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both yield and flow strengths of nc Ni without significant loss in plasticity. Changes in strain-rate sensitivity and
activation volume for deformation upon cycling were measured and utilized to discuss possible mechanisms re-
sponsible for the observed strengthening.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

The mechanical behavior of nanocrystalline (nc) metals with small
volume such as nano-/micro-pillars is an active research topic, especial-
ly because there can be both extrinsic and intrinsic size effects (i.e., in-
fluences of pillar diameter, D and grain size, d) [1-8]. While extensive
research, which was performed on these nc pillars hitherto, has uncov-
ered plethora of interesting and exciting deformation behavior that
arise as d is reduced to nm scale, most of it was performed under static
or quasi-static loading conditions. However, the effect of cycling loading
on the mechanical behavior (which is essential for ensuring reliability in
structural applications where load fluctuations are common) of nc pil-
lars remains unexplored although results of cyclic loading tests were re-
ported for bulk samples of nc metals [9-12] or micro-pillars of single
crystal and metallic glass [13-16].

Fatigue in crystalline metals is primarily a consequence of the kine-
matic irreversibility of slip [17]. Since nc metals offer more possibilities
for such irreversibility to occur, by virtue of the large grain boundary
(GB) area, their susceptibility for fatigue-induced property changes can
be expected to be relatively more in comparison to their microcrystalline
counterparts. Indeed, Moser et al. [9], who studied the cyclic plasticity of
electrodeposited nc Ni (d = 40 nm), reported that cyclic loading leads to
considerable hardening of the metal and attributed it to the dislocation
source exhaustion at GBs. Molecular dynamics simulations by Rupert
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and Schuh [18] reported some evidence for strengthening in nc Ni (d
= 3,4, 5and 10 nm). Only two cycles can cause grain rotation, which
leads to enhanced boundary coherency, i.e., formation of GBs with low
coincident site lattice values (X) such as 23 (twin boundary) that have
lower energies and less stress concentration, which can lower the stress
required for onset of plasticity otherwise.

Notably, Moser et al.'s experiments [9] were conducted wherein the
maximum nominal stress of the tension-tension cyclic loading, Syax, €X-
ceeds the tensile yield strength, oy, of the nc Ni (see Fig. 1 of their paper).
However, Sy,,.x does not need to necessarily exceed oy, for kinematic irre-
versibility to set in; the fact that the endurance limit of most metals can
be as low as 0.35 to 0.5 times oy is a testament for this. Further, and al-
ready mentioned, nc metals can offer more avenues for fatigue induced
irreversible microstructural changes. Therefore, it is reasonable to antic-
ipate that cyclic loading, even when Sy, is well below oy, i.e., the defor-
mation during cycling being nominally elastic, can significantly alter the
mechanical behavior of the metals.

We critically examine this possibility by conducting experiments on
sub-um-sized pillars of nc Ni that were prepared through high-through-
put electron beam lithography and electroplating process [19]. A series of
cyclic and subsequent monotonic micro-compression tests reveal that
both yield strength and flow stress significantly increase because of
prior-cyclic loading. Mechanistic origins for the observed hardening are
discussed in terms of strain-rate sensitivity, and activation volume for
deformation, etc.
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Fig. 1. Representative TEM image showing the grain structure of as-fabricated nc Ni pillars
(with inset of SEM image for pillar morphology).

The sub-um-sized nc Ni pillars examined in this study were prepared
through electron beam lithography and electroplating techniques [19].
Thin ~20 nm Ti (adhesion layer) and ~40 nm Au (conductive seed
layer) were sequentially deposited on silicon substrates, that were sub-
sequently spin coated by polymethylmethacrylate (PMMA) resist. Arrays
of ~580 nm diameter via-holes were patterned on the resist using elec-
tron beam lithography and then filled nc Ni by electroplating (with the
exposed Au layer acting as the cathode and a commercial grade pure
Ni as the anode). The Ni plating solution was made of Ni (II) sulfate hexa-
hydrate (99%, Sigma Aldrich, St. Louis, MO), Ni (II) chloride (98%, Sigma
Aldrich), boric acid (BX0865, EMD Millipore), and organic additive sac-
charin (98%, Sigma Aldrich). After plating, the PMMA resist was dis-
solved in a bath of acetone, to obtain nc Ni pillars. This fabrication
technique has many advantages over that which used focused ion
beam (FIB) milling. For example, hundreds of highly uniform pillars
can be produced at the same time (which saves time and cost, and allows
for statistically significant amount of experimentation and data analysis
[8,20]). Importantly, one does not need to worry at all about the usual
concern of surface damage that arises when FIB milled micropillars are
used. The morphologies and microstructures of pillars were observed
using scanning and transmission electron microscopies (SEM: JSM-
6330F, and TEM: JEM-2010F, both equipment from JEOL Ltd., Tokyo,
Japan), respectively.

Cyclic and subsequent quasi-static compression tests of the pillars
were conducted using Nanoindenter XP (formerly MTS; now Keysight,
Santa Rosa, CA) equipped with a FIB-milled cylindrical diamond punch.
Compression-compression cyclic loading was performed up to a
predetermined number of cycles, N (=10, 20, 100 and 200), with S;,ax
of 1000 MPa (that is below oy ~ 1.6-1.8 GPa) with a stress ratio R
(=Smin / Smax Where S;, is the minimum stress) of 0.1 at a frequency
A of 0.5 Hz. In order to directly observe the possible change in pillar mor-
phology during cyclic loading, in-situ compression tests were conducted
by using a PI 85 picoindenter (Hysitron Inc., Mineapolis, MIN) set inside a
Quanta 250 FEG scanning electron microscope (FEI Inc., Hillsboro, OR).
Quasi-static compression tests of both as-fabricated and cyclic-loaded
pillars were performed under different nominal strain rates, &, of
0.0005, 0.002, and 0.005 s~ '. More than 10 measurements were con-
ducted for each condition so as to obtain data with fidelity. Thermal
drift was maintained below 0.03 nm/s in all the experiments.

Arepresentative micrograph of the pillar was displayed in the inset of
Fig. 1. The top surfaces of the pillars are flat while the side-surfaces are
almost taper-free. The nominal outer diameter, D, of the pillars is
~580 nm and the height-to-diameter aspect ratio is ~1.5. A TEM image
of the representative microstructure of as-fabricated pillars is displayed
in Fig. 1. The average grain size, d, was determined as ~12 + 3 nm,
which was measured using multiple TEM micrographs taken at various
locations of each pillar.

The pillars were subjected to compression-compression cyclic load-
ing with sawtooth shape waveform (Fig. 2a). From the applied load, P,
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Fig. 2. Results of cyclic tests: (a) load vs. time and displacement vs. time obtained during
cyclic loading; (b) converted engineering stress-strain responses with inset of hysteresis
loop area as a function of N; (c) the curve from in-situ SEM experiments and the SEM
images taken before and after cyclic loading.

and displacement, h, responses recorded, engineering stress, S (=P /
Ao, Where Ay is the initial cross-sectional area of pillar) vs. engineering
strain, e (=h / Lo where Ly is the initial pillar height) were obtained.
An example of S-e response is shown in Fig. 2b (for N = 200, which is
the maximum N applied in this study). Note that Spax < 0y (~1.6-
1.8 GPa), i.e., deformation during the entire cycling is well within the
elastic limit. For clarity, only the data for every 20 cycles are shown in
Fig. 2b. Hysteresis was observed during early cycles. The width of the
loops reaches a steady state at N of ~30. The area of the hysteresis loop,
AT, a measure of the strain energy dissipated during that cycle, is evalu-
ated and plotted as a function of N in the inset of Fig. 2b. It shows that Al
decreases markedly within the first 20 cycles or so, before becoming neg-
ligible. To directly visualize cyclic deformation (if any), in-situ cyclic tests
were performed under identical experimental conditions (Syax = 1 GPa,
R=0.1,A = 0.5Hz, and N = 200) while the pillars were imaged (see the
corresponding movie in Supplementary material). In Fig. 2c, the obtained
S-e curve and representative SEM images of a pillar before and after in-
situ cyclic tests are displayed. The geometry of the pillar remains appar-
ently unchanged, indicating the absence of noticeable plastic deforma-
tion or localized failure until N = 200.
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Post-cyclic loading, the pillars were subjected to quasi-static com-
pression tests. Representative true stress (0) vs. true strain (&) responses,
which were made assuming volume conservation (i.e., AoLo = ApLp
where A and L are cross-sectional area and height of pillar, respectively,
while subscripts “0” and “p” indicate “initial” and “during plastic defor-
mation,” respectively), are displayed in Fig. 3a. While no apparent
change in the elastic responses of the pillars due to prior-cyclic loading
could be detected, both yield and plastic flow stresses were observed
to increase with N. Variations oy (obtained by a strain offset of 1% [8]),
and flow stress, of (estimated at remnant plastic strain &, which is the
amount ¢ that remains after unloading [8], of 10%) with N are displayed
in Fig. 3b. Here, N = 0 refers to as-fabricated condition. Both 0y and orin-
crease significantly with N, with the majority of the strengthening occur-
ring within the first 20 cycles or so. The latter observation is consistent
with trends seen in Ar.

To investigate the possible mechanisms responsible for the enhanced
strength due to cycling, we first studied the strain-rate sensitivity (SRS),
m, which not only indicates to the dominant deformation mechanism,
but also provides indirect information about the plasticity as a higher
m often corresponds to a larger ability to accommodate plastic deforma-
tion. The value of m can be determined at a given ¢ and temperature, T,
from the relation: m = (9 Inoy/d In&), .. We have evaluated it for N

=0, 20, and 200, from the slopes of the double logarithmic plots of o¢
versus &, as displayed in Fig. 4. In the as-fabricated state, m is ~0.037,
which decreases to ~0.030 upon subjecting the pillars to 20 cycles; it fur-
ther reduces to ~0.017 for N = 200. While all these are within the range
of m reported for bulk nc metals that have fcc crystal structure (e.g., m ~
0.01-0.03 [21-23]), the observed trend in Fig. 4 suggests that cyclic load-
ing definitely reduces the SRS, which may reduce the ductility but not in
any substantial manner, even though it leads remarkable strengthening.
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Fig. 3. Results of monotonic compression tests: (a) true stress-true strain curves and (b)
changes in yield strength and flow stress as a function of N.
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Fig. 4. Estimation of strain-rate sensitivity and activation volume (in inset) of as-fabricated
and cyclic-loaded pillars.

Strengthening by cyclic loading has been reported for coarse-grained
metals with susceptibility for cross-slip in which dislocations may inter-
act with each other and form locks, leading to hardening [17]. Given that
the experiments of the current study were performed on sub-pm-sized
pillars (D = ~580 nm), the additional possibility of dislocation migration
to the free surfaces during cycling and eventual annihilation there, lead-
ing to far fewer dislocations in the fatigued materials and hence higher
stress required for subsequent plastic deformation, needs consideration.
Recently, Wang et al. [14] and Cui et al. [24] reported such strengthening
of single crystal Al pillars during low-amplitude cyclic loading. While we
cannot rule out such possibility in the present context (as discussed
later), such an effect might not be a major contributor to the observed
strengthening since only a small fraction of the grains are exposed to
the free surface, as d is much smaller than D.

To gain further insights into the plastic deformation mechanism, ac-
tivation volume for plastic deformation, V* was estimated by using the
relation: V* = v/3kT(0 Iné&/007y), where k is the Boltzmann's constant.
Note that the value of V* varies by orders of magnitude for different
rate-limiting processes [25] with typical values of V* in the ranges of
~1-10b? for diffusion either through the crystalline lattice and along
the GB [26,27], ~10b° for GB sliding [28], and ~100-1000b> for disloca-
tion glide [26]. The value of V* was determined from the slope of the lin-
ear fit of logarithmic € versus linear of (see the inset of Fig. 4). While V*
for as-fabricated (N = 0) nc Ni is ~3.9b, it increases to ~6.9b> for N =
20 and ~11.4b3 for N = 200 (where b is Burgers vector and 0.249 nm
for Ni) specimens. While these results do indicate to a systematic in-
crease V*, we can conclude that the dominant deformation mechanism
does not get affected in any significant manner by the prior-cyclic load-
ing as V* does not change by orders of magnitude. Note that grain refine-
ment to nanometer scale leads to a decrease in V* due to the increased
role of GBs [29,30]. Similarly, it was also reported that the values of V*
are reduced in small-sized sample [31,32]. Thus, we conclude that the
predominant deformation mechanism of our sample is GB-mediated
plasticity, which can be additionally enhanced by the free surface. On
this basis, we identify three possible mechanisms for the cyclic-load-
ing-induced strengthening.

First, we consider the role of GBs in the plastic flow of nc metals and
the possibility of the exhaustion of dislocation sources at GBs during cy-
cling causing strengthening, as suggested by Moser et al. [9]. They ob-
served that such exhaustion mainly occurs in the early stages of cycling
where strain amplitude and hysteresis loop area rapidly decrease, similar
to that seen in the present study. Following this, the significant decrease
in hysteresis loop area in first 10-20 cycles (as shown in inset of Fig. 2b)
observed in the present study is related to exhaustion of dislocation
sources at GBs. In this context, it is natural to wonder if such a mecha-
nism can be invoked especially since Spax <« 0y. The macroscopic yield
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of metal, for which oy is the measure of, corresponds to a large number of
dislocations being active. Dislocation activity does indeed take place
even when the applied stresses are well below oy. For example, a straight
segment of dislocation that is pinned at two ends can bow through the
grain during stressing, purely from elastic stress considerations. Since
the d is extremely small in nc metals, such a bowing dislocation can get
absorbed at the GBs, causing kinematic irreversibility. Indeed, the large
fraction of GBs in nc metals plays a critical role in plastic flow (including
diffusion-based activities and dislocation emission/absorption) [33-35].

Research on the state of GBs is one of the important topics in the nc
field and the GB relaxation has been reported through low-temperature
annealing [36-39], which is qualitatively similar to cyclic-loading-in-
duced strengthening. Rupert et al. [37] estimated the activation energy
for GB relaxation in nc Ni—W (with d ~ 12 nm) as ~50 kJ/mol which is
lower than that for GB diffusion (~115 kJ/mol [27]). In addition, it is note-
worthy that such boundary relaxation can promote shear localization
[36,37], indicating that no significant ductility loss (evidenced by SRS in
Fig.4) may be related to lower GB energy.

Another possibility for the observed strengthening can be associated
with free surface. Although free surfaces take small portion vis-a-vis GBs,
they can still play a minor and yet important role in plastic deformation
in small-volume structures. It was reported in literature [7,40-42] that a
smaller pillar with a higher surface-to-volume ratio exhibited more pro-
nounced room-temperature creep deformation under low stress in elas-
tic regime, which is rationalized by diffusion-assisted process along free
surface. In this context, one can expect that surface diffusion assisted de-
formation occurs during cyclic loading even in the elastic regime. Molec-
ular dynamics study by Fan et al. [43] suggested surface reconstruction
by cyclic loading due to energy gradient at surface step and/or surface
diffusion. Therefore, by applying cyclic loading surface configuration
can be changed into more stable state, reducing local stress concentra-
tions at the surface defects and making further plastic deformation
more difficult.

The third and final possibility is the alteration of the residual lattice
stress/strain due to cyclic loading. If there are some residual stresses in
the lattices of the nc pillars, arising out of the processing, the strength
of the pillars can change when such stresses are relieved due to cycling.
In this regard, Cheng et al. [10] investigated cyclic deformation of nc Ni (d
~ 20 nm) and ultrafine-grained (ufg) Ni (d ~ 100 and 1000 nm) under
tension-tension loads. While cyclic loading altered residual lattice strains
in ufg Ni, nc Ni did not show any noticeable change in residual lattice
strain, which is almost zero. However, their experimental conditions
[10] are significantly different from those used in the current study: d
is smaller and applied stress is much lower (below o). Thus, this possi-
bility cannot be entirely excluded, although it is still very low since the
pillars of this investigation was processed using lithographic techniques,
which do not allow for residual stress build-up.

In summary, we have investigated the influence of prior-cyclic load-
ing, with the maximum stress of the cycle being well within the elastic
regime, on the strength of sub-um-sized nc Ni pillars through cyclic
and subsequent monotonic compression tests. The experimental results
show that cycling loading causes significant strengthening, especially
within the first ~20 cycles. Such strengthening may be caused by GB re-
laxation, surface reconfiguration, and residual strain change, all of which
can lead to enhanced resistance to plastic deformation.

The work was supported by the National Research Foundation of
Korea (NRF) grant funded by the Korea government (MSIP) (No.
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