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Abstract

Mechanisms to explain the uniquemechanical behavior of nanograinedmetals focus primarily on grain and grain boundarymobility. In
most nanograined metal materials systems (both pure and alloyed) it has not been possible to decouple these time- and cycle-dependent
contributions. In contrast, the 460 nm thick, (1 1 1) textured, nanograined platinum thin films evaluated in this work have robust grain
morphologies that allow us to uniquely identify the fatigue damage accumulation processes. Unlike other reports of face-centered cubic
metal behavior, the platinum films exhibited a particularly limited range of fatigue crack growth (<3 MPa

p
m) with extremely large

(�10.5) power law exponents typically associated with fatigue of structural ceramics and ordered intermetallics. Transmission electron
microscopy and fatigue crack growth data suggest that the crack growth mechanism appears to be intrinsic in origin and dislocation
mediated.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

A central challenge to understanding how fatigue dam-
age accumulates in nanograined films has been the limited
stability of the structure of the films. In many metallic films
(e.g. Ni, Cu and Ag) the grains spontaneously coarsen
(“self-annealing”), a phenomenon that can also be driven
by stress [1–6]. Nanocrystalline Ni, for example, has been
shown to display a typical power law exponent (between
2 and 3.5) [2,7] and grain coarsening during cyclic contact
[8]. It also creeps at room temperature [9], so it is difficult to
deconvolute the time- and cycle-dependent mechanisms.

Unlike many nanograined metals, the nanoscale, columnar
grain morphology of the Pt films studied in this work are
remarkably robust. The grain morphology does not spon-
taneously change at room temperature or during monoton-
ically increasing tensile or indentation loads, and time
dependency is restricted to a slight anelastic response
[10]. As a result, Pt is an ideal system for understanding
how cycle-dependent deformation and degradation occur
in pure, textured, face-centered cubic (fcc) films. In the case
of the columnar, stable, nanoscale grain morphologies
evaluated in this work, fatigue degradation at low crack
growth rates is intimately linked to cyclic grain-coarsening
processes, where plasticity appears to be dislocation medi-
ated in spite of the fine grain morphology.

Mechanisms governing plasticity in coarse-grained and
macroscale samples are known to break down when the
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microstructural features approach the nanoscale. Under-
standing themechanisms governing themechanical response
of nanocrystalline materials would undoubtedly lead to an
enhancement of physical properties, but would also provide
insight into size and length scale effects in nanoscale speci-
mens and grainmorphologies. One of the primary difficulties
in establishing these mechanisms is decoupling experimental
observation and modeling predictions from the inherent
instability of nanograinedmetals at room temperature, espe-
cially in the presence of mechanical stress. This is particu-
larly important because any grain coarsening that occurs
in these materials has the potential to undo the benefits of
their initially fine grain size.

Investigations into the fatigue response of nanocrystalline
materials are very limited, so there are some important gaps
in our understanding of how cyclic, tensile and indentation
loadingmodes differ.Despite this, there are a few experimen-
tal investigations citing grain coarsening in ultrafine-grained
or nanograinedmaterials in response to fatigue loading. The
earliest experiment to report grain coarsening in response to
fatigue is by Witney et al. [1], who reported on the micro-
structural evolution of nanocrystalline copper. Since then,
other experimental works involving fatigue on nanocrystal-
line nickel and nickel–tungsten alloys [2], ultrafine-grained
copper [3,4] and nickel–manganese alloys [5] have noted
grain coarsening. The coarsening has been cited as the rea-
son for the observed cyclic softening in nanocrystalline
materials [3] and for contributing to crack initiation [5],
but the mechanisms for the growth are still unclear. One
investigation, by Zhang et al. [6], reports grain coarsening
both at room temperature and at cryogenic temperatures,
suggesting that the growthmay be dominated bymechanical
factors. Several modeling investigations have suggested pos-
sible stress-assisted grain-coarsening mechanisms [11–15],
but their mechanisms are varied and difficult to decouple
from the room-temperature coarsening response found in
many experimental investigations.

In general, there is a fundamental lack of understanding
of the relationships between stress, plastic deformation,
damage accumulation and microstructural evolution in
nanocrystalline metals. The path to identifying and charac-
terizing the roles that these factors play inmechanical behav-
ior is to identify and characterize a stable, nanograined
material under a variety of loading conditions. The textured,
nanocrystalline platinum films in this work have the requi-
site stability, and were used to identify the deformation
behavior of the films under tensile, indentation and fati-
gue-loading conditions.

2. Film deposition, structure, chemistry and mechanical

testing parameters

The fatigue crack growth behavior of nanograined met-
als was evaluated using free-standing, 450 nm thick, Pt
films on top of a 10 nm Ti adhesion layer from two fabri-
cation runs. The samples were fabricated at the Army
Research Laboratory in Adelphi, MD, and began with a

100 mm diameter single crystal silicon wafer (1 0 0) sub-
strate. A thin titanium layer followed by a 450 nm plati-
num layer were sputter deposited at 50 �C in order to
provide adhesion of the Pt to the Si substrate. The blanket
films underwent a micromachining process (i.e. resist pat-
terning, development, etching and removal) to pattern the
specimens into the desired shapes. At the end of this pro-
cess, XeF2 was used to release the mechanical testing spec-
imens by removing the silicon from underneath them. The
resulting free-standing specimens were connected to the
substrate at one end and temporarily held at the opposite
end by four tethers that were broken manually prior to
testing. Areas of the unpatterned Pt film on the Si substrate
adjacent to the specimens were used for nanoindentation
characterization.

2.1. Film chemistry and grain morphology

Samples exhibited clean and optically smooth surfaces
that were devoid of flaws such as cracks and plastic deforma-
tion such as dents or wrinkles. The structure and chemistry
of cross-sections of the Pt films were evaluated using two
200 kV JEOL transmission electron microscopes. Electron
transparent cross-sections of the film were produced by
using conventional mechanical and ion milling techniques
[16], and were cleaned using oxygen plasma prior to evalua-
tion to minimize carbon contamination of exposed surfaces.
Transmission electron microscopy (TEM) established that
the platinum films were 460 nm thick, with columnar grains
approximately 25 ± 10 nm in diameter and a strong h1 1 1i
texture (Fig. 1). Selected area diffraction patterns reveal a
lattice parameter consistent with bulk Pt [17]. Further inves-
tigation using energy-dispersive spectroscopy, electron
energy loss spectroscopy and secondary ion mass spectros-
copy confirmed that the platinum films were free from con-
tamination both within the grains and at grain boundaries
to the detectability limits of the instruments (�0.1 at.%)
[16,18,19].

2.2. Specimen characterization

The tensile and fatigue properties of the platinum films
were evaluated using a closed-loop, micromechanical test-
ing system that was composed of three main parts: a piezo-
electric translation stage (PI P620), a force transducer
(either Transducer Techniques GSO-10 or Sensotec Model
31) and a high-resolution digital camera (Pulnix TM-9701).
The camera was paired with long working distance Mitu-
toyo infinity-corrected lenses, making the final resolution
of the optical setup approximately 0.5 lm. The entire sys-
tem was situated on a bench top vibration isolation system
(Minus K BM-4). Data acquisition and instrument control
were performed using an SCXI-based system operating in a
LabView 7.0.

Specimens of two types were used: (i) 50 lm gauge
width, 1.5 mm gauge length specimens were used for tensile
testing and (ii) 2 mm gauge length center-cracked sheet

1142 R.A. Meirom et al. / Acta Materialia 59 (2011) 1141–1149



specimens (ovaloid central notches with 3 lm radius, semi-
circular ends spanning 33% of the gauge widths (200, 150
and 100 lm); Fig. 2) for fatigue crack growth testing. Prior
to tension and fatigue testing, the silicon dies containing
the specimens were adhered to the displacement stage
and a 200 lm diameter optical fiber or a blunted 20 lm
tip diameter tungsten needle was connected to the load cell
via a collet grip adapter. The tungsten needle was then
affixed the specimens with an ultraviolet light curable adhe-
sive (Dymax OP-24-REV-B).

Tensile tests were conducted in laboratory air
(22 ± 2 �C). Due to the optically smooth surface of the
films, artificial markers were introduced to the surface of
tensile specimens using a Magnaflux Developer (SKD-S2)

to measure strain-induced displacements of the film. Digi-
tal image correlation software was used to track displace-
ment of the markers with a strain resolution of 10�4. The
displacement-controlled tensile tests were conducted at a
displacement rate of 1 lm s�1. The elastic modulus was cal-
culated from the slope of the stress–strain curve that was
fitted by a least-squares linear regression fit (R2 > 0.97).
The yield point (proportional limit) was noted as the point
in the curve which caused the R2 value to drop below 0.97.

The indentation behavior of the Pt films was evaluated
using nanoindentation of the film on the Si substrate.
Indents were performed in force control using a Hysitron
TriboIndenter (Hysitron, Inc., Minneapolis, MN) with an
acoustic enclosure that has been previously shown to have

Fig. 1. (a) Cross-sectional TEM micrograph of the full height of the platinum and its 25 ± 10 nm diameter, through-thickness columnar grains. (b) Plan-
view TEM micrograph of the Pt grains confirming their size and uniform distribution.

Fig. 2. A scanning electron micrograph of a fatigue crack growth characterization specimen showing (a) the free-standing grip section with tethers, (b) the
free-standing gauge section with central ovaloid slot and (c) the “anchor” portion attached to the substrate. Tensile characterization specimens lacked the
central slot, but were otherwise configured similarly.
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less than 0.1 �C variance over the course of a test [20]. A
500 nm conospherical diamond indenter tip was actuated
into an area of the micromachined Pt film that still cohered
well to the Si substrate. A trapezoidal waveform was used,
with a 10 lN s�1 loading rate to a maximum force of
1500 lN, at which it was held for 10 s and then unloaded
at 10 lN s�1. Both pre- and post-imaging of the indenta-
tion area were performed using the indenter tip in a scan-
ning probe microscope configuration to confirm that they
were free from debris and gross defects. A traditional
Oliver–Pharr methodology was used to analyze the indenta-
tion data per ISO 14577 guidelines [21]. Both area function
and compliance calibrations were performed on a reference
Corning C1737F float glass and applied to the analysis of
the Pt indents. Additionally, the plane strain elastic modulus
and hardness values incorporated corrections for pile-up by
measuring the average pile-up height around each indent in
the scanning probemicroscopy images. A correctionwas not
made for substrate effects, due to slight viscoelastic behavior
of the film; further information about this correction and the
indentation technique can be found in Ref. [7].

The constant stress amplitude (maximum error ± 10
MPa) fatigue tests were conducted with a load ratio
rmin/rmax, R = 0.1, sinusoidal waveforms at 1 Hz. The
crack length during the test was measured from digital
optical micrographs (0.5 lm resolution) that were captured
during the experiment. The specimen compliance was
determined from a least-squares linear regression of 100
equally spaced force and crosshead displacement data
points in a given cycle. The linear elastic stress intensity
factor, a measure of the driving force of crack advance,
was calculated using established solutions by Tada et al.
[22]. Fatigue crack growth rates were calculated by dividing
the change in the optically measured crack length by the
number of cycles that had elapsed. A three-point with
50% overlap modified secant method was applied to both
stress intensity values and crack growth rates [23]. Due to
the symmetric crack growth from both ends of the notch,
the stress intensity factors and fatigue crack growth rates
were averaged. The fracture toughness, Kq, of the material
was approximated as the maximum driving force in the
cycle that preceded catastrophic failure of the specimen.
After failure, fracture surfaces were imaged using a JEOL
JSM-6700F field emission scanning electron microscope
operating at acceleration voltages ranging from 5 to
15 kV. Fatigue tests on samples with arrays of notches with
varying lengths (spaced far enough apart to be non-inter-
acting [22]) were used to create intact specimens that could
be prepared for TEM analysis without risk of introducing
artifacts from the thinning process. In some cases, notches
were created using a Ga+ focused ion beam (FIB) system
(FEI Quanta 200 3D). Because the damage induced by
the FIB was confined to the region immediately adjacent
to the notch (�100 nm or less) and the crack extension
resolution was fivefold larger, no differences between the
fatigue crack growth behavior of the lithographically pat-
terned and FIB-machined specimens were observed.

Plan-view TEM specimens were made from fatigue-
cracked specimens via FIB (FEI Strata DB235 FIB). Areas
of approximately 20 lm � 25 lm were extracted with the
FIB and placed on TEM shelf-grids using an in situ micro-
manipulator (Omniprobee). A 5 lm wide band around the
region of interest of each specimen was thinned to electron
transparency using the FIB after reorienting the grid to an
upright position and depositing a protective layer of Pt on
the sidewall surface of the film. Cross-section TEM sam-
ples of residual indents and interaction volumes were cre-
ated using conventional FIB lift-out techniques [24].
TEM imaging of both sets of samples was conducted in a
300 kV JEOL 3010 (LaB6) and a 200 kV Philips CM200-
FEG. More details on the sample preparation are found
in Ref. [25].

3. Results and discussion

Four uniaxial tension tests were performed on platinum
films (Fig. 3) from the first fabrication run. The films dis-
played a yield strength of 1.5 ± 0.1 GPa and an ultimate
strength of 1.75 ± 0.05 GPa, and had an elastic modulus
of 158 ± 5 GPa. The failure surfaces were inclined �40�
from the tensile loading axis. The high values of both the
yield and ultimate strengths are consistent with the high
strength associated with fcc metals with such a fine nano-
scale microstructure. The elastic modulus is low compared
to that of bulk microcrystalline platinum, but is consistent
with the trends in fcc metal films found by other research-
ers [26]. The fracture surfaces of these films displayed a typ-
ical transgranular crack path associated with dislocation-
mediated plasticity and failure. The significant plasticity
in the films, seen both in the stress–strain curve and from
the fracture surfaces, is consistent with the ductility
expected from fcc metals and confirms that the films are
not “embrittled” by grain boundary contaminants or voids.

A series of 10 indents was made into the platinum films
on the silicon substrate from the second fabrication run.
Using the Oliver–Pharr analysis, the average plane strain
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Fig. 3. A stress–strain graph compiling results from four uniaxial tension
tests of constant gauge-width samples. The platinum films show a yield
strength of �1.5 GPa and an ultimate strength of �1.76 GPa, as well as a
substantial amount of plastic deformation prior to failure, all consistent
with ductile metallic films. All error is contained within the marker size.

1144 R.A. Meirom et al. / Acta Materialia 59 (2011) 1141–1149



modulus of the blanket films on the silicon substrate was
221 ± 2 GPa, which compares favorably with the 213
GPa predicted by the Vlassak and Nix anisotropic elastic-
ity solution [27]. The average nanoindentation hardness of
7.4 ± 0.1 GPa was consistent with the tensile results
reported above. The difference between these results and
those reported in Ref. [7] is most likely due to spatial vari-
ations within the film itself. The regions tested were several
millimeters apart, but their individual results were con-
firmed by repeat experiments (in separate sessions) within
each region. Residual indents resulting from nanoindenta-
tion were studied by TEM to confirm the stability of the
microstructure in response to compression loads. The
TEM micrographs reveal no measurable grain coarsening
or change to the dislocation density within the interaction
volume (Fig. 4). The tension and indentation results sug-
gest that the films have a stable microstructure even under
high loads and are mechanically robust.

Four constant stress amplitude fatigue tests were per-
formed on free-standing notched samples from the second
fabrication run. During the fatigue crack growth tests,
cracks grew symmetrically from the notches and exhibited
straight (i.e. nominally mode I) crack paths, and no surface
distortions associated with the development of the plastic
zone were observed (Fig. 5). Final rupture of the specimens
occurred on paths that were inclined �40� from the tensile
loading axis after an unknown amount of stable, ductile
tearing. The symmetry of the crack extension from both

ends allows for reasonable averaging of the two crack
lengths. This symmetric growth is also a testament to the
uniaxial conditions of the testing setup, as well as the over-
all uniform material properties of the nanocrystalline
platinum.

The measured fatigue crack growth rates as a function
of the applied stress intensity factor ranges are shown in
(Fig. 6). An extremely limited range of fatigue crack
growth was observed (�2.5 MPa

p
m), and a least-squares

curve fit of the data to a power law relationship between
the fatigue crack growth rate, da/dN, and the applied stress
intensity factor range, DK, (i.e. da/dN = C(DK)m where C

and m are fit parameters) provided a large power law expo-
nent, m, of �10.5. The fracture toughness, Kq, ranged from
3.45 to 4.88 MPa

p
m. In contrast to bulk microcrystalline

metals, the nanograined Pt films in this investigation exhib-
ited fatigue crack growth rate trends that were reminiscent
of extrinsically toughened structural ceramics and ordered
intermetallics (i.e. m > 10). Consistent with this observa-
tion, the fracture toughness of the nanograined Pt film
was exceptionally low, �10 times less than the micro-
grained form of the material [28].

The fatigue crack path in the near-threshold regime (i.e.
growth rates below 10�9 m cycle�1) and up to �2 � 10�7 m

Fig. 4. Bright-field TEM image of a cross-section of a residual indent left
over from a representative instrumented nanoindentation test of the
platinum surface. Note that the microstructure is similar to that of the as-
received specimens shown in Fig. 2a, and that there is no measurable
amount of grain coarsening within the interaction volume.

Fig. 5. Optical images acquired during fatigue testing of a nanocrystalline
Pt film (test 3) showing (a) the initial ovaloid slot, (b) a crack at 50% of the
critical crack size, (c) a crack at 75% of the critical crack size and (d) the
sample after fracture.
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cycle�1 was intergranular (Fig. 7, left). Images from this
region reveal visible grains and secondary cracking. As
the cracks grew in length and accelerated to �3 � 10�7 m
cycle�1, they gradually changed to a transgranular path
(Fig. 7, center). During this transition, a fine ridge parallel
to the crack propagation direction developed in the
center of the failure surfaces. This relatively short section
exhibited a mixture of the features of the neighboring
inter- and transgranular regions. The transgranular mode
dominated the crack path at growth rates larger than
4 � 10�7 m cycle�1 (Fig. 7, right).

The contribution of intrinsic and extrinsic mechanisms
to the fatigue crack growth resistance of a material (i.e.
mechanisms that operate ahead and in the wake of the
crack tip, respectively) can be deduced from the shape of
the cracked specimen compliance curves [29,30]. Devia-

tions from linearity upon partial unloading usually indicate
that the crack faces have come into contact and that the
effective driving force for fatigue crack growth has been
reduced. It is interesting to note that the data for coarse-
grained, bulk Pt published by Speidel ([28]; Fig. 6) was pre-
sented in a “closure-corrected” form, and therefore repre-
sents the material’s intrinsic resistance to fatigue crack
growth. One cannot help but wonder if the higher fatigue
crack growth rate exponent for the textured, nanograined
Pt (Fig. 6) has intrinsic or extrinsic origins. If the grain size
is fine or the film is thin enough, it could be argued that the
cyclic plastic deformation mechanisms should be different
and the power law exponent may change. Similarly, the
secondary cracking observed in at low fatigue crack growth
rates in the Pt films (Fig. 7a) could indicate that crack
bridging and other shielding mechanisms are important.
Crack closure is typically more dominant at low DK and
lower load ratios due to the smaller crack opening displace-
ments, so if present it should be easily observed under the
testing conditions used in this study. Although significant
microcracking was observed, the compliance curves col-
lected during fatigue crack growth in the Pt films were lin-
ear for the range of fatigue crack growth rates that were
measured [31]. Consequently, extrinsic mechanisms play a
minimal role in fatigue crack growth in the Pt films. This
observation is in contrast with findings by Suresh et al.
[2], which alluded to the importance of intrinsic mecha-
nisms in nanocrystalline materials, but no change in power
law exponent was observed.

TEM analysis was performed on fatigue and fracture
crack profiles so that the evolution in the grain morphology
could be correlated with the features that were observed on
the fracture surfaces. The TEM images from a crack whose
growth rates were less than 2 � 10�7 m cycle�1 (i.e. con-
fined to the intergranular region) show clear evidence of
increased grain size in the wake and ahead of the crack
tip (Fig. 8) and a tortuous, intergranular path. The grains
within 500 nm of the crack have undergone a nearly 10-fold
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Fig. 6. Empirically measured fatigue crack growth behavior of nano-
grained Pt films (open circles) compared to previously published data for
micrograined Pt by Speidel (open squares) [28]. The power law fit of the
nanograined Pt (solid line) indicates a high power law exponent (m = 10.5)
when compared to the microcrystalline Pt behavior (m = 3.3). All error is
contained within the marker size.

Fig. 7. Scanning electron micrographs of a typical Pt film fatigue failure surface in relation to the original sample. As the crack advanced from left to right,
the crack propagated via an intergranular path (left). As the fatigue crack growth rate reached �2 � 10�7 m cycle�1, the growth mode changed to a mixed
inter- and transgranular morphology (center). Above �3 � 10�7 m cycle�1, the crack path was transgranular (right), with a central ridge that was
associated with localized necking.
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increase in size when compared to the surrounding mate-
rial. Moreover, the dislocation density in the coarsened
grains is similar to that in the unchanged grains. Selected
area diffraction confirmed that the coarsened grains main-
tained their h1 1 1i orientation after the fatigue crack
passed. TEM crack profiles from growth rate regimes
where a central ridge is present on the fracture surface
(i.e. crack growth rates exceeding 3 � 10�7 m cycle�1) show
no evidence of grain coarsening. Moreover, several grains
appear to have been bisected by the crack path, confirming
the transgranular nature of the cracking process at these
crack growth rates. Collectively, these observations imply
that grain growth is primarily a fatigue-driven process that
is intrinsic in origin.

Although the details of the fatigue mechanisms are not
completely apparent, the mechanical testing and electron
microscopy data presented herein allow us to define their
salient features. First, and arguably most important, fati-
gue crack growth in the platinum films is dominated by
cycle-dependent plastic deformation that is mediated by
dislocation motion. While the dislocation activity cannot
be observed directly without thinning the specimens, fea-
tures of the fracture surface make it clear that dislocation
motion is important. The �40� inclined fracture surfaces
that develop from tensile overload, ductile tearing and
unstable crack growth exhibit a distinctively transgranular
appearance. Moreover, the grain structure maintains its
nanoscale character, and intergranular voiding that would
result from severe grain rotation was not observed. While it
was not possible to identify significant changes in disloca-
tion density (not unusual for nanograined metals) or to
observe them directly during the degradation process, the
inclination of the fracture surface and its morphology are
traditional hallmarks of dislocation-based plasticity.

A characteristic feature of textured fcc metal fatigue is
the evolution of the fatigue crack path from inter- to trans-
granular. The fatigue failure surfaces at low fatigue crack
paths are clearly intergranular. As the fatigue crack growth

rate increases, the mode changes to transgranular and a
central “ridge” develops. While this typical feature has
not been explicitly noted by other authors (e.g. see
Fig. 10 of Ref. [32]), we have also observed it in 2 lm thick,
micrograined, textured Au films (R.A. Meirom, unpub-
lished results). Given the well-established relationship
between dislocation slip and the fatigue crack path, it is
likely that the evolution of the crack path is a natural
byproduct of the constrained dislocation slip in the tex-
tured film. Initially, dislocation slip is restricted to the best
oriented h1 1 0i [7] system. As the crack tip stress field
becomes more intense, additional transverse planes allow
for through-thickness slip of dislocations. This evolution
is similar to the plane strain to plane stress transitions that
occur in single crystals [33]. While this trend appears in
both nano- and micrograined textured films, there is an
important grain-coarsening phenomenon that is enabled
by cyclic plastic deformation.

Plastic deformation in metals usually leads to the forma-
tion of dislocation networks [34]. Depending on the magni-
tude of the strain and the loading type (monotonic or
cyclic), the size and arrangements change. Alternating
areas of high and low dislocation density form, and the
characteristic patterns of low dislocation density are ini-
tially isolated (“cells”) and become interconnected (“laby-
rinth”) until cracking and decohesion occur at “ladder-
like” persistent slip bands. In the case of ultrafine and
nanograined films, these networks are often not found
because they cannot form within a single grain. It is impor-
tant to note that the absence of these networks does not
necessarily mean that dislocation motion does not occur
and that (usually) elevated temperature mechanisms such
as grain boundary sliding must be active. Instead, the grain
boundaries must act as sources and sinks for the disloca-
tions. In the special case of textured fcc films, the angles
that arise between adjacent grains are usually low angles.
In fact, our TEM evaluations showed that the angle can
be so small that it is difficult in many cases to distinguish
between grains. In this situation, we postulate that the
motion of dislocations allows for the progressive coarsen-
ing of the grains. Recall that TEM analysis reveals that a
large portion of the crack path is intergranular and that
the grain size adjacent to the crack has increased �10-fold.
Moreover, the coarsening is clearly visible ahead of the
crack tip and the intergranular fracture surface has
through-thickness, linear features that are reminiscent of
the original columnar grains. This suggests that clusters
of grains consolidate by the annihilation of a portion of
the grain boundaries instead of a process which allows lar-
ger grains to grow at the expense of smaller ones. However,
as the crack accelerates, the grain size remains essentially
unchanged, even during unstable crack growth. These
additional observations provide crucial insight into how
fatigue damage occurs.

The combination of fatigue-driven grain coarsening and
crack advance can be accommodated by three possible
sequences of events. One option would be for coarsening

400 nm

Fig. 8. Bright-field TEM image of fatigue crack path (DK = �4.5 MPap
m) showing effects of stress-assisted grain growth along the intergranular

crack path region. Grains coarsened up to 10-fold are found along the
crack path. Coarsened grains are also visible ahead of the crack tip at the
far right. Note that the apparent bridging of grains along the crack path is
an artifact of the slight tilt of the specimen in the TEM. (The arrow
denotes the crack growth direction.)

R.A. Meirom et al. / Acta Materialia 59 (2011) 1141–1149 1147



to happen spontaneously after passage of the crack in
between the grains. Such a process would be expected to
be more extensive when plastic deformation is more severe
– such as at high crack growth rates and during tensile
overload. Given that the coarsening is observed ahead of
the crack tip in the TEM crack profiles and only at low fati-
gue crack growth rates, it is unlikely that the coarsening
and crack growth can be decoupled. This essentially rules
out that the underlying mechanisms that are a cyclic analog
to self-annealing or recrystallization and grain growth at a
newly formed free surface. The second option is that the
grain coarsening must occur before the crack advances
along the grain boundaries. Given the transition to a trans-
granular path at higher growth rates (i.e. cracking with a
notable absence of grain coarsening), this sequence of
events is also improbable. Instead, the third sequence is
most likely – cyclic crack advance and grain coarsening
must occur simultaneously, and are likely competing pro-
cesses. The simultaneous coarsening and crack advance
competition allows us to reconcile the experimental data
in this study as well as some well-established trends in
the literature.

The most likely sequence of events is that cyclic/reverse
slip of dislocations near the crack tip causes some grain
boundaries (low angle) to be annihilated prior to crack
advance during relatively low stresses. The result is effective
grain growth that requires cyclic deformation. Moreover,
this grain-coarsening mechanism will maintain the outer
boundary that is made up of a series of columnar grains;
this periodicity and distinctive intergranular crack path
would appear (consistent with the scanning electron micro-
graphs). The crack will then grow along the weakened
grain boundary, probably consistent with criteria such as
those developed by Liu et al. [35]. The transition from
intergranular to transgranular growth modes is likely due
to competition with a second mechanism; at higher stresses
and consequent loss of slip constraints, inclined slip planes
can be activated, allowing typical transgranular plasticity
to occur. This loss of crack tip constraint (i.e. a plane strain
to plane stress transition) would give rise to both a trans-
granular fracture mode and a central ridge on the fracture
surfaces. Moreover, it would also give rise to a transitional
region between the two regions in which both mechanisms
are operating. Our proposed set of competing mechanisms
would explain the experimental observation of both the
fracture surface and the evolution in microstructure, but
does not adequately describe the high power law exponent
and shortened fatigue crack growth range. These two
results are most likely direct results of the thickness of
the film, which would explain why other investigations of
thicker nanocrystalline fcc metallic systems have not pro-
duced a similar response.

4. Conclusions

The fatigue behavior of pure, oriented nanocrystalline
platinum thin films was evaluated in laboratory air. Nano-

indentation and tension tests (yield and ultimate tensile
stresses of 1.5 ± 0.1 and 1.75 ± 0.05 GPa respectively,
and a hardness of 7.4 ± 0.1 GPa) showed that the grain
structure does not coarsen during tensile or indentation
loading. Constant stress amplitude fatigue tests showed
an extremely limited range of fatigue crack growth and a
large power law exponent, m, of �10.5. Field emission
scanning electron microscopy and TEM analyses revealed
that cyclic cracks advance via competition between disloca-
tion-mediated grain coarsening (with intergranular crack-
ing) and transgranular crack growth modes. However,
the linear unloading compliance curves that were observed
in the near-threshold regime suggest that the underlying
mechanisms are intrinsic in origin.
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