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Abstract

Room-temperature tensile experiments on sub-micrometer freestanding thin films deposited at varied base pressures reveal two distinct classes
of mechanical response. Samples that contain sufficient impurity concentrations to stabilize the microstructure against an applied stress show
strong but brittle response. However, films that were deposited at lower vacuum base pressures that still allow for thermally stable nanostructures
show remarkably different deformation response; namely, moderate strength and over 15% plastic strain to failure. Post-mortem transmission
electron microscopy of deformed samples with different levels of impurity pinning atmospheres reveals stress-driven discontinuous grain growth
that facilitates a fundamental change in the deformation behavior of these thin films. The results indicate a critical impurity concentration to
sufficiently pin or immobilize grain boundaries against the coupling of applied stresses.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the wake of growing interest in nanocrystalline (nc)
materials spawned by measurements of superior mechanical
properties, the thermal stability of these nanostructures has been
questioned [1–4]. The large volume fraction of grain boundaries
has been shown to promote microstructural instabilities (grain
growth) at temperatures much lower than bulk recrystallization
temperatures [1] or even spontaneously (i.e. room temperature)
[5]. Nonetheless, several researchers have shown that impurities
can play a large role in stabilizing nanocrystalline microstruc-
tures by reducing the mobility of grain boundaries under thermal
loads [6–8].

Evidence is emerging that underscores the influence of the
applied stress on microstructural evolution in nc-metals, even
when the material exhibits thermal stability or is deformed in
the absence of thermal activation (cryogenic temperatures) [9].
Recent examples of this phenomenon describe observations of
rapid grain coarsening [10,11]. Theoretical formulations have
recently been developed that directly correlate applied shear
stresses to normal grain boundary migration [12,13]. This abil-
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ity of shear stresses to directly couple to low and high angle
grain boundaries [14,15] and the ensuing grain growth has been
shown to have a dramatic effect on the mechanical behavior of
nc-Al [16,17]. Although the details surrounding the underlying
mechanistic processes have yet to be elucidated, the unpinning
of grain boundaries from impurity atmospheres appears to gov-
ern the distinct change in behavior that follows stress-coupled
microstructural evolution [16].

The effect of chamber base pressure during physical vapor
deposition processes on the grain size of pure metallic thin films
is well documented [18]; the higher the base pressure, the higher
the impurity concentration, resulting in smaller grain sizes.
However, the processes surrounding the coupling of stresses to
the motion of grain boundaries and the role of impurities in these
activities are still not known. Here we systematically vary the
base pressure during sputtering of submicron Al thin films and
investigate the tensile behavior and corresponding microstruc-
tures before and after deformation in an effort to elucidate the
function of impurities in controlling against the driving force of
stress-coupled grain boundary motion.

2. Material synthesis and experimental methods

Submicron freestanding thin films were synthesized [16]
using pulsed dc magnetron sputtering of a 99.999% pure Al
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Fig. 1. TEM images of as-deposited Al films deposited at base pressures of approximately: (a) 10−7, (b) 10−6, and (c) 10−5 mmHg.

target at varied base chamber pressures of between 10−7 and
10−5 mmHg in order to introduce varying amounts of impurities.
A tensile testing structure, designed and constructed using Si-
based microfabrication techniques [16], provided a rigid frame
for handling and mounting fragile freestanding thin films. A cus-
tom built microsample tensile testing apparatus was utilized for
mechanical testing (details on this setup can be found in [19]).
Strain was measured locally in the gage section of the sample
using a custom digital image tracking system, using fine silica
powder as markers for tracking [20].

Al films with nominal thicknesses of 180 nm were strained
in tension at a constant strain rate of 4 × 10−5 s−1. Post-mortem
transmission electron microscopy (TEM) was employed to
measure grain size distributions of a minimum of 200 grain mea-
surements before and after deformation. Representative TEM
images of the grain morphology of films deposited at all three
base pressures are shown in Fig. 1. Mean grain sizes for the
as-deposited films are listed in Table 1 and were calculated
using equivalent circle diameters from direct grain area mea-
surements. It should be noted that grain size measurements of
the films deposited at approximately 10−5 mmHg was difficult
due to the small sizes and number of overlapping grains through
the thickness of the films, increasing the uncertainty of these
measurements.

Elemental composition, film thickness, and roughness are
given in Table 1. While the absolute values of the O content as
measured by scanning electron microscope; energy-dispersive
spectrometry (SEM-EDS) appear to be high based on a cal-
culation of a native oxide layer on the surface of the films, a
trend based on base pressure (although no dependence of film
thickness or roughness) is still observed. This discrepancy of
the measurement is attributed to the difficulties associated with
making well-calibrated measurements of light elements. Auger
depth profiling was carried out by argon ion sputtering through
the depth of a film deposited at a base pressure of 10−7 mmHg,
where oxygen was found to be concentrated only at the sur-
face as a native oxide layer. No buried oxide layers, which may

have formed during pulsed deposition, were observed within the
detection limit of the experimental technique.

The existence of second phases and amorphous films at
grain boundaries of pure nanocrystalline materials have been
hypothesized and predicted to have a significant impact on the
stability and mechanical response [21]. However, detailed high-
resolution TEM images of grain boundaries (Fig. 2) of Al films
reveal atomically sharp interfaces in which crystallinity is main-
tained up to the boundary. Moreover, no second-phase particles
or precipitates were detected. As such, the discussion of impu-
rity pinning and grain boundary drag will be restricted to solute
impurities.

3. Results and discussion

Representative mechanical responses for the Al films
deposited at different base pressures are shown in Fig. 3 as
obtained from tensile testing. A clear distinction in defor-
mation behavior was measured between the films deposited
at approximately 10−5 mmHg and those synthesized at both
10−6 and 10−7 mmHg. Namely, films deposited at the highest
chamber pressure are strong (over 25 times stronger than micro-
crystalline Al) but brittle. This behavior agrees with reported
literature of mechanical properties of nc-fcc metals, in which
high strengths are typically obtained at the expense of ductil-
ity [22–24]. This class of behavior is usually attributed to the
difficulty of operating intragranular dislocation sources and the
suppression of dislocation interactions. A contrasting behavior
is measured from the films deposited at base pressures of 10−6

and 10−7 mmHg, where large amounts of plastic strain (in excess
of 15%) were obtained. These films show apparent work hard-
ening in early stages of deformation followed by a sharp yield
point that extends to a region of constant work hardening for
films deposited at 10−7 mmHg and slowly diminishing stress
until failure for those deposited at 10−6 mmHg. The difference
in flow stress between these two films arises from the difference
in initial grain size. The results shown in Fig. 3 imply that a criti-

Table 1
Properties of sputtered Al thin films

Base pressure (mmHg) Al (at.%) O (at.%) Thickness (nm) Film roughness, Ra (nm) Initial mean grain size (nm)

2.2 × 10−7 97.08 ± 0.15 2.92 ± 0.15 181 ± 11 <4 61 ± 28
3.0 × 10−6 96.28 ± 0.16 3.72 ± 0.16 172 ± 5 <2 29 ± 20
1.1 × 10−5 90.18 ± 0.15 9.82 ± 0.15 184 ± 6 <3 13 ± 8

Compositions determined using SEM-EDS.
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Fig. 2. High resolution transmission electron micrographs of Al films deposited at a base pressure of approximately 10−7 mmHg showing atomically sharp grain
boundaries. There is no evidence of second-phase particles in the bulk or at the grain boundary.

cal transition from one type of behavior to the other is a function
of the deposition base pressure and the corresponding impurity
level.

Post-mortem grain size measurements of all films in the as-
deposited condition and after deformation are shown in Fig. 4
in the form of a cumulative distribution function, where the ver-
tical axis represents the area fraction of grains that are less than
a given grain size. The difference in the as-deposited grain size
distributions given numerically in Table 1 are visually repre-
sented in Fig. 4. Examination of these grain size distributions
clearly shows microstructural evolution for the films deposited
at 10−6 and 10−7, while the distribution of the film that demon-
strated strong and brittle response (10−5 mmHg) mimics that of
its as-deposited condition. Hence, there is a correlation between
extended ductility and whether or not grain growth has occurred.
In addition, grain sizes measured outside of the deformed region
of specimens that exhibited grain growth are similar to the initial
state, suggesting that the evolution is directly tied to the applied
stress or deformation in the sample. TEM images of the grain
morphology in deformed samples show that the growth is dis-
continuous in nature; large grains seem to have grown at the

Fig. 3. Room temperature tensile stress–strain curves for the three batches of
Al films, showing two distinct classes of mechanical behavior.

Fig. 4. Cumulative grain size distribution functions for as-deposited (AD, open
symbols) and deformed (Def, filled symbols) Al films, where the ordinate rep-
resents the area fraction of grains that are less than a given grain size. Base
pressures in mmHg.

expense of small ones. Moreover, the maximum grain size mea-
sured did not depend on the initial distribution, and scales with
about 2–3 times the film thickness, which is a well-characterized
thin film effect [16,18].

4. Conclusion

The effect of impurity concentration, as controlled by adjust-
ing the vacuum base pressure during deposition of nc-Al thin
films, on the nanostructural stability against an applied stress
at room temperature was measured. The tensile behavior of
specimens that exhibit stress-coupled grain growth during defor-
mation was shown to be dramatically different than that of
samples showing no nanostructural evolution. Namely, extended
ductility and intermediate strengths can be obtained if the stress
can couple to the grain boundaries and liberate the interface from
the local impurity pinning atmosphere, causing discontinuous
grain growth. The results presented here demonstrate the poten-
tial for controlling this nanostructural instability with impurities
and subsequently tailoring the material for desired mechanical
response.
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