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This paper presents the results of a combined experimental and theoretical study of the
ductile layer toughening of brittle intermetallics. Following a brief description of small- and
large-scale bridging models for the estimation of the crack-tip shielding due to small- and
large-scale bridging, the effects of ductile layer toughening are examined in a
gamma-based titanium aluminide alloy (Ti-48Al) reinforced with TiNb strips; MoSi2
reinforced with Nb layers, and NiAl reinforced with V layers with different thicknesses. In all
cases, the measured resistance-curves are well predicted by existing small- and large-scale
bridging models. The intrinsic specimen-independent toughness values are also shown to
increase with increasing layer thickness, in the case of the NiAl/V composites. Finally, the
general implications of the results are discussed for the toughening of brittle matrix
composites under monotonic and cyclic loading. C© 2002 Kluwer Academic Publishers

1. Introduction
Since the original discovery of ductile phase tough-
ening by Krstic [1, 2], significant efforts have been
made to explore the potential use of ductile layer
reinforcements in the toughening of brittle matrices
[3–15]. Some of the early work was done by Ashby
and co-workers [15], who explored the potential for
ductile phase toughening using a model lead/glass sys-
tem. Following the early work of Ashby et al. [15],
Budiansky, Amazigo and Evans (BAE) [16] presented
a theoretical framework for the estimation of crack-tip
shielding due to small-scale bridging. Subsequent work
by Bloyer et al. [4, 5], Odette et al. [10], Zok and Hom
[17], and Li and Soboyejo [18] later extended the mod-
eling framework to the prediction of crack-tip shielding
due to large-scale bridging.

Much of the early work focused on the toughening
of brittle ceramics [1, 2, 15, 16]. For example, the early
work of BAE [16] relied on the use of metal-reinforced
ceramics in the validation of their small-scale bridging
models. Similarly, Ashby and co-workers [15] focused
on the lead/glass system, while Krstic [1, 2] worked
on the WC/Co system that is now used in cutting tool
applications. Most of the early works explored the use
of ductile particles or fibers in the toughening of brittle
ceramics [19–22] or intermetallics [23–25]. However,

it was later recognized that ductile layer toughened ce-
ramics [26, 27] and intermetallics [4–6, 12, 18, 28] of-
fer even greater potential for the engineering of ductile
phase toughened composites.

Prior efforts to explain the measured resistance-
curves in ductile layer composites were limited largely
by the complicated iterative schemes in the rigorous
fracture mechanics approaches that were used to esti-
mate the shielding due to large-scale bridging [10, 17].
These iterative schemes [10, 17], which often have con-
vergence problems, limited the extent to which they can
be used to provide routine estimates of the resistance-
curve behavior. However, most recently, Bloyer et al.
[4–6] and Li and Soboyejo [18] have shown that simple
estimates of resistance-curve behavior can be obtained
using weighted layer traction functions developed by
Fett and Munz [29].

The current paper presents a combined experimental
and theoretical framework that can be used to assess the
overall toughening potential of ductile layer-reinforced
composites. The weighted layer tractions of Fett and
Munz [29] are used to assess the shielding effects of
large-scale bridging. A small-scale bridging expression
from the handbook of Tada et al. [30] is also to estimate
the overall toughening levels during the initial stages of
resistance-curve behavior. The small- and large-scale
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bridging models are shown to provide good estimates
of the measured resistance-curve behavior in: a gamma
titanium aluminide intermetallic (Ti-48Al) reinforced
with TiNb strips; MoSi2 reinforced with Nb layers, and
NiAl reinforced with V layers. The implications of the
results are then discussed for the design of ductile phase
toughened composites with brittle matrices.

2. Micromechanical modeling
The problem of small-scale bridging (small bridg-
ing zone compared to crack size) was modeled an-
alytically by Budiansky et al. [16]. Assuming either
rigid/perfectly plastic, or elastic perfectly plastic be-
havior, they obtained a number of solutions for the es-
timation of toughness due to crack bridging by ductile
particles. Most of the expressions in [16] do not include
a bridging length scale. However, one of the equations,
which was obtained essentially from Tada et al. [30], did
include a bridging length scale. This gives the tough-
ening ratio due to crack bridging, λb, to be:

λb = K

Km
= 1 +

√
2

π

f

Km

∫ L

0

ασ (x)√
x

dx (1)

where α is a constraint/triaxiality factor, σ (x) repre-
sents the bridging traction across the ductile reinforce-
ments, x is the distance from the crack face behind the
crack-tip, and L is bridging length, which is equal to
the distance from the crack-tip to the last unfractured
reinforcement.

The above analysis applies largely to the problem of
small-scale bridging, which is generally encountered
in particulate-reinforced composites [3, 16, 22]. How-
ever, in the case of ductile fiber-reinforced and duc-
tile layer-reinforced composites, the lengths of bridging
zones are generally observed to be comparable to the
overall crack dimensions [4–6, 14]. Under such con-
ditions, large-scale bridging models [4–6, 10, 30–32]
are needed to estimate the shielding contributions from
crack bridging. The early large-scale bridging models
were first formulated by Odette et al. [10] and Zok and
Hom [17]. Subsequent work by Cox and co-workers
[33, 34] also established self-consistent methods for
the analysis of large-scale crack bridging. However,
these large-scale bridging models often require iter-
ative methods/algorithms that may have convergence
problems associated with them.

A simpler large-scale bridging model was, therefore,
employed in the current study. This model, which was
first proposed by Bloyer et al. [5, 6], utilizes weight
functions by Fett and Munz [29], in the estimation of the
weighted distributions of bridging traction across the
individual reinforcements (Fig. 1). The shielding due
to large-scale bridging, �Klsb, may thus be expressed
as:

�Klsb =
∫

L
ασ (x)h(a, x) dx (2)

where L is the length of the bridge zone, α is a
constraint/triaxiality factor, σ (x) is a traction function
along the bridge zone, and h(a, x) is a weight function

Figure 1 Schematic representation of a large-scale bridging model
(After Bloyer et al. [5]).

given by Fett and Munz [29]:
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where a is the crack length and W is the specimen
width. The resistance-curve behavior may now be esti-
mated by a simple application of the principle of linear
superposition.

This gives the following expression for the estimation
of the stress intensity factors along the resistance-curve:

K = Ki + �Klsb (4)

where Ki is the initiation toughness required for renu-
cleation ahead of the first ductile layer encountered by
the propagating crack, and �Klsb is given by Equation 2
for large-scale bridging.

3. Materials and microstructures
The Ti-48Al + 20 vol% TiNb composite was produced
by phase blending of Ti-48Al and TiNb powders.
The Ti-48Al was produced by Nuclear Metals, Inc.,
Concord, MA, using the plasma rotating electrode pro-
cess, and the TiNb was produced by Pratt and Whitney,
West Palm Beach, FL, using a gas atomization process.
The phase blended powders were canned in Ti-6Al-
4V and extruded at 1343◦C at the Wright-Patterson Air
Force Base, Dayton, OH, with a reduction ratio of 14:1.
Monolithic Ti-48Al was also extruded under the same
conditions. The resulting microstructures obtained for
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Figure 2 Optical micrograph of the monolithic gamma-(Ti-48Al) alloy.

the monolithic and composite gamma-based alloys are
shown in Figs 2 and 3. The Ti-48Al alloy had a duplex
as-extruded microstructure consisting of 18 µm lamel-
lar α2 + γ packets/colonies and 16 µm equiaxed γ

grains. The typical γ lath widths were ∼0.26 µm, and
the lath spacings were ∼0.65 µm in the as-extruded
condition (Fig. 2). The Ti-48Al + 20 vol% TiNb com-
posite structure consisted of elongated (∼1000 µm)
strips of TiNb (Fig. 3a and b), a predominantly γ

interface between the reinforcements and the matrix
(Fig. 3c), and a matrix with a duplex microstructure
with equiaxed γ grains and wavy α2 + γ lamellae
(Fig. 3c). Note that the Nb reinforcement is labeled “c”
in Fig. 3c. Material properties of TiAl/TiNb composite
are summarized in Table I.

Figure 3 Typical microstructure of Ti-48Al/TiNb composite: (a) lower magnification; (b) higher magnification; (c) structure of the matrix and interface.

TABLE I Material properties of TiAl/TiNb composite

Yield stress Ultimate tensile Plastic elongation
Material (MPa) stress (MPa) to failure (%)

Ti-48Al 594 686 1.7
Ti-48Al + – 523 –

20 vol% TiNb

The −325 mesh (25–30 µm average size) NiAl pow-
ders that were used in this study were procured from
Homogeneous Metals, Inc., Clayville, NY. The vana-
dium strips with thickness of 100, 200 and 400 µm were
supplied by Fine Metals Corp., Ashland, VA. Model
NiAl composites reinforced with 20 vol% of V were
produced by manual lay-up of NiAl powders on the
layered reinforcements inside stainless steel cans. After
manual lay-up, the cans were evacuated and sealed by
electron beam welding. The evacuated cans were then
hot isostatic pressed under 207 MPa pressure at 1100◦C
for 4 hours. Typical microstructures of the NiAl/V mi-
crolaminates are presented in Fig. 4. These show rela-
tively uniform distributions of vanadium layers in a ma-
trix of NiAl. The average size of NiAl grains measured
by image analysis was about 25 µm. A small interfacial
layer was also observed to form between the NiAl and
vanadium layers (Fig. 4d). Semi-quantitative energy
dispersive X-ray (EDX) spectroscopy revealed that this
layer consisted of ∼11.8 at.% Ni, ∼11.6 at.% Al and
∼76.6 at.% V. The interfacial layers were approxi-
mately 5–10 µm thick in all the composites that were
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Figure 4 Typical microstructure of NiAl/V composites: optical micrograph of NiAl composites reinforced with (a) 100 m thick V layer, (b) 200 m
thick V layer, (c) 400 m thick V layer, and (d) SEM micrograph of interface between NiAl and V layers.

T ABL E I I Material properties of the constituent component of
NiAl/V composite

Yield stress Young’s modulus Poisson’s
Material (MPa) (GPa) ratio (ν)

NiAl – 188 0.31
V 447 103 0.36

produced. Material properties of the constituent compo-
nent of NiAl/V composite are summarized in Table II.

The −325 mesh (approx. 44 µm average diameter)
MoSi2 powder used in this study was purchased
from Cerac, Milwaukee, MI. The 200 µm Nb layer
were purchased from Nuclear Metals, Henderson, NV.
The laminate-reinforced composites were produced by
manual lay-up of 200 µm diameter laminates on a Nb
wire frame, evacuated (10−4 Pa) and sealed by elec-
tron beam welding. The canned material was then hot
isostatic pressed (HIPing) under 207 MPa pressure, at
1400◦C for 4 hours. The resulting compact was cooled
slowly (over a period of 10 hours) to room temperature
to minimize thermal gradients and cracking. The re-
sulting microstructures of Nb laminate-reinforced com-
posites are presented in Fig. 5 Interfacial phases of
MoSi2/Nb composites under similar processing condi-

TABLE I I I Material properties of the constituent component of
MoSi2/Nb composite

Yield stress Young’s modulus Poisson’s
Material (MPa) (GPa) ratio (ν)

MoSi2 – 380 0.17
Nb 245 103 0.36

tion have been determined by Lu et al. [35] to be Mo5Si3
and (Mo, Nb)5Si3 using electron diffraction and energy
dispersive X-ray (EDS) spectroscopy technique. Simi-
lar interfacial layers were observed between the Nb and
MoSi2 layers in this study using EDS analysis. Material
properties of the constituent component of MoSi2/Nb
composite are summarized in Table III.

4. Experimental procedures
In an effort to establish a general framework for the
modeling of ductile layer toughening of intermetallic
materials, fracture/resistance curve experiments were
performed on the three systems described in the pre-
vious section. Hence, the systems that were tested in-
clude: Ti-48Al reinforced with 20 vol% of TiNb strips;
MoSi2 reinforced with Nb layers, and NiAl reinforced
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Figure 5 Typical microstructures of MoSi2/Nb composites: (a) laminate distribution; (b) laminate/matrix interface.

with 20 vol% V layers with three different layer thick-
nesses (100, 200 and 400 µm).

The resistance-curve experiments were performed on
50 mm long single edge notched bend (SENB) speci-
mens with rectangular cross-sections (6 mm × 12 mm).
The specimens, which were produced via electron-
discharge machining (EDM), had initial notch-to-width
ratios, a/W , of ∼0.40. After diamond polishing of
the sides of the SENB specimens, and precracking un-
der far-field compression [36], resistance-curve experi-
ments were performed under three-point bend loading.
The SENB specimens were tested under load-control
in a servo-hydraulic testing machine.

Initial loads corresponding to stress intensity fac-
tors below the matrix toughness values reported for
Ti-48Al (15 MPa

√
m) [22], MoSi2 (3.6–4.0 MPa

√
m)

[22] and NiAl (4–6 MPa
√

m) [18] were applied. The
loads were increased in incremental steps between
∼0.025 and 0.05 of the prior maximum loads. Follow-
ing each load increment, the amount of stable crack
growth was studied with an optical microscope. The
crack/microstructure interactions were also elucidated
via ex-situ optical and scanning electron microscopy.

Figure 6 Comparison of measured and predicted resistance-curves obtained for TiAl/TiNb composites using small-scale bridging model.

The experiments were continued until final fracture oc-
curred. The fracture modes were then studied using
scanning electron microscopy.

5. Results and discussions
5.1. Ti-48Al + 20 vol% TiNb
Stable crack initiation occurred in this composite at the
matrix toughness of ∼15 MPa

√
m [22] (Fig. 6). The

initial resistance curve was very steep during the early
stages of crack growth. However, a gradual transition
to near-steady-state condition was observed during the
final stages of crack growth (Fig. 6). The measured
resistance-curve behavior was associated with the in-
teractions of the crack with TiNb strips that bridged
the crack faces (Fig. 7). This suggested that the mea-
sured resistance-curve behavior was due largely to the
shielding effects of crack bridging.

Since the amount of stable crack growth (�a ≤
0.55 mm) was relatively small, only the small-scale
bridging model (Equation 1), was applied to the pre-
diction of resistance-curve behavior. The predicted
resistance-curve is shown by the solid line in Fig. 6. This
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Figure 7 Crack/microstructure interactions in TiAl/TiNb composites.

T ABL E IV Parameters used in the prediction for TiAl/TiNb
composite

Type of reinforcement V f L (mm) α λb �Kb (MPa
√

m)

20 vol% TiNb 0.2 1 1 1.3 5.1

was obtained using parameters summarized in Tables I
and IV. Note that the predictions are in close agreement
with the measured resistance-curve. Furthermore, no
fitting functions are required to capture the curvature
and magnitudes of the measured resistance-curves.

5.2. MoSi2/Nb microlaminates
The resistance-curve obtained from the MoSi2/Nb mi-
crolaminate is presented in Fig. 8. As in the case of the
Ti-48Al/TiNb composite, the MoSi2/Nb exhibits strong
initial resistance-curve behavior, with a gradual transi-
tion to a steady-state. As in the case of the Nb fiber-
reinforced MoSi2 composites discussed in detail in
[37], the measured resistance-curves in the MoSi2/Nb
microlaminates were due to the development of a large-
scale bridging zone (Fig. 9). The cracks initiated in the
MoSi2 matrix, and extended rapidly to the Nb layers,
where they were retarded. Renucleation then occurred

Figure 8 Comparison of measured and predicted resistance-curves ob-
tained for MoSi2/Nb composites.

Figure 9 Crack/microstructure interactions in MoSi2/Nb composites.

on the other sides of the Nb layers, as the loads were
increased in incremental stages to leave behind a large-
scale bridging zone with plastically deformed Nb layers
(Fig. 9).

The predicted resistance-curves obtained from small-
scale (�a ≤ 0.5 mm) and large-scale (�a ≥ 0.5 mm)
bridging models are presented in Fig. 8. These were
obtained using Equations 1–4 and parameters summa-
rized in Tables II and V. The agreement between the
predicted and measured resistance-curves is generally
very good. However, the curvature of the large-scale
bridging predictions is opposite to that of the measured
resistance-curves. This is a common feature of such
models [4–6, 10, 17, 18].

It is also important to note here that large-scale bridg-
ing (LSB) models generally result in predictions that are
specimen dependent. Hence, the measured behavior is
not an intrinsic material property that is a true specimen-
independent measure of toughness. In an effort to ob-
tain such a measure for the MoSi2/Nb composites, the
weighted traction function (Equation 3) can be extra-
polated to obtain an asymptotic value for specimens of

TABLE V Parameters used in the prediction for MoSi2/Nb composite

Type of reinforcement V f L (mm) α λb �Kb (MPa
√

m)

200 µm Nb layer 0.2 3.5 1.4 2.7 11.5
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Figure 10 Effects of annealing on the resistance-curve behavior of
MoSi2/Nb composite.

arbitrarily large width, W [18]. This results in predicted
toughening levels that are true measures of intrinsic
material toughness/steady-state toughness under small-
scale bridging conditions. In the case of the MoSi2/Nb
composite, the asymptotic value of the intrinsic small-
scale bridging steady-state toughness value is estimated
to be 5.7 MPa

√
m.

It is of interest to examine the effects of annealing
on the fracture behavior on the MoSi2/Nb composite
reinforced with 200 µm Nb Layer. The Layered MoSi2/
Nb composite was annealed in a vacuum furnace
(10−6 Pa) at 1400◦C for 24 hours to coarsen the in-
terface. Single-Edge-Notched bend (SENB) specimens
of the layered MoSi2/Nb composite were also an-
nealed at 1400◦C for 24 hours under the same con-
ditions. The effects of interfacial coarsening on frac-
ture behavior was thus investigated by performing
same resistance-curve experiments on the specimens.
The resistance-curve obtained for the annealed lay-
ered composites is compared with the resistance-curve
of the as-received one (Fig. 10). The annealed layer
composite exhibits slightly lower initiation toughness
and somewhat weaker resistance-curve (for �a levels
<1 mm) behavior than the as-received composite. This
may be associated with lower interfacial strength after
annealing.

Finally in this section, it is interesting to notice that
multiple cracks were observed in the MoSi2 matrix in
all of the specimens (Fig. 11). Such multiple cracks
may give rise to shielding/anti-shielding, depending on
the spatial distributions and sizes of the cracks.

5.3. NiAl/V composites
In all NiAl/V composites, matrix crack initiation oc-
curred in the NiAl at the matrix toughness level of
∼6.6 MPa

√
m. However, the propagating cracks in the

NiAl layers were retarded by the ductile vanadium lay-
ers. Subsequent crack growth, therefore, involved the
re-initiation of cracks in the adjacent interfacial lay-
ers. Note that the cracks were bridged by the vanadium
layers as they propagated through the NiAl/V compos-
ites. Also, although the vanadium layers were deformed
plastically, none of them were observed to fracture dur-

Figure 11 Crack/microstructure interactions and multiple matrix crack-
ing in annealed in MoSi2/Nb composite.

ing the development of large-scale bridging zones. Fur-
thermore, fracture of the vanadium layers was only ob-
served to occur at the onset of catastrophic failure.

A similar sequence of events was observed in all the
composites (100, 200 and 400 µm layers) that were
examined (Fig. 12 a–c). The crack/microstructure in-
teractions illustrated in Fig. 12a and b are, therefore,
comparable to those of all the other composites. It is also
important to note here that propagating cracks stopped
when they reached the vanadium layers (Fig. 12a). The
measured resistance-curves therefore correspond to the
interceptions of the propagating cracks with the duc-
tile vanadium layers. Furthermore, a small plastic zone
and some debonding were then observed in the vana-
dium, as the load was increased in an effort to re-initiate
crack growth in the composites (Fig. 12a). Slip bands
were observed to form along the ∼45◦ orientation on
both sides of the vanadium layers, as the load was in-
creased further (Fig. 12b). Finally, stable crack growth
was observed to re-nucleate from the slip bands into the
adjacent interfacial layers.

In all cases, re-initiation occurred at a point that
is offset somewhat from the initial mode I direction
(Fig. 12b). This offset position, corresponding to an an-
gle of ∼45◦ to the initial mode I direction, is consistent
with the positions of peak maximum shear strain that
were computed in the detailed finite element simulation
of the same NiAl/V composite systems [14].

Subsequent crack growth occurred along the de-
flected direction (∼30◦ from the pure mode I direction),
as shown in Fig. 12a and b, for composites reinforced
with 100 and 200 µm thick vanadium layers. Un-
fortunately, however, re-nucleation in the case of the
composites containing 400 µm thick layers (Fig. 4c)
resulted in unstable crack growth and catastrophic fail-
ure. Also, the onset of unstable crack growth and
catastrophic failure in the composites reinforced with
400 µm thick vanadium layers was associated with
relatively high load increments (compared to those in
the composites reinforced with 100 and 200 µm thick
vanadium layers where re-nucleation of stable crack
growth occurred in NiAl layers adjacent to the vana-
dium layers). The rates of change of crack driving force
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Figure 12 Crack/microstructure interactions in NiAl/V composite (a) 100 µm V layers (b) 200 µm V layers (c) 400 µm V layers.

(with respect to crack length) were, therefore, close to
the levels required for unstable crack growth upon re-
nucleation of crack growth in the layers adjacent to the
400 µm thick vanadium layers.

Figure 13 Comparison of measured and predicted resistance-curves obtained for NiAl/V composites: (a) 100 µm V layers (b) 200 µm V layers.

The resistance-curves obtained from experiments for
NiAl composites reinforced with 100 and 200 µm
thick vanadium layers are shown in Fig. 13a and b,
respectively. Each data point on the resistance curves
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T ABL E VI Coefficients of fit polynomial used in the prediction for
NiAl/V composite

µ

ν 0 1 2 3 4

0 0.4980 2.4463 0.0700 1.3187 −3.067
1 0.5416 −5.0806 24.3447 −32.7208 18.1214
2 −0.19277 2.55863 −12.6415 19.7630 −10.986

corresponds the position of a vanadium layer in front
of the notch tip of the specimens. In both cases,
resistance-curves increase significantly beyond the ma-
trix toughness.

It is clear from the microscopic examination of
the crack/layer interactions that crack-up shielding in
NiAl/V composite occurred predominantly via crack
bridging (Fig. 12). It is, therefore, of interest to ex-
amine the shielding effects due to crack bridging. The
prediction of Klsb employs the traction function, σ (x),
which depends on the stress-stretch relationships deter-
mined from the experiments on the single layer com-
posite tensile tests. Here, σ (x) is assumed as a constant
and be equated to the yield stresses of the monolithic
V foils.

The predicted large-scale bridging resistance-curves
are presented in Fig. 13 using parameters summarized
in Tables III and VI. Note that no large-scale bridging
predictions were obtained for composites with 400 µm
thick vanadium layers since bridging was not observed
in these specimens. The large-scale bridging predic-
tions are comparable to the measured resistance-curves.
Similar large-scale bridging results have been reported
in previous studies on other ductile phase toughened
intermetallic matrices such as MoSi2/TZ-2Y/Nb [19],
Nb3Al/Nb [4–6] and TiAl/TiNb [10].

Since neither the measured resistance-curves nor the
large-scale bridging resistance-curves exhibit steady-
state toughness values. An attempt has been made to
obtain the specimen independent steady-state tough-
ness, Kss, from Equations 2–4 by assuming a specimen
width that is significant greater than the length of bridge

Figure 14 The interaction of fatigue crack path with microstructure in Ti-48Al/TiNb composite.

TABLE VII Calculated steady-state toughness values for NiAl/V
composite

Layer thickness Steady-state toughness Kss (MPa
√

m)

100 µm 18.4
200 µm 19.8

zone, i.e., simulating small-scale bridging conditions
artificially. This approach, which was first applied by
Bloyer et al. [5, 6] to Nb3Al/Nb layered composites, has
the advantage of providing intrinsic toughness values
that are essentially independent of specimen geometry
differences. The calculated steady-state toughness val-
ues for NiAl/V composite are listed in Table VII. Note
that the values of Kss increase with increasing layer
thickness (Table VII).

5.4. Implications
The current work shows that existing small- and large-
scale bridging models provide adequate predictions of
resistance-curve behavior in crack arrestor orientations
of ductile layer toughened composites (Figs 6, 8 and
10). In all of the cases considered in this study, no fit-
ting functions were needed to obtain good predictions
in the small-scale and large-scale bridging regimes. The
predictions were obtained simply by substitution of the
independent measured material parameters into the ap-
propriate equations for SSB and LSB.

The close agreement between the measured and pre-
dicted resistance-curves is very encouraging given the
simplicity of the equations that were used for the pre-
dictions of SSB and LSB. Similar levels of predictive
accuracy have been reported by Bloyer et al. [4–6] in
their work on Ni3Al/Nb microlaminates. These studies
show clearly that the simple bridging models are useful
tools that are now sufficiently robust to guide the design
of ductile phase toughened microlaminates.

More precise ductile bridging models by Zok and
Hom [17], Odette et al. [10] and Cox [33, 34] require
additional computational effort that may limited their

3031



Figure 15 Fatigue crack growth data for Ti-48Al/TiNb composite.

Figure 16 Fatigue crack growth data for MoSi2/Nb composite.

use in the initial stages of composite design. How-
ever, such models are recommended in cases where
the bridging tractions cannot be easily approximated
by the weighted functions of Fett and Munz [29].
In such cases, the additional computational effort re-
quired by the use of more complex models is clearly
justified.

Before closing, it is important to note that the im-
provements in ductile layer toughening obtained un-
der monotonic loading may not necessarily apply un-
der cyclic loading [3]. In the case of the Ti-48Al/TiNb
composite, prior work by Soboyejo et al. [3] has shown
that fatigue cracks extend into the TiNb strips, therby
preventing the development of a significant bridging
zone under cyclic loading (Fig. 14). In fact, fatigue
crack growth in the Ti-48Al/TiNb composite occurred
at faster rates compared to those in the Ti-48Al matrix
(Fig. 15). Similar results have also been reported by
Ritchie and co-workers [4–6] for other ductile phase
toughened intermetallic systems. Hence, the measured
improvements in resistance-curve behavior may not
necessarily results in improvements in damage toler-
ance under cyclic loading.

However, in the case of the layered MoSi2 inter-
metallics reinforced with Nb layers [3], recent results
have shown that the layered reinforcement geometry re-
sults in improved fatigue crack growth resistance over
that of Nb fiber-reinforced and Nb-particle reinforced
composites. This is shown in Fig. 16, which is taken
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Figure 17 The interaction of fatigue crack path with microstructure in MoSi2/Nb composite.

Figure 18 Typical fatigue fracture modes in NiAl/V composite reinforced with 200 µm thick V layers: (a) cleavage in NiAl matrix and (b) ductile
transgranular crack growth in V layer.

from [3]. The improved fatigue crack growth resistance
in the Nb layer-reinforced composite is associated with
the shielding effects of crack bridging by the Nb layers
(Fig. 17). Also, the poorer fatigue resistance of the Nb
fiber-reinforced MoSi2 composites is due to the degra-
dation of the bridging zones due to fiber cracking under
cyclic loading [3]. The Nb particulates did not bridge
the cracks, and hence the poorest fatigue crack growth
resistance in the MoSi2/Nb particulate system is as-
sociated with the absence of crack bridging, and the
limited shielding contributions from continuous crack
deflection by tilting and twisting around Nb particulate
reinforcements [3].

Finally in this section, it is important to note that the
NiAl/V microlaminates have also been shown to exhibit
some resistance to fatigue crack growth. Although very
limited data is available, the faster crack growth rates
in the NiAl layers are associated with a cyclic cleavage
fracture mode (Fig. 18a), while the slower crack growth
rates in the V layers are associated with a ductile trans-
granular fracture mode (Fig. 18b). The presence of duc-
tile layer reinforcements, therefore, appear to promote
stable crack growth in ductile phase toughened brittle
matrix composites. However, the fatigue crack growth
rates in the brittle phases are still too fast to make these
systems serious contenders for structural applications
in high temperature systems.

6. Conclusions
The resistance-curve behavior of ductile layer tough-
ened intermetallics has been studied within a com-
bined experimental and theoretical framework. The
following conclusions have been reached from
a study of Ti-48Al/TiNb, MoSi2/Nb and NiAl/V
composites:

1. Ductile phase toughening occurs primarily via
small- and large-scale bridging mechanisms in the
crack-arrestor orientation. These give rise to strong re-
sistance curve behavior during the early stages of stable
crack growth, and a gradual evolution towards a steady-
state in the large-scale bridging regime.

2. The measured and predicted resistance curves
are generally in good agreement in the small- and
large-scale bridging regimes. In general, the small-
scale bridging model provides good estimates of duc-
tile layer bridging for crack extension levels, �a, below
∼0.6 mm. The SSB model also predicts the curvature
of the measured resistance curves in this regime. In con-
trast, the LSB does not predict the measured curvatures
of the resistance-curves, although it does predict the
magnitudes of the measured resistance curves.

3. The measured and predicted resistance curves pre-
sented in this paper are specimen-dependent. Hence,
they are not intrinsic material properties or measures
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of intrinsic toughness. However, estimates of intrinsic
toughness can be obtained by a weight function extra-
polation method for many ductile phase toughened in-
termetallic matrices. This predicts intrinsic toughness
values of: 5.7 MPa

√
m for the MoSi2/Nb microlam-

inate, and 18.4–19.4 MPa
√

m for the NiAl/V micro-
laminate. The latter appear to increase with increasing
V layer thickness.
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