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Abstract
In this work, the stress-life fatigue behavior and fatigue crack growth characteristics of pure Ni were studied as a function of grain size
spanning a range of tens of nanometer to tens of micrometer. The fatigue response of electrodeposited, fully dense, nanocrystalline pure Ni,
with average and total range of grain sizes well below 100 nm, was compared and contrasted with that of electrodeposited ultrafinecrystalline pure Ni with an average grain size of about 300 nm and conventional microcrystalline Ni with an average grain size in excess of
10 mm. It was found that grain refinement to the nanocrystalline regime generally leads to an increase in total life under stress-controlled
fatigue whereas a deleterious effect was seen on the resistance to fatigue crack growth at low and high tensile load ratio levels. To explore the
generality of the above trends, systematic experiments were also performed in ultrafine-crystalline pure Ti produced by equal-channel
angular pressing where a reduction in grain size was found to cause an increase in fatigue crack growth rates at different tensile load ratios.
Grain refinement from the microcrystalline to the ultrafine-crystalline regime by cryomilling of Al alloys also showed a similar response.
Possible mechanistic origins of such trends are explored, and some general conclusions are extracted on strategies for improvements in the
fatigue resistance of engineering structures by recourse to grain refinement down to the nanocrystalline regime.
q 2005 Elsevier Ltd. All rights reserved.

1. Introduction
Control of the resistance of metals and alloys to fracture
and fatigue through grain refinement has long been a
strategy for improving the structural integrity of engineering
components. The vast majority of studies in this area have
dealt with microcrystalline (mc) metals and alloys with an
average grain size typically larger than 1 mm (see, for
example [1]), although a limited amount of experimental
information is also available for ultrafine-crystalline (ufc)
metals [2–6]. An examination of these studies leads to the
following general observations [1,5]. Grain refinement,
which leads to the strengthening of mc and ufc metals and
alloys, is usually accompanied by an increase in fatigue
endurance limit. Consequently, stress-life curves, which
provide an indication of the dependence of total fatigue life
on cyclic stress in nominally smooth fatigue specimens
subjected to constant amplitude cyclic load, generally point
to an improvement in fatigue resistance with decreasing
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grain size. Here the beneficial effect on fatigue life is
typically considered to arise from the inhibition of cracks
that nucleate at nominally smooth surfaces in response to
the higher endurance limit. In contrast to this trend, fatigue
damage tolerance generally deteriorates with grain refinement especially at low stress intensity range, DK, in the
near-threshold regime. This apparent increase in resistance
to fatigue fracture with increasing grain size is attributed to
possible effects of the lowering of effective driving force
from microstructurally induced changes in crack path and
the attendant possibility of contact between crack face
asperities [7]. This apparently beneficial effect is typically
more pronounced at low DK levels where the cyclic plastic
zone size and the cyclic crack tip opening displacement are
smaller than the grain size in mc metals.
The foregoing general trends pertaining to grain size
effects of fatigue crack initiation and crack growth have thus
far not been assessed fully for the broad spectrum of grain
sizes spanning the microcrystalline to the nanocrystalline
regime. Indeed, the recent surge in research interest in
nanostructured materials has provided valuable insights into
the potential benefits and drawbacks of grain refinement in
the nanocrystalline (nc) regime, where the grain size is
typically smaller than 100 nm, on various mechanical
properties [8–11]. However, the role of nanoscale grains
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in influencing the resistance to fatigue of engineering metals
and alloys has not been explored in sufficient detail, despite
the fact that the potential use of nanocrystalline materials in
load-bearing engineering structures critically depends on
their tolerance to the onset and progression of damage from
cyclic loading. One factor contributing to this relative lack
of information on the fatigue response of nc materials is the
difficulty in producing truly nc metals and alloys (whose
average as well as extreme grain dimensions are all smaller
than about 100 nm) in sufficiently large quantities to
facilitate ‘valid’ tests that comply with the American
Society for Testing and Materials (ASTM) standards for
minimum specimen dimensions and small-scale yielding for
characterization using linear elastic fracture mechanics
(LEFM). In an attempt to circumvent these difficulties,
several studies [2–4] have employed ufc metals produced by
equal-channel angular pressing (ECAP) to explore grain
size effects on cyclic deformation. However, the high initial
defect density inherent in these materials significantly
biases the fatigue response of the material. Furthermore,
such processing methods are not presently amenable to
produce truly nc metals in that the microstructure comprises
a significantly large fraction of grains whose dimensions
exceed 100 nm; these grains typically dominate the overall
mechanical response. The only study available to date on
the fatigue response of fully nc metals is a preliminary
report from the present work [5].
This investigation was initiated with the objective of
probing the effects of cyclic loading on the fatigue
resistance of fully dense nc metals. The stress-life (S–N)
fatigue response and the fatigue crack growth resistance of
truly nc electrodeposited pure Ni was assessed, with the
crack growth response further examined over a wide range
of tensile load ratios. In order to assess the effects of grain
size control and grain-boundary engineering on fatigue
response, the results obtained for nc Ni are compared with
those for ufc and mc metals and alloys, wherever feasible.
In order to further assess the broad generality of the
conclusions of this study, additional crack growth
experiments were also conducted in a cryomilled ufc Al–
Mg alloy and an equal channel angular pressed (ECAP)
Grade 2 pure Ti, for which sizeable quantities of bulk
specimens were available such that conventional fatigue
testing could be employed. From these observations,
mechanistic interpretations of the effects of grain size on
fatigue response are developed, and possible strategies for
grain size engineering in damage-critical applications are
suggested.

the following requirements: (1) the attainability of a true
nc grain structure where the average and the largest grain
size are both below 100 nm, (2) the ability to achieve a high
level of material purity, with sufficient reproducibility, and
(3) the capability to produce a fully dense structure. Such
requirements ensure that the material produced can
accurately be described as nc. Particular attention was
paid to maintaining a range of grain sizes well below
100 nm to avoid having any larger ‘outlier’ grains dominate
the fatigue response.
While there are many methods currently available to
fabricate nc materials [12–22], electrodeposited Ni was
chosen as the model system for this investigation. It can be
produced over a broad range of grain sizes, from the nc to
the mc regime, and is capable of satisfying the abovementioned requirements. Two notable advantages of the
electrodeposition process are the ability to produce
relatively large (in-plane) quantities of uniform, fully
dense material (e.g. 80!80 mm), and the capacity to
confine the grain size to a narrow distribution (Fig. 1).
Although the attainable thickness resides in the millimeter
range, samples in this investigation were purposely limited
to a thickness of approximately 100–150 mm, to ensure
through-thickness grain size uniformity and to avoid
processing induced residual stresses. Electrodeposited Ni
foils with two different grain sizes (nc Ni with an average
grain size of 20–40 nm and a ufc equi-axed structure with an
average grain size of approximately 300 nm) were procured
from Integran Corporation, Toronto, Canada.
2.2. Experimental details
For the purpose of minimizing processing-induced
residual stresses, all fatigue specimens were extracted
from the electrodeposited Ni foils by way of electrodischarge machining. Both low- and high-cycle fatigue

2. Materials and experimental methods
2.1. Model material system
The choice of a model material system, and corresponding fabrication technique, was predicated upon

Fig. 1. Grain size distribution of electrodeposited pure nc Ni, illustrating the
relatively narrow range of grain sizes, as well as the confinement of all
grains below the 100 nm range.
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experiments were carried out in a laboratory air environment (approximately 25 8C and 50% relative humidity). Full
details of the stress-life set-up and experimental methods are
available elsewhere [5,20].
High cycle fatigue crack growth experiments for the
nc, ufc, and mc Ni foils were conducted using single
edge-notched specimens, where fatigue cracks were
initiated in cyclic tension at load ratios ranging from
0.1 to 0.7 at a cyclic frequency of 10 Hz (sinusoidal
waveform). The specimens were 39 mm long, 9.9 mm
wide, and 100 mm in thickness. Changes in crack length
as a function of the number of fatigue cycles were
monitored optically with a traveling microscope. The
crack growth rate, da/dN, was monitored as the length of
the crack increased under a constant range of imposed
cyclic loads. To ensure that small-scale yielding
conditions prevailed, all data were collected such that
the remaining uncracked ligament length was always at
least twenty times greater than the maximum plastic zone
size at the crack tip.
In order to assess the overall generality of the trends
observed in electrodeposited Ni, we studied the fatigue
properties of two additional material systems, for which
larger bulk specimens could be produced. First, a cryomilled
Al-7.5Mg alloy was fabricated in billet form, 50 mm in
diameter, and several inches in length (and was procured
from the University of California, Irvine). This choice was
motivated by the fact that grain size effects could be
assessed in the ufc regime using specimens whose
dimensions are sufficiently large (35!35!5 mm) to meet
the requirements of conventional standards for fatigue
testing of bulk materials. A complete review of the Al7.5Mg powder production and consolidation techniques is
given in [23,24]. In addition, ufc, ECAP pure Ti was also
investigated, with direct comparisons made to its mc
counterpart.
Compact specimens, 5 mm in thickness, were extracted
from extruded Al–Mg billets in the circumferential–radial
(C–R) configuration. The notch tip was machined to a
radius of 0.09 mm and the specimen faces were polished to
a mirror finish, with a final 0.25 mm polishing step. The
through-holes, located on either side of the notch to pinload the specimens, were machined after the fatigue precrack was introduced via cyclic compression loading [1,25,
26]. Full details of the experimental technique are given
in [5].
For the study of fatigue of ECAP materials, billets of
Grade 2 commercially pure mc Ti, 40 mm in diameter and
150 mm in length, were subjected to eight ECAP cycles at a
temperature of 425 8C, using a molybdenum disulphide
lubricant and a die angle of 908. Compact specimens, 3 mm
in thickness, were extracted in the radial–longitudinal (R–L)
configuration from billets from the same batch exposed to
either zero (mc Ti) or eight (ufc Ti) such pressing cycles. Inplane dimensions of the specimens measured 33!
31.75 mm. The notch tip was machined to an initial radius
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of 0.12 mm, and subsequently sharpened to a radius of
0.03 mm with a razor blade sprayed with a 0.25 mm
diamond polishing suspension. A fatigue pre-crack was
introduced in cyclic tension at load ratios of RZ0.1 and 0.3,
at a cyclic frequency of 10 Hz (sinusoidal waveform) at
room temperature. Crack growth was monitored in-situ with
a telescopic video camera module, and ex-situ with an
optical microscope.
2.3. Shape factor considerations
In order to characterize the variation of the fatigue crack
growth rate as a function of DK, a proper evaluation of the
shape factor, f(a/W), specific to the present specimen
geometry (single-edge-notched tension specimen) and
loading configuration was required. For a rectangular plate
of width, W, containing a through-thickness edge crack of
length, a, it is commonly known that the stress intensity
factor can be expressed by:
a
a
pﬃﬃﬃ  a 
KI Zs af
; f
Z 1:99K0:41
W
W
W
 a 2
 a 3
 a 4
C 18:7
K38:48
C 53:85
ð1Þ
W
W
W
However, the above expression is limited to loading
configurations capable of producing a uniform stress
throughout the specimen. Typically, this can be accomplished by utilizing proper sample geometry (i.e. height,
HO2W). Eq. (1) must be modified when a non-uniform
stress is applied.
In order to conduct experiments at a sufficiently high
frequency, it was necessary to load the edge-notch specimens using rigid, as opposed to pin-loaded grips. In the
latter, there exists a rotational degree of freedom, which
produces an opening moment at the crack tip during tensile
loading. Upon loading with such grips, a significant
degradation of the imposed sinusoidal waveform occurred
at approximately 3–5 Hz. This was accompanied by
machine resonance, which rendered the system unstable.
Conversely, when the specimens were loaded with rigid
grips (i.e. ‘fixed end displacement’ loading), where the ends
of the specimens were displaced by a constant amount, a
clean sinusoidal waveform at the desired frequency of
10 Hz was easily achieved.
Several authors [27–30] have previously recognized that
the application of Eq. (1) to a fixed-end displacement
loading configuration can substantially overestimate the
mode I stress intensity factor. The boundary conditions
associated with this type of loading are such that a closing
bending moment is imposed on the crack, even during
tensile loading, due to the lack of rotational freedom in the
grips. This imposed closing moment effectively reduces the
stress intensity factor, and therefore the driving force for
crack propagation.
To account for this relative reduction in DK, the shape
factor, f(a/W), was evaluated via finite element analysis for
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Fig. 2. Electron and optical micrographs of the (a) nc Ni, (b) ufc Ni, and (c) mc Ni investigated [5].

the specific loading geometry used in this investigation.
In the analysis, the J-integral was calculated for a/W values
ranging from 0.1 to 0.7, fully encompassing the range
investigated experimentally. Assuming that the stress
intensity factor, KI, has the form given in Eq. (1), the
shape factor can be expressed as follows:
 a  rﬃﬃﬃﬃﬃﬃﬃﬃ
JE
f
(2)
Z
W
as2
where E is Young’s modulus and the relationship in Eq. (2)
pertains to plane stress conditions. By applying a prescribed
load, J can be systematically solved for over a range of
crack lengths. In this manner, the shape factor can be fully
characterized for the loading configuration and specimen
geometry of interest.
To confirm the accuracy of the analysis, a constant stress
loading configuration was modeled, and the resulting shape
factor was found to compare well with the standard formula
given in Eq. (1). Eq. (3) specifies the shape factor
determined from the analysis (detailed descriptions of
which can be found in Ref. [20]) for the fixed end
displacement case, which was employed in all calculations
of the stress intensity factor used to interpret the fatigue
crack growth results.
a
a
 a 2
f
Z 2:03K0:43
C 3:96
W
W
W
 a 3
 a 4
K6:04
C 5:68
(3)
W
W

grain size on the overall fatigue response. Full details of the
electrodeposition process and resulting Ni structure are
reported elsewhere [14,31,32].
Tensile testing of nc and ufc Ni specimens revealed
0.2% offset yield strength values of 930 and 525 MPa,
respectively, and strain to failure values of 3 and 10%,
respectively. The mc Ni had a yield strength of 180 MPa,
tensile strength of 450 MPa and tensile strain to failure of
35%.
Transmission electron microscopy (TEM) images show
that the Al–Mg alloy investigated has a relatively equiaxed
grain structure, with an average grain size of w300 nm [24].
Its yield and tensile strengths were measured experimentally
to be 540 and 551 MPa, respectively. The structure of the
ufc ECAP Ti was also relatively equiaxed, with an average
grain size of approximately 250 nm (Fig. 3) and a yield
strength of 635 MPa. Image analysis of the mc Ti revealed
an average grain size of w22 mm, while its yield strength
was measured at 430 MPa. Full processing and property
details are reported in [33].
3.2. Fatigue response
3.2.1. Stress-controlled fatigue
The effect of grain size on the fatigue resistance of
initially smooth-surfaced pure Ni is shown in Fig. 4 in the
form of stress-life fatigue curves, from our earlier report [5].
It is evident that nc Ni has a slightly (and reproducibly)
higher resistance to stress-controlled fatigue loading than
ufc Ni. Additionally, the endurance limit of the mc Ni is
significantly below that of both the nc and ufc material,

3. Results
3.1. Structure and tensile properties
Specimens of nc and ufc Ni were fully characterized in
their as-received state by recourse to electron microscopy
(Fig. 2) and/or x-ray diffraction. The electrodeposited nc Ni
had a columnar grain structure with an aspect ratio of 7–10,
whereas the electrodeposited ufc Ni was nearly equiaxed.
The micrographs in Fig. 2a,b depict relatively defect-free
initial structures, a critical factor in assessing the role of

Fig. 3. (a) Optical micrograph showing the grain size distribution of the
Grade 2 pure mc Ti investigated (zero pressing cycles). (b) TEM image of
the ufc ECAP Ti, subjected to 8 pressing cycles at a temperature of 425 8C.
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Fig. 4. The effects of grain size from the micro to the nano-regime on the
cyclic stress vs. total number of cycles to failure plot in pure Ni. (From [5]).

clearly illustrating the beneficial effects of grain size
reduction on the resistance to S–N fatigue.
3.2.2. Fatigue crack growth
The variation in fatigue crack growth rate with respect to
DK for pure Ni at load ratios of RZ0.1, 0.3, and 0.7 is
plotted in Fig. 5. In order to enforce the assumptions
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inherent to LEFM, all data collection was truncated to
incorporate only those data points corresponding to an
uncracked ligament length of at least 20 times the plastic
zone size at the tip of the crack during fatigue crack growth
experiments. Due to the relatively limited strength of mc Ni,
valid fatigue crack growth experiments using DK as the
characterizing parameter were not possible under the
abovementioned requirements. It is evident from Fig. 5
that the resistance to fatigue crack growth is substantially
lower in nc Ni at all levels of applied loading, over a wide
range of load ratios.
To circumvent the foregoing issues associated with the
extent of crack-tip plasticity, a set of data was also collected
relating the change in crack length to the number of fatigue
cycles in mc, ufc, and nc Ni (Fig. 6). Each material was
subjected to identical initial loading conditions of DKZ
9.5 MPa m1/2, RZ0.3, and a cyclic frequency of 10 Hz at
room temperature. Fig. 6 clearly illustrates that the crack
growth rate in the nc Ni is significantly higher than that in
the ufc and mc Ni. The effects of load ratio R on the fatigue
crack growth response in nc and ufc Ni are plotted in Fig. 7,
where an increase in R leads to faster crack growth in both
materials over the entire range of DK examined. These
results are replotted in Fig. 8 where the stress intensity
factor range DK required for a growth rate of 10K6 mm per

Fig. 5. Variation of the fatigue crack growth rate, da/dN, as a function of DK for pure electrodeposited ufc, and nc Ni at load ratios (a) RZ0.1, (b) RZ0.3, and
(c) RZ0.7, at a fatigue frequency of 10 Hz at room temperature.
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Fig. 6. Variation in crack length as a function of the number of imposed
fatigue cycles for mc, ufc, and nc Ni subjected to an initial DK of
9.5 MPa m1/2, load ratio RZ0.3, and cyclic frequency of 10 Hz at room
temperature.
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Fig. 8. Stress intensity factor range DK required to induce a growth rate of
10K6 mm per cycle in nc and ufc Ni is replotted from the information in
Fig. 7 as a function of R (top figure) and maximum stress intensity factor

range, Kmax
(bottom figure). The solid lines in both figures show actual
trend lines whereas the dashed lines denote assumed trends. Here it is
assumed that there exists a critical R above which crack growth is
unaffected by R. The filled symbols in the latter figure are experimental data
and the open symbols are interpolated points extracted from the information

given in the upper figure. DK  and Kmax
, respectively, denote the limiting
or threshold values of alternating and maximum values of stress intensity
factor required for the particular growth rate of 10K6 mm per cycle. These
values increase with increasing crack growth rate. The apparently
detrimental effect of grain refinement on crack growth is evident in both
figures.

cycle in nc and ufc Ni is plotted as a function of R and
maximum stress intensity factor, Kmax. The deleterious
effect of grain refinement on crack growth is evident in this
figure. Further, discussion of the trends seen in this figure is
taken up in a later section.
To further explore the validity and generality of the
above fatigue crack growth trends to fine-grained metals
and alloys produced by other processing methods,
additional ufc materials fabricated via cryomilling (ufc
Al-7.5Mg) and equal channel angular pressing (ufc pure
Ti), for which larger bulk specimens could be procured,
were examined. Since the solid solution Al-7.5Mg alloy
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Fig. 9. Variation of the fatigue crack growth rate, da/dN, as a function of the
stress intensity factor range, DK, for ufc cryomilled Al-7.5Mg at RZ0.1–
0.5 at a fatigue frequency of 10 Hz at room temperature. Also shown are the
corresponding crack growth data for a commercial mc 5083 aluminum
alloy at RZ0.33 [14].

could only be fabricated via cryomilling, which ultimately
results in a very fine grain structure, a direct comparison to
mc Al-7.5Mg could not be made. However, Al-5083 is a
close mc counterpart, and is often used for comparison
purposes [24].
Consistent with the results obtained for electrodeposited
Ni, it was found that the ufc Al-7.5Mg fatigue crack
growth rates over the entire da/dN range, from threshold to
final failure, were substantially higher than those in the mc
Al-5083 (Fig. 9). The threshold stress intensity factor range
was also considerably lower in the ufc material. In
addition, the critical value of DK at which catastrophic
failure occurred was several times smaller in the
cryomilled Al–Mg. Examination of the fracture surface
of the ufc material revealed a significant amount of
cracking at inclusion particles [5], which were likely
introduced during the cryomilling process. Such particles
are believed to play a significant role in the lowering of the
critical value of DK.
Fatigue crack growth response of pure mc and ECAPprocessed ufc Ti was also fully characterized from threshold
to final failure. Fig. 10 shows effects of grain size on the
variation of da/dN as a function of DK at load ratios of RZ
0.1 and 0.3. Here, grain refinement from the mc to the ufc
regime leads to a reduction in DKth by a factor of 2.5. The
rate of fatigue crack propagation is more than an order of
magnitude higher in the ufc Ti, over a wide range of applied
loading, further reflecting the same trends captured in the
electrodeposited Ni.

4. Discussion
Studies of fatigue crack initiation in microcrystalline
metals and alloys have long considered the critical role of
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Fig. 10. Variation in fatigue crack growth rate as a function of DK for
commercially pure mc Ti and ECAP ufc Ti at a fatigue frequency of 10 Hz
at room temperature.

purity, surface preparation and material strength in
influencing the stress-life response. In nominally smoothsurfaced and defect-free fatigue specimens without notches
and other stress concentrators, the initiation of cracks is
known to occur in high-cycle fatigue at surfaces. An
increase in the strength and hardness of the material,
especially near the surface regions which serve as crack
nucleation sites, is therefore considered to impart a greater
resistance to fatigue crack initiation and hence to S–N
fatigue. In the present experiments involving pure Ni and
smooth laboratory specimens, this trend is seen to extend
down to the nanocrystalline regime, where the higher
strength and hardness of the nc material serves to provide a
greater resistance to high cycle fatigue than the ufc and mc
Ni.1
Prior work on the fatigue crack growth resistance of
conventional mc metals and alloys has shown (see, for
example, [1] for a review of the literature) that predominantly
crystallographic and stage I crack growth mechanisms arising
at low DK levels of fatigue crack growth lead to
microstructurally tortuous crack paths in the coarser grained
materials. Grain refinement in mc alloys then serves to reduce
the extent of such crack path tortuosity, especially in the nearthreshold regime where the cyclic plastic zone size is
typically smaller than the average grain size and where the
maximum crack-tip opening displacement can be markedly
smaller than the surface asperity dimension. These seemingly
small periodic deflections in the path of the crack can lead to
changes in effective DK as a result of the net reduction in the
local stress intensity factor range compared to the case of a
perfectly straight crack front [7]. In addition, when the
1

Nanocrystalline metals produced by electrodeposition are known to
contain hydrogen which is introduced during processing. However, in the
present work, the effects of such impurities are not found to play a major
role in introducing damage in nc Ni, as corroborated through highresolution transmission electron microscopy [31].
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average crack growth rate is measured only in a direction
normal to the cyclic tension-loading axis, periodic deflections
in the crack path lead to an apparently smaller rate of crack
growth (at the same effective driving force as that
experienced by a perfectly straight fatigue crack in the
same material). In addition to these two geometric effects, the
irreversibility of cyclic slip directly ahead of the fatigue crack
tip (for example, that induced by the oxidation of slip steps)
can lead to overall mode II displacements and hence
mismatch between mating crack face asperities immediately
behind the crack tip [1,7]. This ‘partial closure’ effect can be
exacerbated by the periodic deflections in crack path. A
consequence of such a mismatch between asperities is that it
can lead to a further reduction in the effective driving force
for fatigue fracture (at the same nominal far-field cyclic
loading) and an apparently lower rate of fatigue crack growth.
The collective effect of all these factors is that coarser grained
mc metals and alloys exhibit apparently greater resistance to
subcritical fatigue fracture than finer grained ones.
In the present study involving fatigue crack growth in Ni, it
is evident that decreasing the grain size from the mc to the ufc
to the nc regime leads to a remarkable reduction in the extent of
crack path tortuosity and fracture surface roughness. Fig. 11
shows that the fatigue crack paths emerging in mc and ufc Ni
are crystallographic with the extent of crack face roughness
significantly diminishing from the mc to the ufc grain size.
This smoothening of fatigue fracture surface would be
expected to be even more pronounced with grain refinement
from the ufc to the nc regime, irrespectively of whether the nc
material undergoes fatigue fracture by an intergranular or
transgranular separation mechanism. Fig. 11 shows the
significantly straighter fatigue fracture path in nc Ni compared
to the other two grain size conditions.
Under small-scale yielding conditions and plane stress,
the crack tip opening displacement can be expressed as:
dmax Z dn

2
Kmax
sy E

(4)

where dmax is the maximum opening displacement at the tip
of the crack, dn is a constant which is strongly influenced by
the strain hardening exponent, n, sy is the yield strength, and
E is the Young’s modulus of the material. dn typically varies
between 0.3 and 0.8 as n is increased from 3 to 13 [34].
Assuming a value of dnZ0.8, the maximum crack tip
opening displacements calculated for the samples in
Fig. 11a–c are 3.6, 0.60, and 0.63 mm, respectively. The
height of the corresponding surface asperities in mc and ufc
Ni is approximately 10 and 5.2 mm, respectively. Because
the fracture surface asperities are significantly larger than
the respective maximum crack tip opening displacements in
both the mc and ufc Ni specimens, premature contact
between the mating crack face asperities (especially those
immediately behind the crack tip) would be expected to
influence the fatigue crack growth rate in these materials,
even if there is a only a very small amount of mismatch or
overall mode II displacement. Conversely, the maximum
measurable surface asperity height in the nc Ni (Fig. 11f)
was well below the corresponding dmax. In addition, there
was no substantial crack deflection observed in the nc Ni.
Under nominally mode I fatigue loading, any deviation
of the crack away from the mode I growth plane leads to
mixed mode loading conditions locally at the tip of the
crack. When a fatigue crack propagating in the pure mode I
plane uniformly kinks at an inclined angle, q, with respect to
the mode I plane, the local mode I and mode II stress
intensity factors, k1 and k2, are:
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where KI and KII represent the global mode I and mode II
stress intensity factors, and the bracketed coefficients are
dimensionless factors reported by [35,36]. Under pure mode

Fig. 11. Scanning electron micrographs of mc, ufc, and nc Ni subjected to sinusoidal fatigue loading at initial DK values of 10, 6.2, and 8.5 MPa m1/2,
respectively. A cyclic frequency of 10 Hz and load ratio, RZ0.3 were used in all cases. Crack path tortuosity clearly decreases with grain refinement. Images
(d) through (f) are higher magnification images of (a) through (c), respectively, and the magnification of (f) is 10 times that of (d) and (e).
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I far field loading conditions, the second term in each
equation vanishes, and k1 and k2 become
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The local effective stress intensity factor at the tip of the
crack is then approximated by the geometric sum of k1 and
k 2.
 
q
keff Z cos2
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K
2 I
Eq. (7) clearly demonstrates that deflection alone reduces
the driving force for crack propagation.
Full details of a model that captures the effects of
deflection and closure in periodically deflected cracks is
reported elsewhere [7]. Here, the repeating unit in a
periodically deflected fatigue crack is assumed to comprise
a nominally straight segment of length S, oriented
perpendicular to the global mode I loading axis, and a
kinked segment, of length D, inclined at an angle, q.
Because the surfaces of a crack do not generally mate
perfectly during the unloading phase of a fatigue cycle if
there exists even a small mismatch or mode II displacement,
some level of premature locking of crack-face asperities is
normally anticipated. The level of mismatch between the
fracture surfaces at the onset of contact during unloading, c,
is characterized by the ratio of in-plane (uII) to normal (uI)
displacement of the crack faces [7].
cZ

uII
uI

(8)

Taking the weighted average of the effective stress
intensity factor for the kinked crack, Eq. (7), and the straight
crack, and imposing the effects of mismatch, the ratio of the
global and local effective stress intensity factor ranges are
found to be [7]:
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DKI
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D CS
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Because crack length is generally measured along the
axis perpendicular to the applied loading, deflected cracks
appear to grow at a different rate than those that are
undeflected, under equivalent values of Dkeff. To account for
the extra crack length accrued during deflection, the linear
undeflected crack growth rate (da/dN)L must be modified as
follows [7]:
  
 
da
D cos q C S
da
(10)
Z
dN
D CS
dN L
Eqs. 9 and 10 can be used to predict the rate of crack growth
as a function of DK for tortuous crack paths, assuming that
the crack growth rate for the perfectly straight crack path is
known and that everything else is held fixed. As mentioned
above, the fatigue cracks in nc Ni can be approximated as
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being perfectly straight (Fig. 11c,f). Therefore, the crack
growth rate of the ufc Ni can be estimated by assuming the
rate of growth in the nc Ni is tantamount to the linear
(undeflected) growth rate, (da/dN)L. The mismatch parameter, c, is then varied to gage the level of shift in the
overall fatigue crack growth rate under each loading
condition.
Fig. 12 illustrates the crack growth trends predicted from
the nc Ni data, superimposed on the data from Fig. 5. A
reference curve for an ideally elastic periodically deflected
crack (cZ0) is plotted in each case. The magnitude of c
needed to match the experimental observations decreases
from 0.08 for RZ0.1 to 0.04 for RZ0.7. This is consistent
with expectations since fracture surface separation increases
with load ratio R. Furthermore, these values of c are
approximately on the order of values observed for
aluminum alloys subjected to in-situ fatigue crack growth
experiments inside the scanning electron microscope [37].
The cZ0 curves in the figure indicate that the contribution
of the deflection term alone [D cos2(q/2)] is limited, relative
to the combined effects of fracture surface mismatch (cO0)
and the purely geometric consequences of Eq. (10).
Correspondingly, errors associated with the finite size of
the kinked crack with respect to the plastic zone size are also
limited. Deviation from the predicted crack growth rate at
high levels of applied loading is expected since the crack tip
opening displacement, and therefore the changes in
effective crack driving force for fatigue fracture, are not
constant, but are rather dependent upon the loads applied. In
addition, increased DK levels are accompanied by increased
crack tip plasticity. When the plastic zone size encompasses
many grains, multiple slip dominates, resulting in a more
planar Stage II [38] crack growth. The experimental data is
therefore expected to approach that for a linear undeflected
crack at elevated levels of applied loading. This was indeed
observed in the electrodeposited Ni system (Fig. 12).
The trends emerging from the results described above
for electrodeposited nc and ufc Ni are also broadly
applicable to the case of pure Ti, where grain refinement
in the ufc range is achieved through a very different
processing route, i.e. ECAP. Fig. 13 illustrates the level of
crack path tortuosity in both the mc and ufc Ti, under
similar loading conditions. As was the case with Ni, the
ECAP ufc Ti exhibits a comparatively straight crack path,
relative to its mc counterpart. The reduction in effective
driving force for crack propagation in the mc material is
again assumed to result from a combination of crack
deflection and asperity contact. This can also be
substantiated by the sensitivity to the load ratio of the
two materials. While the ufc Ti exhibits relatively less
sensitivity to R (Fig. 10), the mc Ti shows a clear shift in
the entire da/dN vs. DK curve as R is decreased from 0.3 to
0.1, indicating deflection and its attendant effects are more
prevalent in the coarser grain material.
Assuming the ufc Ti fatigue crack does not deviate from
the pure mode I growth plane, the results in Eqs. (9) and (10)
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Fig. 12. Fatigue crack growth trends (depicted as broken lines) predicted from the crack deflection model described in [7], superimposed on the data from
Fig. 5. The nc Ni growth rate is assumed tantamount to (da/dN)L in Eq. (10). A reference curve for an ideally elastic periodically deflected crack (cZ0), which
sustains no premature crack face contact, is plotted in each case.

can be applied to assess the effect of crack deflection in mc
Ti. Fig. 14 illustrates the upper and lower bounds of the
mismatch parameter, c, for RZ0.1 and 0.3. In the nearthreshold, cZ0.5 most accurately captures the observed
behavior. At sufficiently high levels of applied loading,
large crack tip opening displacements and Stage II crack
growth dominate, significantly reducing the extent of crack
deflection in mc Ti. Accordingly, its crack growth rate
approaches that of the ufc Ti at elevated DK levels. These
trends of grain size effects on fatigue fracture mirror those
observed in the electrodeposited Ni system.
The discussion up to this point has mainly explored the
consequences of crack path changes, induced by differences
in grain size and the associated alterations to fatigue crack
growth mechanisms, on the overall subcritical fracture
response. It is possible that other factors which are not
considered up to this point, such as the effects of
environment, could also influence the fatigue crack growth
behavior. To explore the possible significance of such
mechanisms, we consider the two-parameter characterization of crack growth based on a critical value of DK and
Kmax at each growth rate [39,40]. With this approach,
fatigue threshold data, for a fixed crack growth rate,
typically show an L-shaped curve (as seen in the lower
Fig. 8), where DK* and K*max represent the threshold values

of alternating and maximum stress intensity factor values,
respectively, to advance the crack at that growth rate. A plot

over the entire range of fatigue crack
of DK* versus Kmax
growth rates is shown in Fig. 15 for the present nc and ufc

Ni. Here, the solid line representing DK  Z Kmax
denotes
purely mechanical fatigue fracture which is devoid of any
influence from the environment or mechanistic factors by
which a static mode of failure is introduced during fatigue
fracture. Points A 0 and C 0 for the ufc Ni correspond to

Fig. 13. Illustration of the crack path tortuosity in (a) commercially pure mc
Ti subjected to an initial DK of 6.5 MPa m1/2, and the lack thereof in (b) ufc
ECAP Ti subjected to an initial DK of 5 MPa m1/2. Each sample was loaded
with a fatigue frequency of 10 Hz and load ratio of RZ0.3 at room
temperature.
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the same growth rates as points A and C for the nc Ni. Thus
vectors AA 0 or CC 0 represent additional driving forces
needed to accomplish the same da/dN in ufc Ni as in nc Ni.
These vectors can be further resolved into purely cyclic (or
mechanical fatigue) components, BA 0 or DC 0 , and purely
static components, AB or CD, which are possibly associated
with environmental effects or other unknown effects. It is
evident from Fig. 15 that ufc Ni exhibits a relatively
stronger propensity for static mode effects during fatigue
fracture. The origins of such grain size induced differences
are presently unknown and require further detailed
investigation.

5. Conclusions

Fig. 14. Fatigue crack growth rate predictions, based on the
deflection/closure model defined in [7], for commercially pure mc Ti
at load ratios of (a) RZ0.1 and (b) RZ0.3. Crack growth data for the
ufc ECAP Ti is assumed to correspond to the linear undeflected growth
rate in Eq. (10).
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The effects of grain size, spanning the nano- to the microcrystalline regimes, on the fatigue behavior of metals were
investigated. Grain refinement in the nc and ufc regimes has
been shown to have a substantial effect on stress-controlled
fatigue life, as well as the fatigue crack growth behavior.
Specifically, crack growth results obtained in electrodeposited, fully dense pure Ni indicate that grain refinement in the
nc regime can have a deleterious effect on the resistance to
subcritical fatigue fracture. On the other hand, a beneficial
effect of grain size reduction was observed with respect to
the total life under stress-controlled fatigue.
The observed effects of grain size on fatigue crack
growth rates are accompanied by a corresponding systematic change in which crack path and fracture surface features
evolve during subcritical fatigue crack growth. Specifically,
grain refinement from the mc to the ufc to the nc regime in
pure Ni and from the mc to the ufc regime in pure Ti causes
a concomitant smoothening of fracture surface features. A
crack deflection model was used to rationalize the apparent
decrease in fatigue crack growth rate in coarser grained
materials. Furthermore, the trends pertaining to the effects
of grain size on fatigue fracture that were observed for
electrodeposited materials also hold for fine-grained metals
and alloys synthesized by other processing routes such as
cryo-milling and ECAP. Some differences have also been
identified in the manner which varying the grain size
influences the extent of purely cyclic fatigue fracture in
relation to possible contributions from static fracture modes
or environmental factors.
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Fig. 15. A plot of DK* versus Kmax
over the entire range of fatigue crack
growth for nc and ufc Ni. Points A 0 and C 0 for the ufc Ni correspond to the
same growth rates as points A and C for the nc Ni. Thus, vectors AA 0 or CC 0
represent additional driving forces needed to accomplish the same da/dN in
ufc Ni as in nc Ni. These vectors can be further resolved into purely cyclic
(or mechanical fatigue) components, BA 0 or DC 0 , and purely static
components, AB or CD, which are possibly associated with environmental
or other effects.
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