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Abstract

The exceptional properties of nanocrystalline materials lend themselves to a wide range of structural and functional applications.
There is recent evidence to suggest that grain boundary impurities may have a dramatic effect on the stability, strength and ductility
of nanocrystalline metals and alloys. In this study, transmission electron microscopy and atom probe tomography were used to charac-
terize specimens deposited at different base pressures, thus providing a direct comparison of impurity content with microstructural sta-
bility and mechanical behaviour. Atom probe measurements provide clear experimental evidence of grain boundary segregation of
oxygen in samples deposited at higher base pressures. It is proposed that these oxygen atoms pin the boundaries, preventing stress-
assisted grain growth and resulting in increased strength and loss in ductility. This study provides the first direct experimental evidence
that boundary impurities play a critical role in determining the microstructural stability and deformation behaviour of nanocrystalline
metals.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Nanocrystalline and nanostructured materials offer
properties that are vastly different from and often superior
to those of conventional microcrystalline materials.
Improvements include, but are not limited to, higher
strength, enhanced hardness [1], greater diffusivity and
self-healing of radiation-induced damage through the
absorption and recombination of point defects [2]. Process-
ing difficulties have inhibited their use as bulk structural
materials, but nanocrystalline thin films, membranes,
laminates and coatings are becoming very common in
micro- and nanoscale structures and devices.
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The unique properties of nanocrystalline materials are
directly related to the ubiquitous presence of grain bound-
aries. These grain boundaries are often thought of as static
obstacles to dislocation or magnetic boundary motion,
pathways for atomic and thermal transport, and sinks
and sources of point defects and dislocations. Their exis-
tence and stability are crucial to the long-term performance
of nanocrystalline devices, but they are not nearly as static
as is generally assumed. Nanocrystalline materials are
inherently metastable, since thermally or mechanically dri-
ven grain growth leads to a reduction in overall grain
boundary content and energy. In some instances abnormal
grain growth has been associated with exposure to elevated
temperatures, but many experimental observations suggest
that thermally assisted grain growth in nanocrystalline
materials is modest at intermediate temperatures [2,3]. This
unexpected thermal stability has been attributed to a
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number of hypothetical factors, including solute and pore
drag, chemical ordering and geometric frustration. By con-
trast, the mechanical stability of nanocrystalline materials
has been shown to be much lower than originally expected.
Mechanically induced room temperature grain growth in
nanocrystalline metals has been associated with indenta-
tion [4–6], compression loading [7,8], tensile loading
[9–12] and mechanical fatigue [13]. Experiments quantify-
ing the growth in terms of temperature [6], strain rate
[12], proximity to crack tips [14] and testing mode [7] also
point to applied stress as the driving force for grain growth.

A recent study by Gianola and coworkers [15] supports
the hypothesis that small amounts of impurities can have a
dramatic effect on the strength and ductility of nanocrystal-
line metals. Micro-tensile testing of nanocrystalline Al
(nc-Al) films revealed that the deposition base pressure,
and presumably the attendant impurity concentration,
have a dramatic influence on the mechanical behaviour.
As shown in Fig. 1, samples deposited at higher base pres-
sures (10�5 torr) showed a stable microstructure and a
strong-but-brittle response, while those deposited at lower
base pressures (10�7 torr) showed remarkable thermal sta-
bility, but a very different deformation response, namely
moderate strength and over 15% strain to failure. Grain
growth was only observed in the films deposited at lower
base pressures. Stress-coupled grain growth is therefore
thought to be affected by impurities at the grain bound-
aries, where a critical O impurity concentration appears
to be required to pin or immobilize grain boundaries
against the coupling of applied stress [15]. Recent molecu-
lar dynamics (MD) simulations of an Al tilt grain bound-
ary decorated with O atoms [16] also support the notion
of a changing critical stress required for coupled grain
boundary motion due to an impurity pinning atmosphere.
Fig. 1. RT tensile stress–strain curves for three batches of Al films,
showing two distinct classes of mechanical behaviour. The transition from
strong and ductile to stronger but brittle occurs at base pressures between
10�6 and 10�5 torr. For comparison, the stress–strain curves with open
symbols represent the behaviour of nc-Al thin films deposited in other
sputtering chambers, including a stress–strain curve for a similar nc-Al
film deposited at relatively high base pressure [54].
Recent studies also suggest that impurities, in addition
to affecting deformation behaviour, play a large role in
the thermal stability of nanocrystalline microstructures, a
critical issue in the development of commercial materials.
For grains on the micron length-scale, the driving force
for recrystallization (according to the Gibbs–Thompson
equation), and therefore the recrystallization rate, is known
to increase with decreasing grain size. However, studies
have revealed that many nanocrystalline materials exhibit
much better stability than predicted. For example, pure
nc-Al prepared by mechanical attrition revealed grain size
stability up to temperatures as high as 0.78Tm [17]. This
stability has been attributed to the effect of solute atoms
at the grain boundaries, either by impurity drag associated
with grain growth [17,18] or by creating a state of metasta-
ble thermodynamic equilibrium which eliminates the
driving force for grain coarsening [19].

Despite this evidence to suggest the importance of grain
boundary impurities for both deformation and stability, a
complete understanding of the role of trace-level impurities
has been hindered by the technical difficulties involved with
direct experimental measurements of grain boundary segre-
gation. There are inherent challenges in the high-resolution
microstructural analysis of nanocrystalline materials.
Auger and secondary ion mass spectroscopy techniques
require a fractured surface or, where mapping is possible,
are limited by their low in-plane spatial resolution. Trans-
mission electron microscopy (TEM) can provide informa-
tion about the grain size and morphology. However,
overlapping of grains in the thin foil precludes direct exam-
ination of the boundaries between the grains, and chemical
analysis of small concentrations of impurities using elec-
tron energy loss spectroscopy is typically limited by the res-
olution of the instrument. Alternatively, atom probe
tomography (APT) provides three-dimensional maps
showing the elemental distribution at the atomic scale
and may be used to characterize the segregation of elemen-
tal species to the grain boundary [20]. Light elements can
be easily distinguished, and the detection limit is on the
order of single atoms. It is therefore highly suited to the
study of low-level grain boundary segregation. Unlike
beam-based techniques, APT provides a means to directly
determine interfacial segregation in three dimensions.

In the current study, both TEM and APT have been
used to characterize the microstructure and segregation in
samples that have been deposited at different base pres-
sures. The samples investigated were the same as those used
in the study of Gianola et al. [15], which allows for direct
comparison of impurity levels with mechanical behaviour.

2. Experimental

For this study, three nc-Al films were prepared using
magnetron sputtering at three different base pressures (to
introduce different levels of impurities). The films were
deposited on Si wafers by pulsed DC magnetron sputtering
of a 99.999% pure Al target at base pressures of �1 � 10�7,



Fig. 2. Bright field TEM images of the samples deposited at (a) 1 � 10�7,
(b) 2 � 10�6 and (c) 1 � 10�5 torr. Diffraction patterns from each sample
are inset.
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�2 � 10�6 and �1 � 10�5 torr to a nominal thickness of
180 nm (for the sake of brevity, the sample deposited at
�2 � 10�6 is referred to from here on by the order of
magnitude, i.e., as the sample deposited at 10�6 torr).
Micro-tensile testing was carried out with a custom-built
micro-sample tensile testing apparatus (described in detail
in Refs. [21,22]) at a constant strain rate of 4 � 10�5 s�1.
Strain was measured locally in the gauge section of the
sample using a custom digital image tracking system, with
fine silica powder used as markers for tracking [22,23].

TEM was carried out on freestanding films in plan view
with a JEOL 3000F in bright field and selected area diffrac-
tion mode. Site-specific atom probe specimens were pre-
pared in a FEI Helios NanoLab 600 Dual Beam focused
ion beam (FIB)/scanning electron microscope using a
“lift-out” method [24,25] whereby micron-sized pieces of
the specimen are cut and lifted out and welded to a prefab-
ricated Si array. Before preparation, a layer of Ni was sput-
ter coated onto the surface to protect the top edge. A
combination of scanning electron microscopy imaging
and energy dispersive spectroscopy was used to monitor
the tip during milling to ensure that the Al film remained,
and low accelerating voltages (2 keV) were used in the final
stages to minimize Ga implantation. Atom probe experi-
ments were conducted with an Imago Scientific (now
Cameca) LEAP� 3000X Si instrument. Several data sets
were collected from each sample. For the sample deposited
at the lowest base pressure, voltage mode was used with a
base temperature of 40 K, while the other two samples were
analysed in laser mode with a laser energy of 0.5 nJ at 20 K
(to improve the rate of running the samples successfully).
Three-dimensional (3D) reconstruction and visualization
were performed using the commercial IVASe software.
Crystallographic poles observed in field desorption maps
and TEM images of the tips were used to calculate and
set reconstruction parameters [26]. An initial analysis of
the data displayed significant O peaks, and O segregation
was noted in at least one of the samples. No obvious segre-
gation of any other element was noted at the grain bound-
aries. Therefore, efforts were focused primarily on accurate
measurement of the concentration and distribution of O
atoms. Visualization of O was undertaken using the O+

peak at a mass-to-charge ratio of 16. The measurement
of O content and concentration profiles was conducted
using the O+ peak as well as the portion of the smaller
Oþ2 , AlO+, AlO2+ and Al2O3+ peaks (where present) that
can be attributed to O. Gibbsian interfacial excess values
were calculated from cumulative diagrams (sometimes
referred to as the “ladder method”; see for example Ref.
[27]) using a custom MATLAB (Mathworks Inc.) script.

3. Results

3.1. TEM

TEM images (Fig. 2) show a variation in the grain size
with the different deposition parameters. Higher base
pressures resulted in progressively smaller grain sizes, with
the samples deposited at �10�7, 10�6 and 10�5 torr having
average grain sizes of 36, 25 and 13 nm, respectively. Index-
ing of selected area diffraction patterns (shown as an inset
in the micrographs in Fig. 2) revealed only reflections from
the face centred cubic Al structure, with no evidence of any
other crystalline phase. Previous high-resolution TEM
studies [15] showed sharp interfaces, with no evidence of
second-phase particles in the bulk or at the grain boundary.

3.2. APT

The compositions of the films deposited at 10�7, 10�6

and 10�5 torr were measured using the atom probe, and
the results indicated average oxygen contents of 0.05 ±
0.01, 0.18 ± 0.01 and 1.76 ± 0.05 at.%, respectively. The
deposition base pressures, average grain sizes (measured
by TEM), average compositions and the yield strengths of
each set of films [15] are listed in Table 1. These results
support the suggestion that mechanical behaviour is
governed by low levels of oxygen impurities, although clo-
ser inspection is needed to confirm this hypothesis and
determine the role that these impurities play.

Reconstructed atom probe images are shown in Fig. 3.
These images are subsets of larger data sets which have



Table 1
The deposition base pressure, yield strength [16] approximate grain size
(from TEM) and measured O-content (from atom probe) of the three
samples.

Sample Deposition
base pressure
(torr)

Yield
strength
(MPa)

Average
grain
size (nm)

Measured
oxygen
(at.%)

Low impurity 1 � 10�7 129 36 0.05 ± 0.01
Med impurity 2 � 10�6 222 25 0.18 ± 0.01
High impurity 1 � 10�5 495 13 1.76 ± 0.05
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been cropped to a volume of 50 � 50 � 5 nm to show indi-
vidual grains and grain boundaries. In these images, the O
atoms are shown as large red spheres, and the Al atoms as
small green dots. Ga atoms are also seen along the grain
boundaries, represented by medium-sized blue spheres,
and are an artefact of the FIB specimen preparation pro-
cess due to the well-documented affinity of Ga for grain
boundaries in Al [28–30]. The O atoms are clearly associ-
ated with the grain boundaries in the samples with the
smallest grains (Fig. 3c), but it is not obvious from visual
inspection whether there is any relationship between the
grain boundaries and the location of the O atoms in the
samples deposited at lower base pressures (Fig. 3a and
b). A few of the atom probe data sets from the sample
deposited at the highest base pressure (the highest O sam-
ple) also contained regions (up to a few nanometres in size)
which are very rich in O at the triple points between grains.

Fig. 4a and b shows selected regions from the data sets
obtained from the films deposited at the two higher base
pressures (2 � 10�6 and 1 � 10�5 torr). Cylindrical vol-
umes of data have been selected to measure the composi-
tion profile across the interfaces along the length of the
cylinders. For each sample, two representative cylinders
are displayed. Fig 5a shows the average measured compo-
sition across the interface for seven to ten selected volumes,
(a) (b)10nm

Fig. 3. Reconstructed atom probe images of the samples deposited at (i) 1
50 � 50 � 5 nm. The large red spheres represent O atoms, the smaller blue sph
atoms (for visual clarity, only 2% of the Al atoms are shown). (For interpretati
the web version of this article.)
where the concentration maxima have been aligned before
averaging. No O was detected at the interface for the sam-
ple deposited at 1 � 10�7 torr (the low impurity sample)
and, as a result, these data are not shown on the plot. Very
little O was detected at the interface for the selected areas
for the sample deposited at 2 � 10�6 torr (the medium
impurity sample) so the compositional profile is quite flat.
For the sample deposited at 1 � 10�5 torr, significant O
can be discerned. However, in both the medium and high
base pressure samples, the segregation profile varied dra-
matically from interface to interface, which is reflected in
the large error bars given in these plots (the error shown
is the standard deviation in the composition measurements
at each point). This variation in the measured segregation
has a number of possible causes. First, it is expected that
grain boundary character (low angle/high angle/special
boundaries) will affect the extent of segregation [31]. Sec-
ondly, it is well established that artefacts due to local mag-
nification effects occur in atom probe data from interfaces
and can lead to spreading of segregated species over a grain
boundary compared to the actual composition profile.
These effects vary considerably, depending on the orienta-
tion of the grain boundary with respect to the analysis
direction, being maximum where the boundary is parallel
to the analysis direction and minimum where the bound-
aries are perpendicular [32]. Therefore, the best way to
measure the segregation to an interface from atom probe
data is to report the number of segregating atoms per unit
area, or the Gibbsian interfacial excess C. This value
should not be affected by any lateral spreading of the atoms
across the interface. For the selected cylindrical volumes
across the interfaces, the average interfacial excess values
were determined as 0, 0.23 and 1.31 atoms nm�2 for the
samples deposited at 10�7, 10�6 and 10�5 torr, respectively.
The interfacial excess values are shown in Fig. 5b. The
error is again the standard deviation of the interfacial
(c) O Ga Al

� 10�7, (ii) 2 � 10�6 and (iii) 1 � 10�5 torr. The volume in each case is
eres represent Ga atoms and the light green dots represent the Al matrix

on of the references to colour in this figure legend, the reader is referred to



(a) (b) O Ga Al 10nm 

Fig. 4. Reconstructed atom probe images of the samples deposited at (a) 2 � 10�6 (medium pressure) and (b) 1 � 10�5 torr (the highest pressure). Here,
typical cylindrical volumes selected for the determination of composition profiles across the interface are shown. The volume in each case is
50 � 50 � 10 nm. The large red spheres represent O atoms, the smaller blue spheres represent Ga atoms and the light green dots represent the Al matrix
atoms (for visual clarity, only 3% of the Al atoms are shown). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 5. (a) Average 1D composition profile through 7–10 cylindrical volumes taken through grain boundaries for the sample deposited at 2 � 10�6 torr
(medium impurity level) and 1 � 10�5 torr (the highest impurity level). The error bars show the standard deviation, indicating the significant variability
between the profiles observed. (b) Average Gibbsian interfacial excess at grain boundaries calculated from the same cylindrical volumes. The sample
deposited at the lowest base pressure did not display any detectable O segregation and is not shown.
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excess values measured, and it is clear that there is still a
large variation in the extent of segregation observed
between different interfaces.

The determination of the interfacial excess values from
the cylindrical volumes of data still has limitations. First,
it is limited by the manual selection of the regions in which
to apply the cylinder, which could lead to a non-random
choice of grain boundaries (i.e., it is possible that the
boundaries with the most segregation or the longest and
straightest boundaries are selected). In addition, it does
not take into account segregation at and around the triple
points in the data, which are deliberately avoided. Also, the
volume of the area analysed is only limited to the selected
areas, and the orientation of the cylinders perpendicular to
the grain boundary is based on a visual assessment. For an
improved analysis of the average composition of O relative
to the position of the grain boundary regions, a proximity
histogram (proxigram) analysis [33] was applied to the
atom probe data.

A proxigram analysis is a method that can be used to
compare the grain boundary composition in a 3D dataset.
In this case, a Ga isoconcentration surface (2% Ga) is
defined which neatly encapsulates the grain boundary
areas. Fig. 6 shows both a reconstructed atom map from
the low impurity sample in which the Ga atoms are dis-
played as blue spheres (Fig. 6a) and an image of the same
volume in which a 2% Ga isoconcentration surface is
shown (Fig. 6b). From this surface it is possible to calculate
the average composition moving away from the surface
both in towards the grain boundary and out into the
grains, providing a concentration profile which accounts
for the 3D nature of the grain boundaries. This result is



(a) (b) O Ga Al10nm

Fig. 6. Reconstructed atom probe images of the samples deposited at 1 � 10�7 torr (the lowest pressure/lowest impurity level). The volume in each case is
50 � 50 � 5 nm: (a) shows a typical atom map, where the large red spheres represent O atoms, the smaller blue spheres represent Ga atoms and the light
green dots represent the Al matrix atoms (3% shown), (b) shows a 2% Ga isoconcentration surface that encapsulates the grain boundary regions. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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more informative than a simple set of one-dimensional
concentration profiles though cylinders that pass through
selected grain boundaries. It averages any effects from dif-
ferent levels of segregation to different boundaries as well
as any effects that arise from trajectory aberrations in atom
probe data when the boundaries are oriented differently
with respect to the analysis direction.

Fig. 7 shows the resulting proxigram in which the O
composition profile was determined at progressively
greater distances normal to the grain boundary, as defined
by the Ga surface. For the highest O concentration sample,
two curves are presented: one for data that include O-rich
regions observed at triple points, and one for data that do
not. It is clear that the sample with the highest O concen-
tration also displays the greatest amount of O segregation.
Some segregation is also observed in the sample deposited
at intermediate base pressures (medium O level) and the
segregation in the most pure sample is minimal.
Towards GBInto the grain

Distance from the Ga isoconcentration surface

O
 (a

t. 
%

)

~ 10-5 Torr (High O with O rich areas)
~ 10-5 Torr (High O without O rich areas)
~ 10-6 Torr (Med O)
~ 10-7 Torr (Low O)

Fig. 7. A proximity histogram showing the measured O concentration
about a Ga isoconcentration surface (a 1% Ga surface was used for the
samples deposited at 1 � 10�7 and 2 � 10–6 torr and a 3% Ga surface was
used for the samples deposited at 1 � 10�5 torr).
4. Discussion

The segregation profiles in Fig. 7 can be directly com-
pared with the results of the micro-tensile tests on the same
samples, shown in Fig. 1, which revealed a markedly differ-
ent response for the three film batches. The samples depos-
ited at the highest base pressure (highest O level) displayed
dramatically enhanced strength over coarse-grained Al, but
an even more dramatic loss of tensile ductility or elonga-
tion to failure. Lowering the base pressure (decreasing
the impurities) led to a progressively lower strength and
much higher elongation. Most striking is the sample depos-
ited at the intermediate base pressure, which displays
enhanced strength, together with good elongation. Com-
parisons with the mechanical response of nc-Al films
deposited in other sputtering chambers (open symbols in
Fig. 1 [34]) supports the observation that the base pressure
during deposition plays a role in controlling strength and
ductility.

However, in order to draw a conclusion about the rela-
tionship between the segregation and the observed mechan-
ical properties in terms of microstructural stability, it is
prudent first to examine the likely effect that the observed
oxygen might have in terms of solid solution strengthening
from dislocation–solute interactions.

4.1. Potency of solid solution strengthening

The negligible equilibrium solubility of O in Al suggests
that the presence of supersaturated O solutes in these thin
films is due to non-equilibrium effects such as those arising
from the kinetics of the sputtering process. Given the rela-
tively high concentration of solute measured by APT, the
mean solute spacing may be smaller than the mean grain
size and could lead to significant strengthening. Indeed,
using the bulk concentration values c and calculating the
mean spacing as k ¼ b=ð2cÞ1=2

; where b is the Burgers



Fig. 8. Yield strength increase measured in nc-Al thin films as a function
of the O concentration obtained from atom probe tomography analysis
(both the grain interior concentration and the volume-averaged concen-
tration are shown). The solid and dashed lines show predictions of the
Fleischer and Labusch models for b = 0.01 and 0.1, respectively.
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vector, klow � 9 nm ðd=k � 7Þ for the lowest base pressure
films and khigh � 2 nm ðd=k � 7Þ for the highest base
pressure.

Assuming a classical dislocation interaction with a sol-
ute atmosphere, the stress required to glide a dislocation
between two pinning points imposing a resistance force
of fobs can be expressed as s ¼ fobs=bk. The component of
strengthening that arises from the presence of solutes in a
lattice is often expressed in the general form as

sSS ¼ bGepcq ð1Þ
where G is the shear modulus of the solvent, c is the con-
centration of solute, b is an empirically determined propor-
tionality constant related to the obstacle strength, and e is
termed an interaction parameter. In the special case of sub-
stitutional solid solution strengthening in metals (valency
differences between solute and solvent can be neglected to
first order), wherein a spherical stress state reasonably de-
scribes the solute matrix mismatch, e reduces to the misfit
strain quantity e ¼ jðrsolvent � rsoluteÞ=rsolventj, where rsolvent

and rsolute are the atomic radii of solvent and solute, respec-
tively. The values of the exponents p and q in Eq. (1)
depend on the nature of the model describing the statistical
average of the solute spacing and the dislocation–solute
interaction strength. Of the many available models for so-
lid solution strengthening, here the case of the well-known
Fleischer model is considered as applied to dilute substitu-
tional solutes in a cubic metal solvent [35], in which e
encapsulates changes to the lattice parameter and shear
modulus (both affecting dislocation motion through the
lattice) and scales as p = 3/2, while concentration scales
with q = 1/2. The Labusch theory [36] is also considered,
which gives p = 4/3 and q = 2/3, and assumes more con-
centrated solutions with strong localized interactions.

The increase in yield strength for the nc-Al films with
different impurity concentrations as a function of O con-
centration is plotted in Fig. 8. The observed change in yield
strength is shown in comparison with both the O concen-
tration of the grain interiors (which is the value that would
be expected to contribute to classical solid solution
strengthening), as well as in comparison with the overall
amount of O present (as an upper bound for the number
of O atoms that could contribute to strengthening). These
measured values are compared with the predictions offered
by the Fleischer and Labusch models for b = 0.01 and 0.1
(which represent a range of both soft substitutional and
harder solute obstacles, owing to the possibility of tetrago-
nal strain fields arising from interstitial solutes [37]).

For these predictions of solid solution strengthening, it
is clear that the presence of solute alone cannot account
for the large increase in yield strength that was measured
in the Al–O films, which suggests that the microstructural
stability of the films under stress plays a dominant role in
strengthening. It is noted that the effects of grain size and
distribution, which vary with impurity concentration, are
expected to play an additive role in strengthening [38]. To
reconcile the measured mechanical response properly, the
dynamic nature of stress-driven microstructural evolution
needs to be considered: namely, immobile grain boundaries
during plastic deformation in the case of the highest O con-
tent appear to be potent strengtheners, albeit with limited
ability to sustain large plastic strains, as discussed in detail
in Refs. [11,15]. In contrast, the films with low and interme-
diate impurity contents demonstrated copious microstruc-
tural evolution during deformation, intermediate strength
values and relatively large tensile ductility. These observa-
tions and analyses imply a critical concentration of O at the
grain boundary to sufficiently hinder motion under applied
stresses. Attention now turns to microstructural stability,
and segregation measurements from the atom probe data
sets are compared.

4.2. Stability of nanostructure due to the presence of solute

and critical stress for coupled grain boundary migration

The results from the atom probe proxigram analysis of
all Al–O films show a clear tendency for O to segregate
to grain boundaries, given a sufficiently high concentration
of O. The films deposited at the lowest base pressure do not
show any segregation above the detection limit, while the
intermediate and high base pressure films show the prefer-
ence of the O to sit at grain boundaries (Fig. 7). Given that
the intermediate impurity content films show stress-driven
grain growth despite the propensity for segregation of O,
while the high impurity content films remain microstructur-
ally static, it is interesting to consider the minimum O con-
tent required to stabilize the microstructure.

Preferential segregation of O to grain boundaries in Al is
due to the near-zero solubility in the grain interior and the
abundance of spacious sites for the solute (relative to the
lattice) with a lower potential energy for the mismatched
solute. The presence of solute in the grain boundary serves
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to decrease the grain boundary energy c, as described by
Gibb’s adsorption equation [39]:

dc ¼ �Cdlsolute ð2Þ
where lsolute is the chemical potential of the solute. Follow-
ing several researchers [40–44], Eq. (2) can be rewritten in
the dilute limit in terms of the interfacial excess, the solute
concentration and the enthalpy of segregation, DH seg, as:

c ¼ co � CðRT ln cþ DH segÞ ð3Þ
where co is the grain boundary energy of the pure solvent,
R is the ideal gas constant, and T is the temperature. The
thermodynamic implication from Eq. (3) is that a metasta-
ble equilibrium can exist, given sufficiently large C or DHseg

such as to give c 6 0, which can be considered in the con-
text of a driving force due to excess free energy of grain
boundaries with area A, given as

R
cdA. This framework

also supports conventional wisdom that the driving force
for grain growth increases with decreasing grain size (from
the increase in A) [43,45], provided that a concomitant de-
crease in c does not occur. Setting c = 0 in Eq. (3) and rear-
ranging, one can solve for a critical interfacial excess value
required for microstructural stability:

Ccr ¼ coðRT ln cþ DH segÞ�1 ð4Þ
The microstructural stability of thepurest Al films with

the lowest concentration of O and extent of grain boundary
segregation was verified via TEM examination after dry
storage at room temperature for 3 months (for Al, this cor-
responds to 0.32Tmelt). Indeed, the films retain their nano-
crystalline grain sizes after these time intervals.
Furthermore, the microstructure was found to be thermally
stable with mild heating of the films, as demonstrated in
Fig. 9, where grain size distributions for specimens in the
as-deposited condition, and after heating at �100 �C
(0.32Tmelt) for 15 min, are shown. No apparent grain
growth was observed in the heated specimens, and the shape
of the distribution can still be approximately described by a
lognormal probability function. It is a reasonable extension
to predict that the Al films with higher O content would
similarly exhibit microstructural stability under similar
thermal driving forces.

These observations point to the importance of the dis-
tinction between thermal driving forces for grain growth
Fig. 9. Grain size distributions for a nc-Al thin film deposited at a base press
100 �C for 15 min.
and those that arise directly from local shear stresses at
grain boundaries which serve to promote coupled bound-
ary migration, as identified by MD simulations [46] and
experiments [10,47]. This notion is further supported by
the observations of Zhang et al. [6], which show grain
growth occurring during athermal indentation of nc-Cu
at cryogenic temperatures. Here it is suggested that the pin-
ning of grain boundaries by solutes endows the material
with microstructural thermal stability, while applied stres-
ses can promote depinning and coupled boundary migra-
tion, given a sufficiently high shear stress driving force
[47]. However, the critical stress required for coupled grain
boundary motion will be altered by the presence of segre-
gated solute at the boundary as well as solute in the lattice
in the path of a moving boundary. If resolved shear stresses
along boundaries due to applied loads reach the critical
value for coupled grain boundary motion, plastic strain
can be accommodated directly via this grain growth mech-
anism. The addition of solute at grain boundaries will
increase the critical stress for motion, akin to a dislocation
depinning from a Cottrell atmosphere [37], and other
deformation mechanisms that are typically associated with
nanocrystalline metals with static microstructures will be
activated prior to the occurrence of boundary motion [48]
(such as partial dislocation nucleation [49], grain boundary
sliding [50] or deformation twinning [51]). In other words,
deformation mechanisms prevalent in static nanocrystal-
line microstructures compete with dynamic coupled bound-
ary migration to relax the large stresses experienced in
these materials. The critical stress at which one mechanism
mode is favoured is biased by the presence of solute. This
schematic view qualitatively supports the general observa-
tion by several researchers [7,52] that electrodeposited
nc-Ni, which is known to possess impurities from the depo-
sition bath, possesses surprising thermal stability and is not
generally prone to stress-driven grain growth.

Elsener and colleagues [16] investigated a scenario where
an Al bicrystal containing a symmetric tilt grain boundary
was loaded in shear applied parallel to the boundary via
MD simulations at 0 and 100 K. These authors introduced
substitutional O solutes into the Al solvent by developing a
variable charge transfer framework which is necessary to
fully describe the metal–oxide interaction. These systems
were studied under shear to simulate the interaction of a
ure of 10�7 torr (a) in the as-deposited condition and (b) after heating at
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grain boundary experiencing coupled motion with periodic
arrays of solute atoms, and the resulting change in mechan-
ical response, as a function of O concentration. An increase
in the critical stress required for coupled migration was
measured as a direct result of the altered stress fields sur-
rounding the solute atoms in the presence of a moving
interface. They found that, in a dilute solution where
O–O interactions were negligible, the increase in stress
required for coupled grain boundary migration was a linear
function of the number of oxygen atoms, which they attrib-
uted to the additive effect of the local stress signature of
each O atom during collective boundary motion. The
MD results giving the magnitude of the critical shear stress
increase upon addition of varied O solute planar density
can be compared with the present experiments by
approximating the planar array of O solutes in the MD
simulations as an interfacial excess quantity. This is a rea-
sonable estimation, to first order, since MD results for all
O concentrations show the peak stress required for coupled
motion to occur at the instant when the grain boundary
plane is coincident with the planar solute array [16]. Thus,
this critical stress value can be considered as the depinning
event necessary to mobilize the boundary.

Fig. 10 shows the experimentally determined interfacial
excess values for the three Al–O films and the yield
strengths measured from tensile testing, compared with
the results of the MD bicrystal simulations [16]. The MD
results for critical shear stress required for coupled grain
boundary motion at 0 and 100 K are shown as a function
of planar excess from O solutes, along with the experimen-
tally measured yield strength in shear, computed using a
Taylor factor of 3.06 for a randomly oriented polycrystal
[53]. A similar general trend in strengthening from increas-
ing solute concentration is evident, despite the differences
in geometry, strain rate and temperature, which render a
comparison of absolute values difficult. One notable fea-
ture of the experiments is that the measured strengthening
appears to deviate from the linear behaviour suggested by
Fig. 10. Comparison of the critical shear stress required for coupled grain
boundary migration (MD simulations, open symbols) [17] with experi-
mentally measured yield strengths of Al–O thin films (closed symbols).
MD simulations, with increases in strength diminishing
with increasing solute content. Despite its high strength,
the highest O sample exhibits very limited ductility. Previ-
ous studies [48] indicate that nanocrystalline metals become
much stronger with attendant reductions in tensile ductility
when ordinary dislocation activity is mitigated. Stress-
assisted room temperature grain boundary migration has
been shown to dramatically increase the tensile ductility
of nc-Al, albeit at slightly reduced overall strengths [11].
Stress-assisted boundary migration is itself a deformation
mechanism, and boundary migration triggers stress-
assisted grain growth which also allows increased disloca-
tion plasticity.

Furthermore, in addition to the O segregation, it is pos-
sible that the O-rich regions observed at the triple points in
some data sets contribute to the strength and elongation. A
more systematic experimental study is the focus of ongoing
research. Nevertheless, the observation that stress-driven
grain growth only occurred in the low and medium O con-
tent films, while the high O content remained microstruc-
turally stable throughout the plastic deformation process,
places the critical interfacial excess for stress-driven stabil-
ity between C � 0.25 nm�2 and C � 1.3 nm�2. The results
are suggestive of a competition between alternate deforma-
tion mechanisms, based on the extent of solute segregation.

The ability to augment deformation mechanisms to
accommodate stress via dynamic evolution and to control
the threshold stress for grain boundary migration by local
spatially controlled doping potentially allows for the tailor-
ing of mechanical properties to specific applications, where
the pinning of grain boundaries by impurities increases the
stress required for stress-coupled grain growth and there-
fore allow higher strengths to be achieved for low grain size
materials in the case where deformation is governed by
stress-driven grain growth. Impurities at the grain bound-
aries may therefore offer the ability to provide enhanced
strengths as the grain size is reduced, beyond those obtained
for pure metals. It will of course be necessary to consider
ductility and ultimately damage tolerance, which may be
lost at very high impurity levels. It is necessary that doping
is carefully controlled to achieve an optimum combination
of strength and ductility, depending on the application.

There is now increasing evidence to suggest that very
small levels of impurities play a much greater role in the
deformation of nanocrystalline alloys than previously
appreciated. The increase in strength observed when thin
films are deposited at higher base-pressures (together with
the absence of any second phases) [15,54] and the unusual
grain size stability that is imparted by these modest levels
of impurities [3,17] have already been mentioned. The min-
imum achievable grain size in nanocrystalline materials
prepared by severe plastic deformation has been reported
to be much higher in the case of pure metals than it is
for alloys [55]. Moreover, it has been demonstrated that
W-doped electrodeposited Ni can have a mean grain
size <5 nm, which is considerably smaller than grain sizes
that are typically achievable in pure nanocrystalline
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Ni (a minimum of �12 nm) [56]. Furthermore, the room
temperature spontaneous growth of individual grains that
has recently been observed in some nanocrystalline metals
appears to be limited to specimens of high purity [57]. Each
of these observations suggests that impurity atoms, even in
relatively small quantities, play a crucial role in stabilizing
the microstructure.

5. Conclusions

This paper provides direct experimental evidence of the
segregation of impurity elements to grain boundaries in
pure nanocrystalline metals. There is a strong correlation
between the strength and ductility of nc-Al thin films and
the amount of O segregation that was measured for each
set of films. The increased strength (and reduced ductility)
is beyond that which could be expected due to solid solu-
tion strengthening and is attributed to a change in the crit-
ical stress required for stress-assisted grain boundary
migration and associated grain growth. The fact that dra-
matic changes in properties have now been directly associ-
ated with very small amounts of impurities offers the
potential to tailor the properties of nanocrystalline alloys
by local spatially controlled doping.
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