn- f cc metals where the grain
growth is not incorporated.
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For detailed creep characteristics, one may expect tha
creep response of the type-L n-Au specimens and that of th
type-H n-Au specimens become similar to each other in
gion III, because the GB slip for all the grains may cancel
difference in the GB characteristics, reflecting the deposit
condition during the specimen preparation. On the ot
hand, the«pc38 vs sap data shown in Fig. 4 indicate that th
above-mentioned postulation is not the case. It is sugge
that the GB slip in region III is governed by the crystall
graphic relationship between neighboring crystallites, a
that the rotation of crystallites is negligible.

V. CONCLUSIONS

High-densityn-Au specimens with a mean grain size
about 20 nm were prepared by the gas deposition meth
where two types ofn-Au specimens were obtained as a fun
tion of a deposition rate, the type-H specimens obtained a
the deposition rate above 800 nm/s and the type-L specimens
obtained at a lower deposition rate. The anelastic and pla
creep responses are very similar between the type-H and
type-L specimens qualitatively, but both the anelastic str
and the plastic creep strain are considerably larger for
type-H specimens than for the type-L specimens when they
are compared at the same applied stress. The anelastic s
«anGB, associated with a certain anelastic process in
grain-boundary regions, can be observed when the temp
ture T is higher than the threshold temperatureTan1 of 200
K, and the applied stresssap is higher than the threshold
stresssan1 , of a few MPa.«an,GB increases linearly with
(T2Tan1)(sap2san1), and the ratio of«an,GB to the elastic
strain,«el , is as large as 1.1 for the type-H specimens and
0.2 for the type-L specimens at 320 K. The activation e
6-8



W
th
-

i

o
R

n

e
th

e
tio

ing
an
e

GB
n-
ys-
ior
tal-
.

ba

he
the
u-

ea
uk

l a

al

ng

A

r.

.

R

r.

S

o-

ta,

hi

ter.

es.

ta

E.

g.

r-

r.

hi,
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thalpy for the GB anelastic process is as low as 0.2 eV.
surmise that the cooperative motions of many atoms in
GB regions are due to«an,GB, and both the threshold tem
peratureTan1 and the threshold stresssan1 show a distribu-
tion depending on the number of atoms associated w
them.

For the plastic creep response, the creep rate«8 vs sap
data show a letter S-like curve, where we classified the
served creep response into three categories as follows:
gion I: the linear creep rate region found forsap between
spc1 and spc2 . Region II: the transient creep rate regio
found for sap betweenspc2 andspc3 . Region III: the satu-
ration creep rate region found forsap betweenspc3 andsy .
spc1 , spc2 , andsy are about 30, 150, and 360 MPa for th
type-H specimens, and about 60, 300, and 500 MPa for
type-L specimens, respectively.spc3 is slightly lower than
sy . From STM observations, we surmise that the localiz
GB slip takes place in region I, and the mean separa
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