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Fatigue crack growth behavior has been examined in a particulate titanium diboride (TiB2)–reinforced
iron-based composite that had been produced via a mechanical alloying process. Comparison with
equivalent unreinforced material indicated that fatigue crack growth resistance in the composite was
superior to monolithic matrix material in the near-threshold regime. The composite exhibited relatively
low crack closure levels at threshold, indicative of a high intrinsic (effective) threshold growth resistance
compared to the unreinforced iron. The lower closure levels of the composite were consistent with
reduced fracture surface asperity sizes, attributable to the reinforcement particles limiting the effective
slip distance for stage I–type facet formation. The observed shielding behavior was rationalized in
terms of recent finite-element analysis of crack closure in relation to the size of crack wake asperities
and the crack-tip plastic zone. The different intrinsic fatigue thresholds of the composite and unreinforced
iron were closely consistent with the influences of stiffness and yield strength on cyclic crack-tip
opening displacements. Cracks in the composite were generally seen to avoid direct crack-tip–particle
interaction.

I. INTRODUCTION

PARTICULATE metal matrix composites (PMMCs) have
generated significant interest as high specific strength and
stiffness materials suitable for a range of aerospace and auto-
motive applications.[1] While specific strength and stiffness
are of course critical in many aspects of load bearing structures
for the transport industry, components may also be subject
to critical size constraints (e.g. gears and drive-train parts),
where intrinsically high stiffness and strength are necessary.
Iron/steels offer the highest Young’s modules of common
engineering alloys (�210 GPa), with recent work on PMMCs
of iron- and steel-based matrices containing particulate
titanium diboride (TiB2) showing that materials may be
produced with Young’s moduli of up to 285 GPa for a rein-
forcement content of 30 pct,[2,3,4] while reductions in density
are of course also realized by the addition of the reinforcement
phase. While failure characteristics are often identified as a
limiting factor in the use of structural PMMCs, it has been
shown that mechanically alloyed particulate TiB2/iron–based
composites that exhibit clear improvements in strength and
stiffness over monolithic material may retain reasonable
ductility, notched tensile strength, and fracture toughness
levels.[3] As a number of promising potential applications of
such composites are in aerospace and automotive components
subjected to severe cyclic loads, the fatigue properties are
clearly of interest. Fatigue strengths have been reported
previously and shown to be superior to equivalent unrein-
forced materials;[3] however, details of the micromechanisms
of failure and the associated implications for crack propagation
resistance have not as yet been published.

Previous studies of fatigue crack growth behavior in
PMMCs have, to a great extent, concentrated on SiC reinforced

aluminum alloys, with various investigators noting the effects
of particle morphology and crack-tip–reinforcement inter-
actions on fatigue behavior.[5–12] Shang and Ritchie,[5] for
example, have identified marked increases in crack closure
levels (and hence crack growth resistance) with increasing
SiCp size between �5 and 10 �m in a 7091-type aluminum
alloy, consistent with a simple increase in scale of crack deflec-
tion around larger reinforcement particles. Mason and Ritchie[6]

have found that fatigue crack growth thresholds at a load ratio
(R) of 0.1 are increased with increasing volume fraction of
reinforcement (from 20 to 30 pct) for a SiCp-reinforced 2124-
type aluminum alloy, while threshold levels are essentially
constant at R � 0.7, which they attribute to reinforcement
contributions to crack closure levels. A similar increase in
fatigue threshold was also reported with increasing rein-
forcement content in a SiCp-reinforced 7091-type aluminum
alloy.[5] In terms of crack path deflection due to crack-tip–rein-
forcement interactions, it has been demonstrated that at lower
stress intensity levels, “intact” high stiffness reinforcement
particles tend to deflect a propagating crack tip due to local
load-transfer processes.[7] This is consistent with crack
deflection at reinforcement particles being particularly evident
in the near-threshold regime.[8,9,10] Where crack-tip–rein-
forcement particle interactions do occur at low stress intensity
levels, they have been identified with small particle/low rein-
forcement fraction regions of the composite microstructure in
a mechanically alloyed SiCp-reinforced 2124-type aluminum
alloy.[11,12] In a cast SiCp-reinforced AA356 however, matrix-
particle interface failure has been identified with high rein-
forcement content regions of the material, which may be
attributed to weaker interfacial bonding from the casting
process.[13] Overall, it may be seen that reinforcement may
have distinct influences on “extrinsic” resistance of the crack
growth (i.e., crack closure/shielding behavior), while it should
be recognized that specific micromechanic processes may be
a function of material/processing route combination.

The superior notched strength and fracture toughness of
mechanically alloyed particulate TiB2/iron–based composites
has previously been attributed to the uniform distribution of
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Fig. 1—Optical micrographs of (a) particulate TiB2-reinforced iron-based
composite and (b) equivalent unreinforced iron.

Table I. Room-Temperature Mechanical Properties of the
Composite and Unreinforced Iron

Materials E, GPa , MPa El, pct

Fe � 15 Pct � TiB2 245 260 24.2
Fe 210 135 — 

s0.2

fine TiB2 obtained through the mechanical milling process.[3]

In this article, long fatigue crack growth behavior of a similar
iron-based 15 pct vol TiB2 particle reinforced composite (and
corresponding monolithic iron) has been investigated at two
load ratios. Crack closure levels were measured to assess the
extrinsic and intrinsic crack growth resistance. Quantitative
crack path analysis was performed to assess crack-tip–particle
interactions as a function of stress intensity level.

II. EXPERIMENTAL

A. Materials and Microstructures

The composite selected for this study was pure iron
reinforced with 15 pct volume fraction of TiB2 particles. This
composite was processed at DERA (now Qinetiq Ltd.,
Farnborough, United Kingdom) by a powder metallurgy
process, involving a mechanical milling stage before hot-
isostatic pressing. Unreinforced pure iron with an equivalent
processing history was also obtained as a reference material.
Optical micrographs of the composite and unreinforced iron
are shown in Figure 1(a) and (b). The TiB2 particles of the
composite are too fine to distinguish in Figure 1(a), although
a grain size of �150 �m is apparent in the etched micrograph.
Equiaxed grains of a similar size can also be seen in the
unreinforced iron in Figure 1(b).

The room-temperature monotonic mechanical properties of
the composite and unreinforced iron are shown in Table I.
Increases in the strength and modulus of the composite over
the unreinforced iron are apparent, while a reasonable ductility
is obtained.

The morphology and distribution (in both size and spatial
arrangement) of the TiB2 particles of the composite were
quantified on two-dimensional sections using a finite-
body tessellation method,[14] based on scanning electron
microscopy (SEM) of the material. A finite-body tessellation
consists of a network of cells such that every point within
a cell is closer to the interface of the corresponding particle
than any other. It has been found previously that such
interface-based finite-body tessellation provides a valuable
method of assessing particle distributions in common
particulate MMC microstructures, offering significant advan-
tages over Dirichlet tessellation and nearest-neighbor
methods.[14,15,16] A variety of parameters relating to particle
morphology and spatial distribution may then be derived
for each individual particle, for instance, “local” area fraction
(ratio of particle area and corresponding tessellation cell
area), and mean near-neighbor distance (average of the
interface-to-interface separations with all particles that share
a cell edge around each individual particle of interest). In
particular, the coefficient of variation of mean near-neighbor
distance (COV(dmean)), defined as the ratio of the standard
deviation and the average of mean near-neighbor distances,
has been identified in previous work as a particle-morphology-
independent parameter to quantify homogeneity of particle
distributions.[15,16] It has been shown that a COV(dmean) value
of is indicative of a homogeneous (in this con-
text being taken to mean random) particle distribution.[15,16]

Standard image analysis and finite-body tessellation meas-
urements of the present particulate TiB2 reinforced composite
showed that the particles had an average diameter of 
(as equivalent area circles) and average aspect ratio of 1.4.

0.84 mm

0.36 � 0.02

The maximum size of the particles was for a total
of 1100 particles measured. A mean near-neighbor distance
of was obtained, and in particular, a COV(dmean) value
of 0.40 was recorded, indicative of the reinforcement particles
being reasonably well distributed (close to a true random
distribution).[15,16] No significant banding or preferential
particle orientation was detected.

B. Fatigue Crack Growth

Fatigue crack growth tests were carried out using single-
edge notched testpieces in four-point bending. Nominal

1.4 mm

4.7 mm

(a)

(b)
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testpiece dimensions were . All testpieces
were notched to a depth of �1.5mm using a low speed diamond
saw (with a blade thickness of ), and were then
precracked under stress intensity (K) control in accordance
with the guidelines of ASTM E 647-95A prior to obtaining
fatigue crack growth data. Stress intensities were calculated
from solutions provided by Gross and Scrawley.[17] A standard
direct-current potential-difference technique was used to
measure crack lengths. All tests were performed in laboratory
air (18 °C to 22 °C, �45 pct relative humidity) on an Instron
(Canton, MA) 8872 servohydraulic testing machine operating
at a sinusoidal loading frequency of 40 Hz. The load ratio
(R ratio) was kept constant in each test, with tests being carried
out at values of 0.1 and 0.5. In the tests, threshold was
first approached (defined here as fatigue crack growth rate

under automated stress
intensity control at a normalized K gradient of �0.15 per mm.
Once the threshold was reached, the tests were then continued
to catastrophic failure at a constant load range that was approxi-
mately 5 pct higher than the threshold load range. An exception
was for the fatigue tests of the composite at R � 0.1, where
two testpieces were employed. For one testpiece, testing
was initially performed as described previously but was halted
once threshold was reached. For the other testpiece, the
experiment was performed under constant load range
conditions, starting at a stress intensity factor range ( )
of but was
halted at a nominal stress intensity range of ,
i.e., prior to final failure. These two samples were then used
for crack path analysis in relation to the surrounding composite
microstructure (described further in Section C).

A back-face strain gage was used to obtain compliance
data to determine a closure stress intensity, Kcl, defined
as contact of the crack surfaces on unloading. Compliance
measurements were carried out at a frequency of 1 Hz by
interrupting the fatigue test periodically, with the compliance
data then being averaged over three load cycles. A nonsub-
jective curve-fitting method was used to measure closure
levels (a linear fit was made to the upper linear part of the
compliance curve, while a quadratic function was fitted to
the lower nonlinear part), the details of which may be found
elsewhere.[18]

C. Crack Profiles and Fractography Analysis

General aspects of crack growth behavior were assessed
via crack sections taken parallel to the nominal growth
direction. However, for more detailed assessment of crack
behavior as a function of stress intensity range, only a lim-
ited number of particle-crack tip interaction events can be
observed on such “side-on” profiles in tests where K values
vary continuously with crack length (as performed here). As
such, crack sectioning has also been carried out perpendicu-
lar to the crack growth direction in this work. Specifically,
the two composite testpieces for which the fatigue tests were
suspended prior to failure (i.e. for R � 0.1 near-threshold
and at ) were sectioned and polished near
the crack tip to provide a statistically reasonable sample
for assessment of particle distribution and associated crack
interactions. Using these sections, particle number densities
were measured: (a) along the crack path and (b) along
randomly spaced test lines in the same overall direction as

�K �25 MPa1m

�25 MPa1m
�9 MPa1m (da/dN � 1 � 10�6 mm/cycle),

�K

(da/dN) � 9 � 10�8 mm/cycle)

150 mm

60 � 10 � 5 mm the crack. Particle cracking and particle-matrix decohesion
were carefully identified in enlarged images. A semiquan-
titative estimate of particle-induced crack deflection was
obtained from the line density of particles where “obvious”
crack deflection was considered to have occurred. While a
rigorous definition of crack deflection and identification of
a causal link to any given particle on a two-dimensional
section of a three-dimensional body are clearly problematic;
it was considered that a first-order indication of the incidence
of deflection may be given by counting path deflections
(defined as deg) around individual particles that
occurred within a distance of two diameters of the particle
interface in question (the diameter being taken from the
dimensions of the particle exposed on the sectioning plane).
While deflections seen on through-thickness sections of a
crack may be identified with maintaining crack front conti-
nuity rather than the interactions that occur as a crack-tip
advances, the notion that crack path deflections due to the
presence of a relatively small particle (in relation to the total
crack front length) in the path of a three-dimensional crack
should still be reflected in through-thickness sections is
considered reasonable.

Side-on crack profiles and fatigue fracture surfaces of
the composite and unreinforced iron were also examined
along the specimen midthicknesses in the SEM. The side-
on profiles were obtained by conventional metallographic
sectioning at the specimen midthickness of nickel-plated
fracture surfaces. All SEM observations were performed
at an accelerating voltage of 15 kV and a specimen tilt
angle of 0 deg.

III. RESULTS

A. Fatigue Crack Growth

Fatigue crack growth rates of the composite and unre-
inforced iron are shown in Figures 2 and 3 as a function
of nominal (applied) stress intensity range ( ) for
R � 0.1 and 0.5, respectively. It may be noted that fatigue
crack growth rates for maximum stress intensities (Kmax val-
ues) larger than have been cut-off to maintain
small scale yielding conditions given the limited scale of
the testpieces. At R � 0.1, an applied threshold stress inten-
sity range ( ) of was determined for
the composite, and for the unreinforced iron.
Increasing load ratio to 0.5 decreased by �20
pct for the composite and �10 pct for the unreinforced
iron; see to the threshold results summary in Table II.
In the Paris regime, i.e. between 10�6 and 10�4 mm/cycle
in Figures 3 and 4, the composite exhibited a slightly greater
slope than the unreinforced iron at R � 0.1, with lower
fatigue crack growth resistance in the composite than in
the unreinforced iron at levels greater than

(Figure 2). At , the two materials
exhibit very similar Paris-regime slopes, although the
composite shows slightly higher fatigue crack growth rates
at levels greater than (Figure 3). It is
seen from Figures 2 and 3 that the fatigue crack growth
resistance of the composite is superior to that of the
unreinforced iron in the near-threshold regime both at
R � 0.1 and 0.5.

6 MPa1m�Knom

R �  0.511 MPa1m
�Knom

�Kth.nom

6.0 MPa1m
7.2 MPa1m�Kth.nom

20 MPa1m

�Knom

	30
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Table II. Fatigue Data of the Composite and Unreinforced Iron

Materials Stress Ratio R

Fe 0.1 6.0 3.2 2.8
Fe 0.5 5.3 2.3 3.0

0.1 7.2 2.8 4.5
0.5 5.9 1.3 4.6Fe �  15 pct � TiB2

Fe �  15 pct � TiB2

MPa1m

�Kth effKcl�Kth nom

Fig. 2—Fatigue crack growth rates of particulate TiB2-reinforced iron-based
composite and equivalent unreinforced iron at R �  0.1.

Fig. 3—Fatigue crack growth rates of particulate TiB2-reinforced iron-based
composite and equivalent unreinforced iron at .R �  0.5

A summary of effective stress-intensity ranges at
threshold ( ), along with corresponding crack closure
levels ( ) is shown in Table II for both composite
and unreinforced iron at , where

. Values of were derived
via curve fitting of backface strain gage data, as noted
previously. It has been shown[18] that the curve-fitting

Kcl / Kmax�Kth.eff �  Kmax � Kcl

R �  0.1 and 0.5
Kcl / Kmax

�Kth.eff

method provides a sensitive, low-noise measure of the
onset of crack closure. In assessing the curve-fitting method
of closure measurement, Xu et al.[18,19] note the potential
confusion in measuring crack closure levels in conven-
tional plain-sided (non-side-grooved) test specimens, show-
ing that closure measurements made on such specimens
may be influenced by “premature” crack face contact
occurring at the specimen surfaces (i.e., under plane stress
conditions), even though growth rates are demonstrably
plane strain controlled. As such, many conventional closure
measurements may not genuinely reflect the closure
processes that are in fact controlling crack growth. To
minimize this effect in the current work, closure results
at threshold are only considered, minimizing any compli-
cation of mixed stress state effects on growth rate behavior
and closure measurements.

It may be seen from Table II that crack closure was
detected at threshold at and 0.5 for both mater-
ials. It may be seen that values for and 0.5,
based on these closure measurements, are quite consistent
for each material, inferring a distinct dependency of crack
growth on closure. It is also apparent from Table II that the
unreinforced iron exhibits significantly higher values of

than the composite at threshold for corresponding
load ratios. As such, the improved apparent threshold
resistance of the composite (i.e., ) is attributable to
intrinsic material behavior, although the effect is moderated
by reduced closure levels.

B. Crack Path Analysis

A typical crack profile and associated surrounding
microstructure is shown in Figure 4 (obtained by section-
ing perpendicular to the growth direction). Table III shows
the number densities of interfacial debonding, particle
fracture, and deflection obtained from particle-number count-
ing along crack paths and along randomly placed straight
lines. In the first instance, it is seen that the interfacial
debonding of particles is much more common than particle
fracture, indicating that interfacial strength is the more
limiting factor in fatigue damage accumulation in these com-
posites. The total density of debonded and cracked particles
is significantly smaller than that obtained from random
straight lines, indicating that the cracks specifically avoid
direct particle interactions at both threshold ( )
and higher levels ( ), although the effect
is more pronounced at threshold. This would appear to
be consistent with the increased incidence of crack deflec-
tion at particles that was measured at the lower level
(Table III).

�K

19.0 MPa1m�Knom

7.3 MPa1m

�Kth.nom

Kcl / Kmax

R �  0.1�Kth.eff

R �  0.1
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Fig. 4—A typical crack profile (sectioned perpendicular to the fatigue crack
growth direction) and associated surrounding microstructure of TiB2-
reinforced iron-based composite at . Arrows indicate
examples of (a) crack deflection and (b) interfacial debonding.

�K � 19 MPa1m

Table III. Number Density of Particles on Random Test Lines and Number Density of Decohesion, Deflection, or Fracture 
of Particles on Crack Paths

Particle Density on Interface Decohesion Crack Deflection Particle Fracture

Stress Intensity Random Test Lines on Crack Paths on Crack Paths on Crack Paths

Range 

7.3 180 124 37.4 6.5
19.0 180 152 2.8 5.6

mm�1�K,MPa1 m

C. Fractography

Side crack profiles for the composite and unreinforced
iron at near-threshold levels are shown in Figures 5(a)
and (b). It may be seen that the unreinforced iron exhibits
a highly serrated crack path with individual asperity sizes
corresponding to the scale of the underlying grain structure,
while the crack path of the composite is relatively planar.

Figures 6(a) through (d) are SEM surface morphologies
of the composite and unreinforced iron at near-threshold and
intermediate levels: and for
the composite and and for the unrein-
forced iron. At the near-threshold level, the fracture
surface of the unreinforced iron exhibits large facets or steps
(Figure 6(c)), in keeping with the serrated crack profile
identified from the crack profiles. In contrast, the fracture sur-
face of the composite has a much reduced scale of surface
roughness (Figure 6(b)). Nevertheless, small angular steps can
still be observed on the fracture surface of the composite at
the near-threshold level (Figure 6(a)). The scale of
these steps is of the same order as the average particle spac-
ing in this composite (i.e. 1 to , Section II–B). With
increasing levels, the extent of crystallographic frac-
ture surface features is reduced for both composite and unre-

�Knom

2 mm

�Knom

�Knom

�15 MPa1m�6
�16 MPa1m�Knom �8�K

�K

inforced materials, with this effect occurring at generally lower
levels in the composite. A few large fractured and deco-

hered particles can be seen on the surface of the composite
at the intermediate level (Figure 6(b)); however, par-
ticles are hardly apparent at the near-threshold level,
consistent with the previous crack path analysis.

Final fracture surfaces of the composite are also shown
in Figures 7(a) and (b). While the fracture surfaces for static
failure of the unreinforced iron showed typical ductile
behavior, it is interesting to see extensive cleavage facets
on the fracture surface of the composite in Figure 7(a), with
a facet size comparable to the apparent grain size of the mater-
ial, as seen in Figure 1(a). Cleavage initiation was identified
with fractured TiB2 particles (Figure 7(b)).

IV. DISCUSSION

A. General Aspects of Crack Growth

It has been shown that fatigue crack growth resistance of
the present composite is superior to that of the unreinforced
iron in the near-threshold regime. In terms of the failure
mechanisms, fractography in Figure 6(a) and path analysis
results in Table III indicate that fatigue failure occurs
primarily in the matrix at threshold. This is consistent with
previous studies in Al-SiC PMMCs, where it has been shown
that when fatigue failure is primarily associated with matrix
failure, with little contribution from reinforcement fracture
or interfacial debonding, particulate/whisker reinforcement
may enhance crack growth resistance.[1,6,10,20,21]

In the Paris regime, particle failure or interfacial debond-
ing is expected to be promoted in PMMCs due to increased
stress intensities and the associated critical sampling volume
ahead of the crack tip. Such reinforcement failure may then
of course lead to accelerated crack growth rates, which is
commonly manifested by increasing Paris law exponent val-
ues.[1] For the materials and test conditions considered here,
there was some evidence of accelerated crack growth rates
in the composite, although the effect was relatively minor
and Paris regime slopes were not particularly high. This is
consistent with the fact that the reinforcement particles were
not particularly preferred crack paths in the present PMMCs,
as indicated by the number density for crack tip–particle
interactions being lower than for random lines, even at the
higher stress intensity levels sampled here.

It is clear that in the present composites, the incidence and
scale over which faceted crack growth occurred at low stress
intensities was limited by the presence of reinforcement
particles. Given the scale of faceting in the composite and
monolithic materials (i.e. corresponding to the interparticle
spacing and the grain size respectively), there would appear

�Knom

�Knom

�K
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Fig. 6—Fatigue fracture surfaces of (a) composite at ,
(b) composite at , (c) equivalent unreinforced iron,

, and (d) equivalent unreinforced iron, .
Horizontal arrow indicates general direction of crack growth

�K � 15 MPa1m�K � 6 MPa1m
�K � 16 MPa1m

�K � 8 MPa1m

Fig. 7—(a) and (b) Cleavagelike brittle static failure of particulate TiB2-
reinforced iron-based composite. The arrow in the lower picture indicates
a fractured TiB2 particle from which the cleavage initiated.

to be a simple link between the separation of primary slip
blocking features and the extent of crystallographic crack
growth in each microstructure. It may be noted that while
the threshold monotonic and cyclic plastic zone sizes in the
composite were somewhat larger than the mean near-neighbor
separation in the composite (Section IV–C), the slip homog-
enizing effect of the particles did not suppress stage I–type
crack growth within the matrix, although there was evidence
of stage I suppression at higher levels.

B. Crack Closure at Threshold

Fatigue crack growth rates in the near-threshold regime
at low load ratios are commonly thought to be influenced

�K

Fig. 5—Side crack profiles (nickel-coated and mounted in bakelite):
(a) particulate TiB2-reinforced iron-based composite and (b) equivalent
unreinforced iron; at the near-threshold stress intensity levels and

Vertical arrow indicates general direction of crack growth.R �  0.1.

(a)

(b)
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Fig. 8—Finite-element simulation results from Ref. 27, showing effects of
varying relative asperity size (L /rp) on crack closure level (Kcl /Kmax) at a
crack deflection angle of 45 deg.

by crack closure.[22] Roughness-induced crack closure
(RICC) is considered to be most significant at threshold
at low R ratios, as crack opening displacements may
become significantly smaller than fracture surface asper-
ity sizes. Relationships between exact surface geometry
and crack closure levels are poorly understood, however
it is clear that surface geometry, crack-tip deformation,
and surface contact mechanics all contribute to the shield-
ing process. While various articles in the literature identify
surface asperity size as a determining factor in measured
crack closure levels,[23,24] a first-order dependence of
closure level on crack deflection angles (as opposed to
size) has been identified theoretically[25] and experimen-
tally.[10] Although various models exist to rationalize
different aspects of RICC, Parry et al.[26,27] provide the
only explicit treatment of both crack path and plasticity
effects on closure levels, including the separation of surface
asperity size and angle effects. Using established finite-
element methods, the influence of surface asperity size on
crack closure levels has been studied in two dimensions
as a function of stress-intensity levels, with the results
identifying a controlling influence of the relative sizes of
the fracture surface asperities and the maximum plastic
zone size (for a given load ratio). Modeling results are
shown in Figure 8 for a regular crack deflection angle of
45 deg, in terms of maximum, minimum, and mean closure
levels (arising from the progress of the crack tip between
individual asperities), as a function of L /rp, where L is the
crack deflection length giving rise to surface asperities
and rp is the plastic zone size. It can be seen that closure
levels fall off rapidly for small relative asperity sizes, with
a plateau occurring for L /rp values greater than approxi-
mately one. Parry et al.[26,27] further show a strong influ-
ence of crack deflection angle in the plateau region. In
the present experimental work, maximum plastic zone
dimensions at threshold are �366 �m for the unreinforced
iron and �143 �m for the composite (according to Shih’s
results for plain strain conditions[28]). With crack deflec-
tion lengths of the order of the grain size (�150 �m) in
the unreinforced iron, and the mean near-neighbor
distance (�1.4 �m) in the composite, corresponding L/rp

values are then �0.5 and 0.01, respectively. While exact
correlation of the present experimental results with mod-
eling results such as those in Figure 8 would require rather
more detailed treatment of the irregular, three-dimensional
nature of the real fracture surfaces, it may be seen that the
functionality of Figure 8 and the range of L/rp values that
influence closure are consistent with the low closure levels
of the composite.

C. Intrinsic Fatigue Thresholds

After accounting for the effects of crack closure on
the apparent threshold stress-intensity range, it is seen
that the iron-based composite possesses a significantly
higher intrinsic threshold than the unreinforced iron, as
shown in Table II. In terms of critical cyclic crack-tip
opening displacements, such behavior may be attributed
to increased modulus and flow stress in the reinforced
material (Table I). Values of the plane strain effective
cyclic crack-tip opening displacement at threshold 
�th.eff

for the composite and unreinforced iron may be calcu-
lated from[28]

[1]

Equation [1] is not necessarily applicable to a multiphase
system, although two limiting cases may be identified with
the yield stress value that is used: (1) the bulk composite yield
strength, where the extent of plasticity is sufficient to sample
the overall composite properties; and (2) the matrix yield
strength, where plasticity is small in relation to the interpar-
ticle separation distance and effectively occurs in the matrix
only. The latter case should be seen as a significant simpli-
fication, as load transfer may then also be considered to reduce
the effective stress intensity in the matrix in this case, and
local residual stress effects may also become significant.[29]

In terms of the present work, it may be noted that the mono-
tonic and cyclic plastic zone sizes in the composite at threshold
were of the order of 160 and 100 times the mean near-neighbor
separation distance, and, as such, the bulk composite flow
stress is considered reasonable to describe crack-tip deform-
ation. Using the composite bulk flow properties and assum-
ing a critical value at threshold, Eq. [1] predicts an
increase in the effective threshold stress intensity range of
�50 pct for the composite material over the unreinforced iron,
which compares well with the experimental difference between
the unreinforced iron of 57 pct.

V. CONCLUSIONS

1. The introduction of TiB2 particles into pure iron through
a mechanical milling route results in an increase in appar-
ent threshold stress intensity factor ranges from 6.0 to
7.2 MPa at R � 0.1 and from 5.3 to 5.9 MPa at
R � 0.5.

2. The particulate TiB2 reinforced iron-based composite
develops a relatively planar fatigue fracture surface in the
near-threshold regime, consistent with its lower crack closure
levels at threshold. Conversely, the unreinforced iron exhibits
relatively rough surfaces and hence high closure levels.

1m1m

�dth.eff

�dth.eff �  0.49
�Kth.eff

2

2 Esy

01-118A-12.qxd  8/8/03  3:04 PM  Page 2023



2024—VOLUME 34A, SEPTEMBER 2003 METALLURGICAL AND MATERIALS TRANSACTIONS A

Closure measurements rationalized the load ratio effect on
threshold in both composite and unreinforced iron. Observed
closure behavior and fracture surface morphologies were
seen to be consistent with previous elastic-plastic FE simu-
lation of roughness-induced crack closure processes.

3. The particulate TiB2 reinforced iron-based composite has
a higher intrinsic stress-intensity range than the
unreinforced iron. The intrinsic threshold behavior of the
composite and unreinforced iron may be explained through
closure-corrected cyclic crack-tip opening displacements.

4. In this composite, cracks tended to avoid direct particle
interaction at the stress-intensity conditions considered;
this is more obvious in the near-threshold regime. Particle-
matrix debonding was found to be the primary particle
failure mode in fatigue.
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