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Experimental tests of the elementary mechanism responsible for creep deformation

in nanocrystalline gold
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Creep deformation tests at room temperature were carried out on nanocrystalline (n-) Au prepared by the
gas-deposition method, where the mean primary grain size was ~20 nm but most of the primary grains formed
clusters with a mean size of ~50 nm (called secondary grains after this). X-ray (111) reflection was predomi-
nant in the n-Au specimens in the as-deposited state and the mean grain size estimated from this reflection had
good agreement with that of the secondary grains. The secondary grains came out onto the specimen surfaces
and sank into them in the in sifu scanning tunneling microscope observations done during the creep tests. This
indicated that secondary grains in n-Au can move as a whole without coalescence with neighboring grains and
such secondary-grain motion cannot be explained by diffusion-mediated mechanisms. Further, a large decrease
in the x-ray (111) reflection and no changes in either the mean size of the secondary grains or the x-ray diffuse
scattering pattern were observed after creep deformations. These results indicate that the grain-boundary slips
in n-Au are associated with rotations of the secondary grains. The transition in heterogeneous grain-boundary
slips to homogeneous grain-boundary slips with increasing stress found in virgin n-Au specimens was again
observed in predeformed n-Au specimens, indicating that the modified grain-boundary regions due to grain
boundary slips can be recovered after unloading, i.e., grain-boundary regions have static and modified

structures.
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I. INTRODUCTION

Deformation in ductile metals is governed by dislocation
motion when the mean grain size d, is larger than a certain
threshold d., of several tens of nanometers, where the yield
strength increases in proportion with d~/? (the Hall-Petch
relation).!> The yield strength saturates at around d=d,, then
reduces with decreasing mean grain size for d<<d, (the in-
verse Hall-Petch relation).® Various models have been pro-
posed to explain the inverse Hall-Petch relation.*® The
diffusion-mediated deformation mechanism is known to be-
come predominant when the mean grain size is as small as
the diffusion length expected for the mechanism.”8 The
strain rate de/dt, mediated by grain-boundary diffusion in a
polycrystalline material was formulated by Coble’ and is
given by

dS/dt= aDGBéGBU'Q/dSkBT, (l)

where Dgg is the grain-boundary diffusion coefficient, dgg is
the grain-boundary thickness, and () is the atomic volume.
Here, o is the applied stress, T is the temperature, kg is the
Boltzmann constant, and « is a proportional constant. Fur-
ther, Ashby® took the sliding of the grain boundary into ac-
count and proposed a similar equation with an increased rate.
Diffusion-mediated deformation can be observed in high-
temperature creep tests on conventional polycrystalline met-
als with a mean grain size larger than 1 um. Viscous flow
can play a major role in deformation at room temperature in
nanocrystalline metals with a mean grain size of less than
d..> Creep deformation tests at room temperature were car-
ried out on nanocrystalline gold (called n-Au after this) to
clarify the deformation mechanism in ductile nanocrystalline
metals with a mean grain size of less than d_.°
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PACS number(s): 62.25.+g, 61.46.Hk, 62.20.Hg, 62.20.Fe

Figure 1 plots the dependence of the steady-state creep
rate (called creep rate after this) at room temperature on
stress reported for n-Au,” n-Cu,'>'? and n-Ni,'>!* where the
creep rates for n-Au specimens predicted by Ashby’s and
Coble’s creep models are also plotted. Both models predict a
linear relationship between the creep rate and stress. Al-
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FIG. 1. Steady-state creep rate de/dt, vs applied stress o. Data
reported for various n metals at room temperature. 1 and 2: type-H
n-Au and type-L n-Au with mean grain size d, of ~20 nm
(~50 nm as secondary grains) prepared by gas-deposition (GD)
method (Ref. 9). 3: n-Cu with d of ~25 nm prepared by GD (Ref.
10). 4: n-Cu with d of ~30 nm prepared by electro-deposition (ED)
method (Ref. 11). 5: n-Cu with d of ~30 nm prepared by ED (Ref.
12). 6: n-Ni with d of ~30 nm prepared by ED (Ref. 13). 7: n-Ni
with d of ~20 nm prepared by ED (Ref. 14). Dashed lines 8 and 8’
are respective theoretical values for n-Au with d of 20 nm and
40 nm predicted by Ashby creep model. Dashed lines 9 and 9’ are
respective theoretical values for n-Au with 4 of 20 nm and 40 nm
predicted by Coble creep model. Solid line, dotted and dashed line,
and double-dotted and dashed line are provided for clarity.
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though the creep rate’s magnitude depends on specimen
preparation conditions, its dependences on stress observed
over a wide range for n-Au (Ref. 9) and n-Cu (Ref. 10)
commonly revealed a nearly linear increase followed by a
steep rise with increasing stress. The creep rate observed for
n-Au in the low stress range is much lower than that pre-
dicted by Coble’s model and that observed in the high stress
range is much higher than that expected with Ashby’s model.
The dependence of creep rate on stress observed within a
narrow stress range for n-Cu (Refs. 11 and 12) and n-Ni
(Refs. 13 and 14) may reflect part of the characteristic de-
pendence of creep rate on stress previously mentioned.
Therefore, the deformation in these fcc n metals with d
<d_, is not governed by a diffusion-mediated mechanism but
by some other kind. Scanning tunneling microscope (STM)
observations of n-Au (Ref. 9) and n-Cu (Ref. 10) after creep
deformations revealed that a nearly linear increase in the
creep rate in the low stress range was associated with an
increase in the number density of localized grain-boundary
slips where the length was a few hundred nanometers and the
height difference was a few nanometers (heterogeneous
grain-boundary slips). With increasing stress, the heteroge-
neous grain-boundary slips developed to homogeneous
grain-boundary slips between all the grains. No grain growth
in n-Au was observed even after the homogeneous grain-
boundary slips,® although grain growth was caused by an-
nealing at about 400 K.'> This indicates that all grains stably
played an important role in deformation at room temperature.
Consequently, questions may arise into whether the creep
rate will increase further with increasing stress, and into the
behaviors of grains during deformation. Further creep tests,
in situ STM observations during a tensile test, and a survey
of the crystallographic change as a function of deformation
were conducted on n-Au to address these issues.

II. EXPERIMENTAL PROCEDURE

Fully dense n-Au was prepared with the gas-deposition
(GD) method,'>!¢ where gas-condensed ultrafine gold par-
ticles were directly deposited on a substrate within a few
milliseconds using a He gas jet. During an operation of the
GD apparatus, 99.9999% pure helium was supplied to the
evaporation chamber and the gas was evacuated from the
evaporation and deposition chambers to the helium circula-
tion system with purification columns. Two types of n-Au
specimens can be prepared as a function of the deposition
rate, i.e., type-H specimens above 800 nm/s and type-L
specimens below 800 nm/s."3 It should be noted that type-H
and type-L specimens have different properties and there is
an example of the dependence of their creep rate on stress in
Fig. 1. Characteristics of type-L and type-H specimens in the
as-prepared state®!®> will briefly be given below. Both the
densities of type-L and type-H specimens showed good
agreement with the value reported for bulk Au metal. The
STM observations for both type-L and type-H specimens
commonly indicated that the mean grain size of grains was
about 20 nm. The x-ray diffraction (XRD) measurements in-
dicated that a quite strong (111) texture was commonly
observed where almost the grains aligned their (I111)-
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orientation normal to the substrate-side surface. For both
type-L and type-H specimens, the mean grain size estimated
from the XRD measurements was about 40 nm for the pre-
dominant (111) reflection and about 20 nm for the minor
(200) and (220) reflections. On the other hand, for the orien-
tational distribution of the grains parallel to the substrate-
side surface, the (110)-, (100)-, and (111)-orientations were
observed with comparable fractions and their fractions were
different between type-L and type-H specimens. Further, an
onset temperature for the grain growth was below 400 K for
type-H specimens and above 400 K for type-L specimens.
The results of the STM observations and the XRD measure-
ments suggest that primary grains with the mean size of
~20 nm formed clusters (called secondary grains, after this)
with the size of ~40 nm. We surmise that formation of the
secondary grains took place during a flight to a substrate in a
He gas jet, where the grain-boundaries between the primary
grains in the secondary grains relaxed to low-energy-special-
types such as small-angle grain-boundaries and the =3 twin
boundary. On the other hand, different properties found be-
tween type-L and type-H specimens indicate that a rear-
rangement of the secondary grains on the specimen surface
took place to minimize the interfacial energy, where the re-
arrangement was completed for type-L specimens but was
not sufficient for type-H specimens. The n-Au specimens
used in the present work were type-H specimens.
Ribbon-shaped specimens that were ~20 mm long, 1 mm
wide, and 50—-500 um thick were deposited on a glass sub-
strate cooled below room temperature, and then carefully
removed from the substrate. The substrate-side surface of the
n-Au ribbon specimen was a mirror surface. STM observa-
tions and XRD measurements were done upon the substrate-
side surface. The free-side surface of the mechanically-tested
n-Au ribbon specimen was gently and carefully polished to a
mirror surface with emery paper. The four edges of the pol-
ished ribbon were then cut with a thin razor to shape it into
a rectangle with a length of 10—15 mm and a width of
~0.5 mm. The thickness of specimens used for the tensile
creep tests was 20—60 wm and that for the compressive
creep tests was ~500 um. The stress applied was normal to
the thickness direction in the tensile creep tests and that was
parallel to the thickness direction in the compressive creep
tests, respectively. In both the creep tests, a direction of the
mean displacement of grains was normal to the thickness
direction. The plastic strain in the compressive tests was de-
fined as e,=(ty—1)/t,, where t, and ¢ are the thicknesses
before and after deformation. The density of the specimen
was evaluated by Archimedes’ principle using high-purity
ethanol. The obtained density of 19.4+0.2 g/cm? had good
agreement with the 19.32 g/cm? reported for bulk Au metal.
The surface topography of the n-Au specimens was in-
spected by STM operating in the constant current mode. The
in situ STM observations during the tensile creep test were
conducted in combination with a homemade tensile-creep
apparatus. The area observed was ~1 mm from one end of
the clamping. The elapsed time was 90 s for a micrograph of
600 X 600 nm. The expected displacement of the object dur-
ing the 90 s was ~10 nm at a macroscopic creep rate of
1077 s~ Although the specimen moved undesirably, the sur-
face morphology of grains with a diameter of 20 to 50 nm
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FIG. 2. Similar to Fig. 1 except steady-state creep rates ob-
served for type-H n-Au are shown. Data 2 were observed in high-
stress compression tests. Data 3 to 5 were observed in tensile tests
just after (<1 ks), after 7 ks, and 15 ks, respectively, following
predeformation by tensile test at 240 MPa for 15 s. Data 1 and 1’
were observed in respective tensile and compressive tests [see Data
1 (Ref. 9) in Fig. 1]. Solid curve is provided for clarity.

could be observed during the in situ STM observations. The
overall displacement of specimens was detected with a ca-
pacitance displacement sensor.” The mean grain size d, the
root-mean square of local strain (%)%, and the preferred
orientation of the grains were investigated by XRD measure-
ments by means of a §—26 scan with Cu K« radiation, where
the scattering vector was normal to the substrate-side surface
of the specimen. All the STM observations and XRD mea-
surements were carried out at room temperature.

III. RESULTS

The transition in the heterogeneous grain-boundary slips
to the homogeneous grain-boundary slips plotted in Fig. 1
(Ref. 9) can predict a certain change in the creep rate at
higher stresses. The creep rates at high stresses were mea-
sured with compression tests and the dependence on stress is
plotted in Fig. 2, where a moderate increase in the creep rate
was observed above ~500 MPa. Tensile tests in the low-
stress range for heterogeneous grain-boundary slips were
conducted to find the probable dynamic grain-boundary state
after various times had elapsed, following predeformation in
the high-stress range for homogeneous grain-boundary slips.
The data from observations are also plotted in Fig. 2. The
minimum time elapsed to observe the steady-state creep rate
following predeformation was ~1 ks, where the creep rate
observed was about ten times that for a virgin specimen.
When the elapsed time following predeformation increased,
the creep rate decreased to about that for a virgin specimen.
In situ STM observations during the tensile creep test were
then carried out. The micrographs that were taken at elapsed
times of 0.9 ks, 10 ks, and 14 ks after loading are in Figs.
3(a)-3(c). Although the specimen moved, the surface mor-
phology could be observed. The dark spot in the figure can
be used as a reference point. After the elapsed time of 10 ks,
one secondary grain came out onto the specimen surface [the
white spot in Fig. 3(b)]. After the elapsed time of 14 ks, the
secondary grain sank into the specimen’s surface [Fig. 3(c)].
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FIG. 3. In situ STM images of n-Au observed during tensile
creep test at 150 MPa, where (a), (b), and (c) were observed at
respective elapsed times of 0.9 ks, 10 ks, and 14 ks after loading.
Total strain attained was ~0.012%. Scanning area is 1000
% 1000 nm? and black-to-white height is 30 nm.

Such secondary grain movements were frequently observed
during creep deformation. It is noted that the apparent
coarse-grained topography seen in Fig. 3(c) was due to an
increased movement of the specimen but not due to grain
growths. It is not shown here but the XRD measurements
and STM observations conducted before and after creep tests
indicated that the secondary grains with the size of ~50 nm
and the constituent primary grains with the mean size of
~20 nm remained unchanged.

Figures 3(a)-3(c) demonstrate characteristic motion of
secondary grains near the specimen surface. To obtain further
insights into the motion of grains in specimens, additional
XRD measurements were carried out on n-Au after creep
deformation. Figure 4 has examples of XRD patterns for an
n-Au specimen observed in the as-deposited state and after
tensile creep deformation of 3% at 140 MPa. (111) reflection
was predominant for the n-Au specimens in the as-deposited
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FIG. 4. XRD patterns observed for n-Au. 1: in as-deposited state
and 2: after tensile creep deformation of 3% at 140 MPa.
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FIG. 5. (a) Wilson-Hall plots (Ref. 17) for XRD reflections ob-
served for n-Au before (open symbols) and after tensile creep de-
formation of 1.5% under 150 MPa (filled symbols). (b) Those be-
fore (open symbols) and after compressive creep deformation of
37% under 800 MPa (filled symbols). B is integrated width of re-
flection peak and \ is wave length of Cu K« radiation. In (a), mean
grain size determined from (111) and (222) reflections, d,;;, and
local strain (£2)*, are 59 nm and 0.19% in as-deposited state and
53 nm and 0.14% after tensile creep deformation, respectively. In
(b), dy1, and (%)% are 54 nm and 0.24% in as-deposited state and
51 nm and 0.13% after tensile creep deformation, respectively.

state. Deformation brought about a decrease in (111) reflec-
tion and an increase in (200) reflection. The mean grain size
dy;, was estimated from (111) and (222) reflections by
means of Wilson-Hall plots.!” Figure 5(a) has the Wilson-
Hall plots of an n-Au specimen before and after tensile creep
deformation of 1.5% under 150 MPa, and Fig. 5(b) has those
before and after compressive creep deformation of 37% un-
der 800 MPa. The XRD data in Figs. 4 and 5 indicate that
the n-Au specimens in the as-deposited state have a strong
(111) texture with a d,;; of ~50 nm, and contain finer (100)-
oriented grains with a very small volume fraction. Although
the (111) reflection considerably decreased after creep defor-
mation, d;;, and (¢2)* remained unchanged, and the data on
the other XRD reflections was aligned with those for the
(111) and (222) reflections on the Wilson-Hall plots. Figures
6(a)-6(c) plot d;;, (¢*)°>, and lattice constant a, determined
from the Wilson-Hall plots of n-Au specimens after tensile
creep tests and those after compressive tests as a function of
plastic strain e,. With increasing e,, d;;; remained un-
changed, (203 decreased, and a increased toward the lattice
constant for a bulk Au specimen.

Figure 7 shows the x-ray diffuse scattering pattern near
the (111) reflection observed on an n-Au specimen in the
as-deposited state and that after compressive creep deforma-
tion of 55%, where the time for one measurement was
200 ks. The x-ray diffuse scattering pattern remained un-
changed after strong creep deformation. Figures 8(a) and
8(b) plot the fractional intensity of the XRD (111) reflection
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FIG. 6. (a) dy;, (b) (€2)3, and (c) lattice constant a, determined
from Wilson-Hall plots for n-Au after tensile creep tests (open sym-
bols). Those after compressive tests (filled symbols) are plotted
against plastic strain &;,. The data observed before creep test are
depicted at £,=0 in the figures.

I111/ 1, Observed after tensile creep deformation and that
after compressive creep deformation, where I,y ;=1111+1>0
+15y0. The value of I,/ in the as-deposited state was
higher than 90%. The I;,/1,, for tensile creep deformation
rapidly decreased with increasing &,. The I;,/l;o for com-
pressive creep deformation slowly decreased, then rapidly
decreased. The deformation near the surface was constricted
in the compressive creep test because the specimen surfaces
were directly facing the instrument. The 228 um thick speci-
men after compressive creep deformation was chemically
polished to remove these 57 um thick constricted surface
layers and the [I;{,/l,,;; was measured again. The results
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FIG. 7. X-ray diffuse scattering near (111) reflection observed
for n-Au in as-deposited state (open symbols). That after compres-
sive creep deformation of 55% under 600 MPa is plotted by filled
symbols.
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FIG. 8. (a) Fractional intensity of XRD (111) reflection
1111/ 1o, Observed for n-Au after tensile creep deformation under
140 MPa and (b) that after compressive creep deformation under
stresses between 300 MPa and 1000 MPa, where I,y =1111+10
+1y and &, is plastic creep strain. Dashed curves are provided for
clarity. In (b), Data 2 was observed after chemical polishing of
Specimen 1 (see text for details).

were plotted as the data 1 and 2 in Fig. 8(b), respectively,
indicating that a rapid decrease in Iy;;/1,, with increasing
g, is also intrinsic for the compressive creep deformation.
The slow decrease in I/l observed for small plastic
creep strains seen in Fig. 8(b) is due to the constraint surface
layers during the compressive tests. As well as the results in
Figs. 6 and 7, the change in 111,/ in Fig. 8 suggests grain
rotation in n-Au during creep deformation.

IV. DISCUSSION

In Fig. 2, the creep rates in n-Au specimens were mea-
sured by means of tensile tests below ~320 MPa and com-
pressive tests above ~320 MPa, where both the data at
~320 MPa had good agreement. The dependence of the
creep rate on stress in Fig. 2 reveals inflections at ~150 MPa
and ~500 MPa. The creep rate increases nearly linearly with
increasing stress between ~50 and ~150 MPa (called Re-
gion I after this), increases steeply by ~10° times between
~150 and ~500 MPa (Region II), and then increases mod-
erately above ~500 MPa (Region III). As has already been
reported,” with increasing stress, localized grain-boundary
slips in Region I develop into homogeneous grain-boundary
slips in Region III through transitional Region II. In the
present work, we also found that the creep rate in Region III
increased moderately with increasing stress, indicating that a
steady deformation mode was attained for the homogeneous
grain-boundary slips in Region III.

Figures 3(a)-3(c) demonstrate the characteristic motion of
secondary grains near the specimen surface during creep
tests, indicating that a secondary grain can move as a whole
without reactions such as coalescence with neighboring
grains. Further, although there was a strong decrease in the
XRD (111) reflection with increasing creep deformation
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FIG. 9. Model of grain-boundary slips associated with grain
rotations and anchoring due to crossing of slips.

[Figs. 8(a) and 8(b)], no changes in either the mean size of
secondary grains [Fig. 6(a)] or the x-ray diffuse scattering
pattern (Fig. 7) were found even after heavy creep deforma-
tions. Diffusion-mediated mechanisms cannot explain such
characteristic motion in secondary grains and the change in
the preferred orientation of the grains. These results indicate
that the heterogeneous grain-boundary slips in n-Au are as-
sociated with the rotations of secondary grains as can be seen
in Fig. 9. In Ref. 9, the creep deformation in Regions I and II
was explained by the localized grain-boundary slips with the
mean segment length of 200 nm. In the STM observations
after creep deformation (Fig. 7 in Ref. 9), the segments of the
localized grain-boundary slips were not smooth but zigzag
shaped with a fluctuation of ~50 nm. This feature also indi-
cates that the grain-boundary slips are heterogeneously took
place between the secondary grains accompanied with the
rotation. Hasnaoui et al. reported the collective grain-boun-
dary sliding of several grains from computer simulations
done on the tensile deformation of n-Ni with a mean grain
size of 5 nm.'® Although they observed the rotation of sev-
eral grains in collective grain-boundary sliding, the rotational
angle was ~2 degrees after 2.2% deformation. They also
observed grain refinement due to intragrain slip.

Sakai et al.” and Tanimoto et al.'> found that the grain-
boundary anelastic process for n-Au could be thermally ac-
tivated above ~200 K, where grain-boundary anelastic strain
also increases greatly with increasing stress, e.g., the Young’s
modulus at 300 K measured in a tensile test under a few tens
of megapascals is about half that with the vibrating-reed
method under a few megapascals. These results indicate that
grain-boundary anelastic strain increases more steeply than
elastic strain with increasing stress. In other words, the
atomic structures in the grain-boundary regions (surrounding
the secondary grains) are considerably modified under in-
creasing stress and recover with decreasing stress. During
homogeneous grain-boundary slips, ultimate modifications
of atomic structures in grain-boundary regions may be ex-
pected. Figure 2 shows whether such modifications in the
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grain-boundary regions is persistent or recoverable. As can
be seen, the creep rate is about ten times larger just after
predeformation but then has good agreement with that of a
virgin specimen after a prolonged amount of time has
elapsed. This indicates that modification in grain-boundary
regions due to grain-boundary slips is recoverable after un-
loading, i.e., there are static and modified structures during
slips in grain-boundary regions.

Shan et al.,' on the other hand, reported grain growth
associated with grain rotations in n-Ni with a mean grain size
of 9.7 nm during tensile deformation, and Jin et al.?° re-
ported it in n-Al with a mean grain size of 20 nm during an
indentation test. Zhang et al. observed grain growth near
indentations in n-Cu with a mean grain size of 35 nm and
attributed decreased hardness with increased loading time
(indentation creep) to the activation of a dislocation mecha-
nism in grown grains.>! Haslam et al.’s computer simulations
on the diffusion-mediated creep deformation of n-Pd with a
mean grain size of 15 nm has suggested that grain growth is
accompanied by grain rotation in order to decrease the inter-
facial energy.”? In contrast, no growth of secondary grains
has been observed in n-Au specimens even after heavy de-
formation. As has already been discussed, Tanimoto et al?
found the clustering of primary grains with a mean grain size
of ~20 nm to secondary grains with a mean size of ~40 nm
took place during deposition in n-Au specimens prepared
with the GD method. The strong (111) texture observed in
n-Au specimens in the as-deposited state suggests that a re-
arrangement of the secondary grains took place to minimize
the interfacial energy between the secondary grains. These
results suggest that the grain-boundary slips, which are me-
diated by rotations of grains, may be the dominant deforma-
tion process when the grain size is in an appropriate range.
That is, grain growth is expected in the smaller ranges and
dislocation-mediated deformation is expected in the larger
ranges.

To observe homogeneous deformation, the number den-
sity of grain-boundary slips should increase with increasing
stress, whereas the dependence of the slip rate of an activated
grain-boundary slip on stress should be moderate in Region
III. The countering of torque where the slips cross (Fig. 9) is
expected to play an important role when grain-boundary

PHYSICAL REVIEW B 74, 144105 (2006)

slips are developed, e.g., in homogeneous deformation in
Region III. However, since such slip crossing is expected to
play a minor role in heterogeneous deformation in Region I
and in the early stage in Region II, the interfacial friction
between neighboring rotating grains may govern the rate at
which an activated grain-boundary slips as seen in Fig. 9. In
order to clarify the mechanism in detail, further work is nec-
essary.

V. CONCLUSION

Creep deformation tests were carried out on n-Au with a
mean secondary-grain size of ~50 nm at room temperature.
It was observed that the secondary grains came up onto the
specimen surfaces and sank into them in in situ STM obser-
vations done during the creep test. This indicates that sec-
ondary grains can move as a whole without reactions such as
coalescence with neighboring grains, and diffusion-mediated
mechanisms cannot explain such characteristic motion by
secondary grains. Further, a large decrease in XRD (111)
reflection and no changes in either the mean size of the sec-
ondary grains or the x-ray diffuse scattering pattern were
observed after creep deformations. These results indicate that
the grain-boundary slips were associated with rotations of
the secondary grains. The characteristic dependence of creep
deformation rate on stress found in virgin n-Au specimens
was again observed in predeformed n-Au specimens, indicat-
ing that the modified grain-boundary regions due to grain-
boundary slips could be recovered after unloading, i.e., the
grain-boundary regions had static and modified structures.
However, further work to clarify details on grain-boundary
structures is necessary.
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