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Cyclic strain hardening of nanocrystalline nickel
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Abstract
We demonstrate cyclic strain hardening and frequency-dependent fatigue life in electrodeposited nanocrystalline Ni subjected to
tension–tension cyclic deformation. These observations are rationalized through mechanistic arguments based on the exhaustion of
dislocation sources in the early stages of cyclic loading and on the domination of diﬀusive processes during later stages.
 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
The cyclic deformation behavior of microcrystalline
(mc) metals and alloys has been the topic of considerable
research for the past several decades. For these metallic
systems with average grain sizes typically larger than
1 lm, it is now recognized that signiﬁcant cyclic hardening
generally occurs in microstructures with low initial defect
density and a relatively small number of initial impediments to dislocation motion (see, e.g., Ref. [1]). The mechanisms of hardening have been studied extensively by
correlating the imposed cyclic stress or strain amplitude
with stress–strain hysteresis and saturation responses, as
well as with the evolution of energetically favorable dislocation structures (see, e.g., Refs. [1–5]). It has also been
shown that face-centered cubic (fcc) pure metals can cyclically harden or soften to a common saturation steady-state
ﬂow stress from an initially annealed or cold-worked state,
respectively, if the stacking fault energy is suﬃciently high
to promote signiﬁcant cross-slip [6]. Such eﬀects are considered to be independent of the imposed cyclic loading
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frequency or waveform in the absence of environmental
eﬀects.
Recent interest in nanocrystalline (nc) metals and alloys,
with average and peak grain sizes well below 100 nm, has
been spurred by several appealing characteristics inherent
to these materials: high strength/hardness [7], apparently
greater resistance to scratch and wear damage [8], cyclic
contact damage [9] and corrosion damage [10], and
enhanced resistance to fatigue crack initiation [11], despite
compromised ductility [12–14] and damage tolerance
[11,15]. To date, however, the cyclic deformation characteristics of nc materials have not been reported in the open
literature. Such information is vital for developing quantitative life prediction models and for assessing the viability
of nc materials in structural applications, where repeated
loading invariably occurs.
Studies of cyclic deformation in ultra-ﬁne-crystalline
(ufc) metals, with an average grain size typically on the
order of several hundred nm, produced by equal channel
angular pressing (ECAP), reveal cyclic softening and a
relatively inferior low cycle fatigue response relative to
coarser-grained metals [16–18]. However, the severe
plastic deformation inherent to ECAP induces an
extremely high initial defect density. As a result, conclusive
trends isolating the eﬀects of grain reﬁnement on cyclic
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deformation behavior could not be extracted from such
experiments. When electrodeposited ufc Ni specimens were
subjected to cyclic deformation, a reduction in internal
stress was observed with repeated loading, ostensibly due
to interactions of mobile dislocations with grain boundaries [19].
In this paper, we report the ﬁrst experimental evidence
for signiﬁcant cyclic hardening in electrodeposited nc Ni,
with an average grain size of 30 nm. At room temperature in a laboratory air environment, this hardening behavior was found to depend on loading frequency and cycle
number, indicating the importance of both time-dependent
and cycle-dependent mechanistic processes on the observed
deformation characteristics. Possible origins of such eﬀects
are postulated.
2. Material and experimental procedure
Electrodeposited nc Ni sheets, approximately 125 lm in
thickness, were procured from Integran Technologies Inc.
(Toronto, Canada). The as-received microstructure of the
material was characterized by transmission electron
microscopy. Plan view micrographs conﬁrmed a narrow
grain size distribution. The average grain size was
40 nm, with the maximum grain dimension well below
100 nm. The grain interior appeared to be clean and devoid
of dislocations. Cross-sectional transmission electron
microscopy (TEM) micrographs conﬁrmed an aspect ratio
of the grains greater than one. The major axis of these
grains is, however, still very small compared to the thickness of the sheets. Microstructural details and monotonic
deformation characteristics of this material can be found
in our earlier companion papers [12,13,20].
A sub-sized ‘dog-bone’ specimen, measuring 53 mm in
total length, 20 mm in gage length, 5 mm in gage width,
and 125 lm in thickness was used for all cyclic tension–
tension tests. Strain gages were mounted on both sides of
the specimen to verify uniaxial loading conditions. Samples
were mounted in a tabletop servohydraulic testing machine
(DynaMightTM from Instron Corporation, Canton, MA)
ﬁtted with a 1 kN (dynamic) capacity load cell, and loaded
in tension to 5 N, prior to soldering data acquisition cables
to the strain gage solder tabs. Specimens were then held in
tension at 5 N for 30 min to allow the gages to equilibrate,
after which they were electronically balanced to a strain of
zero per cent.
Tension–tension fatigue loading, with a suﬃciently high
load ratio (R = 0.25) to avoid specimen bending, was
employed in all experiments. Samples were tested to failure
in fatigue at a frequency of 0.2 Hz and 20 Hz (sinusoidal
waveform) at room temperature. Each test was conducted
under constant load amplitude and performed in a laboratory air environment (approximately 25 C and 50% relative humidity). Load, displacement, and strain data were
acquired at 0.5 kHz and 5 kHz for the 0.2 Hz and 20 Hz
tests, respectively. Full details of the experimental procedure are reported elsewhere [21].

In addition, creep tests were performed at room temperature using the same specimen geometry and hydraulic testing machine.
3. Results
An example of the stress–strain response during cyclic
loading (rmax = 1000 MPa, R = 0.25, m = 0.2 Hz) is shown
in Fig. 1. For the purpose of clarity, only the initial loading
and selected cycles (1, 5, 30, 120, 600 and 1800) are
included. The material progressively hardens and the hysteresis loop area progressively decreases with increasing
cycle number. The general shape of this curve is representative of all cyclic curves recorded during this study. Upon
the completion of a test, the strain amplitude and the
hysteresis mid-loop width were measured in each recorded
cycle. Their evolution as a function of cycle number is
shown in Fig. 2. It is evident from these curves that both
the strain amplitude and hysteresis mid-loop width
decrease with increasing number of cycles, with the most
rapid decline occurring over the ﬁrst 30 cycles. At a fatigue
frequency of 20 Hz, 30 cycles are completed in 1.5 s. At
0.2 Hz, the same number of cycles requires 2.5 min.
Fig. 2 also illustrates the eﬀect of loading frequency on
hardening behavior. The strain amplitude and mid-loop
width for specimens cycled at 20 Hz are consistently smaller than those for similar specimens cycled at 0.2 Hz. While
the magnitude of the mid-loop width reduction is similar
over the ﬁrst 30 cycles for the two frequencies examined,
there appears to be a frequency eﬀect on the decline in
strain amplitude over the same 30 cycles.
Fig. 3 indicates that an increase in frequency from
0.2 Hz to 20 Hz results in prolonged fatigue life. It should
be noted, however, that the total time consumed for specimens cycled to failure at 0.2 Hz was considerably greater
than that for specimens tested to failure at 20 Hz. At a
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Fig. 1. Stress–strain response of cyclically loaded electrodeposited nc-Ni
(rmax = 1000 MPa, R = 0.25, m = 0.2 Hz). Only cycles 1, 5, 30, 120, 600
and 1800 are shown for clarity.
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Fig. 2. (a) Strain amplitude and (b) hysteresis mid-loop width as a
function of cycle number for electrodeposited nc Ni at a maximum stress
of 1000 MPa and R = 0.25.
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Fig. 3. Number of cycles to failure as a function of maximum stress for nc
Ni. All tests were conducted in a laboratory air environment at room
temperature.

maximum stress of 850 MPa, Fig. 3 indicates the total fatigue life at 0.2 Hz and 20 Hz is 6000 cycles and

Fig. 4. Fracture surface morphology of a nc Ni specimen cyclically loaded
to failure at a maximum stress of 850 MPa (R = 0.25) and a frequency of
0.2 Hz at room temperature in air.

15,000 cycles, respectively. Corresponding elapsed times
to failure were 8 h and 0.2 h, respectively. We also note
here that the stress–life (S–N) response observed in Fig. 3
is in line with earlier results [11] on the same material subjected to slightly diﬀerent loading conditions (m = 1 Hz,
R = 0, and stresses ranging from 700 MPa to 400 MPa).
Post-deformation TEM showed no evidence of grain
growth or dislocation debris that could account for the
observed hardening. Fracture surface examination revealed
a frequency-independent brittle fracture morphology
(Fig. 4), in contrast to the more ductile dimpled morphology found for monotonic loading conditions in this and
other studies [12,13,20].
The frequency-dependence of fatigue life (Fig. 3) is suggestive of either creep- and/or environment-assisted material degradation. Although experiments were conducted
at room temperature, creep mechanisms are considered
non-negligible as a result of the extremely ﬁne grain size,
which tends to reduce relevant diﬀusion distances. Fig. 5
illustrates the evolution of creep strain as a function of time
for several constant-load creep tests performed at room
temperature in air. Creep rates range from 6.1 · 10 10 s 1
to 7.2 · 10 8 s 1 for stress levels ranging from 900 MPa
to 1300 MPa, respectively. For comparison purposes,
Fig. 5 also includes the evolution of maximum strain as a
function of time in fatigue experiments conducted at
0.2 Hz, with rmax = 1000 MPa and 850 MPa. A direct comparison between the two data sets is, however, not feasible,
as samples subjected to cyclic loading conditions experience peak loads for a relatively short period of time, compared to constant-load creep tests. While the evolution
of maximum cyclic strain at rmax = 1000 MPa and
m = 0.2 Hz is similar to the strain evolution in constantload creep at a nominal stress of 900 MPa (Fig. 5), a similar
comparison cannot be satisfactorily drawn for specimens
loaded at a frequency of 20 Hz, as these tests last only a
fraction of an hour.
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Fig. 5. Constant stress creep deformation at room temperature in air for
nc Ni. Data points representing maximum strain evolution as a function of
time for fatigue tests conducted at 0.2 Hz are superimposed.

4. Discussion
During plastic deformation dislocations may interact
with each other and form locks. This process is irreversible
and is seen as the most important contribution to cyclic
hardening in conventional metals with grain sizes in the
micrometer range and above. Considering the lack of dislocation debris in fatigued nc Ni specimens, this mechanism
cannot be seen as the origin of the observed cyclic hardening behavior and an alternate explanation is sought. A
variety of non-equilibrium dislocation sources, which can
be activated at various stress levels, likely exist at the grain
boundaries of as-deposited materials. Such sources are
assumed responsible for the reduced hardness of these
materials, relative to those with a comparable grain size
subjected to an intermediate anneal [22]. Separate studies
have conﬁrmed that a mild anneal, without signiﬁcant
grain growth, can produce an increase in strength or hardness [23,24]. Indirect evidence for this phenomenon has
also been provided by computational means [25].
Dislocation source exhaustion at a particular stress level
would then require an increment in applied stress to
activate another set of sources, further sustaining plastic
deformation. Assuming, therefore, that dislocation source
exhaustion is prevalent, such a phenomenon could account
for the hardening behavior observed in Figs. 1 and 2. This
also supports the contention that initially (<30 cycles),
deformation is accommodated primarily by dislocation
motion, while concurrent dislocation source exhaustion
accelerates material hardening (steep initial reductions in
strain amplitude and mid-loop width). In the later stages
(>30 cycles), plastic deformation may rely more heavily
on diﬀusion based mechanisms such as grain boundary
sliding, creep and grain rotation, reducing the rate of material hardening (reduced slope in Fig. 2). This increased
dependence on diﬀusion based mechanisms may also
account for the dramatically diﬀerent fracture surface morphology observed in fatigued versus monotonically loaded
specimens (i.e. Fig. 4 versus results shown in Ref. [12]).

Additionally, grain boundary sliding is unlikely to be fully
reversible, which may also contribute to the observed hardening behavior. No conclusion can be drawn from the current data set regarding the frequency-dependence of this
exhaustion process, as detailed local atomic rearrangement
processes at the grain boundary are not well characterized.
A time-dependence in mechanical response, manifested
through a cyclic frequency-dependence of fatigue life is
indicated in Fig. 3. This supports the above supposition
that diﬀusive processes dominate the later stages of fatigue
deformation. Still, times to failure in fatigue tests are considerably smaller than those in constant-load creep tests at
comparable maximum stress levels. This suggests that
creep–fatigue interaction has only a small inﬂuence on
fatigue life. The observed frequency eﬀect on fatigue life
requires further investigation.
5. Conclusions
1. Cyclic hardening has been demonstrated for the ﬁrst
time in nc Ni, the majority of which occurs during the
early stages of cyclic deformation.
2. Fatigue life exhibits a positive correlation with loading
frequency.
3. Non-negligible creep deformation is observed at room
temperature in nc Ni.
4. Possible mechanistic origins of such eﬀects include dislocation source exhaustion in the early stages of fatigue
life, followed by time-dependent, irreversible grainboundary processes during the later stages.

Acknowledgements
This work was supported at the Massachusetts Institute
of Technology by the Defense University Research Initiative on NanoTechnology on ‘‘Damage- and Failure-Resistant Nanostructures and Interfacial Materials’’ funded by
the Oﬃce of Naval Research under Grant N00014-01-10808. B.M. acknowledges partial ﬁnancial support from
the Swiss National Science Foundation (SNF).
References
[1] Suresh S. Fatigue of materials. second ed. Cambridge: Cambridge
University Press; 1998.
[2] Mughrabi H. Mater Sci Eng 1978;33:207–23.
[3] Basinski ZS, Pascual R, Basinski SJ. Acta Metall 1980;28:191–207.
[4] Winter AT. Philos Mag 1974;29:719–38.
[5] Kuhlmann-Wilsdorf D. Mater Sci Eng 1979;39:231–45.
[6] Feltner CE, Laird C. Acta Metall 1967;15:1621–53.
[7] Gleiter H. Acta Mater 2000;48:1–29.
[8] Schuh C, Nieh TG, Yamasaki T. Scripta Mater 2002;46:735–40.
[9] Hanlon T, Chokshi A, Manoharan M, Suresh S. Int J Fatigue 2005;
27:1159–63.
[10] Mishra R, Balasubramaniam R. Corros Sci 2004;46:3019–29.
[11] Hanlon T, Kwon YN, Suresh S. Scripta Mater 2003;49:675–80.
[12] Kumar KS, Suresh S, Chisholm MF, Horton JA, Wang P. Acta
Mater 2003;51:387–405.

B. Moser et al. / Scripta Materialia 54 (2006) 1151–1155
[13] Kumar KS, Van Swygenhoven H, Suresh S. Acta Mater 2003;51:
5743–74.
[14] Yamakov V, Wolf D, Phillpot SR, Mukherjee AK, Gleiter H. Nature
Mater 2002;1:45–9.
[15] Hanlon T, Tabachnikova E, Suresh S. Int J Fatigue 2005;27:1147–58.
[16] Agnew SR, Weertman JR. Mater Sci Eng A 1998;244:145–53.
[17] Agnew SR, Vinogradov AY, Hashimoto S, Weertman JR. J Electron
Mater 1999;28:1038–44.
[18] Mughrabi H, Hoppel HW. In: Materials research society symposium
proceedings 2001;634:B.2.1.1-12.
[19] Thiele E, Klemm R, Hollang L, Holste C, Schell N, Natter H, et al.
Mater Sci Eng A 2005;390:42–51.
[20] Schwaiger R, Moser B, Dao M, Chollacoop N, Suresh S. Acta Mater
2003;51:5159–72.

1155

[21] Hanlon T. Grain size eﬀects on the fatigue response of nanocrystalline
materials, PhD thesis, Department of Materials Science and Engineering, MIT, 2004.
[22] Weertman JR, Niedzielka M, Youngdahl C. In: Nastasi M, Parkin
DM, Gleiter H, editors. NATO advanced study institute on
mechanical properties and deformation behavior of materials having
ultra-ﬁne microstructures, Porto Novo, Portugal, 1993. p. 241–54.
[23] Volpp T, Goering E, Kuschke WM, Arzt E. Nanostruct Mater 1998;
8:855–65.
[24] Choudry MS, Dollar M, Eastman JA. Mater Sci Eng A 1998;256:
25–33.
[25] Hasnaoui A, Van Swygenhoven H, Derlet PM. Acta Mater 2002;50:
3927–39.

