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This article presents the results of a combined experimental and analytical study of the effects of
ductile-layer thickness on the initiation toughness and resistance-curve behavior of nickel aluminide
composites that are reinforced with ductile V and Nb-15Al-40Ti layers. The initiation toughness and
specimen-independent steady-state toughness values are shown to increase with increasing layer
thickness. Stable crack growth and toughening in the crack-arrestor orientation are also attributed to
crack bridging and the interactions of crack tips with the ductile layers. The overall toughening in
the microlaminates is modeled by superposing the shielding contributions due to crack bridging on
the stress-intensity factor required to promote renucleation ahead of the first ductile layer ahead of
the precrack. The implications of the results are also discussed for the design of ductile phase–
toughened microlaminates.

I. INTRODUCTION resistance in the intermediate-temperature regime (650 8C
to 850 8C).[23,24]

SINCE the pioneering work of Krstic et al.,[1,2] consider-
As in recent studies by Bloyer et al.[12,13] on similar layeredable effort has been made to utilize the concept of ductile-

composites, fracture-initiation toughness and resistance-phase toughening in the design of toughened composite
curve behavior in the model composite systems are shownsystems.[3–22] Much of the early work was performed on
to improve with increasing layer thickness in the crack-composites reinforced with ductile particles[3–6] or fi-
arrestor orientation. The intrinsic steady-state toughness val-bers[4,6–11] which were chosen to promote toughening, largely
ues were also shown to increase with increasing ductile-by crack bridging.[3–11] The early studies showed that fiber-
layer thickness. However, the results indicate that fracturereinforced composites generally promote greater levels of
instability is more likely to occur at smaller crack extensions,toughening than particulate-reinforced composites. How-
as the ductile-layer thickness is increased. The initiationever, subsequent work on ductile layer–reinforced compos-
toughness, resistance-curve behavior, and steady-stateites[4,12–22] soon revealed that such composite architectures
toughness levels are predicted with micromechanics models.result in even greater levels of toughening than ductile fiber–
The implications of the results are then discussed for thereinforced brittle matrix composites.[4,6–11] The interest, in
design and potential applications of brittle matrix compositesrecent years, has, therefore, shifted toward an understanding
reinforced with ductile layers.of the effects of ductile-layer thickness on the fracture tough-

ness of brittle matrix composites.[12–22]

This article presents the results of fundamental studies of
II. MICROMECHANICAL MODELINGthe effects of ductile-layer thickness on the fracture-initiation

toughness and resistance-curve behavior of nickel aluminide Following the example of Budiansky et al.[25] and Rose,[26]

microlaminates. Model composites reinforced with 20 vol the individual ductile layers within a bridged crack may be
pct of ductile vanadium layers (100, 200, and 400 mm thick- modeled as springs (Figure 1), with effective spring stresses
nesses) or ductile Nb-15Al-40Ti layers (100, 500, and 1000 that are given by
mm thicknesses) were used in this study. The ductile-phase
reinforcements were selected due to their compatibility with

s 5
kEn

1 2 v2 [1]NiAl, which was demonstrated in unpublished diffusion-
couple studies by the authors in the same processing temper-

where n is the crack-face displacement, E is the Young’sature regime (,1100 8C). The vanadium and Nb-15Al-40Ti
modulus, v is the Poisson’s ratio, and k is a dimensionlesswere also investigated, since they exhibit essentially elastic–
spring-stiffness coefficient. The effective spring constantperfectly plastic behavior. Furthermore, the partially ordered
for the bridged-layer configurations may be estimated byB2 Nb-15Al-40Ti intermetallic[23] (all compositions quoted
considering the pinning of the crack by a single isolatedin atomic percent unless stated otherwise) layers exhibit
layer in a dilute composite with a relatively low volumeattractive combinations of damage tolerance and oxidation
fraction (c) of layers, in which interactions between individ-
ual layers can be neglected (Figures 2(a) and (b)). The remote
displacement of the crack in Figure 2(a) may be estimatedM. LI, formerly Graduate Research Associate, Department of Materials
by invoking the analogy between the crack-opening profileScience and Engineering, The Ohio State University, is Process Engineer,

Huffman Corporation, Lake Wylie, SC 29710. W.O. SOBOYEJO, formerly and the displacement profile due to a smooth punch. This
Associate Professor, Department of Materials Science and Engineering, is given by Johnson[27] to be
The Ohio State University, Columbus, OH, is Professor, Princeton Materials
Institute and the Department of Mechanical and Aerospace Engineering,
Princeton University, Princeton, NJ 08544. n 5

asp(1 2 v2
m)

Em
[2]

Manuscript submitted June 15, 1999.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 31A, MAY 2000—1385



nave 5 b(c)
asp (1 2 v2

m)

Em
[4]

where a, b(c) is a correction factor for the solution of a
crack in a half-space (Figure 2(a)), presented in Eq. [2]. The
variations of b(c) with ductile-layer volume fraction may
be estimated using the stress-intensity-factor solutions for a
double-edged crack solid provided by Tada et al.[28] This
gives

KI 5 s !p(b 2 a) F 11 2
a
b2 [5]Fig. 1—Schematic illustration of bridging-spring model.[25]

where
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where s 5 csp is the applied stress. The elastic strain energy
released (R) by cutting the crack into the block (Figure 2(b))
in the presence of constant s is given by

R 5 eb

a

K 2
I (1 2 n 2

m)

Em
Bdx [7]

where B is the thickness of the block. The term R may
also be equated to 2Bbsnave. Hence, nave may be found by
equating the previous expression to Eq. [7]:

(b)
nave 5

eb

a

K 2
l (1 2 v2

m)

Em
dx

2bs
[8]

Fig. 2—Idealization of crack-opening profile due to ductile layer bridging:
(a) c → 0 and (b) c 5 a/b.

By equating nave from Eq. [8] to Eq. [4], b(c) is found to be

where

b(c) 5
p2 e1

c
(1 2 r ) (F (1 2 r ))2 dr
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We may now estimate nave by substituting the result for b(c)where a is the half-thickness of the ductile layer and b is
(from Eq. [9]) into Eq. [4]. Following this, substituting n 5chosen to satisfy a/b 5 c; Em and vm are the Young’s modulus
nave into Eq. [1] gives the following relationship for theand Poisson’s ratio of the matrix, respectively; and sp is the
dimensionless spring-stiffness coefficient:average layer stress. Equation [2] corresponds essentially to

the layer/crack configuration in a half-space for which c →
0 (Figures 2(a) and (b)). Note that c also corresponds to the

k 5
c

ba
Em

1 2 v2
m

1 2 v2

E
[10]layer volume fraction for the unit cell shown in Figure 2(b).

Also, the positive x direction in Figure 2(b) may be consid-
ered to be from either end of the unit cell (right or left)
toward the central layer. where E and v are the effective Young’s modulus and Pois-

son’s ratio of the composite materials, respectively.Following the methods of Budiansky et al.,[25] the average
crack-opening displacement (nave) may also be estimated for The previous derivation for elastic springs may be

extended to the case of elastic-plastic springs by assumingarbitrary values of c to be
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an elastic–perfectly plastic behavior of the ductile layer, for
which (Figure 3)

s 5
kEn

1 2 n 2 for n # ny 5
sy(1 2 n 2)

kE

5 sy for n $ ny [11]

Hence, if n(L) at the end of the bridged zone exceeds ny ,
the J-integral result for the toughening due to crack bridging
generalizes to[25]

(1 2 v2)K 2

Ec
5

(1 2 v2
m) K 2
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Em
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1 2sy (n (L) 2 ny)

where the subscript m corresponds to the matrix. If failure
of the last spring is assumed to occur when n (L)-ny reaches
a critical plastic value (np), the toughening ratio (l) be-
comes[25]

l 5
K
Km

5 11 1
s 2

y

kK 2
m
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2np
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22

1/2

[13]

where Km is the matrix toughness. The result can be Fig. 4—Schematic representation of a large-scale bridging model.[13]

rearranged to give the estimation of toughening (DKb) due
to ductile layer bridging:

A simpler LSB model was, therefore, employed in theDKb 5 (l 2 1)Km [14]
current study. This model, which was first proposed by

Equations [13] and [14] can be used to estimate the steady- Bloyer et al.[13,14] utilizes weight functions by Fett and
state fracture toughness of a brittle matrix reinforced with Munz[32] in the estimation of the weighted distributions of
ductile layers. However, the aforementioned modeling bridging traction across the individual reinforcements (Fig-
framework cannot readily be used to predict the resistance- ure 4). The shielding due to LSB (DKlsb) may, thus, be
curve behavior due to crack bridging, since it does not expressed as
include a bridging-length scale. This can be accomplished
by considering the increase in the stress-intensity factor due

DKlsb 5 e
L

gs(x)h (a, x) dx [15]to large-scale bridging (LSB) conditions.
Under such conditions, the lengths of bridging zones

are generally observed to be comparable to the overall where L is the length of the bridge zone, g is a constraint/
crack dimensions.[12–14,22] Large scale bridging mod- triaxiality factor, s (x) is a traction function along the bridge
els[12–14,18,26–28] are also needed to estimate the shielding zone, and h (a, x) is a weight function given by Fett and
contributions from crack bridging. The early LSB models Munz:[32]

were first formulated by Odette et al.[18] and Zok and
Hom.[29] Subsequent work by Cox and co-workers[30,31] also h(a, x) 5 ! 2

pa
1

!1 2
x
a [16]

established self-consistent methods for the analysis of large-
scale crack bridging. However, these LSB models often
require iterative methods/algorithms that may sometimes
have convergence problems associated with them.

11 1 o
(n,m)

Anm 1 a
W2

11 2
a
W2

11 2
x
a2

n112
where a is the crack length and W is the specimen width.
The coefficients (Anm ) are given in Table I for a single

Table I. Coefficients of Fit Polynomial for SENB Specimen

m

n 0 1 2 3 4

0 0.4980 2.4463 0.0700 1.3187 23.067
1 0.5416 25.0806 24.3447 232.7208 18.1214

Fig. 3—Stress vs average displacement showing elastic–perfectly plastic 2 20.19277 2.55863 212.6415 19.7630 210.986
behavior of ductile layer.[25]
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(b)(a)

(c) (d )

Fig. 5—Typical microstructure of NiAl/V composites: optical micrograph
of NiAl composites reinforced with (a) 100-mm-thick V layer, (b) 200-
mm-thick V layer, and (c) 400-mm-thick V layer. (d ) SEM micrograph of
the interface between NiAl and V layers.

edge notched bend (SENB) specimen. The resistance-curve by Fine Metals Corp. (Ashland, VA), while the Nb-15A1-
behavior may now be estimated by a simple application of 40Ti strips, with thicknesses of 100, 500, and 1000 mm,
the principle of linear superposition. This gives the following were produced by Teledyne Wah Change (Albany, OR).
expression for the estimation of the stress-intensity factors Model NiAl composites reinforced with 20 vol pct of V or
along the resistance curve: Nb-15Al-40Ti layers were produced by manual lay-up of

NiAl powders on the layered reinforcements inside stainlessKlsb 5 Ki 1 DKlsb [17]
steel cans. After manual lay-up, the cans were evacuated
and sealed by electron-beam welding. The evacuated canswhere Ki is the initiation toughness required for renucleation

ahead of the first ductile layer encountered by the propagat- were then hot isostatically pressed under 207 MPa pressure
ing crack, and DKlsb is given by Eq. [17] for LSB. at 1100 8C for 4 hours.

Typical microstructures of the NiAl/V microlaminates are
presented in Figures 5(a) through (d). These show distribu-

III. MATERIAL tions of vanadium layers in a matrix of NiAl. The dark spots
on the micrographs are polishing artifacts. The average sizeThe 2325 mesh (25 to 30 mm average size) NiAl powders
of NiAl grains measured by image analysis was about 25that were used in this study were procured from Homoge-
mm. A small 5- to 10-mm-thick interfacial layer was alsoneous Metals, Inc. (Clayville, NY). The vanadium strips,

with thicknesses of 100, 200, and 400 mm, were supplied observed to form between the NiAl and vanadium layers
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(b)(a)

(d )(c)

Fig. 6—Typical microstructure of NiAl/Nb-15Al-40Ti (40Ti) composites: optical micrograph of NiAl composites reinforced with (a) 100-mm-thick Nb-
15Al-40Ti layer, (b) 500-mm-thick Nb-15Al-40Ti layer, and (c) 1000-mm-thick Nb-15Al-40Ti layer. (d ) SEM micrograph of the interface between NiAl
and Nb-15Al-40Ti layers.

(Figure 5(d)). Semiquantitative energy-dispersive X-ray the reaction interface is ,5.9 at. pct Ni, ,23.8 at. pct Al,
,45.8 at. pct Nb, and 24.5 at. pct Ti. It is important to note(EDX) spectroscopy revealed that this layer consisted of

,11.8 at. pct Ni, ,11.6 at. pct Al, and ,76.6 at. pct V. Some here that the compositions obtained via EDX are semiquanti-
tative in nature. Nevertheless, they do provide a clear indica-roughening was also observed at the interfaces between the

interfacial layers and the NiAl or 40Ti layers. tion of the significant differences between the layer
compositions (Figures 5 and 6).Typical microstructures of the NiAl/Nb-15Al-40Ti com-

posites are presented in Figures 6(a) through (d). As in The measured constituent mechanical properties[22,23]

(which were assumed to be isotropic) used in the shieldingthe NiAl/V composites (Figures 5(a) through (d)), some
roughening was observed at the interfaces between the differ- estimations are summarized in Table II. However, it is also

important to note here that the constituent mechanical prop-ent layers. Also, a more-complex reaction zone of approxi-
mately 15 to 20 mm in thickness was observed to form erties may also be affected by the interdiffusion of interstitial

oxygen which occurs during processing in stainless steelbetween the NiAl and the Nb-15Al-40Ti layers (Figure 6(d)).
The EDX analyses showed that the average composition of cans that were evacuated only to pressures of 1024 Pa. These
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Table II. Material Properties of NiAl, V, and Nb-15Al-40Ti

MaterialProperty NiAl[22] V[22] Nb-15Al-40Ti[23]

Young’s modulus E (GPa) 188 103 101
Possion’s ratio n 0.31 0.36 0.30
Yield stress sy (MPa) — 447 568
Constrained plastic strain/elastic strain — 3 1
(np /ny)

may reduce the ductilities of the vanadium layers and, in
some cases, result in cleavage-fracture components within
the latter. The constituent properties listed in Table II are,
therefore, acknowledged to be estimates of the actual
layer properties.

IV. EXPERIMENTAL

The initiation fracture toughness and the resistance-curve
behavior of the NiAl/V and NiAl/Nb-15Al-40Ti microlami-
nates were studied using 38.1-mm-long SENB specimens
with rectangular cross sections (with a width of 15.24 mm
and a thickness of 6.35 mm). The specimens were fabricated
via electrodischarge machining. The sides of the specimens
were diamond polished prior to precracking under cyclic
compression. After precracking, the SENB specimens were
loaded in incremental stages under three-point bending until
crack initiation was observed from the precracks. The loads
were then increased in 2 to 5 pct increments to promote (a)
stable crack growth until specimen fracture occurred.

The crack/microstructure interactions associated with sta-
ble crack growth were monitored with an optical microscope
before each load increment. This was continued until unsta-
ble crack growth/fracture occurred during incremental load-
ing. As a control, the fracture toughness of monolithic NiAl
was also measured using SENB specimens of the same
dimensions. Fracture modes in the failed specimen were also
investigated using scanning electron microscopy.

V. RESULTS

A. NiAl/V Composites

In all NiAl/V composites, matrix crack initiation occurred
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 layers (Figures 7(a)

(b)and (b)). Subsequent crack growth, therefore, involved the
reinitiation of cracks in the adjacent interfacial layers, as
shown in Figure 7(b). Note that the cracks were bridged by
the vanadium layers, as they propagated through the NiAl/
V composites. Also, although the vanadium layers were Fig. 7—Crack propagation in NbAl/V composites: (a) retardation of the
deformed plastically, none of them were observed to fracture crack and formation of the slip band and (b) reinitiation of the propagat-

ing crack.during the development of LSB zones. Furthermore, fracture
of the vanadium layers was only observed to occur at the
onset of catastrophic failure.

A similar sequence of events was observed in all the 7(a)). The measured resistance curves, therefore, correspond
to the interceptions of the propagating cracks with the ductilecomposites (100-, 200-, and 400-mm-thick layers) that were

examined (Figures 8(a) through (c)). The crack/microstruc- vanadium layers. Furthermore, a small plastic zone and some
debonding were then observed in the vanadium, as the loadture interactions illustrated in Figures 7(a) and (b) are, there-

fore, comparable to those of all the other composites. It is was increased in an effort to reinitiate crack growth in the
composites (Figure 7(a)). Slip bands were observed to formalso important to note here that the propagating cracks

stopped when they reached the vanadium layers (Figure along the ,45 deg orientation on both sides of the vanadium

1390—VOLUME 31A, MAY 2000 METALLURGICAL AND MATERIALS TRANSACTIONS A



(b)(a)

(c)

Fig. 8—Crack/microstructure interactions in NiAl/V composites reinforced with (a) 100-mm-thick vanadium layer, (b) 200-mm-thick vanadium layer, and
(c) 400-mm-thick vanadium layer.

layers, as the load was increased further (Figure 7(b)). containing 400-mm-thick layers (Figure 5(c)) resulted in
unstable crack growth and catastrophic failure. Also, theFinally, stable crack growth was observed to renucleate from

the slip bands into the adjacent interfacial layers, as shown onset of unstable crack growth and catastrophic failure in
the composites reinforced with 400-mm-thick vanadium lay-in Figures 7 and 8. In all cases, reinitiation occurred at a

point that was offset somewhat from the initial mode I direc- ers was associated with relatively high load increments
(compared to those in the composites reinforced with 100-tion (Figure 7(b)). This offset position, corresponding to an

angle of ,45 deg to the initial mode I direction, is consistent and 200-mm-thick vanadium layers, where renucleation of
stable crack growth occurred in NiAl layers adjacent to thewith the positions of peak maximum shear strain that were

computed in the detailed finite-element simulation of the vanadium layers). The rates of change of the crack driving
force (with respect to crack length) were, therefore, closesame NiAl/V composite systems.[22]

Subsequent crack growth occurred along the deflected to the levels required for unstable crack growth upon renucle-
ation of crack growth in the layers adjacent to the 400-mm-direction (,30 deg from the pure mode I direction), as

shown in Figures 8(a) and (b), for composites reinforced thick vanadium layers.
Final failure of the vanadium layers in all the specimenswith 100- and 200-mm-thick vanadium layers. Unfortu-

nately, however, renucleation in the case of the composites that were examined occurred predominately by cleavage
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(b)(a)

(d )(c)

Fig. 9—Typical fracture modes in layered NiAl/V composite: (a) 100-mm-thick vanadium layer, (b) 200-mm-thick vanadium layer, (c) 400-mm-thick
vanadium layer, and (d ) NiAl matrix.

fracture, with some ductile dimpled fracture occurring in B. NiAl/Nb-15Al-40Ti Composites
regions close to debonds (Figures 9(a) through (c)). It is

The crack/microstructure interactions in the NiAl/Nb-postulated that the occurrence of cleavage in the middle of
15Al-40Ti microlaminates were somewhat complex, due tothe vanadium layers was due to the relatively high levels of
the polycrystalline nature of the Nb-15Al-40Ti layers.stress triaxiality, while the higher incidence of ductile dim-
Unlike the V layers, the Nb-15Al-40Ti layers were pronepled fracture in the vicinity of the debonds was associated
to grain-boundary cracking during interactions with propa-with the relaxation of constraint, i.e., lower levels of stress
gating cracks. This is shown clearly in Figures 11(a) andtriaxiality. In contrast, the NiAl matrix failed primarily by
(b) for a specimen containing 100-mm-thick Nb-15Al-40Tibrittle intergranular fracture (Figure 9(d)).
layers. The initial fatigue precrack appears to be on the left-The resistance curves obtained from experiments for NiAl
hand side of the first layer (Figure 11(a)). However, it iscomposites reinforced with 100- and 200-mm-thick vana-
possible that some segments of the crack have already inter-dium layers are shown in Figures 10(a) and (b), respectively.
cepted the first Nb-15Al-40Ti layer across the thickness ofEach data point on the resistance curves corresponds to the
the specimen. Consequently, the initiation toughnessposition of a vanadium layer in front of the notch tip of
obtained after fatigue precracking is somewhat ill-defined,the specimens. In both cases, the resistance curves increase

significantly beyond the matrix toughness. since it depends largely on the extent of the crack interactions
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(a)

(a)

(b)

(b)
Fig. 11—Crack/microstructure interactions in NiAl composites reinforcedFig. 10—Resistance curves obtained for NiAl/V composites from experi-
with 100-mm-thick Nb-15Al-40Ti (40Ti) layer: (a) crack bridging and (b)ments and estimated from the LSB model: (a) 100-mm and (b) 200-mm
bridging degradation by intergranular fracture across Nb-15Al-40Ti layers.vanadium laminates. Kss is the steady-state toughness extracted from the

weight function method.

observed in NiAl composites reinforced with 500- and 1000-
mm-thick layers (Figure 13(b)). However, crack growth didwith the first ductile layer ahead of the initial crack tip. A

renucleation toughness was, therefore, defined in an effort not occur completely across the Nb-15Al-40Ti layers before
the onset of catastrophic failure (Figure 13(b)). Crack bridg-to identify a crack-initiation condition that was not subject

to arbitrary differences in the initial crack/microstructure ing was also observed in the composites reinforced with
500-mm-thick Nb-15Al-40Ti layers (Figure 13(a)), but notinteractions. This was taken to correspond to the stress-

intensity factor at which crack renucleation was observed in those with 1000-mm-thick Nb-15Al-40Ti layers. In the
latter case, the crack renucleation from the first interceptingahead of the first ductile layer ahead of the initial crack tip.

Subsequent crack growth resulted in a bridged crack con- layer resulted in unstable crack growth and catastrophic
failure. Prior to final fracture, there was considerable evi-figuration (Figure 11(a)). However, unlike the bridging

zones in the NiAl/V composites, the bridging zones in the dence of plastic stretching and slip bands in the Nb-15Al-
40Ti layers (Figure 14). Furthermore, final fracture occurredNiAl/Nb-15Al-40Ti composites were degraded by intergran-

ular cracking across the Nb-15Al-40Ti layers (Figure 11(b)). by mixed-cleavage, ductile dimpled, and intergranular frac-
ture in the Nb-15Al-40Ti layers (Figures 15(a) and (b)).The overall bridging lengths in the NiAl/Nb-15Al-40Ti com-

posite were, therefore, much less than those in the NiAl/V It is interesting to relate the aforementioned crack/micro-
structure interactions to the measured resistance curves pre-composites, in which the V layers remained intact prior to

the onset of the catastrophic failure (Figure 12). Similar sented in Figures 16(a) and (b). Only limited data are
presented, due to the tendency of the specimens to undergointergranular cracking phenomena in Nb-15Al-40Ti were
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(a)Fig. 12—The first vanadium layer intercepting propagating cracks prior to
the catastrophic failure of NiAl composites reinforced with 200-mm-thick
vanadium layers.

unstable crack growth after a limited amount of crack exten-
sion. It is also important to note that each point on the
resistance curves corresponds to the intersection of a propa-
gating crack with an Nb-15Al-40Ti layer, or renucleation
from the other side of the ductile layer. Furthermore, the
Nb-15Al-40Ti layers are fractured (behind the crack tip) as
the cracks propagate through subsequent NiAl layers. The
measured resistance curves are, therefore, attributed largely
to bridging by Nb-15Al-40Ti layers followed by intergranu-
lar fracture (behind the crack tip) with increasing bridge
length. This is in contrast to the NiAl/V composites, in
which the V layers remained intact prior to the onset of the
catastrophic failure.

VI. DISCUSSION

A. Modeling of LSB (b)
It is clear from the microscopic examination of the crack/

layer interactions that crack tip shielding in NiAl/V and
NiAl/Nb-15Al-40Ti composites occurred predominantly via
crack bridging (Figures 7, 8, 11, and 13). It is, therefore, of Fig. 13—Crack/microstructure interactions in NiAl composites reinforced
interest to examine the shielding effects due to crack bridg- with 500-mm-thick Nb-15Al-40Ti (40Ti) layer: (a) crack bridging and (b)

intergranular fracture across Nb-15Al-40Ti layers.ing. The LSB framework accounts for the weighted distribu-
tion of the bridging traction along a bridge zone (Eqs. [18]
and [20]).

The remote stress-intensity factor required to cause crack in Eq. [17]. The values of Ki obtained for the three layer
thicknesses in each composite are summarized in Tablesgrowth under LSB conditions may, thus, be estimated from

Eq. [17]. Note that Ki , the stress-intensity factor required III and IV, respectively. These show that Ki increases with
increasing layer thickness.for renucleation from the first layer that intercepts the propa-

gating crack, is used instead of the matrix toughness, because The prediction of Klsb employs the traction function, which
depends on the stress-stretch relationships determined frombridging does not occur prior to matrix crack renucleation

from the first layer that intercepts the crack. Furthermore, the experiments on the single-layer composite tensile tests.
Here, s (x) is assumed to be a constant and can be equatedthe variabilities in the measured values of Ki are generally

significantly less than those in the initiation-toughness val- to the yield stresses of the monolithic V and Nb-15Al-40Ti
foils. The predicted LSB resistance curves are presented inues associated with compression precracks, whose positions

are less-well-defined across the specimen thickness, as Figures 10 and 16. Note that no LSB predictions were
obtained for composites with 400-mm-thick vanadium layersshown in the case of NiAl/Nb-15Al-40Ti composites. This

again indicates that Ki is a more appropriate term to use and 1000-mm-thick Nb-15Al-40Ti layers, since bridging was
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Fig. 14—Extensive plastic deformation observed in 500-mm-thick Nb- (a)15Al-40Ti (40Ti) layers after the failure of NiAl/Nb-15Al-40Ti composites.

not observed in these specimens. As in prior studies on other
intermetallic composite systems,[12–14,33] the LSB predictions
are comparable to the measured resistance curves, except at
high Da levels, where the levels of constrained yielding
of the vanadium layers may be very different. Improved
weighting functions may also be needed to account for the
distribution of layer tractions at high levels of Da. In any
case, similar LSB results have been reported in previous
studies on other ductile phase–toughened intermetallic
matrices such as MoSi2/Nb,[33] Nb3Al/Nb,[12,13,14] and
TiAl/TiNb.[18]

Since neither the measured resistance curves nor the LSB
resistance curves exhibit steady-state toughness values, an
attempt has been made to obtain the specimen-independent
steady-state toughness (Kss) from Eqs. [15] through [17].
This was achieved by assuming a specimen width that is (b)
significantly greater than the length of the bridge zone, i.e.,
simulating small-scale bridging conditions artificially. This
approach, which was first applied by Bloyer et al.[13,14] to
Nb3Al/Nb layered composites, estimates the small-scale

Fig. 15—Typical fracture modes in layered NiAl/Nb-15Al-40Ti (40Ti)steady-state toughness by simulating the effects of larger
composite: (a) 100-mm-thick Nb-15Al-40Ti layer and (b) 500-mm-thickspecimen widths in Eqs. [15] through [17]. The estimates of
Nb-15Al-40Ti layer.K rapidly converge to an asymptotic solution as the specimen

width is increased artificially toward infinity. This has the
advantage of providing intrinsic toughness values that are
essentially independent of specimen geometry differences. [14], therefore, appears to provide reasonably accurate esti-

mates of the fracture toughness of the model microlaminatesThe calculated steady-state toughness values for NiAl/V and
NiAl/Nb-15Al-40Ti composites are listed in Tables III and that were examined in this study.

The previous modeling framework has general implica-IV, respectively. Note that the values of Kss increase with
increasing layer thickness (Tables III and IV). tions for the design of damage-tolerant multilaminates. First,

it may be used to obtain specimen-independent measures ofIt is interesting to compare the previously predicted
steady-state toughness to theoretical estimates of DKb from the intrinsic fracture toughness corresponding to a particular

composite geometry. This greatly simplifies the analyses ofEqs. [13] and [14]. The results are shown in Tables III and
IV. The material parameters that were used in the modeling fracture-critical events. It also facilitates the selection of

ductile-layer compositions and geometries that are mostare summarized in Table II. The analysis assumes that the
ductilities of the ductile layers are somewhat degraded due likely to give rise to improved intrinsic toughness. Further-

more, in cases where geometry-dependent fracture-mechan-to interdiffusion phenomena and constrained yielding. In
any case, the predicted steady-state toughness levels from ics analyses are needed, the simple linear superposition

framework discussed in Section II can be used to estimateEqs. [13] and [14] are generally comparable to those extrapo-
lated from the weight-function method (Eqs. [15] through the resistance-curve behavior of “designer” composites prior

to specimen fabrication. This could significantly reduce the[17]). The modeling framework presented in Eqs. [13] and
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Table IV. Comparison of Initiation Toughness and Steady-
State Toughness for NiAl/Nb-15Al-40Ti Laminate

Steady-State Toughness Kss

(MPa!m)

Nb-15Al- Initiation Predicted by Predicted by
40Ti Layer Toughness Weight Eqs. [13]
Thickness Ki (MPa!m) Function Method and [14]

100 mm 9.5 15.4 14.7
500 mm 16.1 24.6 30.0
1000 mm 22.3 — —

predictions only require limited computational effort for the
design of damage-tolerant microlaminates.

B. Comparison to Other Layered Systems(a)
The current results are consistent with the results of Bloyer

et al.,[13] who also showed that the intrinsic steady-state
toughness values increase with increasing layer thickness
in ductile layer–toughened brittle matrix composites. The
aforementioned trends, therefore, appear to apply generally
to brittle matrix composites (microlaminates) reinforced
with ductile layers. However, they may not apply to nano-
laminates, in which toughening may be controlled by dislo-
cation/boundary interactions and pileups at interfaces.[34,35,36]

Such nanoscale composites may offer some opportunities
for toughening by layer refinement. However, the limited
amount of experimental data published for such systems[37,38]

suggest that the fracture-toughness levels in nanolaminates
are limited to levels between ,1 and 5 MPa!m. Microlami-
nate architectures, therefore, appear to offer greater oppor-
tunities for the design of tougher composites than nanolami-
antes, at least within the near term. This is particularly
encouraging, since the microlaminates are relatively easy to
fabricate compared to nanolaminates. The larger dimensions
in microlaminates can also be readily controlled by varying(b)
the foil dimensions or the amount of powder that is used in

Fig. 16—Resistance curves obtained for NiAl/Nb-15Al-40Ti composites the lay-up of the composites.
from experiments and estimated from the LSB model: (a) 100-mm and (b)
500-mm Nb-15Al-40Ti laminates. Kss is the steady-state toughness extracted
from the weight function method. C. Implications for Damage-Tolerant Design

The two model systems examined in the current article
consistently show that significant resistance-curve behaviorTable III. Comparison of Initiation Toughness and Steady-
can be engineered in brittle NiAl composites reinforced withState Toughness for NiAl/V Laminate
ductile layers with thicknesses ranging from 100 to 1000 mm.

Steady-State Toughness Similar improvements in microlaminate fracture toughness
Kss (MPa!m) have also been reported by Kajuch et al.[20] for niobium

silicide composites reinforced with ductile Nb layers. Ye etInitiation Predicted by
al.[33] and Shaw and Abbaschian[21] have also demonstratedV Layer Toughness Weight Predicted by

Thickness Ki (MPa!m) Function Method Eqs. [13] and [14] that MoSi2/Nb microlaminates exhibit large improvements
in fracture toughness/resistance-curve behavior which are100 mm 11.8 18.4 17.4
comparable to those observed in this study on NiAl200 mm 14.4 19.8 23.6
microlaminates.400 mm 20.9 — —

However, none of the previous systems are suitable for
applications as structural materials in high-temperature sys-
tems. This is due largely to the fact that their “true” initiation-
toughness (from the precracks) levels are still close to thosenumber of iterations that are needed for the design of com-

posite geometries with optimal resistance to the growth of of the brittle matrix materials. Subsequent resistance-curve
behavior is also associated largely with intermittent crack/cracks. Finally, since the previous analyses do not involve

iterative schemes that may not converge, the toughening layer interactions, in which relatively fast crack growth rates

1396—VOLUME 31A, MAY 2000 METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 19—Indentation crack growth resistance by ductile nickel layer of a
multilayered NiAl/Ni3Al/Ni/Ni3(Nb,Ti) coating on Nb-15Al-40Ti alloyFig. 17—Fatigue crack growth rate data for NiAl composites reinforced
substrate.[40]

with 200-mm-thick vanadium layers.

occur between the individual ductile layers.[4,14] This is espe- damage-tolerant structural applications in high-temperature
systems such as aeroengines and land-based engines. How-cially true under cyclic loading, where the crack growth

rates are particularly fast compared to those in ductile lay- ever, it is possible that the layered composite architectures
(microlaminates) may be used in the design of damage-ers.[4,14] One example of the relatively fast growth rates in

the brittle NiAl layers is shown in Figure 17, in which fatigue tolerant coatings that undergo progressive, but controlled,
degradation, due to combinations of cracking and oxidationcrack growth-rate data obtained for NiAl/V microlaminates

are compared. Note that the fatigue crack growth rates are phenomena (Figure 19).[40] Further work is needed to explore
the possible design of novel multilayered coatings withinrelatively slow in the ductile vanadium layers, where fatigue

crack growth occurs by classical crack-tip blunting mecha- this framework.
nisms[39] that give rise to striation formation (Figure 18(a)).
In contrast, fast fatigue crack growth rates occur in the

VII. CONCLUSIONSNiAl layers, where crack growth occurs predominantly by
intergranular fracture, as shown in Figure 18(b). The fracture toughness/resistance-curve behavior of two

model microlaminate (NiAl/V and NiAl/Nb-15Al-40Ti) sys-The very fast crack growth rates in the brittle matrix
materials, therefore, result in average fatigue crack growth tems has been investigated in this study. The salient conclu-

sions arising from the study are summarized as follows.rates in the composites/microlaminates which are too fast for

(b)(a)

Fig. 18—Typical fracture modes in NiAl composites reinforced with 200-mm-thick vanadium layers under cyclic loading: (a) fatigue striations in vanadium
layer and (b) intergranular fracture in NiAl matrix.
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