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The mechanical behavior of an electrodeposited nanocrystalline alloy is assessed with regards to the
experimentally measured strain-rate sensitivity. Foils are characterized with grain sizes as small as 3 nm, a
nano-scale regime that has previously gone without detailed experimental examination. It is found from
micro-scratch measurements that hardness, hence strength, approaches ideal values as the grain size
decreases to 7 nm. Below 7 nm, softening in strength and departure from Hall-Petch behavior is related to an
increase in the activation volume for deformation as grain size decreases further.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The activity of dislocations in macro- to micro- crystalline metals
and alloys provides the basis for the Hall-Petch mechanism of material
strengthening. In general, a change in strengthening mechanism is
believed to occur once the domain size (h;) decreases below ~10 nm,
wherein a transition occurs [1-6] from an intra-granular dislocation-
based behavior to an inter-granular boundary motion. A consequence
is that the mechanism for Hall-Petch strengthening should be lost
with further decrease in grain size (hg) below ~10 nm. This transition
in deformation behavior is dependent on the disorder found [3,6] in
the inter-granular boundaries as seen, e.g., in the increasing role of
triple junctions. Thus, the nature of the structural disorder in the
boundary affects the active deformation mechanism and the concur-
rent change in strength with a decrease in domain size below 10 nm.
Therefore, although a decrease in the activation volume for deforma-
tion associated with Hall-Petch strengthening occurs as grain size is
reduced from the macro- to micro- to nano-scale, an increase in the
activation volume could be associated with the transition to grain
boundary mitigated plasticity as the Hall-Petch mechanism begins to
breakdown as grain size is reduced below 10 nm.

The scratch-hardness test method is shown as useful to assess [7-9]
the mechanical behavior of electrodeposited foils with micro- and nano-
crystalline grain structures. Micro-scratch testing gives a measure of
hardness, i.e. ayielding of the surface, representative of strength that can
be conducted over a wide range of equivalent strain rates where tensile
tests are not compatible with a mode of ductile failure. Micro-scratch
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test results are reported recently [7] that produce strain-rate sensitive
measurements comparable with tensile test results.

We now examine the interplay between Hall-Petch type behavior
for grain sizes below 10nm, and those changes related to the
activation volume (v*) for deformation. It will be shown from the
consideration of plastic deformation as a thermally activated process
[10-14], that a linear relationship exists between the experimentally
determined parameters of “h{’/m” and “v*”. In the first parameter, the
domain size can be equated with the grain size (hg) as raised to an
exponent (n) and divided by the strain-rate sensitivity exponent (m).
The n represents the power law fit of strength with domain size. For
the case of Hall-Petch behavior, n equals negative one-half. The
exponent (m) to the power law fit between the strength and strain
rate represents the strain-rate sensitivity. The second parameter “v*”
is the activation volume for deformation that is determined by a linear
fit to the logarithmic change in strain rate with its linear change in
stress. Since these individual parametric components can be exper-
imentally measured without an a priori assumption to value of the
exponent n, an evaluation of Hall-Petch strengthening can be
independently made for material behavior as it extends for grain
sizes down to a few nanometers. High resolution micrographs of grain
structure, and the changes measured in the strain-rate dependent
measurement of micro-scratch hardness are now reported for
nanocrystalline electrodeposits of gold-copper (Au-Cu).

2. Experimental

The nanocrystalline materials are electrodeposited foils of Au100—x)—
Cu(yy (x<20wt.%) that are typically >20 pm thickness. The synthesis
method is described [15-18] in full detail elsewhere. The electrodepo-
sition method is based [17] on the control of a pulsed current through a
cyanoalkaline solution to produce preselect values of grain size in a fully
dense deposit.
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In the micro-scratch hardness method, a diamond stylus travels at
a velocity (v) across the specimen surface under a normal incident
load (P) producing a scratch with width (). It is derived empirically
[7] that the strain rate (€) equals the following:

t=vo M

The micro-scratch hardness (Hs) is computed by dividing the load
(P) by the leading area under the indent along the direction of the
scratch. A normal incident load (P) of 10 gf, i.e. 98 mN, and scratch
indent velocities (v) of 0.01-1.00 mm sec™ ' are used during testing.
The general expression [8,9] for (Hs) is as follows:

H, = c-P-o? )

where the constant (c) is an indenter-area term computed from its
unique geometric shape. The micro-scratch hardness experiments are
conducted using a Center for Tribology, Inc. universal materials tester
(UMT-1) equipped with a Rockwell indenter stylus that has a 120°
sphero-conical diamond tip and a 12.5 um radius (r). The width of the
micro-scratch profile is measured using a VEECO Dektak (model no.
150) contact profilometer. The measured scratch width (®), which is
usually much greater than its depth, represents the deformation path.
The traverse of the scratch profile is made using a diamond stylus with
a 0.7 um tip radius and a tracking load of 98 pN. The specimens for
micro-scratch testing are foil cross-sections prepared in an epoxy
mount similar to the sample preparation previously used [16] for
Vickers microhardness indentation measurements. The specimen
surfaces are polished with a final mechanical lapping using half-
micron diamond film, and a mild electrochemical etch to remove
residual surface damage.

The study of the nanocrystalline foil structure with grain size less
than 6 nm is pursued in this investigation using X-ray diffraction
(XRD) and transmission electron microscopy (TEM). The crystallite
size is quantified by analyzing peak-broadening of the Bragg
reflections in Cu k, X-ray diffraction scans as taken in the 6/26
mode. The crystallite size, i.e. grain size (hy), is determined [15-17]
from the (111) reflections using the standard Debye-Scherrer
formulation [19], where the measured peak broadening is corrected
for instrument broadening (in addition to the broadening contribu-
tions that are attributable to crystallite size). The instrument
broadening is determined [7,15] by calibration of the X-ray peak
results with measurements from bright-field transmission electron
micrographs of specimens with 30-100 nm grain size. The X-ray
spectra for nanocrystalline Au-Cu specimens [16] contain all of the
fundamental reflections for a face-centered cubic crystal with relative
peak intensities that correlate with the standard powder-diffraction
file (PDF no. 04-0784) for polycrystalline Au with random texture.

TEM specimens are prepared for examination in plan view as thin
foils cut into 3 mm discs using a Gatan 601 Ultrasonic cutter.
Specimen thinning then proceeds for electron transparency. First, a
dimple grinder reduces the disc thickness to less than 10 pm. Next,
ion-polishing proceeds with a Gatan Precision Ion-Polishing System
(PIPS) that uses high-purity Argon ion bombardment to further
reduce the disc thickness until it is electron transparent. The final
polishing is performed by a gradual reduction of the ion beam energy
at a glancing angle of incidence angle. The use of low (2.5 keV) milling
voltages and a low (4°) milling angle reduces the penetration depth of
ions. Thereby, eliminating or reducing [20] any amorphous layer
thickness that may be generated as a sample surface artifact, and
minimizing any differential thinning effects due to variation in surface
topography and mass thickness. The alloy composition is measured from
a semi-quantitative analysis of characteristic X-rays generated by an
electron beam incident to the specimen surface. The electron-dispersive
spectroscopy (EDS) method [3] provides an accuracy of +1wt%
Cu through consideration of atomic number (Z), absorption (A), and

fluorescence (F), i.e. a ZAF correction. Again, the grain size (hg) is
determined using the Debye-Scherer X-ray analysis method where
instrument broadening of the X-ray peaks are calibrated to an
independent measurements of grain size, e.g. as accomplished [15]
using TEM bright-field images with a grain size analysis by the lineal
intercept method.

3. Results
3.1. Analysis model

The measured mechanical properties are analyzed to determine
the strain-rate sensitivity exponent (m) for the nanocrystalline alloy.
The strain-rate exponent (m) arises from a power law proportionality
of the yield stress (o) with the strain rate (£), i.e. 0~£™, from which
the strain-rate exponent (m) is determined by taking the natural
logarithm of this proportionality and solving for ‘m’ as follows:

m = [0 In(0)]-[@ In(&)] ™" (3)

The linear variation to a logarithmic-logarithmic plot of strain rate
(&) with the yield stress (oY) yields a slope equivalent to the strain-
rate sensitivity exponent (m). For the case of micro-scratch testing [7],
the hardness values replace the yield strength values in Eq. (3), i.e. the
following:

m = [9 In(H, / H,)]-[3 In(&)] ' 4)

where the scratch hardness (H;) is computed using Eq. (2), and where
the rate of change in Hg can be considered with respect to a baseline
value of hardness (H,) at the lowest strain rate considered for each
specimen. A value of 8/m is used for ‘c’ in Eq. (2) since the initial
stipulation is met that the scratch will have a spherical cross-section
since the width (®) does not exceed the conical tip diameter (2 r) of
25 um. The imposed criterion of ‘w<2 1’ insures that the shape profile
of the stylus tip projected onto the specimen during testing is
constant, i.e. the constant ‘c’ is invariant.

The trending of strain rate sensitivity (m) is modeled for the
dependence on nanocrystalline metal grain size (hg). An expression is
readily derived [14,21,22] that relates the activation volume (V) for
plastic deformation with a characteristic activation length (L) as the
following:

m=c,-(L/V)". {m(ﬁ/v)o's—cz} - 5)

where the ‘ci’ are the constants cy, ¢y, C3, etc. that are dependent on the
shear modulus (G) and Burger's vector (b) for dislocation motion.
Eq. (5) can be evaluated further [14,21] using Eq. (1) for the strain-
rate sensitivity dependence upon strength. An assumption is made
that the Hall-Petch type relationship is applicable, i.e. ‘0’ is
proportional to ‘hg . A functional relationship between ‘hy’ and ‘m’
then follows as:

m = c5-[In(cy-h{"*)-cs] ' (6)

where 'V’ equals L-b? and L is proportional to (h;)®°. A measure of ‘h;’
is the grain size ‘hg’. Eq. (6) will be used to fit the variation of ‘m’
values with h, for nc Au-Cu and values reported [10] for nc nickel and
copper. It is found [7] that for nanocrystalline Au-Cu foils with grain
size greater than 7 nm the values of c3 equals 0.080, c4 equals 3.0, and
cs equals 1.65. In comparison, for nanocrystalline Cu [11,23-25] and
Ni [10,14,26], the fitted values of c3 equals 0.036 and 0.018,
respectively, whereas both ¢4 remains equal to 3.0 and cs remains
equal to 1.65.
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The activation volume (v*) that corresponds with the onset of
plastic deformation at the yield point, i.e. flow stress, is determined
[11,13,14,26] by considering the derivative of the activation enthalpy
(AH) with respect to stress as follows:

v = —[0(AH)]-[0(0)] " = V3-ky-T-[0 In(8)]- [0(0)] ' (7)

where ‘kg’ is the Boltzmann constant and ‘T’ is the absolute tem-
perature. The linear variation to a semi-logarithmic plot of strain rate
(&) with the yield stress (oY) yields a slope (multiplied by kg-T) that is
equivalent to the activation volume (v*). The strength (o) in Eq. (7)
can be approximated by one-third the hardness [14]. In this case the
micro-scratch hardness is used, i.e. as 0 equals Hs, to quantify the
activation volume (v*). The strain rate sensitivity exponent (m) and
the activation volume (v*) are related [11,13,27] according to the
relationship as follows:

m = v3-kg-T-(0-v%) " (8)

An analysis of these thermal activation parameters seen in Eq. (8)
will provide insight to the rate controlling mechanisms in the plastic
deformation process. For nanocrystalline metals, any deviation from
the Hall-Petch relationship in Eq. (8) is found by considering the
inverse square-root dependence of strength on grain size (hg), and
solving for “v* as follows:

VN3 =k T- (hg)o's-(m)‘1 )

0.5'( -1

Therefore, a plot of ‘(hg) m)~ " versus ‘v*/+/3’ should yield a
linear relationship where the Hall-Petch relationship is valid, and will
deviate from linearity when the Hall-Petch strengthening depen-
dence of dislocation motion in grains is lost when the grain size
becomes too small [2,7] to support dislocation-based strengthening.

3.2. Nanocrystalline structure

The nanocrystalline grain size of the Au-Cu electrodeposited foils
is quantified [7,15,16,28] using a cross correlation of XRD and high
resolution TEM imaging. Structural details of specimens with grain
size >6 nm are provided elsewhere [7,15-18,28,29]. A 6/26 XRD scan,
in Fig. 1, for a 3 nm grain size 4 wt.% Cu foil reveals the polycrystalline
and random orientation nature of the electrodeposited foils. A high
resolution TEM image of this specimen in plan view along the z=
[011] pole projection in Fig. 2 reveals sub-grain regions on the order of
3 nm in size (within three larger grains) that creates the broad XRD
peak seen in Fig. 1. The presence of wide grain boundaries are seen
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Fig. 1. The X-ray diffraction scan of a 3 nm grain size (hg) Au-4 wt.% Cu electrodeposited
foil as taken using Cu k, radiation in the 6/26 mode.

Fig. 2. The high-resolution, transmission electron micrograph of the 3 nm grain size
(hg) Au-4 wt.% Cu sample as imaged in plan view.

with a high concentration of defects. In comparison [7], the grain
boundaries are generally much more narrow with fewer defects in
well defined specific crystallographic configurations for grain sizes
>5nm. The boundaries to some of these sub-grains are indicated
using solid lines (in Fig. 3) between mosaic regions of coherent
scattering as identified using an inverse fast Fourier transform of the
region 1 within Fig. 2. Within each grain are domains surrounded by
inversion domain boundaries (IDB) as shown in Fig. 4 for a 5 nm grain
size Au-5 wt.% Cu sample imaged in plan view. Both dislocations (d)
and IDB dislocations are marked in this high resolution TEM image
along with some of the grain boundaries (as indicated by dashed
lines).

3.3. Mechanical properties

The Hall-Petch variation of both micro-indentation hardness [15]
and tensile strength [16,29,30] with grain size was investigated in
nanocrystalline Au-Cu alloys. New data for the scratch hardness
variation with grain size is now presented to account for the effects on
strength as manifested through strain rate sensitivity. The depen-
dence of the micro-scratch hardness (H;s) as determined from Eq. (2)
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Fig. 3. The inverse fast Fourier transform of region 1 in Fig. 2 reveals a mosaic of sub-
grain regions that correspond in an area to the grain size determined from the X-ray
diffraction scan of Fig. 1.
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Fig. 4. The dislocations d, inversion domain boundaries (IBD) and some grain
boundaries (dashed lines) are noted in the high resolution, transmission electron
micrograph of a 5 nm grain size (hg) Au-5 wt.% Cu sample as imaged in plan view.

on the strain rate (¢) as determined from Eq. (1) is used to compute
the strain-rate sensitivity exponent (m) as determined from Eq. (4).
The new results for several Au-Cu foils with 2.7 <hg<27.3 nm are now
plotted in Fig. 5. Data is considered for all of the linear curves that have
a high correlation coefficient, i.e. R>>0.9. The variation of m with h is
plotted in Fig. 6 along with hy>7 nm data reported previously for
nanocrystalline Au-Cu [7], Cu [10,11,23-25] and Ni [10,14,26]. The
curve fits to Eq. (6) are shown as described in the previous section for
Analysis model. The variation in m that can occur at a near constant
grain size is attributed [7] to the specific crystalline relationship
between adjacent grains that, in turn, influence the degrees of
freedom in the grain boundary mobility. The Fig. 7 plot shows a linear
relationship (where R?>=0.96) between v* and (hg)®*-(m)~! that
corresponds to the presence of a Hall-Petch effect according to Eq. (9)
for hg>5 nm (open circle data points). In this grain size range, the
volume (v*) for deformation internal to the grain decreases with the
grain size (hg). In agreement with this trend, the copper data is shown
in Fig. 7 inserted as plotted from Egs. (7-9) computations using
experimental data reported [10,11] for m, hg, and the variation of o
with £ (to determine v*). The deviation from the linear fit and the
drop in activation volume with decreasing grain size occurs for
hg<7 nm (solid circle data points) indicating that the conventional
Hall-Petch relationship is no longer valid in this grain size range.
There is an overlap region for grain size values between 5 and 7 nm
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Fig. 5. The strain-rate sensitivity exponent (m) is determined as the slope of the linear
variation of In (Hs/H,) as a function of In (£).
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Fig. 6. The strain-rate sensitivity exponent (m) varies with the grain size (hg).

(open-about-solid circle data points). The increase in v* for hy<7 nm
in Fig. 7 is consistent with the decrease in m in Fig. 6. The breakdown
of the Hall-Petch relationship for strengthening as function of
dislocation motion within grains can be modeled using the expres-
sion [2] that determines the minimum spacing (h.) between a pile-up
of two dislocations as follows:

h. = G-b-[m-(1—v)-0] " (10)

where the shear modulus (G), magnitude of the Burger's vector (b),
Poisson's ratio (v), and materials strength (o) can be computed for
the alloy. For a Au-4 wt.% Cu alloy, the G, b, and v values can be
determined using a rule-of-mixtures estimate as 30 GPa, 0.28 nm, and
0.43, respectively. A maximum tensile strength (o) of 0.60 GPa has
been reported [30] for the Au-4 wt.% Cu alloy. Upon substitution of
these values in Eq. (10), the minimum spacing (h.) computed is
7.8 nm — a value that is within range of the hy ~6 nm determined from
the Fig. 7 plot where the breakdown of the Hall-Petch effect occurs.

4. Discussion

The activation volume (v*) for deformation is decreased when the
grain size decreases from the micro- to nano-scale as seen through the
Figs. 6-7 curves as plotted using Eqs. (6) and (9). This trend is found
where the conventional Hall-Petch assumption is valid. To support
this point, Fig. 7 includes results reported for nano- and micro-
crystalline Cu where v* decreases with decreasing h, in agreement
with the present nanocrystalline Au-Cu data. However, this trend
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Fig. 7. The activation volume (v*) varies linearly as a function of the strain-rate
sensitivity exponent (m) and the grain size (hg) according to the Hall-Petch strength
(0) relationship.
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changes when the deformation mode transitions from internal to the
grain, to become exterior to the grain. Below a grain size of 5 to 7 nm,
the deformation changes as grain boundary sliding and grain rotation
become dominant. The activation volume now increases with the
inter-granular boundary volume available for deformation wherein
conventional dislocation theory is not likely operative and we find
evidence for grain boundary mediated plastic deformation.

The transmission electron micrographs of the 3 nm grain size (h)
Au-4 wt.% Cu sample show regions between the sub-grain boundaries
(as associated with size determination from the X-ray diffraction
results) that appear to have a non-equilibrium structure, i.e. disorder
in the dislocation array. This structural disorder between the grains
would be characteristic of: (i) the increase in activation volume (v*)
for specimens with hy<6 nm as seen in Fig. 7; (ii) the decrease is
sensitivity exponent (m) in Fig. 6; and (iii) the loss of hardness (or
strength) which deviates from the Hall-Petch relationship. The micro-
scratch hardness measurements are used to quantify the strain-rate
exponent (m) by measurement of the variation in scratch hardness
(Hs) with strain rate (¢) as induced by changing the scratch velocity.
An assumption that provides the link between Egs. (3), (4), and (9) is
that a measure for strength (o) can be determined [31] as a fraction of
its hardness. It is important to understand that the ratio between
strength and hardness is an approximation that will depend on the
specific hardness method in combination with the strain hardening of
the material being probed. Since it can be anticipated [32,33] that
indentation (H,) and scratch hardness (H;) values may differ, we have
chosen to use a comparative assessment of the changes in hardness
with scratch velocity to determine the sensitivity exponent (m).

5. Conclusion

The use of micro-scratch testing to determine hardness is shown
useful to measure the strain-rate sensitivity of strength in nanocrys-
talline Au-Cu alloys. The loss of Hall-Petch based strengthening is
seen in a decrease in strain-rate sensitivity exponent (m) and an
increase in activation volume below 5 to 7 nm grain size. This analysis
approach overcomes the shortcomings seen in evaluating tensile
strength behavior for nanocrystalline alloys that are subject to brittle
failure which obscures an analysis of Hall-Petch strengthening.
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